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Abstract

In this perspective , we discuss the different opportunities offered by time-modulated
metasurfaces for dynamic wavefront engineering and space-time photonics. Efforts in
co-designing a photonic response while taking into careful consideration the switch-
ing/tuning mechanisms - including thermal, electronic, optical, chemical, and/or me-
chanical actuation - are essential for achieving sufficient amplitude, phase, and/or
polarization modulation. Here, we examine in detail how the key enabling photonic
technologies -currently available and relying on similar tuning mechanisms- can be ap-

plied for the conception of tunable metasurfaces. We review the latest developments



and discuss the advantages and limitations of each approach, providing the reader with
a clear vision of the current state of the art in active metasurfaces. We also address the
readiness of each technological approach to drawing short and long-term application
perspectives. Finally, we discuss perspectives for spatiotemporal metasurface modula-

tion opening new horizons towards unlimited wavefront engineering capabilities.

Keywords: tunable metasurfaces, reconfigurable metasurfaces, Space-Time modulation

Introduction

Optical metasurfaces are ultra-thin components made of sub-wavelength arrangement of op-
tical resonators, or nanopillars, designed with spatially varying structural properties (for
more details see review papers in references'™). The variation of the geometry or mate-
rial properties of these nanoscale elements, often called optical building blocks, introduce
spatial variation on the reflected and transmitted electromagnetic fields. As a consequence,
the reflected, and/or transmitted, light properties are modified. Various impressive results
have been published over the last years, demonstrating phase, amplitude and polarization
encoding. *1¢ So far, we can classify the existing optical mechanisms of interest to achieve
light modulation as follows: 1) the utilization of resonant scattering,!” 2) the phase accu-
mulation during light propagation in truncated waveguides'® where the transmitted phase
(¢ = 2mnerrh/A, nepp and h represent respectively the effective index of the fundamental
mode and the nanostructure height) is imparted by the mode of the nanostructure only, 3) the
orientation-dependent phase retardation, also called Pancharatnam-Berry (PB) phase!%?
and 4) the recently proposed topological phase obtained by encircling optical singularities.?!
Resonant scattering designs can be also separated into local and non-local metasurfaces
depending on the nature of resonances excited in the structure (not to mix up with local
and global external stimuli application). While local metasurfaces leverage the response of

a single meta-unit (such as multipolar resonances or localized surface plasmons), non-local



metasurfaces support collective modes in a periodic structure such as guided-mode resonance
in a substrate, surface lattice resonance, or quasi-bound states in the continuum. Non-local
metasurfaces allow for the spectral tuning of a narrow band surface response, which might
thus be advantageous for various applications.?? 25

In a general case, metasurface building blocks are inherently passive, fabricated once and
for all to perform a fixed optical functionality. While passive metasurfaces have extremely
interesting applications perspectives, in particular by considering their integration in optical
and optoelectronic systems, 26 2% the optical responses of the components are not flexible. Ef-
forts in achieving light modulation with ultra-thin metasurfaces would open serious research
opportunities and unlimited industrial applications. The purpose of this perspective article
is to summarize which are the enabling technologies that can be reasonably considered for
achieving reconfigurable metasurfaces. Reconfigurable (also called active) metasurfaces have
been realized long ago at microwave frequencies using active elements such as PIN-diodes
or varactors, as discussed in various articles.?’ 3" However, as the wavelength scales down,
this option is no longer available and tunability has to be introduced by changing either
the properties of materials composing the metasurface building blocks or the optical prop-
erties of the surrounding medium using external stimuli. Several manuscripts have been
published to categorize tunable metasurfaces, for example, by grouping them according to

1,38 and chemical tuning.3’

the tuning mechanism: electrical, mechanical, optical, therma
It is possible to differentiate them according to the types of materials, such as transpar-
ent conductive oxides, ferroelectric materials, 2D materials (graphene, Mo0S5), phase-change
materials, liquid crystals, and semiconductors.’ Other reviews have distinguished electro-

1 and free-carrier density modulation?? into separate categories. In

mechanical switching,*
addition to thoroughly discussing different tuning mechanisms, one of the previous reviews
also provides an insight into applications of dynamic metasurfaces, in particular, focusing on

the Spatio-temporal devices.*® Another reported review divides tunable metasurfaces into

hybridized ones (e.g., combining active medium with metals) and metasurfaces with building



blocks made of active material.**

Here, we propose to draw prospects of this research field
by analyzing how the existing technologies help improve the level of development of tunable
metasurfaces and how they help bridge the gap between academic research and industrial
applications.

Figure 1 summarizes schematically the content of this perspective article. It shows a
programmable metasurface featuring arbitrary electromagnetic response in space and time
activated using different tuning mechanisms. On the right panel of Figure 1, we show a
selection of perspective tuning mechanisms including phase change materials, electro-optic
effect, chemical reactions, mechanical tuning, and liquid crystal reorientation. Their advan-
tages and bottlenecks, and their potential for large-scale industrialization are discussed in the
first part of the article. The success in the implementation and integration of these devices
in complex systems rely on their compatibility with well-established, low-cost, and scalable
manufacturing process. Voltage addressing using electronic elements and driving integrated
circuits (ICs) has been selected as probably one of the most, if not the most, promising routes
for active metasurfaces. Figure 1 illustrates schematically a time-varying metasurface based
on different tuning mechanisms and its possible applications. Time-varying functionality
is achieved by applying an external stimuli such as electrical bias. Electronic devices pro-
viding real-time digital modulated voltages outputs, such as field-programmable gate array
(FPGA), can switch the states of the meta-units. Real-time programming of the meta-
surface requires, for instance, a micro-controller unit (MCU) equipped with an advanced
driving algorithm to regulate the FPGA outputs. This device aligns very well with the
current quest in the industry for achieving a high degree of automation in decision-making.
Internet-of-Things (IoT) and Autonomy-of-Things (AoT) are driving the high demand in
systems offering high-end synchronization and intercommunication, and we believe that ac-
tive metasurfaces could certainly offer interesting applications perspectives in these areas.
These applications include LiDAR (Light imaging Detection and Ranging) sensors for ad-

vanced assisted driving systems (ADAS) or even full autonomous driving,*> wearable devices



for AR/VR applications,?® robotic industry 4.0, microscopy and image treatment,?? etc.
We finally provide insights on academic and relatively unexplored research topics dealing
with spatiotemporal metasurfaces. We illustrate a non-reciprocal metasurface that can be
realized in case of ultra-fast time modulation, i.e. a device in which time-reversal symmetry
is broken and that enables asymmetric trajectories accompanied with frequency shifting.
We show an example of non-reciprocity together with others to illustrate the versatility and

diversity of applications of tunable metasurfaces.

From current Key enabling technologies to tunable meta-

surfaces

From Phase-Change Memories to active Metasurfaces

Phase-change materials (PCMs) for photonics have been a booming field of research for
roughly a decade.?” The tantalizing potential of PCMs for dynamic metasurfaces can imme-
diately be understood by summarizing their most salient features : (i) large refractive index
modulation (one of the largest compared to other considered tuning mechanisms, An > 1 as
shown in Table 1), (ii) fast, reversible — and for some of them non-volatile — switching, (iii)
multi-stimuli switching (thermal, optical, electrical...), (iv) potential monolithic integration
at the nanoscale.

The large body of research on PCMs for photonics is described in a few reviews that can

47*50)

be found in the literature (see e.g. , some of which are entirely dedicated to PCM for

51,52 Most of these reviews are focused on 'standard’ PCMs such as chalcogenide

metasurfaces.
PCMs (GeSbTe or GeTe) or phase-transition oxides such as VOy. Very recently, a new
category of PCMs — which we hereby call 'low-loss PCMs’ — has emerged, comprising three

main materials: SboS3, ShySes and GeSbSeTe. Given the advantageous properties of these

emerging materials, they have the potential to outclass standard PCMs. After reviewing
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Figure 1: Schematic figure representing a dynamic metasurface that addresses space & /or
time modulation. Several modulation mechanisms including phase-change materials, electro-
optic effect, chemical tuning, mechanical tuning, and liquid crystals are illustrated on the
right panel. Digital controllers and operation software dedicated to the complex metasur-
face architecture have to be considered in the future according to the applications of interest
(left panel). Illustration of the optical effects obtained by breaking the reciprocity includ-
ing non-reciprocal refraction and frequency modulation at interfaces (appears at high time
modulation speed only).

very recent results obtained on standard PCMs, we, therefore, dedicate a large part of this
subsection to recent works exploiting the low-loss PCMs for metasurfaces.

Standard PCMs:

PCMs are unique materials whose physical properties depend on their crystallographic

states. Two classes of materials are usually referred to as PCMs: chalcogenide PCMs (e.g.



Table 1: Key metrics for different PCMs: complex refractive index at two wavelengths
630 nm and 1550 nm (from left to right: minimum real part of refractive index, contrast
An between crystalline and amorphous state, extinction coefficient at crystalline state),
switching temperature, energy density (the switching energy per unit PCM volume) and
switching speed. The energy densities and switching speeds were found to strongly depend
on design, switching mechanism (optical or electrical) as well as on the preparation methods
and deposition conditions

PCM Nonin >, AN, ke T. Switch. Energy Switch. Speed
A = 630nm A = 1550nm

GST 3.63,0.52, 3.72  3.63,2.1,1.8 180 °C 1.3 x 107%fJ/nm? 50 ns

VO, 2.56, 0.1, 0.3 1.36,1.4,2.9 70°C 1.5x107%fJ/nm3 ~ ns- us

GSST 3.7,1.9, 2 3.21, 1.8, 0.3 400 °C 2.2 x 1072fJ/nm?® 100 ms

3

3

SbyS3  3.11,0.89, 0.58 2.69, 0.54, 0 280 °C 5.9 x 1072fJ/nm3 75 ns
SbySes 4.4,1.17,1.27 3.7,0.7,0 200 °C 7.9 x 1072fJ/nm> 100 ms
Ref.5356 The values reported here should therefore not be seen as fundamental ones but
rather as state-of-the-art metrics that we collected from different works®-%2 which we find
representative of the different values reported in the literature.

GeSbTe) and phase-transition oxides (e.g. VO,). These two categories share similarities
in that a modification of their structural atomic arrangements produces large modulations
of their complex refractive indices (Table 1). However, the underlying physics behind their
respective modulations is different (for this reason, some researchers consider that they
should not be grouped under the same label of PCM). We briefly describe below the basic
physical principles that produce such drastic physical modulations.

