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efficient operation and may have limited operation bandwidth due to the material
absorption. In the last decade, meta-optics made of subwavelength antennas or films
have emerged as novel nonlinear optical media that may potentially overcome
certain limitations of bulk crystals. Due to resonant enhancements of the pump laser
field as well as the use of materials with extreme nonlinearity such as epsilon-near-
zero materials, meta-optics can achieve strong nonlinear responses with a
subwavelength thickness. Here, we review several nonlinear optical applications, such
as electric-field-induced second-harmonic generation, entangled photon pair
generation, terahertz generation, all-optical modulation, and high-harmonic
generation that we envision meta-optics may have distinct advantages over their
bulk counterparts. We outline the challenges still faced by nonlinear meta-optics and
point out some potential directions.
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Introduction
The field of nonlinear optics started in the 1960s, shortly after the inception of lasers
[1]. It studies the nonlinear light-matter interaction under strong pump light intensities
[2, 3]. In terms of applications, to name a few, using nonlinear optical effects such as
second-harmonic generation (SHG), third-harmonic generation (THG), difference-
frequency generation (DFG), and high-harmonic generation (HHG), people have ex-
tended the operation band of coherent light sources spanning from the extreme ultra-
violet (EUV) to the terahertz (THz) regime. In addition, nonlinear processes such as
spontaneous parametric down-conversion (SPDC) and four-wave mixing (FWM) can
be used to generate single photon or entangled photon pair for quantum optics
applications.

For the variety of nonlinear optical applications, it is first critical to identify the
proper material with a large effective nonlinear susceptibility, ultrafast response, as well
as tunability, for efficient and on-demand harmonic generation, as well as all-optical

modulation.
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Furthermore, the nonlinear medium often needs to satisfy the phase-matching condi-
tion. Phase mismatch has been a long-standing issue faced by the nonlinear optics com-
munity. It is typically described by the momentum mismatch Ak, which originates from
the dispersion of the nonlinear materials and the consequent refractive index mismatch
of the fundamental and harmonic light that propagates inside the nonlinear medium. If
Ak # 0, the newly generated nonlinear signals become out-of-phase with earlier ones,
and the phase difference depends on the nonlinear interaction length L. The nonlinear

conversion efficiency reaches a local maximum when L is equal to the odd multiple of

g
Ak

monic light may destructively interfere with each other, thus significantly lowering the

the coherence length L. =7 . Without proper phase-matching, the generated har-
nonlinear conversion efficiency. To date, the most commonly adopted phase-matching
methods include birefringent phase-matching (BPM) and quasi-phase-matching (QPM)
[4-7]. However, the BPM method can be limited by the finite birefringence of the non-
linear medium. It is only applicable for a certain incident angle. The QPM method re-
quires a relatively complex fabrication process for nonlinear domain inversion. Both
phase-matching techniques typically work only for a specific pump wavelength. This
greatly limits the bandwidth of certain nonlinear optical devices. For example, for the
THz wave generated by intra-pulse DFG or optical rectification, the bandwidth of the
generated THz wave is largely limited by the phase-matching conditions [8]. For the
generation of entangled photon pair in birefringent or periodically poled crystals,
whether using SPDC or FWM, it is difficult to achieve the efficient emission of
entangled photon pair over a large spectral bandwidth [9, 10].

The absorption of nonlinear optical materials at the fundamental and harmonic
wavelengths is another common problem. For HHG in solids, as the photon energy in
the ultraviolet band can be higher than the bandgap of most nonlinear optical mate-
rials, most of the generated signal is absorbed [11-13]. For THz waves generated by
nonlinear processes, their bandwidth is also limited by the absorption caused by various

vibrational and rotational modes of the nonlinear medium [14].
In recent years, there has been a growing interest to study nonlinear light-matter

interaction in subwavelength-thick meta-optics [15-27]. The meta-structures typically
support resonances that can significantly boost the pump or the harmonic light field.
Furthermore, due to the subwavelength light-matter interaction length L in the meta-
structures with L < L., the phase-matching requirements can be greatly alleviated, and
the material absorption may be largely mitigated, as schematically shown in Fig. 1a.
These combined effects may thus significantly boost the meta-structures’ nonlinear op-
tical response in comparison with the same amount of materials without resonant
enhancements.

Metasurfaces are composed of arrays of optical antennas with a subwavelength thick-
ness [28-30]. The optical antennas can be metallic ones that support localized surface
plasmon resonances or dielectric ones that support Mie resonances, thus significantly
boosting the local field [31-35]. Apart from the field enhancements, metasurfaces can
also allow flexible control of the amplitude, phase, and polarization of the light, leading
to nonlinear wavefront control [36, 37].

