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Abstract: Optically resonant dielectric and semiconduc-
tor metasurfaces are an emerging and promising area
of nanophotonics and light-matter interaction at the
nanoscale. Recently, active tuning of the linear response
and nonlinear effects of these components has received
an increasing amount of interest. However, so far these
research directions have remained separated with only
few sporadic works that study their combination begin-
ning to appear in the literature. The evolution of nonlin-
ear metasurfaces based on dielectric and semiconductor
materials toward reconfigurable and dynamic components
could potentially answer the demand of integrated on-chip
components that realize essential functionalities such as
frequency conversion, active switching, optical isolation,
and all-optical routing. This review provides an overview of
recent investigations in this field, reviews the main physi-
cal phenomena enabling the dynamic control of the nonlin-
ear response and compares the temporal dynamics of the
diverse approaches that have been explored so far. Finally,
future directions of dynamic nonlinear metasurfaces are
outlined.
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1 Introduction

Sub-wavelength nanoparticles made of high refractive
index materials support a rich variety of optical reso-
nances enabling strong electric field confinement and
local intensity enhancement [1]. Homogeneous and inho-
mogeneous periodic distributions of such nanoparticles
have been used to realize thin devices — also known
as metasurfaces — with unprecedented light manipula-
tion capabilities [2, 3]. The optical resonances of high
refractive index nanoparticles arise due to the geometry
of the nanoparticle itself and are commonly referred to
as Mie-type resonances [1]. Magnetic and electric dipole
modes and composite higher-order multipoles demon-
strated a new route to enhance the nonlinear optical
response at the nanoscale [4-8]. Recently, the intrigu-
ing bound states in the continuum physics have been
applied in this context, demonstrating the possibility to
enhance further light—matter interaction at the nanoscale
[9-11]. In comparison with metallic nanoparticles that
supports collective oscillations between the electric field
and electrons at the metal surface [12, 13], dielectric and
semiconductor nanoparticles can exhibit optically reso-
nant behaviour without featuring optical absorption in
the material. The transparency of dielectric and semicon-
ductor nanoparticles for incident light allows the incident
electric field to permeate the nanostructure and increase
laser damage threshold. These aspects have been crucial in
the field of nonlinear nanophotonics with high refractive
index nanoparticles since, from one side, it grants access
to the nonlinear response of the whole nanoparticle vol-
ume, and, from the other side, it permits using high peak
optical intensity to enhance the nonlinear response of the
material. Such combination led to the demonstration of
second-harmonic generation (using materials with a strong
7 non-linearity such as gallium arsenide, gallium phos-
phide, and lithium niobate) [11, 14-19] and third-harmonic
generation (using materials with a strong y® non-linearity
such as silicon and germanium) [10, 20—23] with record-
high conversion efficiency compared to other systems of
nanometric dimensions.
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Despite therapid progress of high refractive index non-
linear nanophotonics, almost all demonstrated nanostruc-
tures and metasurfaces exhibit a static nonlinear response,
i.e. the characteristics such asamplitude, phase, and polar-
ization of the nonlinear optical response are fixed by the
fabrication and cannot be changed. However, the strong
light—matter interaction in such systems paves the way
for a dynamic control of the optical nonlinear response
via modification of optical or geometrical properties. This
research area is currently emerging in the field of metama-
terials and metasurfaces [2, 24 -28] driven by contemporary
and future applications such as optical/quantum commu-
nication and computing, virtual or augmented reality, light
detection and ranging (LIDAR), and holography. However,
so far it remains mainly restricted to consider the effects
of the modulation solely on the incident beam: i.e. the
nanoparticle or the metasurface acts as a passive system
and the output frequency of light equals the input fre-
quency. Nevertheless, metasurfaces based on high refrac-
tive index materials also exhibit strong nonlinear optical
response that enable generation of a signal at a frequency
that is different from the one of the incident beam: i.e.
the metasurface acts as an active system that provides sig-
nal at a new frequency compared to the input one. The
evolution of nonlinear nanoresonators and metasurfaces
based on dielectric and semiconductor materials towards
reconfigurable and dynamic components could potentially
answer the demand of integrated on-chip components that
realize essential functionalities such as frequency conver-
sion, active switching, and all-optical routing. The current
state-of-the-art is mainly composed of fundamental stud-
ies aimed to evaluate the physical mechanisms at play
and to assess the achievable time-scale dynamics that are
enabled by different approaches. In this review we report
the latest advancements in this field and compare the main
features of the various physical mechanisms that have
been exploited so far.

