Volume 4
Number 1
7 January 2023
Pages 1-308

Materials
Advances

rsc.li/materials-advances

EEETTETs
&0 0 0 Q 0 Q000d
€ € S Suuuw

ISSN 2633-5409

e REVIEW ARTICLE
ROYAL SOC' ETY Dimitrios C. Zografopoulos and Odysseas Tsilipakos
“ O F CH EMIST RY Recent advances in strongly resonant and gradient
all-dielectric metasurfaces



Open Access Article. Published on 11 November 2022. Downloaded on 12/5/2025 12:59:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online
View Journal | View Issue

REVIEW

Recent advances in strongly resonant and

\'.) Check for updates‘
gradient all-dielectric metasurfaces

Cite this: Mater. Adv., 2023,

4,11 ) xbc

Dimitrios C. Zografopoulos (2 *® and Odysseas Tsilipakos

All-dielectric metasurfaces have been intensively researched as a low-loss, flat-optics platform for the
advanced manipulation of electromagnetic wave propagation. Among the numerous metasurface-
enabled functionalities, particular focus has been recently placed on the engineering of components
with an extremely narrowband response, stemming from so-called bound states in the continuum,
which can boost the performance of, among others, non-linear, sensing, or lasing devices thanks to the
enhanced light—-matter interaction and strong field enhancement. On the other extreme in terms of their
operating bandwidth, spatially modulated gradient metasurfaces have opened the path towards ultra-
broadband, achromatic, flat components, which are key to applications such as imaging, holography,
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and the processing of ultra-short pulses. In this work, we provide a critical overview of recent
developments in both fields, highlighting the underlying physical concepts, reporting their experimental
DOI: 10.1039/d2ma00910b demonstration in a broad range of applications with unprecedented performance, and providing a future

outlook towards metasurfaces with extreme spectral responses as the enabling element in emerging
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1 Introduction

Metasurfaces, the two dimensional versions of metamaterials,’
have been systematically researched over the last 15 years. With
the term ‘“metasurfaces” we broadly refer to thin artificial
materials comprised of subwavelength building blocks, termed
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meta-atoms.>?

By designing the constituent meta-atoms
(geometry and material composition), these sheet materials
can inherit interesting and often exotic electromagnetic proper-
ties, allowing strong control to be exerted over incident radia-
tion despite their thin nature. Starting from simple uniform
structures that are only electrically polarizable, research on
metasurfaces has come a long way to include structures with
a purposeful spatial modulation, surfaces that exhibit both
electric and (artificial) magnetic polarizability, and structures
that comprise multiple meta-atoms and/or multiple resonances
within the unit cells, to name but a few. These developments
have allowed for the demonstration of metasurfaces that can
offer control over practically every aspect of the electromagnetic
field (amplitude, phase, polarization, wavefront, and frequency
content).*™®

Recently, metasurfaces have been pushed to the extreme in
search of enhanced performance and new application regimes.
The emergence of metasurfaces supporting bound states in the
continuum (BIC)” ™ has provided a pathway towards achieving a
strongly resonant response and an ultra-narrow temporal band-
width. BIC metasurfaces can offer extreme frequency selectivity
and the ability to profoundly enhance the local fields and
boost light-matter interaction. Closely related terms are those
of trapped, quasi-dark, and broken-symmetry resonances.
On the other extreme as regards their operating bandwidth,
metasurfaces with a broadband, achromatic response can
accommodate ultra-short pulses/wavepackets and enable the
realization of optical components that retain their functionality
over ultra-wide bands (e.g metalenses with a constant focal
length and minimal chromatic aberrations over the entire
visible spectrum). In this review, we document such advances
in recent research on metasurfaces. We base the discussion on
two overarching functionalities that have implications in a very
broad range of applications. More specifically, we first report
on sharply resonant metasurfaces that can have a transforma-
tional impact in biosensing, nonlinear applications, and nano-
lasers. We then focus on gradient (i.e., spatially modulated)
metasurfaces for wavefront manipulation'®'" (e.g., beam
steering/focusing) that can offer significant technological
advantages in the fields of communications, imaging, micro-
scopy and holography. Throughout this review, we focus on
all-dielectric implementations of metasurfaces, which, espe-
cially at higher frequencies (infrared and optical), can be quite
a favorable option over metallic/plasmonic counterparts due to
reduced resistive losses.