Recently, there has also been a surge in the interest in the extreme nonlinear optical
properties of subwavelength-thick thin films such as transparent conductive oxides
(TCOs) or layered thin films that have an epsilon-near-zero (ENZ) response [38—52].
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Fig. 1 Nonlinear optical applications of meta-optics. a Schematic comparison of nonlinear optical medium
based on conventional bulk crystals and meta-optics. b Schematic diagrams of a few representative
nonlinear optical processes based on second-, third-, and high-order nonlinear effects that meta-optics may

have unique advantages

In the ENZ region where the real part of the permittivity of a material vanishes, accord-
ing to the electromagnetic boundary condition, a strong field enhancement can be ob-
tained inside the ENZ thin film with a subwavelength thickness, under the condition
that the material loss is moderate [53-55]. Around the ENZ wavelength, the nonlinear

. . 33
refractive index n, = ng

can be extremely large as a result of the small Re(n,)
[56—58]. Here, x® is the third-order nonlinear susceptibility, 7, is the linear refractive
index, & is the vacuum permittivity, and c is the speed of light. Besides the large effect-
ive nonlinear susceptibility, ENZ thin films made of TCOs may have a subpicosecond
response time for all-optical modulation, much faster than that of noble metals and
semiconductors [59, 60].

To date, most work on nonlinear meta-optics focuses on frequency conversion-
related applications, such as SHG and THG. We refer the readers to several excellent
review papers on these topics [61-69]. Despite the large enhancement of optical non-
linearity, due to the short light-matter interaction length of meta-optics, their SHG and
THG conversion efficiencies still need to be drastically improved to be comparable or
even exceed that of the bulk crystals.

In this review, we focus on a variety of less-discussed nonlinear optical applications
that are beyond the scope of SHG and THG, in which we find meta-optics may have
unique advantages. We categorize these nonlinear optical applications based on their
nonlinear order, as illustrated in Fig. 1b. For second-order nonlinear optical
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applications, we focus on electric-field-induced second-harmonic generation (EFISHG),
entangled photon pair generation, and THz generation. For the third-order nonlinear
meta-optics, we focus on ultrafast all-optical modulation, with specific attention on
their applications in laser Q-switching and mode-locking. We then further discuss the
use of meta-optics for applications in coherent extreme ultraviolet pulse generation by
HHG. In each of these applications, we will review the respective merits and current
limitations of meta-optics. We will also discuss potential methods for further improving
the nonlinear conversion efficiency of meta-optics, and outline a few possible develop-
ment directions.

Second-order optical nonlinearity

Second-order optical nonlinearity has been of vital importance for extending the oper-
ation band of coherent light sources with frequency conversion processes such as SHG,
DEG, and SPDC. Meta-optics may provide a unique opportunity for the active control
of second harmonic signals via EFISHG. As the reverse process of SHG, SPDC based
on meta-optics may be useful for the multi-channel entangled photon pair generation.
Meta-optics can be also used as broadband nonlinear THz sources through the intra-

pulse DFG process.

Electric-field-induced second-harmonic generation
SHG is prohibited in bulk crystals with inversion symmetry. Such a requirement can be
alleviated in the EFISHG process, as it is an effective second-order optical process with
third-order nonlinear susceptibility [70]. The nonlinear polarization can be described
by P(2w) = )((B)EdCE » Where P(2w) is the nonlinear polarization at frequency 2w, Eq4.
and E,, are the static electric field and the optical field at the pump frequency w. The
effective second-order susceptibility )(gg can be described by )(gf)

ventional bulk crystals, a high voltage is required to obtain a large E,4., and conse-