2 Tuning mechanisms

There exist different physical mechanisms that can be
exploited to achieve a temporal variation of the opti-
cal response of a nanoparticle or a metasurface. Differ-
ent applications require device reconfigurability within
application-specific requirement-based time-scales: 3D-
scanning and LIDAR application may be realized to operate
up to MHz rates, while optical communication applications
may require GHz modulation capabilities. Depending on
the specific phenomena at play, various modulation rates
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spanning from the kHz range up to the GHz range could be
achieved as it is conceptually shown in Figure 1.

Devices with sub-kHz or few kHz modulation rates
can be realized using liquid crystals (LCs). The nonlin-
ear response modulation follows from a change of the
optical resonances due to modification of the environ-
mental refractive index. As the birefringence in LCs cells
is obtained by rotation of large particles, the modulation
rate is inherently low. Up to MHz modulation rates can be
obtained exploiting the thermo-optical effect. When semi-
conductor materials experience a temperature increase,
their refractive index changes in direct proportion to the
temperature increased. Being the thermo-optic coefficient
small, the temperature variation needed for a sizeable
effect is typically few tens of degrees. Higher modulation
rates can be potentially obtained using PCM. These feature
a dramatic change of electric permittivity at the onset of
a specific temperature. If properly operated close to the
transition temperature, the necessary temperature varia-
tion is reduced and they can potentially lead to modulation
rates in the range of few MHz. Ultrafast modulation rates
can lastly be achieved by exploiting nonlinear and free-
electrons effects. Here, there are different approaches that
can be followed. Nonlinear phenomena such as nonlin-
ear absorption and refraction (either due to third-order
nonlinearity or free-carriers) or electric field-induced
second-harmonic generation (EFISH) in centrosymmet-
ric materials have been investigated. In the following,
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Figure 1: Conceptual representation of different modulation
mechanisms as a function of the modulation rate that they allow.
Liquid-crystal based devices allow modulation in the kHz region [29].
Thermo-optic phenomena are limited by thermal diffusion processes
and are limited to MHz modulation rates [30]. Phase-change
materials (PCM) exploit almost instantaneous variation of the
optical properties of the constituent materials and MHz modulation
rates can be foreseen. Optical tuning via nonlinear effects [31, 32]
and electron-induced phenomena [31, 33] that are instantaneous can
be exploited for realizing devices operating at GHz speeds.
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these different phenomena and the results that have been
achieved are presented.

2.1 Liquid crystals

The Mie modes excited in high refractive index nanoparti-
cles such as magnetic dipoles or electric dipoles typically
exhibit leaky tails that extend outside the nanoparti-
cle itself. Nonetheless, a moderate field enhancement is
obtained in proximity of the nanoresonators. This entails
the possibility to change the optical response of the sys-
tem by modification of the environmental refractive index.
In this context, the use of LCs is an attractive approach
because it relies on the well-established expertise from
the LC display industry [34-40]. LCs have an optical
birefringence that can be tuned by applying an external

(a) (b)

SHG for LC !

1 =

l'\’
|

I!

Tra nsng)ittance
o

\

L. Carletti et al.: Reconfigurable nonlinear dielectric metasurfaces =— 3

electric field or by increasing the working temperature [41].
Recently, silicon-based metasurfaces infiltrated with LCs
have demonstrated spectral tuning of Mie resonances [42]
and dynamic beam-steering [43]. In the visible range, a
hybrid metasurface-spatial light modulator (SLM) system
has been realized using titanium dioxide (TiO,) metasur-
faces [44]. This phase-only nanoantenna-based transmis-
sive SLM device reached an experimental efficiency of 36 %
with a pixel size of only ~1 mm and a field of view (FOV)
of 22°. In [29], Rocco et al. show the design of a dielec-
tric metasurface of AlGaAs nanodisks, embedded in an LC
material, and layered over an AlOx substrate to achieve
second-harmonic (SH) intensity modulation as well as a
reconfigurable SH directivity, see Figure 2.

Intuitively, the LC anisotropy is associated with a
consistent modification in the linear transmission of the
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Figure 2: SHG in AlGaAs metasurface infiltrated with liquid-crystals.
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(@) Pictorial representation proposed metasurface. The unitary cell is made of an AlGaAs nanodisk over an AlOx substrate embedded in LCs.
(b) Numerical calculations of the spectral resonances for the two LC alignments: the light blue curve is associated to the LC directors parallel
to the x axis (planar orientation) whereas the pink curve is related to the LC directors parallel to the z axis (homeotropic orientation). The
brown dotted line indicates the MD resonant wavelength in the case of LC homeotropic orientations. (c) SHG efficiency as a function of the
incident wavelength for the two LC orientations. The upper inset corresponds to the plot of the electric field enhancement at the MD
resonance for the homeotropic LC alignment; the lower one represents the enhancement at the MD resonance at 1508 nm for the LC planar
orientation. (d) Theoretical calculations of the SH F/B ratio as a function of the fundamental wavelength for the two LC orientations: the light
blue line refers to the LC directors parallel to the x axis, instead the pink curve stems for the LC directors parallel to the z axis. Reproduced

