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Abstract

The rapid development of optical metasurfaces—2D ensembles of engineered nanostructures—is
presently underpinning a steady drive towards the miniaturization of many optical functionalities and
devices. The list of material platforms for optical metasurfaces is rapidly expanding as, over the past few
years, we have witnessed a surge in establishing meta-optical elements from high-index, highly transparent
materials with strong nonlinear and electro-optic properties. In particular, crystalline lithium niobate
(LiNbO3), already a prime material for integrated photonics, has shown great promise for novel meta-optical
components, thanks to its large electro-optical coefficient and second-order nonlinear response, and its
broad transparency window ranging from the visible to the mid-infrared. Recent advances in
nanofabrication technology have indeed marked a new milestone in the miniaturization of LiNbOs
platforms, hence enabling the first demonstrations of LiNbOs-based metasurfaces. These seminal works set
a steppingstone toward the realization of ultra-thin monolithic nonlinear light sources, efficient quantum
sources of correlated photon pairs, as well as electro-optical modulators. Here, we review these recent
advances by providing a perspective on their potential applications and examining the possible setbacks

and limitations of these emerging technologies.



1. Introduction

In the last decade, the fiecld of meta-optics received a major boost, driven by the urge to realize ultra-compact
photonic devices to shape and manipulate optical electromagnetic radiation.!® The prefix ‘meta’, which
means ‘after’ in the Greek language but is currently employed mostly with the meaning of ‘beyond’ in
science and technology, epitomizes the mission of this research field: i.e., pushing the capabilities and the
integration of optical devices beyond that of conventional optics (e.g., lenses, mirrors, filters, nonlinear
crystals). The key enabling platforms at its core are optical metasurfaces, namely sub-micrometer thick
devices based on engineered ensembles of electromagnetically coupled nanostructures (i.e. meta-atoms),
which promise to complement and enrich the set of tools already available in optics and photonics.>*® This
intriguing opportunity is underpinned by the possibility to vastly tailor the optical properties of
metasurfaces through the combined design of the individual meta-atoms and their ensemble disposition. In
particular, optical metasurfaces can be engineered to simultaneously feature a variety of fundamental
optical functionalities, such as polarization and wavefront control in a single ultra-thin device.>*° This is
very appealing for photonic applications that require a high degree of integration, such as ultra-compact
laser cavities (e.g., vertical cavity surface-emitting laser), and can be applied even to waveguides.!° Given
their two-dimensional character, metasurfaces can also be stacked as multiple serial elements to attain more
flexibility or add further functionalities.” The broad range of possibilities of this fascinating research topic
has drawn the attention of the photonics community in the last couple of decades. Thus far, this revolution
has mainly concerned refractive elements capable of manipulating the light wavefront by molding the

spatial and temporal phase of the propagating beam.!™

The development of nonlinear and tunable meta-optics, that is, realizing meta-devices capable of processing
light beyond the linear refractive and diffractive regimes, has recently experienced a significant thrust,

triggered by the tantalizing promises it holds, '

yet it still remains largely unexplored. The main aim of
these fields is to provide metasurfaces featuring additional functionalities, such as nonlinear light

conversion, generation of entangled photon pairs, and dynamic light modulation (typically via electro-optic



effect). The typical materials of choice for such applications in photonic technology are semiconductors,
such as silicon (Si), gallium arsenide (GaAs), or gallium phosphide (GaP); and ionic crystals, such as
lithium niobate (LiNbO3), beta barium borate (BBO), or potassium dihydrogen phosphate (KDP).'* In
particular, the extensive use of the latter ones is motivated by their sizable nonlinear optical coefficients as
well as a broad transparency window that includes the visible spectrum. This allows these materials to
withstand the high irradiance required to achieve a strong light-matter interaction. Moreover, the
employment of long propagation lengths further compensates for the intrinsic weakness of the underlying
processes. In addition, to further boost the light-matter interaction in nonlinear optics, phase-matching
condition and crystal poling are exploited to optimize the overlap between the interacting fields.'* The
fundamental hindrance to overcome in tunable and nonlinear meta-optics is the dramatic reduction of light—
matter interactions caused by the intrinsic down-sizing of the interaction volume. Indeed, optical
metasurfaces are open photonic systems with sub-wavelength thicknesses, which makes their exploitation
for this purpose extremely challenging. While the lack of phase matching in meta-optics undoubtedly
decreases the efficiency of nonlinear processes, on the other hand it lifts the constraints on momentum,
therefore enabling broadband nonlinear light conversion, as recently demonstrated in 2D materials.'® Yet,
to obtain efficient electro-optical modulation and nonlinear optical processes in meta-optics, alternative
approaches must be devised to enhance the light-matter interaction over subwavelength distances.
Plasmonic-based (i.e. metallic) metasurfaces were the first platforms proposed to tackle these challenges in
nonlinear meta-optics, because of their ability to localize extremely intense fields at sub-wavelength
scales.> ' 12:16 Qti]], the utmost drawback of these platforms lies in the large dissipative losses of metals,
which limit the optical powers one can employ and, hence, the overall efficiency of the underlying

processes.

The advances in state-of-the-art nanofabrication of CMOS-compatible platforms guided the recent
development of semiconductor-based platforms for meta-optics.!” '® ! To date, semiconducting

metasurfaces have been successfully applied to nonlinear light conversion, light-by-light modulation, and



dynamic light steering. In particular, group IV semiconductors have been used for third-harmonic
generation (THG), 2°22 whereas I1I-V semiconducting alloys have been employed for second-harmonic
generation (SHG).?* ¢ Nonetheless, because of their relatively narrow bandgaps with absorption onsets in
the near-infrared (NIR) wavelength range, most of these platforms limit the development of low-loss
nonlinear meta-optics, at least in the crucial visible region of the electromagnetic spectrum. The meta-optics
components therefore need to incorporate highly transparent, high-index, functional materials, which have

driven the quest for developing new material platforms, such as nanostructured ferroelectrics.

LiNbOs is widely-employed in integrated photonics,?’?° thanks to its extremely wide transparency window
(3504500 nm) and unique nonlinear and electro-optical properties. Yet, due to the challenging fabrication

of sub-micron features in this material, only very recently the application of LiNbOs to meta-optics has
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investigated. These preliminary studies have already

been theoretically and experimentally
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Figure 1. Examples of LiNbO; metasurfaces to nonlinear and electro-optics applications.
(left) Frequency up-conversion via second-harmonic generation. (middle) Creation of entangled and
correlated photon pairs via spontaneous parametric down-conversion. (right) Electrically
reconfigurable metasurfaces for electro-optical beam modulation.



highlighted the potential of LiNbO3 metasurfaces with reproducible nanometer-size features for nonlinear

and tunable meta-optics in the NIR and visible range, as schematically depicted in Figure 1.

Being a non-centrosymmetric material, in LiNbO; the largest nonlinear and electro-optical effects are
o . 1
governed by the second-order susceptibility tensor y® (or the contracted nonlinear tensor d = 3 1@, when

Kleinman symmetry holds), which allows wave mixing processes between three distinct fields.** In
addition, the trigonal crystal structure of LiNbOs; with 3m = (5, symmetry leads to nonvanishing values

of the diagonal coefficients of the 1@ tensor, with the d35 component (associated with the c¢-axis) being
the dominant one.***° This is a particularly appealing property for nonlinear and electro-optics applications
since it fosters the interaction of electric fields with the same polarization. This could be beneficial for
realizing sources of entangled photons having identical polarization states via spontaneous parametric
down-conversion (SPDC) in a metasurface (see Figure 1-middle).*" *? The possibility to cut the material
along a cleavage plane of choice, hence defining a specific orientation of the crystalline axes, provides a

further degree of freedom to engineer nonlinear optical processes in LiNbOs-based platforms.