= y®)E4.. For con-

quently a large )(gf) On the other hand, meta-structures can greatly reduce the voltage
requirement due to their subwavelength thickness. For example, an electric-field-
induced nonlinear modulation at the applied voltage of 10V is obtained in a plasmonic
metasurface, as shown in Fig. 2a [71]. The metasurface consisting of a periodic Au hole
array and a silver film, separated by a 100-nm-thick Al,Oj layer, is designed to have a
large resonantly enhanced electric field at around 810 nm. By tuning the applied voltage
from 0 to 10 V, the normalized second harmonic signal shows a linear dependence with
the applied voltage, with a modulation depth up to 9%. Here, the modulation depth is
defined as Al /I, where AL, is the change of second-harmonic intensity with an ap-
plied electric field, and I,,, is the minimum second-harmonic intensity. A large modula-
tion depth of the second-harmonic signal may benefit applications such as signal
processing. Later, Lee et al. demonstrate EFISHG in a silicon-based metasurface [72].
The schematics of the metasurface unit cell as well as the experimental result, are
shown in Fig. 2b. The metasurface consists of silicon grating with 190-nm-thickness
and standard Cr/Au electrode. The modulation depth reaches up to 12% at the meta-
surface’s magnetic Mie resonance wavelength of 785 nm, with an applied voltage of 10
V. This work expands the application of silicon-based second-order nonlinear optical
devices and reveals a way for the active modulation of the nonlinear signal with a
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Fig. 2 Meta-optics for EFISHG. a Left: scanning electron microscopy (SEM) image of the plasmonic
metasurface consists of Au hole array. Right: the dependence of the modulation depth on the applied DC
voltage [71]. b Left: schematic image of the dielectric metasurface consists of silicon grating that supports
Mie resonance. Right: the dependence of the modulation depth on the applied voltage under the
excitation with the TM- (red) and TE- (black) polarized light [72]. € Top: schematic of EFISHG in an ITO/PFO/
Al metafilm. Bottom: the dependence of the SHG intensity on the applied voltage [73]

subwavelength spatial resolution. Even more efficient modulation may be obtained in
unstructured metafilms. Chen et al. demonstrate electrically controlled SHG from a
100-nm-thick polymer thin film sandwiched between a bottom ITO layer and a top
aluminum layer, as shown in Fig. 2c¢ [73]. The polymer is a blue-emitting material with
a bandgap energy of 2.95 eV and has a large value of x® at near-infrared wavelengths
[74]. It is found that there is a resonance enhancement of nonlinearity when the energy
of second-harmonic light is close to the absorption edge of the polymer. With the en-
hancement from the band-edge effect, a giant modulation depth of ~ 1899% is obtained
at a pump wavelength of 840 nm (the SHG photon energy is 3.18 eV, close to the ma-
terial bandgap), with an applied voltage of only 6 V. This extremely large modulation
depth results from the minimum value of SHG intensity at an applied voltage of 1.5V

due to the contribution of the surface y®.

Entangled photon pair generation

The generation of entangled photon pair is a fundamental building block for the
quantum communication network [75-78]. SPDC is the most commonly used method
for the generation of entangled photon pair. However, the current SPDC sources are
used under phase-matching conditions such as B-barium borate [79, 80], and periodic-
ally poled KTiOPO, [81, 82], which limits the spectral correlation width to a few nano-
meters [82]. The efficient generation of entangled photon pair in a broad spectral width
may be desired in future high-capacity quantum communication networks.

Due to the subwavelength thickness of meta-structures, the allowed Ak may be ex-
tremely large, which results in the emission of photon pair with a broad spectrum. The
first demonstration of SPDC in a thin film with pm scale thickness is reported by
Okoth et al. [83]. As shown in Fig. 3a, SPDC with about 500 nm spectral width is ob-
tained in a 6-pm-thick LiNbOj layer. The authors further predict that micro- or nano-
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Fig. 3 Meta-optics for SPDC. a Top: schematic of SPDC in a LiNbO; thin film. Bottom: the frequency
spectrum measured using the single-photon spectroscopy method. The red curve is the calculated
frequency spectrum and the blue dots are the values of second-order correlation as a function of the delay
time [83]. b Top: schematic of SPDC in a single AlGaAs disk nanoantenna which supports Mie resonances.
Bottom: SEM image of the antenna (left) and the measured coincidences and the fitted Gaussian curve
(right) [84]

scale SPDC sources may promote high-order nonlinear processes such as the gener-
ation of the three-photon state which are challenging in bulk nonlinear crystals due
to the large refractive index difference between the pump and the signal light. In
2019, Marino et al. report an SPDC source from an AlGaAs disk nanoantenna
which supports Mie resonances at both the pump and the signal/idler wavelengths,
as shown in Fig. 3b [84]. Due to the relatively slow generation rate of SPDC, the
polarization correspondence is first investigated through the sum-frequency gener-
ation (SFG) process according to the SFG-SPDC correspondence [85, 86]. The
SPDC measurement is then demonstrated after optimizing the experimental param-
eters with the polarization of horizontal-polarized pump beam and vertically-
polarized bi-photon beams. A photon-pair generation rate of up to 35Hz is ob-
tained with a pump laser wavelength of 785 nm and with an average pump power
of 2mW. This rate is about one order of magnitude higher than conventional pho-
ton pair sources based on bulk crystals, when normalized to the pump energy in
the nanoantenna. The bandwidth of the generated photon pair spectrum is ex-
pected to be about 150 nm owing to the use of the relatively broad magnetic-
dipole resonance. The phase-mismatch-free photon pair sources based on meta-
optics with a broad spectral correlation width may provide a new avenue for high-
capacity multi-channel quantum entanglement and may be a suitable platform to
observe higher-order parametric down-conversion effects. Currently, the efficiency
of SPDC using meta-optics still needs to be further improved, for example, by
using materials with higher nonlinear susceptibility and resonant structures with
stronger field enhancements.
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Broadband THz wave generation