from [29].
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metasurface with respect to the homogeneous isotropic
surrounding material. Solely, the AlGaAs nanodisks are
responsible for the SHG since the LC and the substrate
have both a negligible second-order nonlinear susceptibil-
ity. Thus, the SH signal coming from the entire metasurface
can be engineered by a proper excitation of the AlGaAs
nanodisk modes.

For a geometrical-optimized structure operating in
the third communication window (wavelength range
1400-1800 nm), the magnetic dipole (MD) resonance of
the metasurface occurs at a wavelength of 1508 nm when
the LCs are in a planar alignment and at a wavelength of
1580 nm for the LCs homeotropic orientation as shown
in Figure 2(c)). Hence, since enhancement of SHG are
observed when the metasurface is excited at the MD res-
onance, the spectral position of the peak SHG conversion
efficiency is controlled by the orientation of the LCs. Alter-
natively, for a pump operating at a fixed polarization and
wavelength, by tuning the LCs orientation, an SH intensity
modulator is addressed.

Interestingly, the SH front-to-back (F/B) ratio for LC
homeotropic alignment (pink curve of Figure 2(d)) is as
high as 6.5 around the SHG efficiency peak due to the MD
resonance. For the same wavelength, the F/B ratio for the
other LC orientation is equal to 0.65. Thus, around a pump
wavelength of 1580 nm, a 10 dB enhancement in the SH
F/Bratiois obtained for the two considered LC orientations.
This demonstrates that LC anisotropy offers the capability
to turn on and off the SH signal and simultaneously the
possibility to tune the SH F/B ratio of the metastructure.

The main limitation in the performance of such LC-
based devices is related to the response time of the liquid
crystals itself. Indeed, the LC cell is an intrinsically slow
device with rather long switching times (~50 ps) [45]. When
an external electric field is set, the molecules are forced to
align according to the electric field, while when the electric
field is reset, the molecules return to their natural position.
Another aspect to take into account is that the alignment
of the molecules induced by the electric field is faster than
their subsequent internal rearrangement. These relatively
slow responses are mainly dominated by the viscosity of
the liquid crystal and depend on the applied electric field,
the temperature and the type of molecule (with lesser or
greater polarity).

2.2 Thermal effects

The nonzero imaginary part of the refractive index implies
light absorption within the materials. Hence, in this
regime, the light absorbed energy is converted into heat
and a thermal dynamics is triggered [46, 47], resulting in a

DE GRUYTER

temperature increase within the system [48]. In particular,
by exploiting the highly confined electric field obtained
with Mie resonances, efficient light-to-heat conversion has
been demonstrated in metallic and dielectric nano-objects
[24, 49-58]. The interplay between the optical and the
thermal response in the nanostructures and metasurfaces
may be used to actively tune the system’s physical proper-
ties [59]. In particular, the system’s temperature increase,
obtained upon light illumination or simply by placing
the structure in contact with a hot thermal bath, leads
to a modification of the materials’ refractive index, thus
altering the optical behavior of the investigated structure.
The latter phenomenon is known as thermo-optical effect
and the refractive index variations An are directly propor-
tional to the temperature increase AT via the thermo-optic
coefficient dn/dT:

_dn
An(A) = ﬁ(,I)AT, )

where AT =T —T, is the temperature increase with
respect to the environment one T,, and A4 is the light
wavelength.

The tuning of the SHG in isolated AlGaAs nanodisks
via the thermo-optical effect has been recently reported
[30]. The thermo-optic coefficient for AlGaAs is relatively
low (<107* K™}) in the near-infrared range, whereas it
increases exponentially in proximity of the bandgap wave-
length (~750 nm) [60]. Therefore, exploitation of thermo-
optic effect can be efficient for modulation of the nonlinear
response when either the pump or the generated signal is
close to this wavelength. Indeed, Celebrano et al. designed
an SHG experiment in AlGaAs nanodisks with a pump at
a wavelength of 1550 nm. By increasing the nanodisk tem-
perature by a few K, a negligible refractive index variation
is obtained at the pump wavelength, whereas the refrac-
tive index at the second-harmonic (~775 nm) changes
significantly. This yields a strong dependence of the SHG
efficiency on the nanodisk temperature. Indeed, as the
refractive index increases, the optical resonances of the
nanodisk typically red-shift, thereby spectrally shifting the
peak SH conversion efficiency. The SHG modulation from a
fixed pump wavelength of 1550 nm can thus be controlled
by the radius of the nanodisks as shown in Figure 3(a).