In the following we review the emerging field of LiNbO;-based meta-optics, focusing on its key advantages
and the perspectives that it can bring about in the medium to long term. We critically examine some
fundamental challenges that need to be tackled in view of a full deployment of this technology. In Section
2 we present the optical properties of LiNbOs3, and in Section 3 we survey the approaches available for the
nanofabrication of LiNbO3 nanostructures and metasurfaces, as well as discuss future directions in material
engineering and nanofabrication technologies for this material. In Section 4 we focus on the recent advances
in the realization of LiNbOs; metasurfaces for nonlinear and electro-optical light management. We cover
the state-of-the-art in frequency doubling (Figure 1-left), photon-pair generation (Figure 1-middle), and

electro-optical modulation (Figure 1-right).



2. Optical properties of LiNbO3

LiNbOs is a dielectric uniaxial crystal, transparent over a broad wavelength range spanning from 350 nm
in the ultra-violet (UV) to 4500 nm in the mid-infrared (MIR). Being a uniaxial crystal, LiNbOs is
birefringent, thus enabling polarization control and manipulation. The birefringence of the material stems
from the polar nature of its crystalline lattice, which also entails many peculiar functionalities like
ferroelectricity, pyroelectricity and piezoelectricity, i.e., the possibility of modifying the optical properties

via external stimuli such as electric fields, temperature, and pressure, respectively.
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Table 1. Linear and nonlinear optical properties of LiNbOs compared to other widely used dielectric
materials. Notes: (1) For aluminum concentration of about 20%. (2) The bandgap varies widely but, for
most perovskites, it is above 700 nm. (3) Nonlinear coefficients strongly depend on the perovskite
constituents. Values reported at (4) 633 nm, (5) 1060 nm, (6) 1550 nm.



However, the most relevant feature of LiNbO; for nonlinear optics applications is its relatively high second-
order susceptibility, enabled by the broken inversion symmetry of the crystalline lattice—one of the highest
among the ionic crystals in the technologically-relevant telecom wavelength range (i.e., around 1550 nm).
The largest element of the nonlinear tensor is* d35 = 21 pm/V (at 1520 nm) (see Table 1), which is even
larger at shorter wavelengths®® (27 pm/V at 1064 nm). This allows efficient nonlinear parametric three-
wave mixing effects such as SHG, sum- and difference-frequency generation (i.e., SFG and DFG) as well
as SPDC. Moreover, the broken inversion symmetry of LiNbO; along with its large nonlinearity bring about
a strong electro-optic response, namely the Pockels effect. This effect, wherein an applied external field
modifies the refractive index of the material, has already had significant technological impact in integrated
photonics and laser technologies, allowing for dynamic light modulators and polarization rotators.

These properties make LiNbO; an attractive material for photonics applications in general and for nano-
optics in particular. However, a significant challenge for uses in nano-optics is posed by the relatively low
refractive index, which spans from 2.2 in the near-infrared to 2.4 in the visible spectral range. Yet, the
aforementioned properties largely outweigh this drawback in a broad set of applications.

In Table 1, we compare the optical properties of LiNbO3 with other materials commonly used for nonlinear
optics and electro-optics at the nanoscale. While semiconducting materials have higher refractive indices
and second-order nonlinearities, most of them have limited application in the visible-UV spectral range,
due to their typically high absorption. Furthermore, the often-used III-V semiconductors feature a
crystalline structure that provides nonlinear coupling only between three different components of the
electric field. This feature makes it challenging to take full advantage of their large nonlinearity with co-
polarized beams. Finally, LiNbO3; provides unique means for fast dynamic modulation of the material
properties by the electro-optic effect, which enables tuning the refractive index by an externally applied
voltage with frequencies well-above GHz.*® It is worth mentioning BaTiO; as a promising alternative to
LiNbOs for electro-optics applications, thanks to its larger Pockels coefficient. Recently, large electro-

optical effects were reported for crystalline BaTiOs; on silicon.”® BaTiO; metasurfaces, based on



nanoparticle thin films, and realized by top-down approaches,’” have been also recently introduced as an
alternative to overcome the bottom-up nanofabrication challenges described in the next Section.

3. Nanofabrication of LiNbO3 meta-structures

Due to its strong polar bonds, LiNbO; is chemically very stable®® and poses demanding challenges for
nanofabrication, especially when the photonic structures need to be fabricated from a thin film. In this
Section, we present the recent developments in the nanofabrication of LiNbOs-based platforms (Section
3.1) and discuss novel routes towards further improvement (Section 3.2).

3.1. State of the art in LiNbOs nanofabrication

We classify nanofabrication methods into two major categories: top-down, whereby parts of the material
of interest are deterministically removed; or bottom-up, whereby chemicals assemble into micro- and/or
nanostructures. The major milestone for LiNbO3 nanophotonics was the fabrication of thin films with the
smart-cut (crystal ion-slicing or ion-cut) technology, which reached the market in the mid-2010s.>- ¢ This
brought LiNbOj3 back to the attention of various research groups focused on nanophotonics. The smart-cut
technique relies on the implantation of He*/H" ions in a well-localized thin layer at a specific depth within
the LiNbOs; substrate. In this layer, the crystal structure is modified, which creates an interface where the
wafer can be eventually split into two pieces. The depth of the implantation defines the thickness of the
future thin film and ranges typically from 400 nm to 1000 nm. The implanted LiNbO; wafer is then bonded
to a SiO; film placed on a Si or a LiNbO; substrate. After thermal annealing, the original LiNbO; wafer can
be split along the “cut” plane. With this method, it is possible to fabricate thin films with different
orientation of the crystalline axes, where the extraordinary crystalline c-axis can be oriented normal to the

thin film (z-cut) or parallel to it (x-cut or y-cut).

For microscale devices based on LiNbOs3, such as resonators, waveguides, and modulators, there are several
fabrication techniques available,®' such as proton exchange,®> ion implantation, femtosecond-laser
micromachining,®* %, dicing,% and metal diffusion.®” Nonetheless, all these still lack the spatial resolution

required to produce LiNbOs; meta-atoms small enough to support resonances at optical frequencies. In
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Figure 2. Overview of fabrication methods and examples of fabricated structures. (a—¢) Top-down
methods based on (a—c) focused ion beam (FIB) and (d—e) electron-beam lithography (EBL). (f-h)
Bottom-up methods. (a) Sketch of FIB milling. (b,c) Examples of structures obtained by FIB milling:
(b) 1D metasurface with nanograting, top—FIB image of the transverse section, bottom—scanning
electron micrograph (SEM) image of the nanograting. Reprinted with permission from Ref. 32 © 2019
John Wiley and Sons. (¢c) SEM of a 2D metasurface. Adapted with permission from Ref. 34 © 2021 The
Authors https://creativecommons.org/licenses/by/4.0/. (d) Sketch of the main steps of EBL fabrication.
(e) Example of a structure fabricated by EBL: SEM of a 2D metasurface. Adapted with permission from
Ref. 33 © 2020 American Chemical Society. (f) Sketch including the essential chemicals for
solvothermal synthesis. (g) SEM pictures of a nanocube fabricated by a solvothermal method. Reprinted
with permission from Ref. 75 © 2019 American Chemical Society. (h) Crystalline microspheres
fabricated by a hydrothermal method (unpublished, courtesy of the authors of Ref. 77).

contrast, focused-ion-beam (FIB) milling and electron-beam lithography (EBL) have already shown
convincing results for the fabrication of LiNbOs-based metasurfaces*>* and that the quality of the realized

nanostructures fulfills the requirements to implement also advanced functionalities.®® 7

FIB milling uses ions (typically Ga") accelerated to energies of around 30 keV to bombard the surface of a
material and sputter it, as sketched in Figure 2a. This approach is relatively straightforward, does not require

a mask, offers a high resolution (10—15 nm) and produces nanostructures with steep side-walls (=84°, see