THz waves, with a frequency ranging from 0.1-10 THz, have been found attractive for
a variety of applications including wireless communication [87, 88], imaging [89-91],
security [92], and sensing [93, 94]. However, the lack of THz sources has largely hin-
dered its development. Particularly, for THz spectroscopy applications, an ultra-
broadband THz source can be highly desired. Among other methods such as photocon-
ductive switching, broadband THz source has been routinely generated from intra-
pulse DFG or optical rectification by impinging a femtosecond laser onto a nonlinear
crystal with second-order nonlinearity. For a transform-limited Gaussian pump pulse,
the bandwidth of the emitted THz signal Av is partly determined by the pulse duration
of the pump laser 7, as Av = 0.44/1,. Furthermore, the phase mismatch of the nonlinear
crystal poses a major limitation of the generated THz bandwidth [95, 96]. Most mate-
rials with large second-order nonlinearity may have a drastically different refractive
index at the optical and THz spectral domain. For example, LiNbOj3 has a refractive
index of 2.25 at the wavelength of 800 nm, and a refractive index of 4.90 at the fre-
quency of 1 THz. Therefore, to achieve phase-matching, complicated techniques such
as tilted pulse front [97, 98] need to be applied. Other nonlinear materials with smaller
second-order nonlinear susceptibility of y*, such as ZnTe and GaP, may have a smaller
refractive index difference at the optical and THz regime and can be phase-matched at
a given combination of the pump (infrared) and the parametric (THz) wavelength.
However, the material dispersion still restricts their generated THz bandwidth typically
below 3 THz when the crystal thickness is above 1 mm.

Nonlinear meta-optics may be a potential solution to the THz bandwidth problem
since meta-structures can be free from the phase-matching requirement. In 2014, Luo
et al. reported a metasurface-based broadband THz source [99]. The metasurface, com-
posed of an array of split-ring resonator (SRR) on the ITO glass substrate, is shown in
Fig. 4a. The SRR supports a magnetic-dipole resonance at the wavelength of 1500 nm.
By pumping it with a femtosecond laser with a central wavelength at 1500 nm, a broad-
band THz signal, with frequency ranging from 0.1-4 THz, is generated. The origin of
THz emission from the metasurface is attributed to intraband DFG induced by the
broken symmetry of the second-order nonlinear current distribution. The broad THz
bandwidth is only limited by the pulse duration of the pump laser (140 fs) and may be
further extended. More impressively, the THz conversion efficiency of the metasurface
is found to be comparable with a bulk, 1-mm-thick ZnTe crystal with identical pump
laser parameters, despite the thickness of the metasurface is only on the order of tens
of nanometers. Later, a more efficient broadband THz emission from a dark-mode-
assisted metasurface is theoretically proposed, with 2 order of magnitude efficiency en-
hancement in comparison with conventional SRR-based metasurfaces [101]. The meta-
surface consists of two gold SRRs with identical orientation, which are located
asymmetrically on two sides of a thin silicon plate and blocked by a gold wall periodic-
ally. The designed structure has a largely reduced radiative damping, thus has a much
larger local field enhancement, resulting in a further improved THz generation effi-
ciency. In 2019, spatiotemporally tailored terahertz emission is experimentally demon-
strated in a metasurface. By periodically changing the SRR’s orientation, as shown in
Fig. 4b, a single-cycle Hermite-Gauss wavepacket is generated [100]. More recently, a
broadband THz source as a result of surface optical rectification in a 19 nm-thick ITO