In [30], two strategies to demonstrate the thermo-optic
effectare proposed: (i) heating the sample with a Peltier cell
or (ii) illuminating the sample with a control continuous-
wave laser beam at a wavelength of 405 nm which is in
the AlGaAs absorption region. Provided that the power
of the control beam is tuned to yield the same nanodisk
average temperature increase as the one obtained heating
with the Peltier cell, the obtained modulation of the SHG
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Figure 3: Thermal tuning of SHG in AlGaAs nanodisks.

(a) Measured differential SH signal (ASHG(P,)) collected scanning five replicas (on the same column) of five different nanodisk (5 lines) with
a control signal power, P, of 300 pW. (b) Experimental ASHG(PP) for five different nanodisk radii for two control powers (Pp = 250 pW and
P, =300 uW). (c) Schematic of the electric field (left) and induced temperature field in the nanodisk (right) when

P, =300 uW. (d) Theoretical calculations to be compared with the experimental measurements of panel (b). Reproduced from [30].

is equivalent for both configurations (see Figure 3(b)—(d)).
Small differences in the SHG modulation of the two config-
urations are due to the different spatial distribution of the
temperature inside the nanodisk, Figure 3(c). However, as
long as the average nanodisk temperature is the same, the
measured SHG modulation is quite similar.

While the rising time of the thermo—optical effect is
typically within 1-10 ps [61], the relaxation process is
governed by phonon—-phonon scattering and, in nanos-
tructures, it can be as low as 100 ns [24, 30]. These
response times may enable the realization of reconfig-
urable thermo—-optic nonlinear metasurfaces operating up
to a few MHz modulation rates.

2.3 Phase-change materials

The tuning mechanism of PCM is based on the variation
of the optical properties, i.e. real and imaginary part of
the refractive index, across the phase transition. Depend-
ing on the material, the involved phase transition can
drive the material from a dielectric to a metallic phase,
as for VO,, or from a crystalline to an amorphous arrange-
ment of the crystal structure, like in GeSbTe (GST) alloys.

Although PCMs have been extensively investigated to tune
thelinear electromagnetic response of photonic structures,
such as thin films, gratings, ring cavities, nanoantennas
and metasurfaces [27, 62], their use in the control of the
nonlinear response is still in its infancy and it has very
recently emerged only in the framework of plasmonic
devices. Among the most investigated materials for non-
linear optics, chalcogenides have a history of decades,
and have provided a number of applications in electron-
ics and photonics [63]. In particular, PCM chalcogenides,
based on GST alloys, are known to possess both very large
modulation of optical properties and very large nonlinear
susceptibilities. In [66], nonlinear absorption and self-
focusing refraction coefficients up to —6.63 X 1072 m/W
and 2.606 x10~2 m?/W, respectively, were demonstrated
in thin PCM Sb,Te; films with z-scan (at 632.8 nm) and
temperature-dependent ellipsometry. A theoretical inves-
tigation of the experimental results elucidated that the
nonlinear absorption is due to the band filling effect, while
the nonlinear self-focusing effect originates from the band-
gap shrinking. A tunable nonlinear response has been
experimentally observed also in VO, nanoparticles and
thin films. Even though the transition from monoclinic
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to rutile does not change significantly the VO, y©® tensor
symmetry, the change in the linear polarizability of VO,
molecules induces a change of the nonlinear coefficients.
Indeed, the Miller’s rule, which establishes how the non-
linear susceptibility of order n + 1 scales with the linear
susceptibility [67]:

X @y, @, .., 07)

=A |0 ) 2" @,) ... xOw)], Q)