Figure 2¢).**”! However, FIB is based on point-wise ablation, which is time consuming and costly, thus not

suitable for nanopatterning large areas approaching the mm? scale. Other limitations of FIB are the surface
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roughness, which can spoil the resonant performances, and the Ga* contamination, which introduces defects
within the crystal lattice. These problems can be lessened to some extent by optimizing the FIB operating
parameters and by introducing a sacrificial/protective layer that has also the function of preventing charge

accumulation and can be removed in a post-processing step.>*

EBL-based techniques rely on multi-step protocols, akin to those implemented for silicon photonics or
electronics (see sketch in Figure 2d). A typical process begins by realizing a hard mask on the wafer to be
structured. A tightly focused electron beam is used to directly shape an electron-sensitive organic layer
(resist), and in the next step a lift-off process or reactive-ion etching (RIE) can be used to structure a hard
mask. Finally, the pattern of the hard mask can be transferred to LiNbO; via ion-beam etching (IBE),
inductively-coupled plasma RIE (ICP-RIE), or RIE.**7? Because, except for the electron beam illumination,
all these fabrication steps treat the entire wafer surface at once, EBL can process large sample areas up to
several cm?, which makes it more suitable for wafer-scale processing than FIB. The typical resolution
achievable is ~20 nm and the typical side-wall angle for small meta-atoms varies between 70° and 80° (in
Figure 2e it is =76°). Both parameters as well as the surface roughness limit the achievable quality factors
(Q-factor) and strongly depend on the exact fabrication recipe. Therefore, to boost the quality of LiNbO;
metasurfaces, further improvements of the fabrication techniques would be necessary. Indeed, while in
silicon metasurfaces the highest reported Q-factor reaches 10°,> LiNbO; metasurfaces attained only

recently values up to 10°.74

Alternatively to the methods based on thin films and deterministic structuring, single LiNbOs3 nanoparticles
sustaining resonances can also be fabricated through bottom-up approaches.”>”’® This can be achieved with
laser ablation,’® but also several possibilities to produce (crystalline) particles with chemical synthesis were

demonstrated: e.g. molten salt syntheses,’® %

solution-phase synthesis with directed aggregation for
controlled growth of crystalline LiNbOs nanostructures,®! synthesis of LiNbOs nanostructures with different

morphologies from a single-source precursor by controlling the solvothermal conditions,®? and increased

uniformity synthesis of single-crystalline LiNbOs; nanoparticles by controlled Ostwald ripening.®® Yet,

12



these techniques lack the possibility to accurately control the geometry and the size of the grown
nanoparticles on length scales above 100 nm, which is crucial for designing nanostructures resonating at
specific wavelengths and for obtaining the desired nonlinear and electro-optic parameters, which depend

on the size of the nanoparticles,®

as we will address in Section 4. Additionally, it has been demonstrated
that, even for a larger particle size (about 300 nm), bottom-up approaches can affect the crystalline structure
leading to a different crystallographic orientation at the surface compared to the bulk.***” This might favor
spurious surface effects and reduce the effective nonlinearity. Precise positioning of nanoparticles is another
issue, and only recently viable routes were demonstrated, e.g. by parallel capillary stamping®® and by
imprinting or FIB-structuring of spin-coated nanoparticle films, where the randomly oriented nanoparticles
are embedded inside a high-index filling material forming a nonlinear composite.’” Hence, even when
starting initially from bottom-up synthesis, for applications relying on the deterministic location of

nanoresonators, FIB- and EBL-based approaches currently represent the most promising and reliable

techniques.

3.2. Enhancing LiNbOs functionalities

Thin-film LiNbOs is routinely used as a material for integrated optics, where several strategies to further
enhance its capabilities were already introduced,?® #-°! some of which can also profitably be translated to

nanophotonics.
3.2.1. Doping

For crystals such as LiNbOs, doping can be used to tailor their properties.”? For example, doping with MnO
alters the energy levels of LiNbOs, pushing its absorption further to the UV or to the MIR® or modifying
its refractive index.”* However, the characteristic refractive-index variations achieved are of the order of
10~ and will not sizably improve light confinement (and hence the Q-factor) in LiNbO; nanophotonic
applications, which is typically fostered by large refractive-index differences between the nanostructures

and their surroundings.
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Transition-metal ions like Fe, Cu, and Mn are used as dopants to increase the photorefractive effect, i.e. the
change of the refractive index due to irradiation with light.”>~7 This could be used to realize dynamically
tunable nanophotonic elements. On the other hand, doping LiNbO3 with metal ions like Mg, Zn, In, Sc, Hf,
Zr, Sn strongly reduces photorefraction, enabling radiation-stable optical elements by reducing the laser-
induced optical damage.”® Fabricating metasurfaces from films with these dopants will raise their

photodamage threshold, especially when used with CW lasers.

Rare-earth dopants like Er, Yb, Tm can act as fluorescent emitters when embedded in LiNbO3, extending
the material functionality.”” ' Many works exploited Er and Yb for lasing in LiNbO3; microdisks”'* and
waveguides''1%, In perspective, LiNbO;-metasurface lasers have the potential to decrease the lasing
threshold and improve the directionality of the emission. Furthermore, the mentioned ions can act as single-

photon emitters and therefore enable quantum light sources based on LiNbOs.
3.2.2. Periodic poling

LiNbO:s is a ferroelectric crystal, namely, it can possess a spontaneous nonzero polarization even in the
absence of an external electric field. This is a consequence of the lack of inversion symmetry of the lattice,
which leads to the separation of positive and negative charges. When a strong electric field is applied along
the crystalline c-axis, it is possible to displace the Li and Nb ions and thus to permanently invert the
spontaneous polarization in a process called electric-field poling.'® This also leads to a sign change in the
nonlinear susceptibility x®. Based on this effect, second-order nonlinear effects in LiNbO; can be
controlled, e.g., by applying this procedure to some parts of a LiNbOs thin film to create periodic or
aperiodic poling patterns, which results in a spatially-structured y® nonlinearity. For metasurfaces this is
especially interesting for x-cut or y-cut films (as the c-axis lies into the plane of the film) to facilitate

nonlinear processes seeded by a propagating beam impinging at normal incidence with respect to the device.

Periodic poling of LiNbOj; thin films was already employed to support quasi-phase-matching of SHG in

waveguides.!%197 Moreover, recent advances in the poling algorithms demonstrated sub-um poling

14



1% matching the scales of the poling to the relevant scales in metasurfaces. Such nonlinearity

periods
engineering can be achieved at a subwavelength scale using electron-beam direct writing'® or high-voltage
scanning-probe microscopy.''’ State-of-the-art works achieve poling periods as small as 600 nm for x-
cut!®ML12 and 300 nm for z-cut''® LiNbOs thin films. Therefore, using electric-field poling one can
engineer the nonlinearity at a subwavelength scale. As this is not easily achievable for other materials,
LiNbO:s offers a unique opportunity to create a new class of optical metasurfaces with simultaneous spatial
variations of the linear and the nonlinear properties. Adding this degree of freedom for manipulating the
nonlinearly generated field in frequency-conversion processes could enable novel applications of
metasurfaces for nonlinear beam generation and steering. First steps in this direction were demonstrated

recently in a LiNbOs metasurface for SHG, which due to the poling-induced nonlinear grating showed

additional diffraction orders.''*

4. LiNbOs3 metasurfaces for nonlinear, quantum, and electro-optics.

The progress in nanofabrication technologies described in Section 3 enables the realization of LiNbO;-
based metasurfaces with nanometric spatial features, facilitating the deployment of innovative platforms
for nonlinear and electro-optic applications in the visible to NIR spectral range. In particular, the main
applications that we foresee for LiNbO; in meta-optics are the realization of subwavelength-thick devices
for efficient or broadband light conversion (see Section 4.1) and ultra-compact entangled-photon sources
for quantum optics (see Section 4.2). In addition, the strong electro-optic coefficient of the material, which
has already made LiNbOs a key player in integrated electro-optics, can be further exploited to enable

nonlinear light modulation in metasurfaces by external driving fields (see Section 4.3).