The paper is organized into two parts. Section 2 addresses
the recent advances in BIC all-dielectric metasurfaces, includ-
ing the challenges towards obtaining high quality factors
(Section 2.1), and their applications in nonlinear phenomena
(Section 2.2), lasing structures (Section 2.3), biosensing (Sec-
tion 2.4), and other wave-manipulating static (Section 2.5) or
tunable (Section 2.6) systems. Section 3 addresses the recent
advances in gradient all-dielectric metasurfaces, including
metagratings (Section 3.2), achromatic metasurfaces (Section
3.3), and tunable/reconfigurable structures (Section 3.4). The
conclusion and outlook is provided in Section 4.

12 | Mater. Adv, 2023, 4,11-34

View Article Online

Materials Advances

2 Bound states in the continuum
in all-dielectric metasurfaces

BICs are discrete, non-radiative states that lie within, but are
orthogonal to the radiation continuum. They were initially
demonstrated in the context of quantum mechanics, but it
was later shown that they regard general wave phenomena
observed also in, for instance, acoustics, hydrodynamics, and
electromagnetics. Despite the fact that they are localized in
space, such resonances are non-decaying (infinite lifetime),
which makes them particularly interesting both from a funda-
mental physics and an applications standpoint.

BICs are generally classified into two types: (i) symmetry-
protected (SP-BICs) and (ii) accidental (A-BICs). SP-BICs occur
at high-symmetry points of the momentum space, the I" point
being the most investigated as it corresponds to normal inci-
dence on a planar structure, such as a periodic metasurface or a
photonic crystal slab. Depending on the symmetry of the
structure, SP-BICs are eigenmodes located above the light cone
and exhibit a different symmetry compared to the impinging
wave, hence they cannot be excited and thus remain ‘“‘dark”.
In order for them to manifest in what is termed as quasi-BICs
(gBICs), the symmetry system has to be reduced, typically
by introducing a (small) degree of geometrical asymmetry;
changing the material properties is also an option. In this
context, group theoretical analysis can provide clear insight
into the modal symmetries, the required symmetry reduction,
and the polarization-selective rules for qBIC excitation.">

Fig. 1(a) shows a metasurface composed of ellipsoid nano-
particles, which has been extensively investigated as a platform
for SP-BIC based applications.® By tilting the axes of adjacent
particles, the BIC mode becomes accessible as a qBIC with
increasing linewidth as the asymmetry is increased. In fact, the
radiative Q-factor of the system follows an inverse square law Q;
oc a2, with o being the degree of asymmetry, a property which
characterizes all SP-BIC metasurfaces in the non-diffracting,
low-asymmetry regime. This provides a clear design rule in
order to match the target linewidth, although non-radiative
losses complicate the picture, as will be discussed in the next
section. SP-BICs are also accessible for k-vectors different
from their symmetry point, usually for an obliquely incident
planewave. Fig. 1(b) outlines such a case: a vertically oriented
collective magnetic dipole resonance cannot radiate in the
plane of the infinite metasurface for normal incidence, but
becomes accessible for oblique incidence, which breaks the
symmetry of the impinging planewave due to the presence of an
in-plane component of the k-vector.'”

A-BICs occur for particular geometrical configurations that
lead to the mutual cancellation of all out-coupling channels,
such as in Fabry-Perot systems or in so-called resonance-trapped
systems (Friedrich-Wintgen), where avoided-resonance/destructive-
interference among different bound or leaky radiation channels
lead to zero coupling in the far field. They can be observed
at arbitrary in-plane wavevectors, typically corresponding to
oblique incidence,"®" although A-BICs have been demonstrated
also at the I'-point.***" Stemming from different origins, their

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) A typical SP-gBIC dielectric metasurface composed of ellipsoid nanoparticles where symmetry breaking is controlled by tilting the particle long

axis. Reprinted with permission from ref. 16. Copyright 2018 by the American Physical Society. (b) Experimental demonstration of a metasurface
resonating with a perpendicular magnetic dipole gBIC mode in Si nanodisks. Adapted with permission from ref. 17. Copyright 2020, American Chemical
Society. (c) Angle-resolved excitation of a SP-gBIC in a dielectric metasurface and an experimental demonstrator at microwave frequencies.>®