Zhao et al. PhotoniX (2021) 2:3 Page 8 of 20

C Pump pulse THz pulse
3 /)
£
<
ITO
Glass substrate
H
©
N etector:
D]—: 0.01 (?1‘rm:n—lhick '
ZnTe crystal !
-06-04-02 0 02 04 06 0 1 2 3 4 5 6 7 8
Time (ps) Frequency (THz)
Fig. 4 Meta-optics for broad THz wave generation. a Left: SEM image of the metasurface consists of SRR
array. Right: spectrum of the THz wave [99]. b Left: SEM image of the metasurface consists of two
oppositely oriented SRR array. Right: spatiotemporal profile of the single cycle Hermite Gauss wavepacket
[100]. € Top: schematic of THz wave generation from an ITO metafilm. Bottom: THz spectrum generated
from ITO (red) and the noise spectrum (grey) [45]

ultrathin film has been demonstrated, as shown in Fig. 4c [45]. With the large field en-
hancement caused by the ENZ effect, THz generation is greatly boosted when operat-
ing near its ENZ wavelength. The bandwidth of the THz generation can be over 3
THz, only limited by the pulse duration of the pump laser and the phase-matching re-
quirement of the ZnTe detection crystal. In comparison with bulk nonlinear crystals,
nonlinear meta-structures may generate THz waves with broader bandwidth and de-
signer wavefront, with a conversion efficiency not too far behind.

Third-order optical nonlinearity

THG and FWM, the main third-order optical nonlinear processes, are commonly used
for applications such as frequency conversion in laser systems, and frequency comb
generation [102, 103]. The change of nonlinear refraction index caused by self- or
cross-phase modulation is the basis of all-optical modulation. Meta-structures with res-
onances, owning to their ultrafast modulation speed and large modulation depth, can
be particularly suitable for all-optical modulation. Here we focus the discussion on their
use for applications in laser Q-switching and mode-locking.

All-optical modulation

All-optical modulation has recently regained a lot of interest for applications in high-
speed data processing and neuromorphic computing [104, 105]. Under the stimulus of
the pump light, the refractive index # depend on the pump intensity I as n = ng + n,l.
The induced refractive-index change An = ny/ can modulate the phase, intensity, and
polarization of the signal light. For most nonlinear materials, the A7z is small, leading
to a limited device modulation depth. Meta-optics with strong resonances can result in
a large electric field enhancement and a consequent large effective An. Therefore, a
large modulation depth under low energy consumption may be obtained. Furthermore,
the demand for ultrafast modulation requires a short recovery time of Az.
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For most semiconductor-based all-optical modulation devices, An results from the
electron excitation from the valence band to the conduction band. The slow recombin-
ation rate of electron-hole pairs often limits the modulation time to tens of picoseconds
[105-107]. As a recent example, a large reflection modulation at picosecond timescale
was demonstrated in a GaAs-based dielectric metasurface, as shown in Fig. 5a [108].
The structure consisting of GaAs nanopillars is designed to support Mie resonance.
Under a low pump fluence of 310 uJ/cm?, a relative modulation depth from —50% to
73% is observed and an absolute modulation of up to 0.35 is obtained at the magnetic-
dipole resonance. For metal and TCOs, the all-optical modulation can be based on both
interband and intraband excitation of free carriers. The response time of the intraband
excitation depends on the energy exchange rate between electrons and phonons [114].
The modulation time of metal is typically on the order of several picoseconds [115,
116]. For example, a transmission modulation with picosecond response time is dem-
onstrated in the plasmonic metasurface consisting of gold nanorods, as shown in Fig.
5b [109]. Using the nonlocality to enhance the nonlinearity, 80% transmission change is
obtained under a pump fluence of 7 mJ/cm?®. Later, Ren et al. report a 40% relative
transmission modulation in a gold metasurface made of an asymmetric SRR array
[117]. With the local field enhancement supported by the plasmonic closed mode, the
required pump fluences of 270 yJ/cm? are reduced by about one order of magnitude in
comparison with that in gold nanorods. Utilizing the much faster two-photon absorp-
tion process, the modulation time can be shorter than 100 fs.