4.1. Nonlinear optics with LiNbO3 metasurfaces

4.1.1. Second-harmonic generation enhancement

Nonlinear wave mixing in nanostructured materials can be described as coupling between resonant modes
of the structure, excited at different wavelengths. These are often described as the quasi-normal modes of

the structure.!’® In contrast to larger-scale microstructures, in nanostructured materials such as

15



metasurfaces, the modes often involve all three electric field components—see Eq. (4.1)—with similar
amplitudes. The nonlinear polarizations generated by mixing these field components via the n-th order
susceptibility tensor y™ of the material are the primary sources of the nonlinear optical signal. Here we
mainly focus on second-order nonlinear interactions (n = 2).

In quadratic nonlinear materials such as LiNbOs, SHG is usually the most prominent nonlinear process,
corresponding to the mixing between two impinging fields of angular frequency w mediated by 1@ In
general, the efficiency of SHG is governed by the cross-coupling coefficient k. Within nanoresonators, one
has a complex field distribution, and k is a function of the spatial overlap integral between the electric field
of the optical resonant mode (E®) at the impinging frequency w and that (E2®) at the generated frequency

2w computed over the volume V' of the nanostructure

2

S o f E29 (r) E° (r) E2(r) dr (4.1)
13 |4

J

K

where the indices 7,7,k run over the Cartesian components x,y,z. In bulk and guided optics, k can be largely
simplified, leading to the well-known phase-matching condition. Conversely, in nano-optics, ¥ depends on
the mode fraction that is contained within V. Such requirement on the mode fraction along with the presence
of all the electric field components makes the optimization of ¥ a major design task in nonlinear meta-
optics "7, As the fields inside the nanostructures are enhanced proportionally to the quality factor of the
resonances, the SHG efficiency defined as the input/output power ratio 5% = P2®/P® can be also
expressed as 11 o« kQ&y Qsy, where Orw and QOsy are the quality factors at the fundamental wave (FW)
and the second harmonic (SH) wave, respectively. We note that the conversion efficiency depends
quadratically on the Q-factor of the FW resonance, hence sharp resonances at the pump frequency are most
critical for efficient second-harmonic generation. On the other hand, one must ensure that the spectral
bandwidth of the resonances equals or is larger than that of the excitation pulses, so to couple effectively
the incident energy into the resonant mode. Finally, since SHG is strongly influenced by the symmetry of

the material and the nanostructure along with the quasi-normal modes in the nanostructure, the SHG
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Figure 3. Nonlinear metasurfaces based on LiNbQ; for SHG enhancement and steering. (a)
Plasmonic nanoring metasurface integrated on x-cut LiNbOj; substrate. w and 2w denote the angular
frequency of the pump and SHG emission, respectively. Adapted with permission from Ref. 121 © 2015
American Chemical Society. (b,c) Mie-resonant LiNbO; metasurface obtained by nano structuring (b)
a thin x-cut LiNbOs film (adapted with permission from Ref. 33 © 2020 American Chemical Society)
and (c) a thick z-cut LiNbO; substrate (adapted with permission from Ref. 34 © 2021 The Authors
https://creativecommons.org/licenses/by/4.0/.) The bottom-right insets in (a,b,c) display scanning
electron micrographs of the metasurfaces. The top-right inset in (b) and the dark blue frame in ¢) show
back focal plane images of the SHG emission in the Fourier space. (d) LiNbOs-based 1D photonic
grating. Reprinted with permission from Ref. 35 © 2021 John Wiley and Sons.

emission is often characterized by non-trivial polarization and directional properties. This was widely
explored for individual LiNbO; nanostructures, including nanowires,''® waveguides,'” nanocubes,”
nanospheres,’® and nanodisks.'?° In metasurfaces there are additional constraints imposed by the symmetry
of the underlying arrangement of the meta-atoms, which may alter the mode structure in the near field and
filter directionally the emission of the isolated meta-atom, thereby shaping the SHG emission in the k-space

and leading to the appearance of diffraction orders.?: 2

17


https://creativecommons.org/licenses/by/4.0/

Arw AsH I g:(v Y=

— pk
Sample ® am)  (nm @ n N pk ppk 2§ =N/Ipy
P ( (03} ) ( A3) ) Oew (G“(’s/)cm ) = Psu/Prw PS?\{\:JIF)W (CmZ/GW)
Experiments
2D MS ¥ 1550 775  ~100 45 9.00E-07 2.43E-10 2.00E-07
2D MS * 830 415  ~10 0.5 2.53E-08 2.86E-11 5.05E-08
1D MS 3 820 410  ~50 2.05 1.98E-06 1.39E-09 9.64E-07
IDDBRMS ™ 1548 774  ~2000  0.002 4.09E-08 3.02E-09 2.13E-05
Simulations
2D MS ¥ 820 410  ~20 1 5.00E-05 - 5.00E-05
IDBICMS3' 690 345 ~10000  1.33 8.13E-05 - 6.11E-05
2D stack BICMS 153, 667 <1000 5.3 1.30E-04 - 2.45E-05
2DBICMS ' 801 400.5 ~80000 3.3E-06  4.90E-03 - 1.48E+03
2DMSonAu'* 800 400  ~40 3.4 5.00E-04 - 1.47E-04

Table 2. SHG performances of LiNbO; metasurfaces. Notes: (1) 1D: one-dimensional; 2D: two-
dimensional; MS: metasurface; DBR: distributed Bragg reflector; BIC: bound state in the continuum.
(2) Arw: wavelength of the fundamental (pump) wave (FW). (3) Asu: wavelength of the second-harmonic

(SH) emission. (4) Orw: quality factor at the FW. (5) Ig‘l,(v: pulse peak intensity of the FW field calculated
as average input power (Ppy) divided by the spot size on the metasurface.

The first exploration of LiNbO; metasurfaces for enhancing SHG involved plasmonic resonant modes
supported by gold rings surrounding small LiNbO; nanopillars,'?! as shown in Figure 3a. The nanopillars
were etched in a monolithic substrate of x-cut crystalline LiNbO;. The use of the x-cut material allowed to
easily exploit the strongest nonlinear tensor component, namely d33. A nearly 20-fold SHG increase was
observed with respect to the unstructured substrate, showing the potential of strong SHG enhancement by

nanostructuring the LiNbO; material.
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The development of thin-film LiNbOs3 by ion slicing has sparked new opportunities for its employment in
nanophotonics and meta-optics. This was first applied in conjunction with waveguides, where gradient
silicon metasurfaces allowed achieving phase matching-free SHG.!® However, the big opportunity lied in
exciting resonant modes within the LiNbOs itself without resorting to further hybrid integration. In Ref. 33,
by nanostructuring an x-cut LiNbOs thin film with the appropriate geometry, electric- and magnetic-type
dipolar resonances were excited in a metasurface at a telecommunication wavelength, see Figure 3b. The
largest SHG efficiency (row 1 in Table 2) was observed for the resonance dominated by the electric dipole

contributions because its field distribution best exploited the largest nonlinear tensor element, ds3.

Due to the strongly hybridized modes, a fundamental advantage of resonant metasurfaces is their ability to
generate strong longitudinal fields, which is not possible in bulk crystals. In metasurfaces one can thus
access nonlinear tensor components that otherwise cannot be directly excited. For example, z-cut LiNbO3
can be used to fabricate resonant metasurfaces with highly enhanced harmonic generation.** Figure 3c
shows such a metasurface fabricated on a monolithic LiNbOs substrate and operating in the visible spectral
range.>* The SHG process in this metasurface was enhanced by a magnetic-type Mie-resonance and resulted
in the emission of blue light at ~415 nm with negligible self-absorption.