VO, presents a first-order transition from a monoclinic insulating state at room temper-
ature to a tetragonal metallic state at temperatures above 70°C. This material is a famous
example of Mott insulators: according to band theory, it should be a metal but behaves as
an insulator. The physical reason behind this phenomenon is strong electron correlations
between free carriers that prevent electrical conduction.?®% A moderate input of energy
on that system can break the equilibrium and trigger a transition from an insulating state
to a conductive state. This so-called insulator-to-metal transition happens in a very short
time (down to the femtosecond timescale).54% Conversely, the metallic state is volatile, and
hence switching back from metallic to insulating is typically slower, as it requires evacuating

the excess energy /heat brought by the first excitation. Note that the on-off switching cycle



is accompanied by a hysteretic behavior that can prove useful for some applications.

VO, is widely used for its tunable plasmonic resonance in the metallic state that switches
off in the insulating state in the IR.%7% Recent papers show that nanostructures made of-
or combined with-VO, exhibit Mie resonances in both insulating and metallic states, open-
ing the door for new metasurface designs such as tunable Huygens Metasurfaces in both
the visible and near-infrared range.”™ 7® As mentioned previously, the transition can also
be controlled by electrical means. Based on that principle, spectral modulation™ and op-
tical phase modulation™ were recently demonstrated using electrically-driven VO,-based
metasurfaces operating around the telecom wavelength range. Apart from all the mentioned
designs, thermally-tunable VOy-based absorbers were also successfully implemented. ¢ Ad-
ditionally, the metastable metallic state, even though volatile, can be used at advantage to
optically or electrically write devices with large flexibility and easiness to erase. This phe-
nomenon was used to demonstrate an optically rewritable photonic 'metacanvas’ in which
the hysteresis was used as a means to hold the metallic patterns by maintaining the sample
at a moderate temperature (70°C).”" Using this method, arbitrary patterns for diverse op-
tical responses can be written and erased very easily. Given the lower optical absorption of
insulating VO, in the mid-infrared and THz ranges, several recent works reported efficient
electrically-controlled multifunctional amplitude switching VOs-based metasurfaces in these
wavelength ranges.”™

The other class of PCMs - chalcogenide-based PCMs - possess properties typical of a
semiconductor when it is amorphous: a moderate refractive index and a dielectric nature.
However, when the same material is crystallized, its refractive index becomes very large and
the material becomes conductive. Such behavior is very much unlike conventional materials
(e.g. amorphous and crystalline silicon) and is due to an unconventional bonding mechanism
in the crystalline state, recently coined 'metavalent bonding’.%#! Chalcogenide PCMs can
be composed using alloys of Germanium (Ge), Antimony (Sb), Tellurium (Te), Selenide

(Se), and Sulfur (S). This creates a library from which materials can be selected based on



the bandgap, complex refractive index, and required properties.“® Among them, germanium-
antimony-telluride (Ge,Sb,Te, with various stoichiometry) is one of the most studied PCMs
for photonics. Tt has high cyclability (10%), high switching speed, high retention (~ 10
years) and low power consumption depending on the unit cell size.58%83

Provided the switching of Chalcogenide PCMs physical properties is governed by their
crystallization, such modulation is by definition non-volatile. It is also reversible through a
re-amorphization process that is usually obtained by a melt-quenching method, in which a
PCM is heated above its fusion point and subsequently cooled down at rates faster than the
crystallization kinetics (more than 10° Ks~! for GST). 478 Re-amorphization is an extremely
fast process that can be triggered by a single-pulse femtosecond laser or nanosecond electrical
pulse. The overall cycling time is limited by the crystallization process which is slower than
the amorphization.

There are several ways to switch these materials between states, such as thermal an-

8485 or optical writing with pulsed lasers.®-%" However, one of the most important

nealing
mechanisms is electrical switching as it promises future integration with other microelec-
tronic technologies. This kind of switching is well-developed for phase-change random-access
memory (PC-RAM) technology that has a data transfer rate greater than gigahertz (having
~ 10nm cells).®®89 However, scaling it up to ~ 100nm and larger sizes becomes challeng-
ing due to non-uniform phase transition within a bulk of PCM, especially for a cooling
process. This problem has been addressed with electro-thermal switching of metasurfaces,
which opened a route to co-designed photonic and electronic devices.?%:9092

In particular, electro-thermal switching leveraging an integrated micro-heater layer pro-
vide an efficient means to locally tune PCMs. Wang et al. recently demonstrated a GST-
based metasurface placed on top of a thin silver film (Figure 2a) that plays both the role
of a plasmonic antenna and a micro-heater that uniformly heats the structure (unlike direct

current injection with filament in PC-RAM).% Both crystallization and amorphization are

carried out by running current pulses: lower current pulse with longer duration crystallizes



the PCM, while shorter and higher current pulse leads to re-amorphization. The metasurface
acts as a perfect absorber when GST is crystalline (due to destructive fields interference) and
starts reflecting light when it is amorphous. Experimental results show reflection switching
from =~ 4.3% to ~ 14.5% at 700 nm wavelength, as shown in Figure 2b. The authors report a
10 kH z modulation speed, for this hybrid PCM metasurface (Figure 2c¢). Abdollahramezani
et al. also recently demonstrated electrical switching of hybrid GST-Au metasurface sup-
porting two distinct plasmonic modes that can be tuned by the GST layer, hence modulating
the reflection amplitude in the NIR. The device exploits a tungsten micro-heater enabling
an electrical control of the crystallization state of the GST layer.%

An alternative recent strategy for phase transition is the solid-liquid phase transition.
Bismuth-nanostructures are nanoparticles based on Bismuth monoelement used because of
its solid-liquid optical contrast with low melting points of about 270°C. Recently, Alvarez-

1.94 demonstrated the relevant properties of a random distribution of Bi-nanostructures

Algeriaet a
in a dielectric matrix (PCRMs Phase Change Random Metasurfaces). A nanosecond pulsed
laser was used to melt the Bi-nanostructures with different filling factors allowing a high
optical contrast between the solid and liquid states (On/Off state) and fast switching up
to 10 ns and semi-volatile behavior which means staying at the melting phase without per-
manent power supply for a given time duration. This was enabled by using latent heat to
maintain the temperature at phase transition and by designing the distance between the
Bi-nanostructures and the Si substrate which also plays a heating role which lengthens the
melting time and thus the melting phase > 1us (On-state), and high cyclability up to 100
000 cycles without damaging the sample.

Emerging low-loss PCMs:

The standard PCMs such as GST and VO, present a high optical absorption in the visible
and NIR spectral range which limits their utilization in realistic optical systems. Recently,

alternative low-loss materials with high contrast in refractive index and low extinction co-

efficient in the visible and NIR regime have emerged. 09299 For example, SbyS3 presents

10



a transparency window from 610 nm to the NIR with a relatively large index contrast and
cyclability higher than 1000 cycles,%® and SbySes has a transparency window from 800 nm
to the NIR, a larger index contrast and relatively high cyclability (4000 cycles).

High refractive index and transparency make Sby,S; and SboSe; good candidates for
electronic displays or metascreens. Recent works report such meta-displays designed us-
ing anisotropic pillars supporting multipolar resonances, as shown in Figure 2d. A single
metascreen can generate two colors for two different polarization of visible light that can
be switched when PCM changes between its amorphous and crystalline states. Figure 2e.
shows two different images for two perpendicular linear polarization for the amorphous phase.
Switching these parameters changes the display colors and, with the right optimization,
makes a part of the image disappear.

As in the case of GST discussed previously, designing the heating element for low-loss
PCMs is an important step to provide a uniform heat flow to the meta-atoms, in order
to increase the switching capabilities (e.g., reversibility) and to optimize the power supply

156 used a gold thin

without compromising the optical efficiency. For example, Zhang et a
film that acts both as a heater and an optical reflector for their GSST-based metasurface.
The design of the micro-heater includes a curved shape and a larger surface area than the
metasurface, allowing a directional current flow and a uniform heat distribution to the meta-
atoms. Interestingly, the slower crystallization kinetics of GSST compared to GST enables
optimizing the heat distrtibution, reducing the power loss around the telecommunication
wavelength (about 1.5um) and using a larger thickness of PCMs (about 250 nm).

These very promising recent results combine both low-loss PCMs with electrical control
of their crystallization state. So far, the architecture of these first demonstrations can only
enable the switching of devices as a whole. Said otherwise, they cannot provide direct control
over each individual meta-atoms. Such an individual control of elements was recently demon-
97

strated by optical means using an external laser to switch separate PCM-based meta-atoms.

While there are no fundamental limitations to a direct electrical control of individual PCM

11
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Figure 2: Highlights: metasurfaces based on phase-change materials a. Tunable GST meta-
surface placed on optically thick silver stage which is heated by set and reset current pulses.
This leads to GST meta-atoms being switched between amorphous and crystalline states b.
Experimental reflection spectra for metasurface from (a) being set and reset with current
pulses. c. Demonstration of switching metasurface from (a) in time between reflecting and
absorbing states corresponding to set and reset condition from (b). (a-c) Republished with permission
of Springer Nature, from;% permission conveyed through CCC, Inc. d. Reflective color displays consisting
of low-loss PCM Sb,.S5 anisotropic particles arranged periodically and forming meta-pixels.
Each meta-pixel produces different colors for 2 perpendicular linear polarization, both pro-
duced colors can be tuned by switching Sb.S3 pillars with an on-chip heater made of con-
ductive transparent oxide. e. Images obtained by using the structure shown in (d) with

meta-pixels in the amorphous and crystalline state for x- and y-polarization. (d,e) Reprinted with
permission from. 96

meta-atoms, the current technical bottleneck is common for all the tuning mechanisms: how
to electrically connect and independently drive thousands of nano-elements? One plausible
route is to revisit current phase-change random access memories (PC-RAM). Such PCMs as
GST are compatible today with 300 mm industrialization and ST Microelectronics already
demonstrated phase-change based RAM integrating millions of nano-heater-controlled PCM
cells, each addressed via an independent transistor in 28nm FDSOI eNVM technology for

automotive Micro-controller applications.®>% The typical dimension of a nano-heater cell is

12



around 50 nm, separated by around 100 nm, i.e. sub-wavelength dimensions in the visible.
This ensures that pixel-by-pixel tuning using nano-heater is a promising approach for the

realization of tunable metasurfaces at optical wavelengths.