clearly suggests that the strong change of linear optical
properties in PCMs (VO, and GST alike) goes hand in hand
with a strong modulation of the nonlinear susceptibility.
Petrov, Yakovlev, and Squier in [68] demonstrated a 1.5-
orders of magnitude increase of THG from VO, thin films
induced both thermally and optically with ultrafast laser
pulses, corroborating, experimentally, the idea that the
phase transition in PCM alters both linear and nonlinear
response. Z-scan and ultrafast pump-probe experiments
in VO, nanoparticles and thin films revealed that in the
metallic state, VO, exhibits a positive nonlinear index of
refraction with nanoparticles showing larger nonlinearity.
Saturable absorption effects are measured in the metallic
state of nanoparticles while positive nonlinear absorption
coefficients are retrieved for thin films in the metallic state.
Interestingly, saturable absorption switches to nonlinear
absorption (two-photon absorption) in the semiconduct-
ing phase of nanoparticles, while no change of sign of
the nonlinearity is experienced by thin films. On the other
hand, a change of sign is measured in the z-scan measure-
ment of the nonlinear refractive index of thin films, which
switches from positive in the metallic state (self-focusing)
to negative in the semiconducting state (self-defocusing).
The strong variation of nonlinear response at the phase
transition has also been used to unveil the dynamics of the
phase transition in PCMs. In [69], Lysenko et al. performed

m Gold|®
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degenerate four wave mixing, pump-probe experiments to
elucidate the structural dynamics of both thermally- and
light-induced phase transition in VO, films, finding coex-
istence of both phases and fluctuations of the dielectric
constant. A significant decrease of the VO, third-order non-
linear susceptibility was measured. Similar behavior was
found in nanostructured VO, thin films [70].

Tognazzi et al. in [71] proved that a small gap filled
with PCM is a very efficient way to tune the behavior of
a plasmonic nanoantenna in the linear regime. In [64],
Guo, Zhou, and Guo extended this concept to the non-
linear regime and they theoretically demonstrated tuning
of second harmonic generation in the infrared by using
a periodic metasurface of gold split ring resonators with
gaps filled with GST (see Figure 4(a)). The crystalline frac-
tion of GST was thermally controlled and it was proved to
significantly affect the SH wavelength, with larger SH wave-
lengths for smaller gaps and larger crystalline fractions. In
this work the contribution due to the second order nonlin-
ear susceptibility tensor components of GST are neglected
and the tuning mechanism is due to the modulation of the
electric field distribution at the fundamental frequency,
which significantly affect the surface plasmon resonance
and thus the SHG. In [65] GST sandwiched between a gold
substrate and a gold nanodisk allowed to increase and
tune THG (see Figure 4(b)). The presence of GST increased
the TH by 5 orders of magnitude due to the large bulk
7 of GST and the large field enhancement provided by
the structure on resonance. The THG tuning was ascribed
to two effects: (i) the strong change of field enhancement
in GST associated with the large variation of the (linear)
refractive index and the consequent shift of the plas-
monic resonance; (ii) the large modulation that the GST
7 undergoes when it transitions from the amorphous
to the crystalline state (the susceptibility indeed varies by
a factor larger than 10 upon transition, from ~ 10718 to

Figure 4: Hybrid gold-GST nanostructures.

(a) Isolated split ring resonator with gap filled with GeSbTe (GST) for tuning SHG by switching from the amorphous to the crystalline phase.
(b) Plasmonic metasurface for THG reconfigurable by GST. Figure adapted from [64, 65].
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~ 1077 m?/V?). In [72], Cao et al. measured THG from an
asymmetric, Fabry—Perot thin-film cavity made of a GST
film (50 nm thick) separated by a gold substrate by a dielec-
tric spacer (see Figure 5). The results indicated that the
field-enhancement at the cavity resonance provided ~400-
fold enhancement of THG with GST in the amorphous state.
After thermally-induced crystallization, a drop of THG by
three orders of magnitude, was observed, clearly indicat-
ing the feasibility of GST-based devices with tunable or
reconfigurable nonlinear optical response. Up to 30 dB
modulation of THG has been recently predicted in a
Salisbury-type, metasurface with an array of plasmonic
nanoantennas separated by a metallic backplane by a VO,
thin film [73].

These results show that the integration of PCMs in
resonant photonic nanostructures is very promising for
dynamic control of nonlinear effects. Indeed the modula-
tion acts on multiple factors that regulate harmonic gener-
ation. In general, the conversion efficiency of n-harmonic
generation scales as:

n

o) |E10C|>

B~ x| =25 ), 3
: < |Ein|

where y™ is the material nonlinear susceptibility of the
ordern (e.g. nequals to 2 for SHG and 3 for THG), |Eo.| /| Ein|
is the ratio between the local electric field amplitude and
the input electric field amplitude (i.e. field enhancement).
Both the factors in Eq. (3) are significantly modulated in
PCM-based photonic nanostructures, with the second fac-
tor, i.e. the field enhancement, being especially sensitive to
(linear) refractive index variations induced near photonic
resonances. In this sense, in [74] the authors employed a
VO, thin film to generate picoseconds electrical pulses to
drive a dipole antenna generating broadband THz radia-
tion. This approach strongly differs from the one employed
by Esaulkov et al. in [75], where they tuned THz radiation

L. Carletti et al.: Reconfigurable nonlinear dielectric metasurfaces = 7

directly from a thin VO, film by exploiting the y@ due to
the symmetry breaking at the surface.