(d) Q-factors above 20 000 measured in a Si metasurface with symmetry-broken nanocuboids.?°

(e) Robust gBIC modes with low dispersion stemming

from the merging of a SP-BIC mode with several A-BIC modes with opposite topological charge. Adapted with permission from ref. 35. Copyright 2019,
Nature Publishing Group. (f) Enhancing of a merging-BIC with lateral dielectric mirrors with measured Q > 10° for mini-BIC lasing with a very high Purcell

factor. Adapted with permission from ref. 57. Copyright 2022, Elsevier.

description is not as straightforward as SP-BIC, although
analytical tools, such as the coupled electric/magnetic dipole
model, have been developed to ad hoc design dielectric meta-
surfaces supporting polarization-independent A-BICs in the
(w,k) space.”” As a general rule, A-BICs are less dispersive
and more robust in the face of geometrical perturbations
compared with SP-BICs.

The high Q-factors of gBIC resonances are associated with
very strong near-field confinement and intense light-matter
interaction, which makes them appealing for numerous appli-
cations. Their resonant near-field field profile can be categor-
ized in terms of Mie multipole resonances, as investigated by
means of appropriate decomposition methods.>*** A plethora
of resonant field profiles has been demonstrated in
gBIC dielectric metasurfaces, including more particular wave
configurations such as toroidal dipole modes,”® antiferro-
magnetic,”®*” and antitoroidal supermodes.”* In terms of
light-matter interaction, the gBIC resonant field can be mainly
concentrated in the high-index dielectric meta-atoms, favoring
applications such as higher harmonic generation from semi-
conductor particles,”®?® at the interface, enabling bio-
sensing and integration with 2D materials,®® or in slotted
regions™>' or the overlayer via delocalized modes for, e.g.,
refractometry.****

© 2023 The Author(s). Published by the Royal Society of Chemistry

2.1 Quest for high quality factors

The inverse square law provides a handy tool for the accurate
engineering of the radiation losses in a SP-BIC system. Despite
the fact that they do not follow analytical rules, geometry-
tuning can similarly control Q; in A-BIC systems. Nevertheless,
the linewidth and Q-factor of the gBIC resonance is determined
by both radiative and non-radiative losses according to Q' =
Q: ' + Qur '.** On top of that, other factors, e.g., the finite
metasurface size, may contribute to resonance broadening and
modify the final response of the system. In what follows, the
effect of these factors is briefly discussed.

Absorption losses. The choice of suitable low-loss dielectric
materials is fundamental in order to experimentally demon-
strate high Q-factors in qBIC metasurfaces, as it is challenging
to combine a high refractive index with negligible absorption.
Si*%°7%% and III-IV semiconductors (e.g., GaAs,***' GaP,*?
InGaAsP,”® and GaAs/AlGaAs®®) have been employed in the
near-IR spectrum thanks to their very low absorption losses.
Moving towards the visible at ~800 nm, Si can still be
used'”?****°  pefore moving to SiN, platforms®™*® or
Ti0,**"° inside the visible spectrum. Towards the opposite side
of the spectrum, hydrogenated amorphous Si has been demon-
strated as a suitable material in a mid-IR qBIC metasurface,*”
whereas high-resistivity Si (HR-Si)'*°*°® is the most suitable

Mater. Adv.,, 2023, 4,11-34 | 13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00910b

Open Access Article. Published on 11 November 2022. Downloaded on 12/5/2025 12:59:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

choice at terahertz (THz) frequencies thanks to its very low
carrier concentration and, hence, low absorption losses, and
also owing to the overall lack of transparent materials at THz.
High-permittivity ceramic or polymer-ceramic composites pro-
vide a readily available solution for the demonstration of qBIC
metasurface concepts at microwave frequencies,'??%3%3%3
although absorption losses stemming from the substrate can
contribute considerably to resonance quenching.'*>°

The effective loss coefficient of a dielectric material can be
increased by adding scattering losses stemming from surface
roughness, which inevitably results from the etching process to
define the metasurface elements. The effect of absorption/
scattering losses can be taken into account in simulations,
estimating the saturation of the Q-factor in the low-asymmetry
limit, where Q, > Q. When losses are the dominant quench-
ing factor, the experimental spectra can closely reproduce the
Q-factor saturation trend, with maximum achievable Q-factor
values not higher than 1000. Two such examples in the near-
IR' and microwave® spectra are shown in Fig. 1(b) and (c),
respectively.