Compacting electrical modulators to functional surfaces

Metasurfaces based on Electro-Optic effect

Up to date, one of the best performances in terms of switching speed and low mate-
rial losses for conventional optoelectronic devices have been achieved with electro-optical
modulators, making use of the electro-optic (EO) effect. Considering the EO effect at the
nanoscale for tunable optical metasurfaces would allow to decreasing distance between the
electrodes and lower the electrical power required to address the modulation. The EO ef-
fect includes Franz-Keldysh effect (shift of the semiconductor absorption edge), Stark effect
(splitting and shifting of energy levels in a quantum system, could be linear and non-linear),
Pockels, and Kerr effect (linear and non-linear birefringence induced by an electric field). %

In particular, the Pockels effect is currently used in many light-modulation applications.
It is generally present in non-centrosymmetric materials (crystals, polymers, metal-oxide
materials) and the degree of induced changes depends on the electro-optic tensor defined
by the material’s structural properties. In such a material, the electric field introduces
linear refractive index shift along one of the crystallographic axes, while maintaining the
same refractive index along orthogonal axes. The refractive index change depends on the
applied voltage amplitude and polarity, getting oriented due to the superposition of different
forces. The shift introduces phase retardation between different polarization components and
achieves dynamic control of the light properties. As the induced refractive index change is
generally very small, large phase or amplitude modulation using conventional optoelectronic
devices requires propagating and thus modulating the transmitting phase along sufficient
thickness.

The resonant feature of metasurfaces might open the route to reduce the size of electro-

13



optic crystals while providing sufficient phase and amplitude modulation. EO materials were

used in combination with metals, serving as an embedding medium surrounding resonant

00 0

plasmonic structure,'% as a part of metal-insulator-metal structure,!°! or as a nanoparticles
layer combined with plasmonic nanostructures.!'? This metasurface already modulates re-
flection amplitude in the range of about 15 % for a relatively low actuation voltage of about
4V and at an extremely high modulation cut-off frequency of about 20 M H z.

Several current attempts to apply Pockels effects focused on using EO materials as reso-
nant units, including the recently demonstrated metasurface made of lithium niobate crystal
cylindrical posts.1%® Nanostructuring the lithium niobate thin film leads to lower-order mul-
tipolar resonances (in particular, resonance dominated by the electric dipole mode). By
placing this structured surface between the electrodes (Figure 3a) and applying AC driving
signal, the resonance position is shifted leading to a significant transmission modulation.
In particular, by applying 180 kHz signal with peak-to-peak voltage 2 V},, it is possible
to achieve 80 times larger modulation around the resonance compared with the unstruc-
tured film. Although currently reported modulation depth remains small with respect to
other mechanisms (0.002 % at 2 V},, and up to 0.01 % at 10 V,,,), it enables large working
bandwidth from 10 Hz to 2.5 M Hz for relatively small actuation voltage of 1 V,,,. The
modulation performance could be further improved by optimizing the overlap between both
electric fields induced by a modulating signal and the optical illumination.

Another way to improve performance, i.e. enhancing the induced transmission modula-
tion and reducing the voltage required for the EO-switching, is to use non-local metasurfaces
supporting high-quality factor resonances. For example, quasi-bound states in the contin-
uum (q-BIC) in lithium niobate metagratings predict high phase modulation compared to

104 However, material losses and structural imperfections significantly

the unstructured film.
lower the experimental q-BIC quality factor and lead to only 1.46 times larger modulation
with respect to the homogeneous film. Another example of active spectral tuning of q-BIC

states is realized using silicon resonators covered by a polymer with dispersed EO-molecules
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(active JRD1:PMMA layer).1% It employs second-order non-linear materials exhibiting lin-
ear EO effect as a surrounding for meta-atoms supporting high-quality factor resonances
designed by the symmetry breaking. Each unit cell consists of 2 ellipses that are rotated
with respect to the vertical axis, as shown in figure 3b (right). The angle of rotation allows
controlling the resonance quality factor. By applying voltage, polar molecules are aligned,
which changes the refractive index components, resulting in the g-BIC resonance shift, as
shown in figure 3b(left). This metasurface modulates light with one of the highest switching
speeds reported to date (up to 5 GHz). The authors, among other results, also reported on
a voltage reduction from 100 V to 60 V by increasing the quality factor from 276 to 550.
Apart from Pockels effect, Quantum Confined Stark Effect (QCSE) creates one of the
largest electro-optic coefficients (for TM-polarized light). QCSE is another enabling tech-
nology, which is used in telecommunications to designing modulators with low power con-
sumption (up to 1 V drive) and fast operation (theoretically at sub-picosecond times).'%
One of the best-performing metasurface using this effect has been made of patterned I1I-V
multiple quantum-wells. 17 It is designed on a Bragg mirror to ensure near unity reflection in
a considered wavelength range. Quantum well consisting of numerous doped semiconductor
layers are disposed on top of the mirror and structured into double slits (Figure 3¢,top). One
of the dips in the reflection spectrum of this structure corresponds to a guided mode (GM)
resonance coupled with the high-order multipolar resonance in quantum well grooves. This
hybrid GM-multipolar resonance is located close to the wavelength of interband transition
of the quantum well (915 —920 nm for this structure). When the DC electric field is applied,
QCSE shifts the energy levels and modifies the level of absorption, resulting in a change of a
component of a complex dielectric permittivity tensor orthogonal to the layer.!%® Changing
the permittivity results in the shift and broadening of a hybrid GM-multipolar resonance
(Figure 3c). The second dip in the reflection spectrum in (Figure 3c) corresponds to a hybrid
GM-Fabry-Perot resonance, but as it is far from the transition wavelength, it experiences only

a negligible modulation. Overall, apart from the high reflection amplitude modulation due
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to the hybrid GM-multipolar resonance shift (Figure 3¢, bottom), metasurface introduces
a phase shift up to 70deg. The article also demonstrates a dynamic beam steering with

electrical control of isolated metasurface unit elements.
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Figure 3: The electro-optic effect in lithium niobate resonators is used to achieve tunable
metasurfaces with extremely interesting transmission modulation speed up to 2.5 MHz.
Reprinted with permission from. 193 Copyright [2021] [ACS Publications]. b. Metasurfaces consisting of quasi-
BIC resonant nanoparticles producing high quality factor resonances embedded into a poly-
mer supporting a linear electro-optic effect, also known as Pockels effect. Results demonstrate
transmission amplitude modulation with a speed of up to 5 GH z. Reprinted with permission from 105,
c. Metasurface consisting of n-dopped GaAs substrate, a Bragg reflector, and a multiple-
quantum-well resonators operating using quantum-confined Stark effect modulation. The
bottom figure shows reflectance spectra measured at different bias voltages. It is shown
that around A = 917 nm, for a wavelength close to the interband transition of the quantum
well, the reflection modulation is considerable. with permission from.'%” Copyright [2019]
[Springer Nature].

Considerable efforts were already made on the development of miniaturized thin-film
electro-optic modulators and their integration into silicon-based photonic platforms have also
been considered. %! These modulators are based on in-plane wave propagation in waveg-

uides, often requiring the structuring of films with standard nanofabrication techniques. In
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the case of free-space modulators, miniaturization is possible with resonant metasurfaces
that require nanostructuring, thus benefiting from the technology developed for waveguide
EO modulators. Patterning EO materials such as lithium niobate require specific etching
techniques (such as dry Ar* etching) and hard unconventional resists.!!® Apart from etching
solid EO materials, coating polymers with organic electro-optic molecules on a nanostruc-
tured silicon platform % appears even less technologically challenging. Coating metasurfaces
with EO materials might nevertheless complicate the pixel-by-pixel addressing issue.

2D carrier concentration modulation

Apart from relying on electro-optic effects, metasurfaces can be tuned electrically by
changing the carrier concentration via electric gating. This approach, unlike EO-effects
discussed previously, can be used on thin layers of standard CMOS-compatible materials

which allow large-scale manufacturing. This method was attempted on various materials

12 113)

such as semiconductors (silicon? or indium antimonide but was especially successful
for transparent conductive oxides (TCOs). Carrier concentration in TCOs is considerably
smaller than in noble metals which allows higher changes of the refractive index under applied
voltage. However, these changes remain comparatively small with respect to other tuning
mechanisms. This problem can be addressed in several ways which we discuss on the example
of one of the most studied TCOs - indium tin oxide (ITO).

A way to increase I'TO’s optical response modulation is to design I'TO-based devices in an
epsilon-near-zero (ENZ) regime (close to the point where the real part of the permittivity &’
changes its sign and the imaginary part £” is very small). 4117 While it is hard to reach ENZ
in other conductive materials due to high £”, TCOs can easily reach this regime. Therefore,
by changing the position of their plasma frequency while varying carrier concentration, larger
refractive index changes can be introduced. Another approach to further increase tuning
consists in summing up the response of several layers using multiple gating.!'®119 Higher
modulation can also be reached by using ITO in resonant structures such as guided-mode

resonance mirror, 129 hybrid plasmonic waveguide mode, 12! or resonant plasmonic antennas 22
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To mention another example of TCO, aluminum-zinc oxide (AZO) was successfully used for
reflection phase and amplitude modulations in a metasurface!??

Carrier concentration modulation is also possible in two-dimensional materials, including
graphene. Since early works demonstrated tunable and highly confined plasmons in graphene
nanostructures 4125 there were many attempts to integrate them into electrically tunable
metasurfaces operating in a wavelength region from mid-infrared to sub-terahertz.!26-129
Metasurfaces combining graphene with metallic antennas allow controlling reflection phase
and amplitude. 1?5139 Although graphene-based metasurfaces for beam-steering and spatial
light modulators (SLMs) demonstrate sufficiently high phase tuning, their efficiency has to be
significantly improved.!3! Another example is tunable perfect absorption in graphene-based
metasurfaces®? which is a promising result for applications requiring photon harvesting.

Despite their low efficiencies, these two modulation schemes reach high switching speeds
(up to a few tens of GHz in ITO,'*3 for example), making them appropriate for applications
requiring fast switching such as LiDAR.'3* The combination of fast tuning mechanisms with
optically engineered resonances with high-quality factors, such as quasi-bound states in the

continuum, is certainly a meaningful direction to realize ultra-thin free-space modulators

with a high extinction ratio.