While the x-cut metasurface designs showed strong zeroth order emission (see top-right inset in Figure 3b),
the z-cut metasurface emits predominantly in the first diffraction orders (Figure 3c), whose relative power

can be modulated via the pump polarization, as the emission is dominated by two diffraction orders oriented
2
along it. These metasurfaces exhibited a SHG conversion coefficient y = Pgﬁ( / (PFpI_ll( ) up to 101 W,

where PPK is the pulse peak power (row 1 and 2 in Table2). A similar SHG efficiency at visible
wavelengths has also been found in 1D Mie-resonant nano-gratings based on an x-cut LiNbOs thin film,
see Figure 3d* and row 3 of Table 2. The 1D structures show a large polarization anisotropy. SHG
enhancement at different visible wavelengths can be achieved by changing the width of the LiNbO; grating

stripes.
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However, the requirement that the Mie-resonant optical modes couple to free-space propagating light
(which corresponds to radiative losses), along with the moderate refractive index of LiNbQO3, results in low
Q-factors (O~10) of the resonances. Such low values stand in stark contrast to thin-film LiNbOs integrated
optical components, such as microdisk resonators'?® and photonic crystal resonators.'?® Therefore, the SHG

enhancement in Mie-resonant LiNbOs metasurfaces was so-far quite limited.

To further enhance the SHG conversion efficiency, it is possible to utilize high Q-factor modes based on

the concept of bound state in the continuum (BIC).!?" 128

This possibility has been theoretically explored,
suggesting that a strong SHG enhancement can be achieved by controlling the coupling to free-space

radiation through symmetry breaking and excitation of quasi-BIC modes*" 2% 12* (see rows 6-8 in Table 2).

In particular, the concept of etchless LiNbO; metasurfaces—namely, periodic structures realized onto
otherwise unstructured films of LiNbOs;—has been introduced** '*-13° to avoid the complex etching process
of LiNbO; while granting access to highly delocalized resonances with high Q-factors. This concept has
been recently tested experimentally in x-cut etchless LiNbOs; metasurfaces, demonstrating experimental
quality factors of O =455 and an over 50 times enhancement of SHG in comparison to the bare LiNbO3
film.*> We note that as the BIC modes consist of transversely propagating waves, they are strongly affected
by the finite transverse size and edges of the metasurfaces. Interestingly, recent experiments have shown
that the implementation of a heterostructure cavity can mitigate the transverse leakage of energy and further
boost the Q-factors of the metasurfaces (to over 5,000), thereby dramatically enhancing the SHG processes,
though at the expense of a reduced bandwidth™ (see row 4 in Table 2). However, compared to fully etched
LiNbOs metasurfaces, etchless structures provide only limited control of the local mode-fields overlapping

with the nonlinear material.

Table 2 summarizes the SHG performances of some key experimental and numerical works on LiNbO;
metasurfaces. The performance is quantified by different parameters: the nonlinear conversion efficiency
7, the conversion coefficient y, and the nonlinear coefficient &, all defined in the table header. 7 is the most

commonly employed parameter representing how much of the input power is nonlinearly converted to the

20



output; hence 17 depends on the input laser power, repetition rate, and focusing. In contrast, y is an absolute
parameter that solely reflects the nonlinear properties of the sample and, as such, it better represents the

effective nonlinear susceptibility of the characterized system.

4.1.2. Perspective applications to nonlinear meta-optics

DFG (OR)
4

2
: Wk
Wy

Nonlinear focusing

N
Upconversion for night vision THZ generetion by optical rectification (OR)

Figure 4. Perspectives and applications of nonlinear metasurfaces based on LiNbOs. (a) Sketch of
a LiNbOs; monolithic metalens focusing SHG light onto a sample, for noninvasive coherent imaging. (b)
Sketch of a LiNbOs3 metasurface designed to upconvert infrared radiation to the visible by SFG with a
second visible light beam for night-vision application (similar to Ref. 136). (c) Concept of a nonlinear
LiNbO; metasurface for generating THz radiation by optical rectification (i.e., DFG), exploiting a
doubly resonant mechanism based on the Mie/lattice resonances of the meta-atom array and the design
of a THz dipole meta-antenna. This concept can also exploit the strong phonon-polariton resonances
supported by LiNbOs in the region between 5 and 15 THz.

We expect that these first important milestones in SHG enhancement by means of LiNbOs-based platforms
will boost the development of nonlinear meta-optics, spanning the whole visible up to the MIR range. We
believe that these latest conceptual and experimental achievements will further nourish the efforts of
researchers in the field of nanofabrication, hence creating a positive feedback effect towards improved
platforms. In particular, LiNbOs-based platforms for enhanced SHG will find a fertile ground in the ever-
expanding field of molecular sensing, where LiNbOs chips and waveguides have been already applied
successfully for optical'*!'"133 and electro-optical'** sensing. In fact, the enhanced integration enabled by

LiNbOs; meta-optics along with the exploitation of ultra-narrow optical resonances (e.g., quasi-BIC modes)
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and the nonlinear character of SHG, if employed as a probe, can potentially enhance the sensitivity and

scalability of these platforms.

In addition, phase engineering of the nonlinear emission by the metasurface can enable nonlinear wavefront
shaping, hence steering, and even focusing e.g., the SHG (see Figure 4a). In this regard, poling provides an

additional mechanism for shaping the nonlinearly generated light''

and gives LiNbOs3 an edge in
comparison to most other metasurface platforms. Spatial shaping is indeed a key feature towards the
realization of nonlinear phase plates and metalenses.'*> Nonlinear metalenses may open new routes to

nonlinear microscopy; for example, they can be applied to upconvert infrared propagating beams into

visible—UV light and focus it for in-situ microscopy.

Among the many applications envisioned for frequency conversion in nonlinear metasurfaces, one of the
most fascinating is enhanced night vision. Although still based on proof-of-principle applications involving
mainly ultrashort pulses, the possibility to upconvert light from the infrared to the visible range, where
cheap cameras and even the naked eye can be employed for detection, is extremely appealing. Some recent
works demonstrated the possibility of translating infrared radiation to the central region of the visible
spectrum by SFG'3¢ 137 and THG'® by means of dielectric metasurfaces and nanostructures. Given its broad
transparent spectral window, LiNbOs-based nonlinear meta-optics offers exciting perspectives for such an

application (see Figure 4b).

Additionally, LiNbOs features lattice vibrational modes (optical phonons) in the THz range that can
strongly couple to electromagnetic fields giving rise to phonon polaritons.!** 1** LiNbOs has been already
successfully employed for THz management as a bulk crystal'*! or in thin films'* in the THz region (< 1
THz). Recently, Benea-Chelmus and co-workers demonstrated an on-chip hybrid system based on thin-film
LiNbOs coupled with THz antennas to generate and shape at-will the temporal, spectral, phase, and far-
field characteristics of the THz radiation, by designing low-loss on-chip components.!** Although the
operation in the THz gap region (1-10 THz) is limited by the strong material absorption, the employment

of LiNbOs-based metasurfaces may ensure efficient generation and shaping of THz radiation in this region
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by optical rectification, thanks to the enhanced linear and nonlinear response provided by the phonon
polaritons. THz sources in this frequency range can be strategical to investigate materials’ crystal structure
and its dynamics'* and to perform vibrational spectroscopy of macromolecules.'** !¢ We also expect a
distinct impact of these technologies, given the promising applications of THz radiation in biology and

147. 148 and for the detection of explosives, weapons and drugs in security applications.!* In this

medicine
framework, a seminal work recently demonstrated the capability of LiNbO;-based metasurfaces to
efficiently generate broadband THz radiation around 1 THz.!>® Yet, the THz gap region remains widely
unexplored. The technological advances in nanofabrication together with its high nonlinear coefficient and

unique phononic features single out LINbOs metasurfaces as a privileged starting point for the development

of THz sources seeded by optical rectification (see Figure 4c).