The transition time between the two material phases
depends on the specific PCM and external stimulus
employed. In the electrically heated GST based structures
it can be in the nanosecond or even subnanosecond time
scale [76-78], while optical excitation via femtosecond
pulsesin VO, revealed sub-50 fs transition times [68]. These
response times entail the possibility to develop recon-
figurable nonlinear metasurfaces operating above MHz
speeds.

2.4 Ultrafast nonlinear optical effects

Semiconductors and dielectrics used for SHG and THG
demonstrations usually exhibit a strong ¥ non-linearity
at the pump wavelength. Beside the THG phenomenon,
Kerr-effect and two-photon absorption (TPA) are the man-
ifestation of third-order nonlinear effects [67]. The Kerr-
effect is related to the real-valued part of the third-order
nonlinear susceptibility and it manifests as an intensity
dependent refractive index variation that is often charac-
terized by the nonlinear refractive index n,:

An=n+1In, (4)
where n is the refractive index of the unperturbed material
and [ is the optical intensity. The imaginary part of the
) nonlinear susceptibility induces a nonlinear absorp-
tion phenomenon known as TPA. The effect of TPA on the
nonlinear optical response of a nanoresonator is twofold, it
lowers the conversion efficiency by increasing the absorp-
tion of the pump beam, and it photoinjects free-carriers
in the material conduction band that may strongly modify
the material optical properties via subsequent free-carrier
(FC) effects. The effect of these phenomena in dielectric
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Figure 5: THG modulation in Fabry—Perot thin-film GST cavity.
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(@) A GST film is employed to change the THG by switching from the crystalline to the amorphous phase. (b) THG intensity spectrum for two
different GST film thicknesses in the amorphous phase. (c) THG intensity spectrum for two different GST film thicknesses in the crystalline
phase. For the 56 nm film, there is one order of magnitude of modulation in THG. Figure adapted from [72].
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metasurfaces has been studied in both isolated nanores-
onators and metasurfaces [31, 79-83]. In [31], the effect of
TPA and subsequent FC effects to achieve dynamic con-
trol of the SHG in arrays of infinitely long GaAs nanowires
is investigated. The geometry is optimized to have an MD
resonance at a wavelength of 1800 nm and a higher-order
multipolar resonance at the corresponding SH wavelength
(see Figure 6(a)). The pump wavelength is chosen in that
range since GaAs exhibits a high TPA coefficient of 6 X 10~
m/W. The density of FC, N, photoinjected in the material
due to TPA can be found by solving the rate equation

v _ pE _N ©)

dt ~ 2hew T,

where [ is the TPA coefficient, I is the intensity at the
pump wavelength, 7, is the carrier relaxation time, wgg is
the pump angular frequency, and 7 is the reduced Planck’s
constant. The presence of FC plasma can lead to anincrease
of absorption (free-carrier absorption, FCA) and variation
of refractive index (free-carrier dispersion, FCD) [67]. Since
the FC density, N, depends upon the intensity of the pump
beam through Eq. (5), the optical response of the nanores-
onators and, in turn, the SHG efficiency depend on the
pump beam intensity. These effects are numerically inves-
tigated using a finite-element-method model that solves
self-consistent nonlinear Maxwell equations. This is shown
in Figure 6(b). The effect of TPA, neglecting FC effects, is to
limit the SHG conversion efficiency due to increased pump
absorption. A stronger modulation of the conversion effi-
ciency is observed when FCD and FCA are considered. In
particular, FCD strongly reduces the SH conversion effi-
ciency when the pump intensity is beyond 20 GW/cm? due
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to a spectral blue-shift of the MD resonance at the pump
wavelength.