Chemical reactions for the realization of tunable Metasurfaces

Rearranging the constituent of atoms in molecular structures, chemical reactions strongly
modify the properties of materials and/or solutions. Chemical reactions can thus be of
interest in adjusting the optical properties of either chemically active metasurfaces or their
environments. However, this type of switching appears to be quite slow, typically on the
order of seconds or more, which can be reduced to milliseconds by varying unit cell geometry
and chemical reaction parameters. Being significantly slower than most of the switching
mechanisms considered for fast optical modulation, chemical metasurfaces appear to be an

excellent solution for niche applications such as energy-saving smart windows, or flat-panel
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displays requiring operation frequency on the order of 50 — 90 Hz.'*> Chemical tuning
nevertheless has extremely valuable advantages, including room-temperature operation, low
power consumption, and nonvolatile tuning. So far, several mechanisms were proposed for
chemically-switched devices.

One way to introduce refractive index change of metasurface building blocks relies on a
chemical reaction called hydrogenation/dehydrogenation of magnesium (Mg). When inter-
acting with hydrogen, magnesium forms magnesium hydride (MgHs) through a controlled
chemical reaction, that switches the optical properties of the structure from metal to dielec-
tric. By applying oxygen it is possible to reverse the transition. Considering the reaction
time, switching happens within several tens of seconds to several thousands of seconds de-
pending on the sizes of unit cells, the catalytic layer, the hydrogen concentration, and the
substrate temperature. Uniform magnesium particles designed for dynamic color displays
can be switched from metal to dielectric, thus progressively converting the strong plasmon
resonances to weakly interacting dielectric Mie resonances until the scattering colors on the
image vanish. Magnesium nanorods inducing PB-phase were used for tunable phase gradient
metasurfaces, 3% or for optical signal multiplexing.'®” Applications of this effects include op-
tical information encryption and security applications. Combined with gold, Mg nanorods
were also used to create tunable optical vortices and holograms. 38

Conductive polymers, such as polyaniline (PANI) polymer, yield another application of
chemical switching in the context of metasurfaces. These are bi-stable low-cost polymers
that can be electrochemically switched between oxidized and reduced forms, which induces
large variations of its complex refractive index value, in particular, its imaginary part. PANI
is particularly interesting for display technology, especially when combined with resonant
structures that can provide even higher intensity modulation. For example, PANI can be
coated on metal nanoslits for tuning the plasmon resonance wavelength,'®® or being used
as a shell for plasmonic particles,'? or even coated on plasmonic particles introducing PB-

phase for beam deflection.'®! In particular, alternating coated and non-coated metasurface
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sections, i.e. tunable and not tunable sections, this device produces tunable anomalous
transmission with a contrast up to 860:1 (Figure 4a).'4! Phase contrast between the neigh-
boring rows is varied inducing constructive or destructive interference which reveals or sup-
presses the anomalous transmission intensity. Times to induce and to reverse the process
are =~ 40 ms and = 35 ms respectively. As discussed in the PCM section, cyclability is
an important factor to consider when it comes to realistic applications. Current demon-
strations reported more than 100 cycles switches. Apart from PANI, other polymers such
as poly(3,4-ethylenedioxythiophene:sulfate) (PEDOT : Sulf) polymer network start being
investigated for tunable metasurfaces.#? The advantage of such polymers with respect to
other electrochromic materials is that they can be electro-deposited and can create a thin
uniform layer with well-controlled thickness.

The other mechanism of interest for chemical switching of metasurfaces employs inor-
ganic electrochromic materials. The latter has better thermal, chemical stability, and longer
durability with respect to organic materials and polymers and they are compatible with
standard physical vapor deposition and lithography processes. However, their switching
time is on the order of tens of seconds, limited by ionic diffusion. One of the most popular
inorganic electrochromic materials is W O3 which changes its properties depending on the
type of chemical reactions. By Li™ (or H*) ion insertion and extraction, it transforms to
Li,WOs3 (or H,WQOj3). It has been used to make several tunable devices such as Bragg-

3 or core—shell

reflector in combination with quantum dots for a tunable luminescent device 4
structure combined with 70, for smart-windows applications.4* CMOS-compatible 77O,
metasurfaces can be tuned by being exposed to H™ ions. Another example of successful
implementation of W03 for dynamic metasurfaces is shown in'4® where it is used as a spacer
in a metal-insulator-metal surface producing structural color (Figure 4b). The electrochem-
ical potential of ~ 2V favors lithium insertion that changes its concentration in Li,W Os,

resulting in a considerable refractive index change of ~ 0.3. Device contains a Liy FePO,

electrode on Al collector to provide Li* ions. This electrode is ionically connected to a meta-
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surface through a transparent solid polymer electrolyte. Applying current to electrodes, the
ion-electron inter-exchange is triggered which continuously changes the scattered color by

the plasmonic structures.
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Figure 4: Chemical reactions have been considered for tuning the response of metasurfaces. a.
A beam deflecting metasurface consisting of plasmonic PB-phase nanostructures is realized
by coating every second row of the metastructure with PANI polymer. The latter changes
between the oxidized and reduced form under applied voltage. The figure on the bottom-

right shows the reported anomalous transmission intensity contrast. From.4! The Authors, some
rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-

nc/4.0/. Reprinted with permission from AAAS. b. Schematic of W O3 switchable metasurface by inserting
Lit ions from a solid-state electrolyte. Lithiated and delithiated spacer in Al/Li,WO3/Al
particles is used to change the metasurface color, as shown in color-sensitive CMOS camera
images. Corresponding reflectivities are shown in the bottom-right panel. Reprinted with permission

from. 145 Copyright [2021] [ACS PUBLICATIONS].

Electro-chemical reactions in different electro-chromic materials were previously widely
used for large volume commercial applications such as self-darkening mirrors, smart windows,
and electronic displays. 46 Reducing the size of these devices down to nanoscale decreases the
switching time. Meanwhile, resonant designs allow achieving full-color palette of interest for
the above-mentioned applications.'®® Multiplexed metasurfaces enable polarization-control,

further expanding the range of their applications to security and data protection. 374!
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Pulling, stretching and applying mechanical stress for tuning the

optical response of metasurfaces

A promising approach to dynamically address a metasurface functionality is to employ me-
chanical forces inducing relative motion of different parts of the device, stretching, torque, or
even movement of a device as a whole.'” Here we highlight promising works in several con-
ventional mechanical tuning technologies such as micro-electromechanical systems (MEMS)
and metasurfaces on a flexible substrate. Furthermore, we mention some novel designs such
as Kirigami/ Origami-based metasurfaces and others. Extensive reviews of active mechanical
metasurfaces can be found in. 148150

MEMS-based actuation comprises a popular solution for mechanical metasurface tuning.
MEMS devices convert non-mechanical energy inputs to mechanical outputs (i.e. motion,
force, torque). '™ MEMS actuators with the highest applicability are the electrostatic, elec-
trothermal, and piezoelectric ones. Electrostatic MEMS actuators have been widely consid-
ered for metamaterial tuning.'®* They employ oppositely charged electrodes (a stationary
one and a so-called membrane) separated by a tunable distance controlled by the balance
between Coulomb and elastic restoring forces so as to attract the membrane towards the
stationary electrode as a function of the applied voltage. This actuation mechanism is very
promising for metasurface tuning since it offers a large range of motion, satisfactory speeds,
low power consumption and high compatibility with solid fabrication processes.!®? A possible
issue to be considered is the so-called pull-in (or snap-down) effect, corresponding to a critical
value in the applied voltage beyond which elastic forces cannot compensate the electrostatic
ones resulting in an unreliable motion. Another actuation approach employs electrothermal
MEMS based on layered materials with different thermal expansion coefficients (TEC). Upon
the application of electric currents, heat is dissipated through the structure, which expands
materials differently according to their TEC. Piezoelectric MEMS have been also proposed
for metasurface tuning mainly due to their low actuation voltage, low power consumption

and high compactness.®®* In general, piezoelectric actuators undergo mechanical move-
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ments according to the polarity of the applied voltage.® Overall, MEMS-based metasurfaces
can be triggered to adopt several configurations stemming from vertical and horizontal dis-
placements, or rotational motions of their building blocks. Their actuation speed can reach
several kHz and thus it is significantly higher than that of stretchable substrates (~ 1 Hz).
However, here again, pixel-by-pixel MEMS actuation of metasurface building block remains a
formidable fabrication challenge, particularly in the visible domain. Several demonstrations
concerning the THz and IR regime are reviewed in. %

If pixel-by-pixel control of the meta-atoms is challenging, an accessible solution to in-
tegrate MEMS-based metasurfaces in realistic systems consists of tuning the global optical
functionalities of the components, sometimes using multi-state operation. For instance, we
report on the work of Arbabi et al.,'®® where the authors have fabricated a MEMS-based
varifocal metalens. Their device designed at 915nm consists of a doublet system, i.e. a
stationary metalens and a membrane-based metalens. The membrane has mechanical res-
onances via attractive forces triggered electro-statically. The authors showed that a 40V
actuation results in a kHz micrometric (1pum) axial displacement of the membrane causing
then a ~35um shift of the focal distance. Another promising example is a tunable platform
composed of a MEMS mirror combined with a plasmonic metasurface (Figure 5).15% The
fabricated device is shown in Figure 5 indicating the MEMS mirror electrically connected
through the printed circuit board and the superposed metasurface. The functionalities of
this compound system is activated by decreasing the distance between the metasurface and
the mirror by applying a relatively small voltage of ~ 4V (Figure 5 B,C). Active binary
beam deflector with diffraction efficiencies of 40/46% for TE/TM polarization at 800nm
wavelength have been demonstrated. Broadband operation of 150 nm with switching speed
of = 2.5k Hz has been realized.