Contrary to plasmonic metasurfaces, TCOs have a smaller electron heat capacity
which allows a fast energy exchange rate between electrons and phonons, leading to a
modulation time of hundreds of femtoseconds. In 2016, an absolute transmission con-
trol at a subpicosecond timescale in the ITO metasurface is reported by Guo et al. (Fig.
5c¢) [110]. The ITO nanorods array, which supports localized surface plasmon reso-
nances, enables an absolute modulation depth over 20% in both near-infrared and mid-
infrared spectral range. In addition to metasurfaces, unstructured TCOs films can also
be used for ultrafast all-optical modulation with a large modulation depth. For example,
an ultrafast reflectance modulation of up to 40% is reported in AZO metafilms [118].
Due to the defect-enhanced recombination process caused by the low-temperature fab-
rication procedure, the modulation time is below 1 ps. Later, Clerici et al. further ex-
tended the functionality of AZO by combining the intraband excitation and interband
excitation via a two-color laser field [111]. As shown in Fig. 5d, the subpicosecond
modulation is observed. This work shows that AZO metafilm can dynamically control
the modulation bandwidth and the transmitted probe wavelength by the combination
of the two excitation effects. The all-optical modulation depth can be further improved
by using ENZ materials with higher electron mobility and by using more judiciously
engineered optical resonances. As shown in Fig. 5e, Yang et al. report femtosecond op-
tical polarization switching in indium-doped CdO-based heterostructures [112]. Due to
the large electron mobility and low optical loss, a high Q-factor Berreman-type ab-
sorber is designed at the ENZ wavelength. Under a resonant excitation, an absolute re-
flectance modulation over 80% and a polarization modulation with an extinction ratio
of 91 are obtained within 800 fs. The large nonlinear responses of TCOs typically only
occur in a relatively narrow bandwidth. The combination of ENZ materials and meta-
surfaces can overcome this constraint. In 2018, a coupled structure combining ITO film
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Fig. 5 Meta-optics for all-optical modulation. a Left: SEM image of the GaAs metasurface. Right: measured
differential reflectance map as a function of the wavelength and delay time. The red and blue colour scales
correspond to positive and negative changes, respectively [108]. b Left: SEM image of the plasmonic
metasurface. Right: optical density (AOD) map as a function of the wavelength and delay time. The red and
blue colour scales correspond to positive and negative changes, respectively [109]. ¢ Left: SEM image of the
ITO metasurface. Right: the dependences of AOD on the delay time with different pump fluences [110]. d
Left: schematic of transmission modulation from an aluminum-doped zinc oxide metafilm. Right: changes in
transmission as a function of the delay time [111]. e Left: schematic of polarization switching from a CdO
based metafilm absorber. Right: AOD map as a function of the wavelength and delay time. The red and
blue colour scales correspond to positive and negative changes, respectively [112]. f Left: schematic of the
structure composed of a plasmonic metasurface coupled to an ITO film with an ENZ response. Right:
changes in transmission as a function of the pump-probe delay time [113]

to plasmonic metasurfaces is reported by Alam et al. [113]. As shown in Fig. 5f, the
strong coupling between the localized surface plasmon resonance and the ENZ mode
provides a large nonlinear refractive index change of +2.5 over a broad spectral range
of 200 nm with subpicosecond recovery time. Therefore, meta-optics, especially those
based on TCOs materials, not only provide a large modulation depth but also exhibit
faster modulation speed, with potential applications for low-power, ultrafast all-optical

modulation in high-density nonlinear nanophotonic devices.

Laser Q-switching and mode-locking

All-optical modulation and saturable absorption are third-order nonlinear effects widely
used for laser Q-switching and passive mode-locking. The two typical processes in-
volved in all-optical modulation and saturable absorption are shown in Fig. 6a. Satur-
able absorption describes the effect that the absorption coefficient a of the material

given by a = 5 +“1°/1 . Here, ay is the linear absorption coefficient, and I is the saturation

intensity. Saturable absorption typically results from the imaginary part of y® and can
exist in most light-absorbing materials. The saturable absorption performance of a ma-

terial is usually determined by the nonlinear absorption coefficient § = 5% = 52 [m
eoc?ng

(x®). Conventional saturable absorbers are made of semiconductor materials [121—

125], although they may suffer from the relatively long response time of tens of pico-
seconds limited by the interband electron-hole recombination process. In recent years,
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there has been a growing interest to use two-dimensional materials such as graphene
[126-129], MoS, [130-132], and black phosphorus [133-135] as saturable absorbers,
partly due to their ultrafast modulation time of up to a few hundred femtoseconds.
However, the relatively low damage threshold and low modulation depth may be a lim-
iting factor for their practical applications. Meta-optics based on metals and TCOs may
provide an alternative approach for laser Q-switching and mode-locking, due to the ul-
trafast modulation time on the picosecond or sub-picosecond time scale, as well as the
large modulation depth enhanced by resonances. Using ITO nanocrystals as the satur-
able absorber, a laser pulse with 593 fs temporal width can be obtained (Fig. 6b) [119].
The ITO nanocrystals exhibit response time within 450 fs and modulation depth up to
160% in the ENZ region. More recently, a demonstration of laser mode-locking in sat-
urable plasmonic metasurfaces is reported [120]. As shown in Fig. 6¢, a 729 fs laser
pulse is generated in a fiber laser cavity with plasmonic metasurface as the saturable ab-
sorber when pumping at a resonant wavelength of 1550 nm. The modulation depth of
60% is far greater than that of other saturable absorbers, yet the exact mechanism of
such a large modulation depth has not been reported. Furthermore, compared with the
conventional semiconductor saturable absorber, plasmonic and ENZ materials can op-
erate in a wide frequency region, with the relatively easy tuning of their resonance