At frequencies that are close to the electronic energy
bandgap of the material, variations of absorption and
refraction due to excitation of FC are enhanced by bandgap
shrinkage and band-filling effects [84—86]. The band-
filling effect manifests as a decrease in inter-band absorp-
tion for photon energies slightly above the bandgap energy.
This is a consequence of the excited FC occupying the
lowest conduction band states so that the electrons in
the valence band require higher energy than the nomi-
nal bandgap energy to be excited into an available state
in the conduction band. Reversely, bandgap shrinkage
manifests as an increase in inter-band absorption for
photon energies slightly below the bandgap. This phe-
nomenon arises due to the interactions between electrons
in densely populated low-energy states of the conduc-
tion band that result in a decrease in their energy. By
applying Kramers—Kronig relations, these variations in
the material absorption are accompanied by modulations
of the refractive index. Figure 6(c) shows the effect of
these FC effects on the SHG efficiency. The SHG peak
wavelength strongly depends on the pump intensity up
to 20 GW/cm? and it exhibits a complex dynamics that can
be explained observing the contribution of each modu-
lation phenomenon. The band-filling and the FCD effect
cause a reduction of the resonator refractive index, while
the bandgap shrinkage effect induces an increase of the
refractive index. This is evident considering a fixed pump
wavelength of 1800 nm, Figure 6(d) shows the refractive
index modulation phenomena as a function of the pump
intensity. For low pump intensities (below 10 GW/cm?),
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Figure 6: SHG modulation in GaAs nanowires.

(a) Electric field intensity at the pump wavelength (upper panel) and the second-harmonic wavelength (lower panel). (b) Peak SHG
conversion efficiency as a function of the pump beam intensity. Note that the conversion efficiency is measured in unit of m/W since the
analysed structure is two-dimensional and thus all the powers considered have unit of W/m. Only modulation of the material parameters at
the pump wavelength is considered. (c) SHG conversion efficiency spectra as a function of pump intensity and pump wavelength,
considering modulation of the material parameters at both pump and SH wavelengths. (d) Induced refractive index change at the wavelength
of 900 nm as a function of the pump intensity due to FCD (D), band-filling (BF), bandgap shrinkage (BS) effects. The sum of all the effects
(Tot) is also shown. Figure adapted from [31].
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the overall effect of all these contributions can mostly be
attributed to the bandgap shrinkage, whereas at high inten-
sities the band-filling effect becomes dominant. Numerical
modeling of these phenomena predicts a modulation of
the SHG signal at a fixed wavelength with a contrast
up to 60%.

Photoinjection of FCs in the conduction band of a
semiconductor can be achieved also exploiting the lin-
ear absorption of a control beam at a wavelength in the
material absorption spectrum. In [33], the SHG produced
in AlGaAs nanodisks from a pump beam at a wavelength of
1550 nm is modulated using a control beam at a wavelength
of 500 nm, see Figure 7(a). The control beam wavelength is
in the absorption band of AlGaAs and thus allows pho-
toinjecting FC in the material and triggers permittivity
modulations at the band-edge of the semiconductor. Mea-
surements shown in Figure 7(b) demonstrate a modulation
of the SHG generated at a wavelength of 775 nm up to 6%
with respect to the unperturbed resonator. The dynamics of
the SHG modulation is modeled using a perturbative finite-
element-method model that well reproduces the measure-
ments, see Figure 7(c). The alteration of material properties
due to photoinjection of FCs is estimated using a two-
populations model: a first population is photoinduced by
the control pulse and is spatially distributed as the optical
mode that is excited in the nanoresonator. This population

(@)

Alsnc / Isng (%)

(3)
~

Alsng / s (%)
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rapidly evolves via ambipolar diffusion process generating
a second uniformly distributed population. This second
population finally relaxes by non-radiative recombination
increasing the temperature of the AlGaAs lattice.

The response times of FC-induced modulations are
limited by the relaxation times of FCs. In nanostructures,
the presence of a high surface-to-volume ratio reduces
FCs recombination times, as such process is enhanced at
surfaces, and it is typically in the order of a few picosec-
onds. This entails the possibility to develop reconfigurable
nonlinear metasurfaces operating at and beyond GHz mod-
ulation rates.

Materials with a centrosymmetric lattice such as sil-
icon do not exhibit y@ nonlinearity. Nevertheless, SHG
can be achieved via electric field induced second harmonic
(EFISH) effect. Here, the application of a bias voltage across
the medium allows effective SHG by mixing of the static or
low-frequency field with an intense pump beam at optical
frequencies. In [32], a silicon-based metasurface resonant
at a wavelength of 1550 nm exploits interference between
ultrafast temporal modulation of strong Kerr effect and dc
electric field to enhance EFISH intensity, see Figure 7(d).
The demonstrated on/off ratio of SHG using a bias voltage
of 37 V is above 40 dB. Ultrafast modulation with an RF
signal with a 1 MHz repetition rate is also demonstrated in
Figure 7(e).

(d)

w+ Q
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Figure 7: FC-induced SHG modulation and EFISH effect in nanostructures.