Flexible substrates made of soft materials like low surface energy polymers (for example,
polydimethylsiloxane-PDMS) offer multiple advantages toward the demonstration of innova-

tive metasurface-based devices with passive or dynamic functionalities. ®” For instance, their
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Figure 5: The performance of MEMS-tunable dielectric metasurface lens. A. Optical plat-
form consisting of MEMS controlled electrically and a gold metasurface placed on top of
the mirror on the glass substrate. B,C. Light impinging on a MEMS-metasurface compound
system is manipulated to achieve the desired functionality (deflection) by simply adjusting

the distance separating plasmonic metasurface and a micromirror. From.53 The Authors, some rights
reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/.
Reprinted with permission from AAAS.

fabrication maturity, low cost, and easy adaptation to surfaces of arbitrary shapes comprise
important assets, especially considering the continuous progress of smart wearable devices
for AR/VR and medical applications. Programmable contact metalenses with multi-focusing
capabilities fabricated on curved surfaces to fit the human eye is only one example of the
latter. Furthermore, fabricating sub-wavelength meta-atoms arrays on flexible substrates
empowers conformal metasurfaces'®® and their related applications, such as cloaking, suit-
able for real-world implementations. '*® From the point-of-view of electromagnetic responses
tunability, elastic substrates allow for the controllable and reversible strain deformations
under the action of external mechanical stresses. The latter may convert the size and/or
the relative positioning of the meta-units to induce phase discontinuities dynamically. An
active metalens comprising of gold nanorods has been fabricated on a PDMS substrate for
visible operation.'®® Mechanical stretching of the substrate changes the overall curvature
of the phase profile produced by the nanoparticles, resulting in a continuous adjustment of
the focal length from 150 pm to 250 pum according to stretching conditions. The authors

reported on good reversibility upon sequential stretching-relaxation cycles.
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Recently a new concept of optical nano-Kirigami/ Origami for tunable mechanical meta-
surfaces was proposed. 11713 This mechanism involves bending, cutting, folding, and twisting
nano-structures that can be flexibly moved upon external stimuli actuation. One example
of nano-kirigami has been realized by patterning foldable shapes on a gold film placed above
SiO, supporting posts (Figure 6 a,b, fabricated structures are shown in Figure 6 c¢).'6! By
applying an electric field, freely suspended patterns can be bent down forming 3D structures.
Such design works in two different regimes: a broadband operation is obtained considering
the structures as deformable mirrors in the regime when the wavelength is much smaller than
unit-cells (geometric optics regime), while a narrow band occurs when cutting the patterns to
feature optical resonances. In a former case, fabricated structures have a periodicity of 2.5um
for operation wavelengths band reaching 400 — 1000 nm, leading to 51% reflection modula-
tion at the central wavelength of 750 nm. The switching on and off requires a comparatively
high voltage of 35 V' (Figure 6, d). In the case of a resonant design, smaller meta-units
have larger stiffness, which requires an even higher actuation voltage of 73 V. However, at
resonant wavelength A = 1860 nm reflection modulation contrast reaches 91% (Figure 6,
e). In this work, modulation frequency was measured up to 200 kHz and can be subject
to further optimization, and, according to simulations, can reach up to 10 M Hz. Due to
their 3D geometries, origami/ Kirigami-based structures often possess helicity and chirality,
making them extremely interesting for chiral bio-sensing and detection applications. 164

Apart from the mechanisms mentioned in this section, several emerging designs with
high potential are on the way. For example, cross-stacked nanoparticle chains have been
fabricated using colloidal assembly and have been showing large tunable circular dichroism
of interest for chiral sensing.!%® Another example is the recently demonstrated meta-vehicle
consisting of passive metasurfaces steered along the surface of a fluid using optical forces
and torques. 147

Mechanically-actuated meta-optics systems are certainly promising and would partici-

pate in further advancing the field of space-time metasurfaces in the coming years. Devices
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Figure 6: Mechanical tuning of Kirigami-metastructures to modulate the reflection of light.
a,b. Schematic representation of a Kirigami-Metasurface. Tuning the geometries of the gold
pinwheels from 2D to 3D is realized using electrostatic forces applied between the gold film
and the underlying substrate. Downward folding of suspended structures is permitted by
under-etching a thin layer of Si0,, creating supporting edge pedestals around the folded
elements. c¢. Scanning electron microscopy images of fabricated metasurfaces from (a,b)
d. Amplitude contrast of the reflectivity at different voltages for a kirigami-metasurface
much larger than operation wavelength. Inset highlights the On/Off reliable cyclability of
the reflection amplitude modulation e. Response of resonant Kirigami-Metasurface showing

reflection amplitude modulation around resonant wavelength for different applied voltages.
Reprinted with permission from.'61 Copyright [2021] [Springer Nature].

such as MEMS possess a high degree of technological maturity and they are particularly
attractive due to their compatibility with the CMOS manufacturing process and their no-
ticeable modulation performances. For example, thin-film piezoelectric MEMS can achieve
up to 30 M Hz modulation frequency,® high cyclability (up to 10! cycles at 20 V' cycles), 196
and operate at room temperature. Pixel-by-pixel MEMS actuation remains challenging but
solutions to break the structural symmetry in the out-of-plane (third) dimension have been
explored in the visible domain as mentioned above, but also at THz and microwave frequen-

cies. '67 Efforts in addressing individual building blocks at visible wavelength are nevertheless

still needed. Apart from standard technologies, suggested novel designs have a high potential
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for industrialization due to their mass-production simplicity. 16°

Pushing the limits of Liquid Crystals light modulators towards ac-

tive and adaptive meta-optics

Thermotropic Liquid Crystals (LCs) or in other words mesophases appearing between the
crystalline solid and the isotropic liquid phase with temperature change,'%® have a long-term
tradition in electro-optical devices.!% Indeed, LCs represent a dominant technology in the
display industry but they have also proven their power in non-display programmable devices
such as lenses, spatial light modulators, and beyond.!™ It was inevitable that LCs would at-
tract the interest of the meta-material (-surface) community due to their formidable physical
properties, their responsiveness to external perturbations, and their technological maturity.
Some relatively early works introducing LCs for metamaterial tuning can be found in. 171172
Among the different identified LC phases, it is the so-called ”Nematic”, that was placed in
the foreground for metasurface tunability. Nematic LCs (or NLCs) present strong shape
anisotropy at the molecular level leading to long-range orientational order without transla-
tional one. Interestingly, NLCs have orientation-dependent properties such as considerable
birefringence (An- typically between 0.05 and 0.45), while at the same time they are fluids.
NLC average molecular orientation (or "director”) is vulnerable to various stimuli including
electric and magnetic fields, light, temperature, and mechanical stresses offering large tuning
flexibility depending on the targeted application. By re-orienting the director with respect
to light’s k-vector one can select the NLC refractive index experienced by the incident po-
larized light. To this end, NLCs have been mainly used to dynamically shift the resonances
of plasmonic and dielectric metasurface building blocks known to be very sensitive to vari-
ations of their optical surrounding. In several demonstrations, an in-plane to out-of-plane
switching is used, where the angle between the director and the light’s wavevector defines

the refractive index and leads to electrically controlled birefringence (ECB). It holds that
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ne(0) = T Cosze:—ing — where n, is the extraordinary refractive index, n, the ordinary
one, 6 is the angle between the director and the light’s k-vector and An(6) = n.(0) — n, is
the ECB. The previous relationships show that NLCs can be used for both binary ON-OFF
switching, but also to induce continuous refractive index gradients. The latter, constitutes
the basis of NLC-SLMs operation. '™ Electrically triggered NLC metasurfaces have been also
used to control the polarization of the light in twisted-Nematic cells known to induce optical
activity.'™ For any NLC alignment, when the voltage is sufficiently increased, an NLC with
positive (negative) dielectric anisotropy will tilt towards (perpendicular) the electric field’s
direction so as to minimize its free energy. The mechanism behind the electrically-induced
NLC reorientation involves the competition between electric, elastic, and anchoring forces.
The latter describes the formation of a specific director’s orientation at the interfaces be-
tween the LC and solid substrates that confine the anisotropic fluid in practical applications.
We highlight here that NLCs are very attractive to metasurfaces since they respond to few
volts (usually 1-5V), they possess broadband birefringence, as well as they present small
or negligible losses in wide spectral windows. All-optical metasurface tuning has been also
successfully demonstrated showing the versatility of NLC responsiveness. 176 Tt is inter-
esting that NLC’s fluid nature allows straightforward infiltration into pre-fabricated passive
metasurfaces serving at reducing cost and complexity.

Independently of the employed stimulus, NLC addressable metasurfaces have already

shown their large potential for several applications including varifocal metalenses (see for

177 179,180 81

instance figure 7 a.),!™" spatial light modulators,'™ projection displays, sensors, !

2

thermal camouflage!®? and so on. Moreover, devices operating at different spectral regions

show the flexibility in adapting conceptualized operation principles at different frequencies

178,183-185 However, except for the obvious advantages,

ranging from microwaves to visible.
there are still reported constraints that need to be tackled. We find i useful to direct the
following discussion towards two axes that have to be carefully considered for the realization

of NLC-tunable metasurfaces. These are: - the control of NLC alignment at the
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metasurface vicinity, - the improvement of the NLC response time in case of
electrical tuning.

Homogeneous NLC alignment before the application of any perturbation is critical in
LC-based applications since it ensures a high degree of order that maximizes the optical
anisotropy. NLC anchoring condition at the interfaces with other materials is very sensitive
to the NLC properties as well as to the chemical composition and the structure of the un-
derlying surface. In LC displays, the anisotropic fluid is confined between glass substrates
covered with transparent electrodes and alignment layers. The existence of such layers en-
sures a uniform director’s field before the voltage application. Alignment coatings are usually
created by either mechanical rubbing or photo-alignment. However, when the NLC is in-
filtrated into a sub-wavelength structured environment, such as a metasurface, imposing a
particular alignment condition is not a trivial task. Several groups have reported on the issue
of NLC’s poor alignment close to metasurfaces while others adopted strategies to prevent or
eliminate this issue. Sun et al. discussed the importance of the anchoring condition of the
NLC mixture E7 at the vicinity of a Ti0y dielectric MS composed of 190 nm thick cylin-
drical structures (Fig. 6b.)'® In that work, a 1.5um-thick E7 cell is sandwiched between
the metasurface fabricated on the top of an ITO layer and a top window covered with a
second electrode. Then a voltage application causes bulk NLC reorientation to modify the
refractive index and thus to tune the metasurface resonances. To ensure the uniform in-plane
orientation of the NLC molecules at VOFF state the authors use photo-alignment for the
cover window. However, they found that there is a deviation angle between NLC alignment
close to the metasurface and the photo-alignment direction. By considering the NLC free
energy expansion and using an Euler-Lagrange minimization process they explained that
the anchoring condition close to the meta-structures is strong-enough to dominate over the
photo-alignment direction. An even more decisive alignment strategy has been suggested
by Su et al.'®8" encompassing mechanical rubbing at the upper window but photo-alignment