Fabrication imperfections. Standard micro- and nano-
fabrication techniques employed for the fabrication of gBIC
metasurfaces provide a finite resolution in terms of minimum
geometrical features and positioning. This inevitably leads to
variations in the metasurface geometrical parameters over its
surface, which introduce coupling terms that lead to hybridiza-
tion among modes at different k points. As a consequence,
various radiation channels become accessible to the metasur-
face resonance leading to spectral broadening.>>>® Statistical
methods can be used to quantify this effect, showing that in the
case of typical qBIC metasurfaces operating in the near-IR
standard deviations ¢ in the range of a few nm already lead
to significant resonance broadening following an overall trend
Q(0) ~ 1/, with the tilted nanoellipsoid metasurface providing
higher robustness among three mostly used gBIC metasurface
designs.®® Given the fact that current electron-beam litho-
graphic (EBL) processes cannot easily guarantee features smaller
than a few tens of nm, the fabrication quality is of paramount
important for the achievement of very high-Q samples working
in the visible or IR spectrum. Symmetry-breaking by displace-
ment of the dielectric elements’ position and not by altering
their shape could ease the fabrication tolerance, as the position-
ing in EBL raster systems can be better controlled than the
beamspot size.””*

Finite metasurface size. The Fourier-transform of a BIC field
profile (k-space mode profile) in the case of an infinite periodic
metasurface is a delta function at a single wavevector kgc.*
However, in the realistic case of a metasurface that laterally
extends at a finite length L, the continuum of Bloch modes is
discretized.®™®> The BIC resonant mode calculated at a finite
metasurface is thus perturbed and acquires a wavevector
spread Ak = 2m/L.*> Due to the qBIC mode dispersion, each
k-value corresponds to a different resonant wavelength, thus
leading to spectral broadening. Full-wave simulations can
quantify the finite-size effect up to the point of available
computational resources, as demonstrated in the calculated

14 | Mater. Adv, 2023, 4, 11-34
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spectra and Q-factors for an increasing metasurface size shown
in Fig. 1(d).**

Beam angular spread. In terms of experimental demon-
stration, gBIC metasurfaces are illuminated with either focused
or collimated beams, which contain a small, but finite, angular
spread, thus deviating from the ideal condition of plane-wave
excitation. The angular spread translates respectively in a
wavevector spread Ak that, similarly to the case of the finite
size effect, leads to spectral broadening. In the case of
parabolic-like dispersion for the qBIC mode, which is the most
common case, the maximum observable Q-factor is limited
according to

Dres
<
0 (1)
1 dzwres 12 . . . .
where b = EW"‘:O' The dispersion analysis, coupled with

simulations considering the absorption losses of the metasur-
face constituent materials and the statistical analysis of the
metasurface stochastic imperfections may provide an estimate
on the limiting factor in terms of resonance broadening in a
given gBIC metasurface.

According to the above discussion, material quality and
fabrication precision are, as expected, decisive factors in the
fabrication of qBIC metasurfaces with ultrasharp resonances.
However, optimizing the metasurface design in terms of mini-
mizing the dispersion is equally important, as resonance broad-
ening factors, such as finite size, beam angular content and
geometrical variations all translate in wavevector spread.
A parametric study of the metasurface geometry, e.g. pitch,
dielectric layer thickness, resonator dimensions, can minimize
the gBIC mode dispersion (quantified by the term b in eqn (1))
without altering the symmetry of the mode.">*