(@) Scanning electron microscopy image of an AlGaAs nanodisk and sketch of the all-optical control of SHG via photoinjection of FCs. (b)
Measured differential SHG for the three different nanodisks as a function of the time delay between the controland pump pulse. (c) Simulated
relative differential SHG for three different sizes (representative of the experiments), (d) principle of dynamically enhanced parametric
oscillation in a metasurface. The dynamic interference between dc electric field and fundamental optical field creates a traveling-wave
modulation to a-Si meta-atoms, leading to SHG with enhanced efficiency. (e) Time-resolved trace of SHG modulated by a square-wave
electrical signal (top panel) at 1 MHz repetition rate. A sketch of the metasurface unit cell is shown in inset. Figure adapted from [32, 33].
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3 Conclusion and outlook

In this work, we reviewed the recent development in the
field of dielectric and semiconductor nanoresonators and
metasurfaces with a tunable nonlinear optical response.
This field is rapidly emerging and developing inspired by
demonstrations of dynamic control of the linear optical
response on such devices. High refractive index resonators
offer a unique combination of properties such as high-
filed confinement and enhancement, strong nonlinear
light—matter interaction, and lossless operation that are
particularly favorable for the realization of reconfigurable
devices.

The path to the development of nanoresonatos and
metasurfaces with tunable nonlinear response such as SHG
or THG is still to unravel. Recent theoretical investigations
and demonstrations dealt with different physical mecha-
nisms to obtain a nonlinear response that can be reversibly
tuned. The use of liquid crystals seems a promising strategy
to obtain strong modulations of the SHG signal from a meta-
surface with modulation rates up to the kHz range and rely
onatechnologically mature field. Thermo—optics phenom-
ena have shown the possibility to control the nonlinear
response with an all-optical scheme. The slow dynamics
of heat diffusion, however, limits the modulation rate in the
MHz range. Although triggered by a temperature increase,
PCM offer a method to achieve strong modulation at higher
modulation rates provided that the operation temperature
of the device is close to the critical temperature of the
material. Finally, the nonlinear effects and effects due to
free-electron plasma excited in the conduction band of the
semiconductors provide an ultrafast approach to modify
the optical properties of the resonators. Since the relax-
ation times of such free-carriers is typically on the order of
a few picoseconds, GHz modulation rates and beyond can
be expected. These fast modulation rates have also opened
the way for a new class of metasurface based devices
known as time-variant metasurfaces that enable frequency
conversion and nonreciprocal propagation [7]. In fact, in
a material whose optical properties dynamically change
over time with a frequency Q, when illuminated with light
at a frequency w, side bands at frequencies @ + Q can be
generated. Recently, this phenomenon has been demon-
strated in a metasurface at optical frequencies [87]. Similar
effects could potentially enable many interesting phenom-
ena in nonlinear semiconductor metasurfaces, such as
non-reciprocity and time-bandwidth limitation [88].

Despite a number of already successful results have
been achieved, other strategies to achieve tunability of
the nonlinear response need to be investigated in the
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future. For example, if the metasurface is deposited on
an appropriate substrate, upon application of a mechan-
ical strain, the distance between nanoresonators can be
varied, thereby modulating the optical response [89-91].
Moreover, the elasticity of dielectric materials makes it
possible for such nanostructure to exhibit mechanical res-
onance in the MHz—GHz range. The interaction between
opto—mechanical modes has proved transmittance and
reflectance modulation of metasurfaces from MHz up to
few GHz modulation rate [92, 93]. Another interesting per-
spective is the use of two-dimensional materials such as
graphene [47, 94, 95]. Such atomically-thin layers could be
integrated in metasurfaces where the optical resonances of
the metasurfaces could be used to enhance the electric field
in the 2D-material and increase light—matter interaction.
Finally other electro—optical phenomena will constitute
an interesting platform to explore. In particular, materi-
als with strong y? effects can exhibit the Pockels effect
which involves a modulation of the refractive index upon
application of a static electric field in the material. More-
over, integration of high refractive index metasurfaces with
thin layers of transparent semiconductor oxides (TCO) that
exhibit an epsilon-near-zero (ENZ) point close to the wave-
length region of interest can potentially lead to strong
and ultrafast modulation rates. In this context, the ENZ
point of the TCO can be electrically tuned with the optically
resonance of the metasurface [96, 97].

The evolution of nonlinear nanoresonators and meta-
surfaces based on dielectric and semiconductor materials
is expected to grow in the next years since they hold
the promise for small-footprint on-chip optical compo-
nents for key functionalities such as active switching,
optical isolation, routing, and frequency conversion. At
the present state-of-the-art much remains to be explored
on the fundamental side, such as new material systems and
phenomena, new metasurface architectures, and further
advancement of numerical methods to accurately model
the nonlinear and tunable optical response of dielectric
and semiconductor metasurfaces.
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