treatment at the bottom metasurface. Nevertheless, the authors highlighted the importance
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of the metasurface topography upon the NLC molecules orientation close to the meta-atoms.
In their recent publication Lininger et al. presented experimental results showing the impact
of NLC director inhomogeneities on the optical response of infiltrated metalenses.'®® Dolan
et al. discussed the effect of NLC radial disordering around cylindrical pillars on the opti-
cal near fields of 77O, metasurfaces in the visible range and proposed numerical simulation
strategies for accounting for these phenomena.!®® They among others emphasised the emer-
gency of optically simulating the NLC via its dielectric permittivity tensor especially when
the disorder is present close to the metasurface building blocks. In the latter publication,
vertical alignment of the NLC molecules has been considered by chemical functionalization
of the metasurface and the upper window by octadecyltrichlorosilane (ODTS) in heptane so-
lution. Chemical treatment seems to reduce the complexity in terms of fabrication compared
to mechanical rubbing and photo-alignment since it may be applied to the metasurface as a
post-fabrication process. Moreover, it can be employed to control the anchoring strength of
the NLC layer immediately adjacent to the metasurface accounting also for the metasurface
fragility. In the presence of very strong anchoring, the NLC molecules at the near field of the
meta-units will not respond to the external field. This issue can be controlled by relaxing
the anchoring forces close to the metasurface. % The reduction of the metasurface substrate
contribution has been also proposed as a solution to moderate anchoring forces close to the

meta-atoms. 11

NLC director is very sensitive to the geometries of other materials placed in
its vicinity. Generally, it is anticipated that structures generating an anisotropic environment
compatible with the NLC molecular shape will lead to enhanced alignment. For instance,
grating-like metasurfaces could be an alternative!®? compared to cylindrical pillars generally

192

reported to be associated with local NLC disorder.*”* Finally, high aspect ratio structures

have been proposed for NLC vertical alignment. '3
The use of NLC metasurfaces for realistic applications requiring ultra-fast, real-time

tunability is a great challenge. For instance, beam steering devices that could be used

as laser scanners for LiIDAR systems require scanning frequencies on the order of MHz.
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Figure 7: Tunable metasurfaces infiltrated with liquid crystal molecules. a. Si-based metal-
ens encapsulated with NLC. By changing the LC reorientation angle electrically, a varifocal
function has been demonstrated. Reprinted with permission from. 177 Copyright [2021] [ACS PUBLICATIONS]. b.
Electrically addressable transmissive device based on TiO2 metasurface infiltrated with an
NLC. At Vopr state the NLC is aligned along the photoalignment direction imposed at the
cover window. Asymmetric alignment is established at the different cell sides. Due to the
strongest anchoring at the metasurface side, the bottom alignment condition is dominant
in the Cell.Reprinted with permission from.86 Copyright [2019] [Nature Publishing Group]. C. Phase—only SLM
in transmission based on a T©0y metasurface tuned by an NLC. The device is composed
of pixelated bottom electrodes each having three T'iO, nanopillars on the top. A common
upper electrode is considered for the voltage application. The device is infiltrated with an
NLC tuned at three voltage levels (blue-green-gray) along the sequential electrodes to deflect

the incident beam. A maximum deflection angle of 11° has been demonstrated. Adapted with
permission of AAAS, from;178 permission conveyed through CCC, Inc.

Electro-optical devices based on NLCs are known to exhibit millisecond switch-on (7on) and
relaxation (Torp) responses (Ton < Torr). kHz speed is adequate for display applications due
to the human eye’s perception capabilities, but it is too slow for more demanding applications
including LiDAR scanning. NLC voltage-response time is dictated by the intrinsic physical
properties of the employed molecules (i.e. the elastic constants, the rotational viscosity, the
dielectric anisotropy) as well as by the temperature, the anchoring strength, and the distance
between the electrodes. For a given NLC molecule, the switching time is proportional to the

square of the distance between the electrodes. Typical phase-only LC-SLM devices employ
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planar electrodes confining an NLC layer. The top electrode usually acts as a reference,
while the bottom one is pixelated to induce gradual 27 phase retardation to the process
of light propagation. Since the phase retardation is exclusively accumulated into the NLC
layer, the distance between the electrodes is at least of few microns for visible wavelengths
and typical An values. Moreover, these conventional SLMs targeting visible applications,
are fabricated with micrometric pixel pitch that leads to low deflection angles, multiple
diffracted orders, and reduced efficiency. In their work, Li et al. reported on uncoupling
phase modulation from NLC thickness by using a Huygens dielectric metasurface, where the
main phase accumulation happened inside the 7O, nanopillars.!™ The latter is of particular
interest not only for faster beam steering but also to moderate pixel crosstalks, unavoidable
in bulky LC cells. The authors demonstrated an NLC metasurface beam steering device in
the visible range with a maximum deflection angle of 11° and 36% efficiency in transmission
(Fig. 6c¢.). Other reported approaches for enhancing both 7on and 7oppr have proposed
dual-frequency LCs known to change the sign of their dielectric anisotropy according to the
frequency of the applied electric signal.'® A particularly promising approach for speeding
up the LC response time has been proposed in a recently released patent introducing LC
metasurfaces operating in reflection mode as a valuable solution for ultra-compact LiDAR
systems. 1% In this patent, the authors propose the employment of metallic vertical (instead
of planar) electrodes to electrically activate the LC infiltrated between them in a tiny (sub-
wavelength) volume. The electrode distance reduction speeds up the LC response time to
a few tens of microseconds. Interdigital electrodes have been also discussed in the recent
past as a solution for achieving sub-millisecond responses.? However, by also extending the
height of the electrodes over the whole device thickness one enhances electric field uniformity
and eliminates inter-pixel crosstalks in pixelated programmable metasurfaces.

Finally, we are questioning if the maturity of LC technology is enough to follow the
continuously increasing demands of tunable metasurface applications? As explained in the

previous paragraphs the principal reported challenges in LC-metasurface technology are
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dealing with the ability to control the alignment properties at the metasurface environment
and to enhance the NLC time-responses. The recent advances revealed that these prob-
lems can be tackled by reconsidering novel device architectures with dedicated alignment
procedures. To this end, we believe that the strong industrial activities around LC electro-
optical devices would help LC-tuned metasurfaces to access the market faster than the other
solutions discussed in this report. However, we highlight that efforts are needed not only
from the metasurface but also from the LC scientific community. For instance, novel NLC
molecules with improved physical properties and LC phases beyond Nematic (Smectic and
Blue phases) could be investigated to further improve their integration with metasurfaces.
The employment of ferroelectric LC phases known to exhibit microsecond responses could

be an alternative for fast switching.!'%

Perspectives

In this article, we selected among the most promising approaches reported so far for appli-
cations requiring real-time and programmable light manipulation with planar metasurfaces.
Our selection criteria encompass the level of readiness of the technology to penetrate the
industrial market, the complexity in terms of design and fabrication, the reported per-
formances, and the device reliability. Up to now, research efforts devoted to metasurface
tunability mainly propose materials that adapt their optical properties to external agents
including electric fields, light, temperature, and mechanical forces. These materials can be
either used for sub-wavelength building blocks or the tunable optical environment for in-
trinsically passive meta-units. The various mechanisms for metasurfaces tuning that have
been demonstrated exhibit different performances and properties. Therefore, one can select
among the different available mechanisms according to the targeted application or equiv-
alently to the performance. As an example, electro-optic materials are good candidates

for hybrid photonics complementing silicon-based platforms due to exceptionally high mod-
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ulation frequencies typical for these materials, generally in the GHz regime.!?® NLC and
chemically-tunable metasurfaces are more promising for display applications due to their
low-voltage operation, relatively low addressing speed, and comparatively low cost. More
application possibilities are summarized in Table 2 by considering the individual advantages
of each tuning mechanism. Interestingly, the apparent limitations of a given modulation
mechanism can be turned into significant advantages. For example, the extremely large op-
tical losses of GST material could be utilized for applications requiring fast programmable
amplitude modulation.

If current efforts on tunable metasurfaces concern mainly academic research, the con-
tinuously growing industrial interest for dynamic, ultracompact and integratable optical
components demands the quick laboratory-to-market transition. The synergy between dif-
ferent scientific and technological disciplines spanning physics, chemistry, nanotechnology,
electrical engineering and computer science is the key to speed-up the process for bringing
dynamic metasurfaces ready to market applications. CMOS (Complementary Metal Oxide
Semiconductor) technology, being the cornerstone for manufacturing micro and nanodevices,
is considered for mass production of dynamic metasurfaces, such as Lumotive example that
co-fabricate LC metasurfaces with Himax semiconductor specialist. ST microelectronics, a
world-leader for MEMS and PCM memory industrialization, could play a significant role
in the industrialization of PCM metasurfaces. Electrical tuning (which is clearly the most
promising and the most practical modulation technique) architectures remain complex re-
quiring pixel-by-pixel voltage application bridging sub-wavelength features with large scale
electronic driving board. Commercially available display drivers exploiting the similarity
with the highly mature LCD technology would be useful to speed up the market readiness
of LC actuated metasurfaces, but customization of the electronic architectures to enable in-
dividual control of the meta-atoms by field-programmable gate arrays (FPGA) is inevitable.
The development of advanced algorithms to program the designed optical functionalities in

real-time is still needed. These algorithms are of interest to perform dynamic post-fabrication
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optimization aiming at maximizing the performance of tunable metasurfaces. Post-process
optimization is generally not achievable with passive metasurface counterparts. In their
recent review, Tsilipakos et al.'%7 discuss the possibility of software-defined metasurface net-
works that enable intra-communication as well as interaction with the external environment

by user-friendly interfaced applications. Systems embedding one or several metasurfaces will

thus be considered in the future for various applications consistent with the terms IoT and

AoT.
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Table 2: Table comparing five selected tuning mechanisms considering their advantages,
bottlenecks, and highlighting examples of possible applications