Finally, by exploiting the strong quadratic nonlinearity of the material, cavity-free all-optical switching was

recently demonstrated in LiNbOs nanowaveguides'!

at ultra-low switching energies and ultrafast operation
times. This was achieved by engineering dispersion and quasi-phase matching by material poling in the

nanowaveguides. We envisage the enticing possibility to translate this concept to LiNbO3; meta-optics,

thanks to the latest development in nanoscale poling (see Section 3).

4.2. Quantum optics with LiNbO3 metasurfaces

4.2.1. Engineering spontaneous parametric down-conversion

Many quantum applications like quantum cryptography, quantum computing, and quantum information
make use of photon pairs, namely quantum states of light containing two correlated photons. The generation
of such pairs relies mainly on the second-order nonlinear process of SPDC.!? In SPDC, one pump photon
spontaneously decays into two daughter photons, named signal and idler, with their wavelength being
determined according to energy conservation and the field overlap with the source. However, while phase
matching permits the interaction of the propagating modes with large volumes of the nonlinear material,
achieving significant generation rates in ultra-thin metasurface is a fundamental challenge due to the

intrinsically low amount of material involved.
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For SPDC, nanostructures offer broader angular and spectral emission ranges of the generated photon

153,154 a5 well as a smaller footprint?® as compared to bulk components. First experiments with a 300

pairs,
nm x-cut LiNbOs3 thin film showed a photon-pair rate of 0.3 Hz/mW with a spectral bandwidth above
500 nm (see Figure 5a,b).!> In contrast to thin films, metasurfaces exploit resonant field enhancement to
boost photon-pair generation and enable wavefront manipulation to improve collection efficiency and
enable routing.'>® Several works have already suggested using metasurfaces for generation, manipulation

19, 157, 158

and detection of quantum states, some of them concentrating on III-V semiconductors (GaAs,

AlGaAs)'¥-1%1 and silicon.!®? These results show that metasurfaces offer benefits also for quantum optics.
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Figure 5. SPDC in LiNbO;—state of the art. (a) Scheme of relaxed phase-matching condition and
broadband SPDC generation from subwavelength nonlinear films. Reprinted in part with permission
from Ref. 153 © 2019 American Physical Society. (b) Measured SPDC spectrum of photon pairs
generated in a 300 nm-thick x-cut LiNbOs3 film pumped at 515 nm (pink dots) with pink line as a fit for
detection efficiency. The green line is the calculated transmission of the Fabry—Pérot etalon formed by

the LiNbO; film. Reprinted with permission from Ref. 155 © 2019 The Optical Society. (c) Scheme of
SPDC by an etchless metasurface on thin-film LiNbQOs. (d) Coincidence histograms of SPDC for
different pump wavelengths (orange dots) and numerically calculated SPDC (orange line). Grey line—
transmittance spectrum of the metasurface exhibiting a resonance. Panels c¢,d are reprinted with
permission from Ref. 42 © 2022 The Authors https://creativecommons.org/licenses/by-nc/4.0/. (e)
Scheme of SPDC generation in reflection by a LiNbOs; metasurface. (f) Measured and calculated
reflectance spectra of the LiNbO; metasurface. (g) Measured SPDC spectrum pumping at 1591 nm the
metasurface (red) and thin-film LiNbOs3 (grey). Panels e—g are adapted with permission from Ref. 41 ©
2021 The Authors https://creativecommons.org/licenses/by/4.0/. (h) Scheme of SPDC in transmission
from a single LiNbO; nanocube and (i) measured coincidence histogram for pump polarization parallel
(red) and perpendicular (black) to the LiNbOj; optic axis (red). Panels h,i are reprinted with permission
from Ref. 164 © 2022 Optica Publishing Group.
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An etchless LiNbO3; metasurface incorporating a SiO, grating (see Figure 5c) was applied to generate
frequency-degenerate entangled photon pairs at telecom wavelengths via SPDC.*? Here, resonant
enhancement of the photonic density of states led to higher generation rates when degenerate signal and
idler wavelengths were close to the grating resonance, as shown in Figure 5d. Furthermore, silver
nanogratings on thin-film LiNbOs sustaining plasmon-polariton resonances at different wavelengths were
numerically shown to mediate non-degenerate SPDC,'®* but the metal-induced losses decreased the
achievable conversion efficiency (see row 6 in Table 3). Metasurfaces from nanostructured thin-film
LiNbO; were also used for photon-pair generation (see Figure 5¢).*! This work*! revealed that the width of
the SPDC spectra can be controlled by tuning the pump wavelength away from the resonance (see Figure

5f,g)): thus, resonant metasurfaces have the potential to control the SPDC spectra (see row 3 in Table 3).

Even single nanoparticles like LiNbOs colloidal cubes have been shown to generate photon pairs (see Figure
5h,i).!%* Here, the overlap between resonances at the pump and SPDC wavelengths led to an enhanced

generation efficiency (see row 5 in Table 3).

Platform Thickness Power SPDC rate SPDC rate @ sszclzlil
(pm) (mW) Hz/(mW-pum) mHz/(mW-pm?) Iv)vi dth
LiNbO; film '3 ~6 220 1.06 13.5 500 nm
LiNbO; film '53 0.3 9 1.04 - 500 nm @515
nm pump
LiNbO; metasurfaces *' 0.68 70 0.11 6.1 10+40 nm @
Lle(g)r;tsilgg;Z Si0; 0.304 85 0.07 0.009 3 nm (theory)
LiNbO; nanocube '¢* 3.6 50 0.007 0.57 -
LiNbO; slab + silver = 3¢ 5@ 915 ® 1176 1 nm ©®

grating (simulations) '
Table 3. Summary of measured and numerically calculated SPDC properties. Notes: (1) Rate
normalized to pump power and LiNbOj; thickness. (2) Rate normalized to pump power and LiNbOs3
volume. (1,2) are detected rates, losses in collection/detection are not accounted for. (3) The spectral
width depends on the detuning of the pump from the resonance. (4) Calculated from intensity 1 W/cm?
for the metasurface with size 1 mm?. (5) SPDC rate is normalized to the bandwidth of 1 nm.
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Table 3 summarizes the recent literature on SPDC from LiNbO3 nanostructures and metasurfaces. Owing
to its high transparency, LiNbOs has a significant advantage over semiconductor materials in terms of
coincidence-to-accidentals ratio (CAR) of the observed two-photon statistics. Indeed, the CAR reported in
LiNbOs thin films and metasurfaces exceeds by an order of magnitude that observed in compounds such as
GaP and GaAs. However, despite the obvious experimental breakthrough of demonstrating SPDC, the
current rate of generated photon pairs in LiNbO; metasurfaces and nanostructures is still low. In future

5

experiments, advanced designs based on BIC resonances'®® or coupled Mie/BIC modes with Bragg
resonances can boost the electromagnetic fields inside the resonators by improving the coupling with the
resonators and/or increasing the effective interaction length.'®® Additionally, further developments of the
etchless approach demonstrated by Zhang et al.*> may increase the SPDC generation efficiency thanks to
the use of larger volumes of the nonlinear material. Controlling the SPDC emission direction is yet another
way to increase the number of detected photon pairs, where optimized design can help to improve the
directionality so that more photons can reach the detector; to-date, particular efforts towards this direction
are still required. After the first success of photon-pair generation, a lot of efforts have been dedicated to
demonstrating entanglement. Recently, polarization entanglement in a subwavelength film,'®” momentum

entanglement in a metasurface,* and approaches for cluster-state generation through spectral entanglement

were reported. '

4.2.2 Perspective applications to quantum meta-optics

In perspective, metasurface-based sources are a promising platform to create hyperentangled states, where
different degrees of freedom, such as orbital angular momentum, propagation direction, wavelength, and
polarization, are simultaneously entangled thanks to the high flexibility of control granted by meta-optics.
Furthermore, as every single meta-atom in a metasurface can be considered as an independently addressable
source of photon pairs, very high-dimensional photon-pair states become possible. The potential of this
approach has been demonstrated already by combining a metasurface, which controls the pump beam, with

a bulk nonlinear crystal.!> Such high-dimensional states are an important resource for applications for
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quantum information processing. However, to unlock these possibilities, several conceptual and

experimental challenges remain to be solved.