wavelengths by varying the cavity design or the carrier density.

Higher-order optical nonlinearity

HHG is a high-order nonlinear optical process that is often nonperturbative and occurs
when the laser field strength is comparable with the atomic bonding strength [3, 136—
138]. HHG forms the basis of the generation of coherent soft X-ray and EUV pulses
and has been widely used for time-resolved photon-electron spectroscopy and isolated
attosecond pulse generation [139-142]. HHG is conventionally observed in rare gas
atoms [143-145], with relatively low efficiency. In 2008, leveraging the local field en-
hancement induced by the plasmonic resonance of a bowtie antenna array, Kim et al.
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reported the enhanced HHG in argon gas in the vicinity of the bowtie antenna [146].
In 2011, HHG is first observed in a solid-state ZnO crystal [147]. Bulk solids typically
have a higher efficiency than gases because of their higher atom density [148, 149].
However, owing to the strong absorption for the generated signals whose photon en-
ergy is higher than the bandgap of nonlinear materials, the efficiency of HHG in solid
is still limited, and a high laser pump fluence is required.

Meta-optics with subwavelength propagation length can reduce the pump threshold
with the resonantly-enhanced pump laser field. In 2016, Han et al. utilize the extreme
light confinement of a metal cone structure to enhance HHG from sapphire, as shown in
Fig. 7a [150]. With the field enhancement supported by surface plasmon polaritons, high
harmonics up to the 13th order are generated when pumped with a 75 MHz laser oscilla-
tor of 0.1 TW/cm? intensities. Later, HHG from a plasmonic metasurface is reported
[151]. The structure composed of an array of Au antenna on a 500-nm-thick crystalline
silicon substrate is shown in Fig. 7b. When the polarization of the pump laser is parallel
to the long axis of the antenna, with the consequent excitation of the electric-dipole res-
onance of the antenna, the intensities of generated high harmonics are enhanced by 5 to
10 times. However, the small overlap between the electric field and nonlinear media may
limit the overall enhancement of HHG. Moreover, metallic antennas typically have a low
laser damage threshold. Low-loss dielectric metasurfaces supporting Mie resonance with
a larger field confinement volume may benefit HHG with higher generation efficiency and
laser damage. In 2018, enhanced nonperturbative HHG from silicon metasurfaces is re-
ported by Liu et al., as shown in Fig. 7c [152]. With the high-Q Fano resonance, the har-
monic emission can be enhanced by two orders of magnitude in comparison with a bare
silicon film of the same thickness. The odd harmonics from the 5th to 11th order are ob-
served when the laser polarization is set to excite the Fano resonance. At an excitation in-
tensity of 0.071 TW/cm?, the 5th harmonic is enhanced over 30 times and the conversion
efficiency is about 5x 10~ °. More recently, Yang et al. report the HHG from indium-
doped CdO when pumped at its ENZ wavelength, as shown in Fig. 7d [153]. Under the p-
polarized illumination at an incident angle of 50°, the high-harmonic up to the 9th order
(corresponding to the wavelength of 250 nm) is observed. The required peak pump inten-
sity of 14.1 GW/cm? is much weaker than a peak pump intensity on the order of 1 TW/
cm? that is typically required for observing HHG in bulk crystals. While the diffraction of
the radiated high harmonics may make the collection of high harmonic signals from
metasurfaces difficult and inefficient, a carefully engineered metasurface can be used to
tailor the wavefront of generated high-harmonic signals. In 2018, Sivis et al. demonstrated
controlled high-harmonic emission patterns from ZnO or silicon metasurfaces with a
Fresnel zone plate pattern, as shown in Fig. 7e [154]. Compared with bulk crystals, meta-
structures can be good candidates as HHG sources with low pump threshold and control-
lable wavefront. Currently, the efficiency and cut-off frequency of HHG from solids are
limited by a low damage threshold. The use of wide bandgap materials to construct meta-
surfaces may further improve their damage threshold.