Addressing not only fast but ultrafast light modulation, on the order of a fraction of
the optical frequency, offers new interesting academic perspectives in particular with the
emerging topic of space-time metasurfaces. Spatio-temporal control of electromagnetic waves
extends the realm of functionalities enabled by the conventional tuning mechanisms explicitly
discussed above In particular, breaking time-reversal symmetry might be interesting for the
realization of a new class of non-reciprocal optical systems. A discussion explaining the

physical mechanisms and solutions currently studied at the academic level, including the use

of bianisotropic metasurfaces is provided.
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In the introduction, we mentioned that the foundation of optical metasurfaces obey-
ing the generalized laws of reflection and refraction'? consists in modifying the tangential
momentum of light upon reflection and transmission. New degrees of freedom leading to
broader versions of these laws can be induced by considering the temporal dependency of

201 Space-gradient-only metasurfaces are restricted by Lorentz reci-

these phase gradients.
procity and are thus called reciprocal A system is defined as reciprocal when the
ratio of the received to the transmitted field is not changing as one exchanges
the transmitter and the receiver.?'*2% Usually, reciprocity is defined by symmetry in
the electromagnetic trajectory upon time-reversal. Time reversal symmetry is thus equiv-
alent to reciprocity when: (1) the trajectory corresponding to the original forward process
coincides with the time-reversed trajectory and (2) the absolute amplitude of the originally
transmitted field is equal to the amplitude of the received field upon time-reversal. For a
loss-(gain-)less system (1) and (2) both guarantee reciprocity and time reversal symmetry.
However, in a lossy system time-reversal symmetry is broken due to the violation of (2).
For instance, as light travels through a lossy metasurface, its amplitude decreases, and as it
travels back in a time-reversed scenario, it decreases even more but by the same percentage.
This metasurface is reciprocal because the ratio of the received to the transmitted field is
the same for forward and backward propagation directions (symmetry in terms of field ra-
tios), but the time-reversal symmetry is broken, because the absolute field amplitudes are
different (asymmetry in terms of absolute fields).?® Very good and comprehensive tutori-
als discussing in detail the different aspects of time-reversal symmetry breaking and other
notions concerning the reciprocity concept are available in the literature. 203207

Breaking reciprocity for electromagnetic waves would mean realizing components such
as diodes, optical isolators, and circulators, i.e. devices generally providing asymmetric
responses. 2% However, using a structurally asymmetric device wouldn’t be sufficient for

non-reciprocal devices since time-reversal symmetry should also be broken. The conventional

way to break time-reversal symmetry encompasses the employment of magnetic materials
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triggered by internal or external magnetic fields. However, these materials exhibit limited
applicability especially at optical frequencies stemming among others from their bulkiness,
losses, cost, and integration inconvenience. Magnetic-free approaches are therefore highly
desirable for opening the way for the demonstration of non-reciprocal components.

Non-linear metasurfaces have also been proposed as magnetic-free solutions to break
reciprocity.??? These materials present optical responses that are dependent on the applied
electric field intensity. In particular, the proportionality of the coefficients between the
polarization the non-linear field terms are the high-order susceptibility tensors leading, ac-
cording to their order, to prominent non-linear effects such as the Kerr effect, second (third)
harmonic generation - SHG (THG), etc. Non-linear metasurfaces require very high light
intensities that are not always desirable in practical applications due to inconvenient power
requirements.

During the last years, the focus for breaking time-reversal symmetry accompanied with
multiple-harmonic generation was concentrated around the temporal modulation of different
metasurface properties. One of the pioneering works introducing space-time metasurfaces
is that of Hadad et al.?!® To this end, several other efforts have been dedicated to the
conceptualization and the demonstration of time-varying metasurfaces.?''2'3 In practice,
controlling the metasurface functionalities in time is not an easy task especially when con-
sidering ultra-fast modulators. This can be achieved in the microwave regime for instance
by employing varactor and PIN (positive-intrinsic-negative) diodes. Just to mention some
interesting concepts and/or demonstrations, Zhang et al., proposed space-time-coding meta-
surfaces to isolate reflections in the space and the frequency domain, controlled by PIN
diode programmed by digital codes.?'* They experimentally verified non-reciprocity in the
frequency domain. Liu et al. suggested a time-varying Huygen’s metasurface for parametric
wave scattering at microwaves using varactor diodes as tunable elements. ?!> The authors sup-
ported their concept by experimental results and among others claimed that their idea could

be brought at optical frequencies by exploiting modulation mechanisms such as electro-optic
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and acousto-optic effects. Very recently, the concept of a non-reciprocal electromagnetic
isolator has been presented, supported by numerical results introducing a space-time coding
metasurface based on electronic rotational Doppler shifts.?!% In figure 8 we provide a sim-
plified illustrative example presenting wave-engineering capabilities achieved by space-only,
time-only, and space-time discontinuities. Figure 8a. presents the general wave-scattering
process of an incoming plane wave (I) EL(7,t) = Aeilkr=wt) — Leid(Ft) where A = |A] is the
amplitude and ¢(7, t) is the phase, when it encounters spatial, temporal and spatiotemporal
discontinuities in the optical density of a medium. The phase depends on both spatial and
temporal coordinates, where k = |IZ| is the wave number composed of a transverse momen-
tum k) = k, and w is the frequency. Particularly, as progressively illustrated in 8a. from the
top to the bottom, the incident wave impinges on a spatial, a temporal and a spatiotemporal
boundary separating two different optical media of refractive index n; and ny respectively. In
the space scenario, the boundary is placed at a particular position z, of the space coordinate
axis, where ny corresponds to z < z, and ny to z > z,. In such a case, the incident wave (rep-
resented by an orange arrow) will be partially reflected back in the medium n; (black arrow
- R holds for reflection) and partially refracted in the medium ny (purple arrow - T holds
for transmission), as described by Snell’s law. Crossing the spatial boundary, the beam will
not change its frequency due to energy conservation. However, the total momentum changes
to account for the refractive index change given the dispersion relation k = “n, where c is
the speed of light in vacuum. The momentum in the second medium is equal to ks = Z—ik,
where k is the incident wave number, while the reflected wave is propagating along -k. In the
temporal scenario, the refractive index changes from n; to n, at a particular moment in time
and for all the positions in space, which is equivalent to splitting two media with refractive
indices n; and ny at a temporal interface t,. As illustrated in 8a. middle panel for ¢t < ¢,
the refractive index is ny and for t > ¢, it is ny. A wave travelling in the ¢ < t, regime is an
earlier wave compared to the later waves occurring for ¢t > ¢,. In this scenario the momentum

carried from the light travelling forward in the medium ny (purple arrow) is conserved but
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the energy is not. The second panel of 8a. describes what is called ”"time refraction” and it
can be perceived as the temporal counterpart of the conventional Snell’s law leading to the
frequency shift of the refracted beam. A wave travelling later backward in time, imposing a
time reversed scenario where ¢ — —t holds for the time reflected wave (black arrow). Note
that the absolute value of the frequency change of the transmitted and the reflected waves in
the second medium (|wz| = w) is the same for both waves as it depends only on the optical
densities of the two media. In figure 8a. (middle), we denote the time reversed reflected (R)
wave with a negative sign in front of the frequency so as to indicate that the propagation
occurs in the later backward direction in time. The bottom panel in the 8a. corresponds to
the general case where a spatio-temporal boundary separates the two media n; and ns. A
wave crossing such a boundary will change both its frequency and momentum as indicated
by (k',w"). The two black arrows in figure 8a. bottom panel show that the reflected beam
can propagate either in the medium n; (dashed arrow) or in the medium ny (solid arrow)
depending on the velocity of the interface. Particularly, if the interface moves slower than
the speed of the light (sub-luminal case), the wave will be reflected inside the medium ny,
while it will be reflected inside the medium ns when the velocity exceeds ¢ (super-luminal
case). 206217

After introducing the different spatiotemporal boundaries, we could now discuss cases
of time modulated nanostructured interfaces, leading to Doppler-like frequency conversions,

201 Tet us consider

breaking both time reversal symmetry and reciprocity as introduced in.
the case of a metasurface that induces phase discontinuities on reflected and transmitted
fields. Here, we consider reflection only in an optical medium n for simplicity. These phase
discontinuities we are considering hereafter can be induced in space and/or in time over a
fixed spatial period along the x-direction with a uniform temporal modulation, i.e. consider-
ing only the same frequency modulation for all the elements of the period. For an obliquely
injected plane wave at the metasurface, ¢(7,t) is representing the spatial and the temporal
Op(7,t)

phase evolution. Its frequency can thus be written as w = —=== and its transverse wave
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vector along the x-direction as ky = (%)i. Spatiotemporal modulation adds an extra

tangential momentum Ak, = % and shifts the frequency of the incident wave by a factor

Aw = —%. Under such a consideration, the phase of the reflected wave can be expressed

in terms of its wave number and its frequency given by:

kpa = k1o + Aky = krsinfpry oy = krsinOr ;¢ + Ak, (1)

wr =wr +Aw =w+ Aw (2)

In the relationships (1)-(2) the subscripts I, R correspond to the incident and the reflected
wave respectively, while the notation t — +t shows that the time moves forward. Combining

equation (2) with the dispersion relation k£ = £n, we have:

kg = %(w + Aw) (3)
Due to (3), the relationship (1) brings the spatiotemporal version of the generalized law

of reflection, written as:

C

n(w+ Aw) Ak (4)

SMURt vyt = ————— S0 1¢
+ w4+ Aw *

Similarly, we derived the generalized space-time Snell’s law, leading to:
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nw Cc

———sinf — Ak, )
ns(w + Aw) S OLtt ns(w + Aw) (5)

sin 9T,t—>+t =

The subscript T" in (5) refers to the transmitted wave, while n and ns are the refractive
indices of the incident and the transmitted medium respectively.

Now we consider the reflection cases of space gradient and time modulated metasurfaces
independently.

Space-only modulated metasurface: for a pure space gradient (Ak, # 0) we substi-

tute Aw = 0 in (4). We get:

A
sin 0R,t—>+t = sin Qj’t_)_;_t + —Akz (6)
2mn

As expected, equation (6) describes the generalized law of reflection,!” where A is the
free-space wavelength. Now let us suppose that a wave is impinging on the space-only
gradient metasurface at an angle 0;;,_; = 0,4+, mimicking a time-reversed scenario where
t — —t, as in practice time cannot be reversed. In such a case, ¢(x) is constant in time and
Aw = 0. Substituting Aw = 0 in (4) and replacing 07, ,4; by the time reversed incident
angle 07—+ = Op 4+, we find that the reflected wave in the time reversed scenario leaves
the metasurface at an angle 0p;—,_; = 01,4, subtracting thus a tangential momentum Ak,
from the incident wave. To summarize, in the time-backward process, the reflected beam
from a spatially-only modulated interface reflects at the same angle as its conjugate (¢t — +t)
in the time-forward process, which is the definition of reciprocity. The process is illustrated
schematically in the top panels in 8b. and 8c. Particularly, in 8b., the process is represented
by horizontal wave number transitions in (k,,w) space for both t — 4+t and t — —t, resulting
from the energy conservation restriction for space-only modulated metaurfaces.