In particular, a dedicated design of multi-parameter metasurfaces for quantum-state control demands
appropriate methods to calculate quantum processes in nanostructures both analytically and numerically.
The approaches typically used for integrated or bulk optics can only be partially applied to metasurfaces,
which are open resonators with absorption. To-date, among the various tools that are being developed,
quantum-—classical correspondence between SPDC and SFG was used to assess the first experimental

results41, 42,164, 168

and suggest new designs '°* 1% A more rigorous approach is based on the Green’s function
method'® for constructing two-photon amplitudes, which was shown to be able to calculate efficiency and
directionality of photon-pair generation from a single spherical nanoresonator.!’® But this method is hardly
applicable to metasurfaces as it requires a rigorous description of the modal decomposition in terms of
multipoles. A more general approach also based on Green’s functions uses the quasi-normal modes

formalism to describe nonlinear nanoresonators''* and has great potential to describe SPDC in

metasurfaces.!”!

Besides photon pairs, also single photons are often used as non-classical states of light and can profit from
the ability of metasurfaces for complex manipulations. Single photons are typically generated by atom-like

emitters.!”?"17* Although pure LiNbO; does not host the color centers typically employed for this task in

a) c)

Photon-pair Polarization
source

Reference

Metasurfaces

Coincidence
counter

Figure 6. Perspectives and applications of metasurfaces based on LiNbQ; for quantum optics (a)
Concept of a metasurface for single-photon generation. (b) Concept of a metasurface creating entangled
images with photon pairs. (c) Concept of a metasurface for polarization ghost imaging.'!””- '”® Panel ¢ is
reprinted with permissions from Ref. 177 © 2021 American Physical Society.
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solid-state systems, selective doping with rare-earth ions (Er, Tm, Yb) could provide such emitters.

Moreover, LiNbO; can be integrated with III-V semiconductor quantum dots® or transition metal

dichalcogenides!” emitting single photons. In fact, LiNbOs is a very suitable material that, due to its large
transparency range, is compatible with many different emitters. Furthermore, one can take advantage of
heralding to obtain single photons from photon pairs generated by SPDC, where one photon from a pair is

used for quantum applications, while the second photon “heralds” its presence.

We anticipate that in the coming years quantum optics at the nanoscale will rapidly develop and give birth
to many new devices and applications. Of course, also several other materials are being considered,!”® but
LiNbO:s is one of the most promising platforms due to its combination of properties. Figure 6 illustrates
some of the most enticing perspective applications of LiNbO; metasurfaces, e.g. a demonstrates single-
photon generation and manipulation via single metasurface, b depicts the generation of entangled images,
where another degree of freedom was added—the spatial domain, to obtain a complex spatially entangled
state, and ¢ shows the concept of metasurface-aided polarization ghost imaging of an object, where one
detector senses photons interacted with the object and transmitted through the metasurface, and a set of
detectors senses the photons that have never “seen” the object but were diffracted by the another
metasurface.!”” In particular, the control over the parameters of the transmitted light can be coupled with
the ability to generate photon pairs by SPDC, which in quantum optics enables advanced projective

measurements with the potential to realize schemes for tailoring photonic quantum states, !> 77- 178

4.3. Electro-optics with LiNbO; metasurfaces

4.3.1.Electro-optical modulation with ultra-thin optical devices

The electro-optic (EO) effect, i.e. Pockels effect, is the most widely exploited feature of LiNbO3, especially
in integrated photonic circuits. This second-order nonlinear process consists in the variation of the refractive
index induced by a static (or low-frequency) electric field. The refractive-index modulation depends linearly
on the amplitude of the applied static field. The effect is maximized when the static electric field is oriented

parallel to extraordinary crystalline c-axis. For small index changes one can approximate
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where E: is the amplitude of the externally applied static electric field, while 733 =31 pm/V and r;3 =8 pm/V
are the relevant EO coefficients at a wavelength of 500 nm.*"* Harnessing this phenomenon has enabled
the development of waveguide-based integrated EO modulators that are crucial for high-speed
telecommunication networks.!”>!8® EO modulation is also attractive for devising new dynamic
metastructures compatible with free-space optical components, operating at GHz modulation rates.'®! This
opportunity is currently attracting large interest.’*>® Indeed, a modulation of the refractive index can
spectrally shift a resonant mode and, consequently, modify the optical response of a metasurface. However,
the resulting modulation of the refractive index is limited by the dielectric strength, which in LiNbO;
corresponds to 65 kV/mm but reduces to 3 kV/mm in air.!®? Thus, the achievable refractive index
modulation in the visible to NIR spectrum is of order 10 In the context of EO waveguide-based
modulators, this limitation is compensated by using long propagation lengths.!” '3 On the other hand, in

resonant structures such as metasurfaces one needs to use optical modes with high Q-factor.

So far, the EO effect has been investigated theoretically and experimentally in either one-dimensional®® 37

138 183 metasurfaces. All these realizations are based on LiNbQOs thin films where the

or two-dimensiona
modulating electric field produced by two planar electrodes lies in the metasurface plane and exploits the
r33 element, which is the largest. In Ref. 36, the EO effect is used to vary the resonant wavelength of a high
Q-factor mode (< 10°) resulting from a quasi-BIC mode formed in a LiNbOs high-contrast grating (see
Figure 7a). While the amplitude variation is small, the phase modulation at a constant wavelength is
monitored in an interferometric experiment that demonstrates the dynamic behavior of the structure at a
modulation frequency of 1 MHz and a peak-to-peak voltage of 300 V (see Figure 7b). A different approach

was followed in Ref. 37, where an unstructured thin film of LiNbO; supports silicon nanoresonators (see

Figure 7c). The variation of the refractive index of the LiNbOs substrate modifies the field radiated over

29



d) Ve
3 [

300 nm LN _K—25 im —

2 um SiO,

108 109 110 m 12
Frequency (MHz)

Modulation amplitude
(% of transm.)

765 770 775 780
Wavelength(nm)

1
EJ(4 pm V)

Figure 7. (a) LiNbO; (LN) on silica grating with Au electrodes sustaining a quasi-bound state in the
continuum. (b) Power spectrum of optical beats featuring a carrier frequency of f: =110 MHz and
sidebands at f. £ fm where fn=1 MHz is the modulation frequency. Panels a,b are reprinted with
permission from Ref. 36 © 2021 Springer Nature. (c) High Q-factor beam-splitting device. Top left:
schematic of the device. Bottom left: simulated DC electric field distribution when 1 V is applied to the
left contact, keeping the right one grounded. Middle: device operating at 1397 nm with no applied
voltage. Right: Same device with —30 V voltage. Reproduced with permission from Ref. 37 © 2021 The

Authors. (d) Metasurface (light blue LN pillars, dark blue LN bulk layer) between two Au electrodes on
top of a silica layer (grey). (¢) Dependence of the modulation amplitude on the peak-to-peak AC voltage
between 0 and 10 Vy, (Vpp = 1 V) with 180 kHz driving frequency. Panels d,e are reprinted with
permission from Ref. 38 © 2021 American Chemical Society.
the diffraction orders of the structures. High Q-factor modes (> 10%) were designed and arranged in a device
to realize electrically tunable beam-splitting with an applied voltage of 30 V. More recently, a 2D
monolithic array of nanodisks was obtained by partial etch of a 500 nm-thick LiNbOj3 film and employed
to demonstrate fast EO modulation of the linear transmittivity (see Figure 7d).* In this structure, a weak
refractive-index modulation of the substrate (~107) resulted in an amplitude modulation of 0.01% up to
2.5 MHz for peak-to-peak voltages below 1V (see Figure 7e). The detectable yet small modulation is
associated with the limited Q-factor (~10?) attained in 2D arrangements and to the applied electric field

lines that are mainly confined to the unstructured LiNbOs substrate with limited spatial overlap with the
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optical electric field of the resonance. In Ref. 183 the resonant frequency of a plasmonic metasurface on a
thin LiNbOs film was modulated. In contrast to the previously mentioned works, the modulating radio-
frequency field lines are transverse to the metasurface plane, resulting in a small separation between the
electrodes, which does not depend on the metasurface area. By applying a peak-to-peak voltage of 24 V,

the reflectance was modulated by 40% with a modulation bandwidth of almost 800 kHz.