Conclusions

Here, we have reviewed the use of meta-optics for several nonlinear optical applica-
tions. To summarize, we have found that subwavelength nonlinear media may be espe-
cially useful when the following merits are highly desired:
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1). Broad spectral bandwidth. While phase-matching is a pre-requisite for bulk nonlin-
ear crystals, typical phase-matching techniques such as BPM and QPM can only
work at one specific wavelength at a time. On the contrary, for meta-optics, their
subwavelength thickness causes them to be free from the phase-matching require-
ment, allowing one to potentially sacrifice some efficiency to gain the bandwidth
(Fig. 8a). This feature may be particularly useful for broadband THz generation
and entangled photon pair generation.

2). Ultrafast response. The electron-hole recombination time of semiconductors is
generally greater than tens of picoseconds. On the other hand, intraband transition
in metals and TCOs typically take place on a time scale of several picoseconds and
a few hundred femtoseconds, respectively, therefore they can be particularly suit-
able for ultrafast all-optical switching at a THz rate (Fig. 8b). Combining the ultra-
fast material dynamics with tailored resonances for an enhanced modulation depth,
nonlinear meta-optics may find applications in laser Q-switching and mode-
locking. Additionally, the ultrafast saturable absorber may be useful for nonlinear
activation in the all-optical neuromorphic circuit.

3). Wavefront control. While the wavefront of generated nonlinear signals from bulk
crystals is typically uniform, metasurfaces with tailored spatial antenna
arrangement can tune the polarization, phase, and amplitude of light at the
subwavelength spatial resolution, thus achieving wavefront control of nonlinear
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signals (Fig. 8c). Electro-optical modulation, for example, based on metal-insulator-
metal metasurfaces may have potential applications in beam steering and
holograph.

4). Operation in the typically absorbing band. The absorption of nonlinear optical
materials induced by electronic or phononic transitions is a major problem that
limits the operation band for bulk nonlinear crystals. Meta-structures, with their
subwavelength thickness, may greatly alleviate the issue, allowing efficient HHG
and THz generation in the typically absorbing ultra-short (EUV or soft X-ray) or
ultra-long (mid-infrared and THz) wavelength bands (Fig. 8d).

Notably, despite some resonant enhancements, the nonlinear conversion efficiency of
many meta-optical devices is still rather low, mostly due to the subwavelength nonlin-
ear light-matter interaction length, which is still the major limitation towards practical
applications. Here, we outline several routes to enhance the nonlinear conversion effi-
ciency, as schematically shown in Fig. 8e. Firstly, one can explore options to integrate
materials with a large intrinsic nonlinear susceptibility for use in meta-optics. For in-
stance, LINbOj; is one of the most widely used nonlinear materials with a large intrinsic
nonlinear susceptibility, a low optical loss over a wide bandwidth, as well as a relatively
high laser damage threshold. In recent years, we have seen the rapid progress of lithium
niobate on insulator technology [155—161], which may enable the development of non-
linear meta-optics based on LiNbOj3; with largely improved efficiency. Another strategy
to enhance the nonlinear conversion efficiency is to design the resonator to support ex-
tremely high-Q resonances, for example, by leveraging the concept of Fano resonances
and bound states in the continuum [162—164]. Finally, the meta-structures may be de-
signed to be resonant at both the pump and signal wavelength, with good modal
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overlap. This can be achieved by designing the meta-structures via inverse design tech-
niques such as the adjoint method and deep learning [165-168]. Finally, the advance-
ment of novel fabrication techniques may inspire a more complex design of meta-
optics. For instance, using resonant plasmonic antennas to enhance the local field, the
femtosecond laser can lead to subwavelength ablation and reshaping, resulting in a self-
organized meta-optic structure with high spatial resolution [169, 170]. The recent de-
velopment of femtosecond laser-based three-dimensional (3D) fabrication technology
has allowed sub-20-nm spatial resolution [171], which provides additional degrees of
freedom to create 3D meta-structures based on a variety of material platforms towards
nonlinear optics applications [172, 173]. This technology has recently been used to fab-
ricate nonlinear photonic crystals allowing phase-matching over all three dimensions
[174].

Nonlinear meta-optics is still at an early stage of development. With its unique merits
not readily available in conventional bulk crystals, as well as the still largely unexplored
physics, materials, and optical cavity designs, we envision many more exciting results
towards practical applications in the imminent future.
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