Time-only modulated metasurface: we call time-only modulated metasurface an
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Figure 8: a. Top to bottom panels illustrate the wave scattering process from a spatial, a
temporal or a spatiotemporal boundary separating two media of refractive indices n; and
no respectively. In all the panels I, R and T hold for the incident, the reflected and the
transmitted wave, represented then as orange, black and purple arrows respectively. The
incident wave has always a momentum k and a frequency equal to w. b-c. An example
showing a space-, a time-, and a space-time modulated reflective metasurface (from top
to bottom in both b. and c.). Particularly b. presents the frequency and the tangential
momentum transitions upon reflection for both forward (t — +t) and time-reversed (t — —t)
propagation. A space-gradient along x-direction is considered in 8b. top and bottom panel,
providing an extra tangential momentum Ak, > 0 for both ¢ — +¢ and ¢t — —¢, thus adding
(subtracting) Ak, upon forward (time reversed) propagation. The temporal modulation in
the middle and the bottom panel up-converts frequency for both ¢t — +t and t — —t cases.
The solid filled red arrow in 8b. top panel represents horizontal momentum transitions
without frequency change for space-gradient only. The gradient filled arrows in 8b. middle
and bottom panels show that the vertical and the oblique transitions for temporal and
spatiotemoporal modulation are accompanied with frequency shift without or with tangential
momentum change respectively. Fig. 8c. shows the t — +t and ¢ — —t trajectories of a wave
interacting with a spatially (top), a temporally (middle) and a spatiotemporally (bottom)
modulated reflective metasurface. The red, green and blue semicircles represent iso-frequency
curves corresponding to w, w + Aw, w + 2Aw respectively. The blue arrows in the top of the
figures indicate the later forward and the later time-reversed wave. Clearly, 8a. top (middle
and bottom) panel corresponds to (non-)reciprocal response.
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interface patterned with an array of homogeneous nanostructures that are all modulated
similarly in the time domain where Ak, = 0 and Aw # 0. Equation (4) requires studying
both time forward and time backward cases separately. First, we examine the time forward
scenario (t — +t) where the incident wave is impinging on the metasurface at an angle
01+ and it is reflected at angle 0z, calculated given the frequency shift (8c. middle

panel left) and given by:

. w .
SinOptsit = ———sinlr 4y 7
’ w+ Aw ’ (7)

Now let us suppose the time-reversed scenario (t — —t), with an incident wave impinging
on the metasurface at an angle 0;,,_;. As shown by the vertical transitions arrows in figure
8b. middle panel (left), in case of time-gradient, the metasurface is modulated so as to add an
extra frequency shift Aw also during the time-reversed process.?'* Such frequency conversions
are equivalent to Doppler shifts. Particularly, a Doppler shift can occur when we consider
either that the object is moving relatively to the source or similarly that it is stationary but
its refractive index varies in time. This frequency conversion is also consistent with energy

non-conservation, where a frequency shift is responsible for energy transfer AF = hAw. We

w
wt+Aw

w+Aw
wH2Aw’?

substitute in Eq. (7) with its time-reversed counterpart leading to a reflected

angle Op 4 # 074+ That is, the time modulated metasurface breaks reciprocity. To
conserve the initial transverse momentum £k, in the time-reversed case, the presence of the

frequency shift modifies the total momentum and the reflected beam direction is thus given

k”C

T(oT2A50)" The red, green, and blue semicircles in 8c. represent equally

by sinfp;_+ =
spaced frequency curves (isofrequencies) corresponding to frequency values of w, w+ Aw and
w + 2Aw respectively, to highlight the change on the length of the total momentum upon
temporal modulation. 2!

Space & Time modulated metasurface: for the general case of spatiotemporal mod-
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ulation, space and time variations of phase-discontinuities change both the frequency and
the tangential momentum of the reflected wave in the time forward scenario t — +t, as
illustrated in figure 8b. and 8c. bottom panels, providing more degrees of freedom in wave-
front engineering. One way to achieve spatiotemporal modulation would consist in driving
an homogeneous array at a given modulation frequency, making sure that each adjacent
pillar is driven with an incremental, but fixed, modulation phase so as to introduce a spatial
phase variation at a given time. The time-reversed process shows clearly that the spatio-
temporally modulated metasurface breaks reciprocity. The bottom panel in figure 8b. reveals
that oblique transitions are needed in (k,,w) space to change both the carrier frequency and
the wave trajectory in the time-reversed process, leading to sinfp;, ; = m Sin 05 414
Note that the angle in the time reversed case is not affected by the space gradient, simply
because time-reversal symmetry breaking responsible for non-reciprocity is due to the time

t.2%0 In case of fixed phase period and

modulation that changes normal momentum componen
uniform temporal modulation, the spatial variations of the phase discontinuities are thus not
affecting the time-reversed process but they can be utilized to address the beam to arbitrary
direction in the t — +t. In the examples provided in figures 8b. and c., non-reciprocal
response in the spatial domain requires incoming wave impinging on the metasurface at
oblique incidence. However, some cases discussing non-reciprocity upon normal incidence
on a time-modulated metasurfaces have been reported.?!®2! Finally, the most general case
which could consist in arbitrary temporal modulation of each nano-element taken indepen-
dently, i.e. not a fixed relative phase between adjacent elements, may provide essentially
unlimited wavefront engineering capabilities in both spatial and frequency domains.

Before closing this perspective section, we find it interesting to highlight the difference be-
tween metasurfaces which provide asymmetric trajectories as a comparison to metasurfaces
presenting non-reciprocal responses. An asymmetric metasurface is a device which deflects
light at two different output angles depending on the direction of illumination. This is the

case of any basic phase gradient metasurface disposed at an interface between two media,
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as it breaks parity-symmetry after inverting the spatial coordinate (z — —z). However,
achieving non-reciprocity requires asymmetry upon time reversal.?%> Metasurfaces featur-
ing bianisotropy are in general associated with asymmetric responses. These bianisotropic
metasurfaces are dictated by magnetoelectric coupling holding for the excitation of mag-
netic (electric) dipole moment by electric (magnetic) field leading to anisotropic responses.
A solid review highlighting the physics and some interesting aspects of the bianisotropic
metasurfaces can be found in.??* A very characteristic class of bianisotropic metasurfaces
encompasses the so-called ”chiral” ones. While we often read about planar chiral structures,
chirality can only be achieved in the three-dimensional space.??! Therefore, chiral metasur-
faces were mainly proposed as cascaded systems. As an example, we report on a bianisotropic
metasurface based on superimposed gold sheets that have demonstrated asymmetric trans-
mission through full polarization control of circularly polarized light. In that case, a Faraday
rotation-like behavior has been witnessed, through a magnetic-free approach. 2?2 Chiral build-
ing blocks belong to the so-called reciprocal bianisotropic meta-atoms since no external bias
is employed. Interestingly, the bianisotropic coupling has been proposed for engineering
non-reciprocal effects relying on the action of external stimuli. Very representative classes
of non-reciprocal bianisotropic metasurfaces are the ”Tellegen” and the so-called "moving”
metasurfaces, generally comprising transitor-loaded structures. Radi et al.223 proposed a
magnet-free Tellegen metasurface that scatters the light asymmetrically when the device is
illuminated from different sides.

"Moving” bianisotropic metasurfaces have been also introduced for achieving non-reciprocity.
When we are talking about these "moving” metasurfaces we do not mean that our meta-
surface is in motion. In practice, such metasurfaces may be engineered to incorporate bian-
isotropy that mimics the behavior of a moving medium.??3??* In their recent publication,
Rad’i and Alu explained that stationary inclusions can be engineered to electromagneti-
cally move towards or against the observer depending on the direction of the observation.?2

They conceptualized a metagrating designed to perform electromagnetic circulation between
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three channels. Further perspectives in tunable metasurface-based non-reciprocal devices are
expected through the combination of bianisotropy and time-only modulation as has been re-
cently proposed by Wang et al.?26 Such combination may serve at increasing the number of
degrees of freedom in designing active non-reciprocal devices by leveraging on bianisotropic
properties. 22

We conclude that the important progress and the advances in the tuning mechanisms re-
ported in this review are promising for fueling the engines to take off the industrial develop-
ment of metasurfaces. About one decade ago, passive metasurfaces promised and succeeded
in revolutionizing our ability to engineer electromagnetic waves, current tunable metasur-
faces are bound to play a leading role in the industrialization of disruptive photonic systems.
Space & /or time modulation with metasurfaces still have to address several challenges and
difficulties. Notably, dedicated research efforts are needed to bring the architectures at opti-
cal frequencies, to better integrate and design the electronic drivers, to achieve high efficiency
and high modulation performances through optimal design and processes, to develop sophis-
ticated software, and finally to package complex and high density of electronic circuitry on a
chip-scale system. Additionally, benchmarking, device testing in real operational conditions
and design optimization are also required to demonstrate the reliability of the modulators
for applications in AR/VR, LiDARs, and communications. Beyond the huge industrial in-
terest, there is still a lot of space for fundamental research to both tackle existing bottlenecks
as well as to foster conceptualization of novel physical phenomena. Particularly, the unex-
plored field of time-modulated non-reciprocal metasurfaces at optical frequencies is expected
to grow significantly in the coming years, offering new application perspectives. Finally,
besides the fascinating physical effects and their potential implementation in new optical
architectures, simple versions of time-modulated metasurfaces will be utilized to adapt and
adjust the optical response of interfaces to operate at various on-demand wavelengths. The
road that leads to the realization of an ultimate ultrafast and ultrathin non-reciprocal optical

components is certainly challenging but the perspectives of innovation along the road are
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extremely exciting. Various approaches considered in this manuscript have the potential to
impact the field of photonics in both academic and industrial sectors, offering researchers

working in this area an unlimited source of inspiration and innovations.
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