Modulation rate Wavelength

Reference Q-factor  Dimension (um?) V,, (V)
(MHz) (nm)
B.F. Gao etal. * <10? 10 x 10 300 1 633
37 4 um, not specified in
D. Barton et al. 2 8x10° 2 Y 30 NA. 1397
(only numerical) the other dimension
H. Weigand et al. ¥ 129 20 x 20 10 2.5 774.2
A Weiss, et al. '3 70 130 x 130 24 0.8 1535

Table 4. Selected measurements and simulations of EO modulation by LiNbOs metasurfaces.

Thanks to its successful applications in integrated photonics, LiNbOs appears to be the natural choice to
realize metasurface-based EO devices. However, alternative ferroelectric materials, such as barium titanate
(BaTiO;) may compete with the LiNbO3 platform, thanks to their larger Pockels coefficients. With respect
to LiINbOs, BaTiOsis often grown in polycrystalline form, which randomizes the nonlinear optical response
and increases the complexity of modeling, design, and fabrication.?* Yet, very recently it was shown that
crystalline BaTiOs thin films can be grown on both silicon®® as well as low index isolating substrates. '8 185
Such platforms are extremely promising for EO applications since they demonstrated extremely large
Pockels coefficients, with 733 values up to 340 pm/V,3 that is, one order of magnitude higher than in
LiNbOs. The challenges of top-down nanofabrication listed in detail in Section 3, along with the
advancements in bottom-up nanofabrication, fostered the investigation of metasurfaces composed of
BaTiOs; nanoparticle films for EO applications.’> # However, sizable drops in the values of the Pockels
coefficient as well as the ¥® have been reported for nanoparticles of small size (e.g. r33~37 pm/V for 50 nm

nanoparticle diameter).3* 85 Other materials, like organic polymers, can also show large EO coefficients. %
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Recently, EO silicon metasurfaces were realized by infiltrating them with JRD1:PMMA that exhibits
r33~100 pm/V."*7 Despite such large Pockels coefficients, organic polymers are typically affected by
temperature and chemical instabilities. Finally, strained silicon was also suggested as an innovative route
to attain a large Pockels effect.!®® '8 Whether these material alternatives would be able to replace LiNbOs

for optical metasurfaces remains to be seen.

4.3.2. Perspective applications of electro-optic metasurfaces

Figure 8. Potential applications of electro-optic control with LINbO3; metasurfaces. (a) Concept of
an electro-optically controlled metasurface for optical signal re-routing and generation of polarization
states. (b) Concept of an electro-optically controlled 1D metalens for harmonic generation and
dynamical steering of the nonlinear emission. (¢) Concept of an electro-optically controlled pair of
metasurfaces imparting a relative phase difference between the nonlinearly generated wavefronts in
view of sensing applications.

The use of EO effects to dynamically control the optical response of LiNbO3 metasurfaces has just began.
The first works discussed above highlight the critical challenge of enhancing the local electric field to
sensibly exploit the small change of refractive index induced by the Pockels effect. Therefore, future
developing trends might focus on engineering the spatial profiles of the high Q-factor optical modes to
increase the overlap with the applied electric field inside the metasurface volume. From a fabrication
perspective, the capability to place the electrical contacts on the top and the bottom of sub-micrometer thin

resonators will likely boost the modulation strength and reduce the operating voltage.

Harnessing the EO effect in LiNbO; nanostructures and metasurfaces may pave the way for a new
generation of fast compact devices for free-space optical communications, including LiFi technologies.

Indeed, new concepts aimed at improving the modulation depth and the temporal response of the EO
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phenomenon will stimulate the development of a novel class of free-space spatial light modulators for fast
on-demand generation of light states'®” and re-routing of optical signals as depicted in Figure 8a. To achieve
these goals, it will be essential to address the voltage drop across each pixel of the metasurface with high
efficiency and short response time. In the framework of reconfigurable light wavefront, another interesting
application of EO metasurfaces is the realization of linear and nonlinear smart lenses, e.g., where the focal
distance of the lens can be changed dynamically by local control of the phase response as a function of the
applied voltage (see Figure 8b). Other functionalities that can be enabled by the EO control over the light
wavefront is the active control of the beam directionality and the transverse location of the focus (see Figure
8b). This is an appealing application that can lead to the development of fast-scanning focused beams. The
dynamic control of the polarization state of the output beam will be utterly interesting, as many applications

rely on the polarization state of light.

Finally, a dynamic control of the phase of the transmitted light enables the realization of miniaturized
interferometers (see Figure 8c). For example, an incident beam could illuminate two identical metasurfaces.
If one metasurface response is modulated via the EO effect, the relative phase difference (or phase delay ¢

— 1) between the two transmitted beams could be controlled. Such a system will provide an extremely

compact, highly precise and ultra-stable control of the relative delay in comparison to mechanical systems.
Electro-optically modulated metasurfaces might be used also as image sensors. For example, in Ref. 190
an area is patterned with several gratings with different periodicities. The presence of an object between
the grating and a receiver can be reconstructed by analyzing the modulation frequencies at the detector.
Another interesting prospective application field stems from the possibility to control the material
permittivity with fast (few GHz) modulation rates.'”! Indeed, this feature entails the possibility to realize
magnetic-free nonreciprocal optical devices such as isolators and circulators that are essential building

blocks in many applications.
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5. Conclusions

In conclusion, the field of LiNbOs-based nonlinear and tunable meta-optics has lately received great
research attention driven by recent advances in nanofabrication. In this perspective, we provide a viewpoint
on the potential applications of LiNbOs-based metasurfaces for light conversion, management, and
quantum optics. At the same time, we have critically appraised the possible setbacks and limitations of the
LiNbOs platform. LiNbOs is endowed with several undoubtable advantages with respect to other materials,
the most notable ones being its broad transparency range in combination with its multifunctionality.
Nonetheless, some applications might potentially suffer from its relatively low refractive index, which
would limit the field confinement, hence potentially reducing the nonlinear optical and electro-optical
performances of LiNbOs-based meta-optics compared to other diclectric platforms. Yet, the recent
demonstrations of nonlinear light conversion, photon-pair generation, and electro-optical modulation in
ultra-flat monolithic LiNbOs metasurfaces set such platforms among the most promising tools for light
manipulation at the nanoscale, especially in the spectral range from the visible to the MIR. We are confident
that these successful endeavors will trigger further investigations and further improvements of LiNbOs
nanofabrication. These will pave the way to the realization of high Q-factor metasurfaces, which might be
the breakthrough needed for translating LiNbO;-based meta-optics towards real-world technological

applications.
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Figure TOC: By engineering LiNbOs-based metasurfaces, one can miniaturize into ultra-thin photonic
devices some functionalities of bulk optics such as nonlinear frequency conversion (left), generation of
correlated photon pairs (middle) and light steering (right).
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