SP-BICs are generally more dispersive than A-BICs, which
show higher robustness in small variations of the optimal
geometry or the angle of incidence.>*®* The presence of rela-
tively closely spaced BICs can also easily reduce the dispersion
by maintaining high Q-factor values in a significant part of the
k-space. Engineering multiple BIC in metasurfaces is thus
another tool toward ultrahigh Q-factors. One such approach
has been recently demonstrated to provide the highest up-to-
date measured Q-factor. The design platform is the photonic
crystal slab structure shown in Fig. 1(e), which is shown to
support 9 BIC modes: a SP-BIC at the I" point and eight A-BICs
at off-I'" points that create a constellation in the k-vector space.>”
As generally proven for this kind of systems, these BIC modes
are topologically protected; each BIC appears as a topological
vortex in the corresponding far-field polarization plot.®® By fine-
tuning the pitch of the structure, the eight A-BIC modes shift
towards the SP-BIC in the k-space before being mutually
annihilated due to opposite topological charge. However, in
the regime where the 9 BIC modes are closely spaced they
merge into a single BIC mode whose Q-factor depends on the
wavevector as Q oc k™ ° instead of the quadratic law Q oc k> for
the isolated SP-BIC. This improvement allowed for the experi-
mental demonstration of value of Q = 4.9 x 10°, which is more

© 2023 The Author(s). Published by the Royal Society of Chemistry
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than one order of magnitude higher than the previous
record-high Q = 18511 value measured in a single SP-qBIC
metasurface.”

Based on the same concept, a similar system was designed
for light trapping in all three dimensions, by adding a lateral
dielectric mirror that blocks transverse leakage, whereas verti-
cal radiation is suppressed by the merging-BIC effect, as shown
in Fig. 1(f).”” A Q-factor of 1.09 x 10° with a modal volume as
low as V = 17.74(2o/n)’ = 3.56 um® was demonstrated at telecom
near-IR wavelengths in what was termed as a mini-BIC mode,
by optimizing the cavity design also in terms of its length and
modal quantum number.

2.2 Non-linear applications

Dielectric metasurfaces with strong qBIC resonances provide a
natural platform for the enhancement of non-linear applica-
tions at the subwavelength scale. Thanks to their compact
thickness, they relax or eliminate the need for phase matching
among the beams involved in optical mixing nonlinear pro-
cesses while they provide the required large near-field enhance-
ment factors. Moreover, engineering of the metasurface
resonators and lattice provides extra degrees of freedom in
terms of controlling the directionality of the non-linearly gen-
erated light beams. Finally, through current nanofabrication
techniques, gBIC metasurfaces can be integrated with
advanced materials, such as 2D transition metal dichalcogen-
ides (TMD), and boost the performance of emerging devices
based on 2D nonlinear optics.

The precise control of the radiative losses offered by qBIC
metasurfaces is crucial to maximize the efficiency of nonlinear
effects. On one hand, geometrical tuning of Q, allows the
critical coupling (CC) condition Q; = Q, to be achieved, which
ensures maximum energy coupled in the resonators and hence
local field enhancement.>®3*%” On the other hand, the line-
width of the gBIC resonance can be further matched to the
spectral content of the pump in pulsed operation, which is the
most common case in order to achieve high pump intensity.>

Third harmonic generation (THG) has been widely demon-
strated in Si gBIC metasurfaces with very high conversion
efficiencies. Operating at CC, THG with an efficiency
n = Ps3,/P, = 10" °® for an average pump power P, = 130 mW
was measured in a metasurface with asymmetric Si bars.>®
A similar efficiency, albeit at a much lower average pump power
of 3.2 mW, was demonstrated in a broken-symmetry nano-
cuboid Si metasurface with very high Q-factor (Q ~ 9000) with a
matched linewidth to the employed 5 ps pulsed pump laser.*
Xu et al.®® showed THG in a metasurface with symmetry-broken
Si nanodisks supporting a qBIC magnetic dipole, achieving an
efficiency in the order of 10~ for P, = 60 mW. The THG
experienced a 500-fold increase with respect to the reference
symmetric nanodisk metasurface. In addition, dynamic non-
linear image tuning was shown by controlling the polarization
of the wavelength of the pump beam. Yang et al.®® explored
recently an alternative way of exciting qBIC in a symmetric
metasurface of Si nanopillars, by introducing a reflecting
mirror below the metasurface. The evolution from BIC to qBIC

© 2023 The Author(s). Published by the Royal Society of Chemistry
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was controlled by the dielectric spacer thickness and the size of
the nanopillars, thus easing the fabrication tolerance. A con-
version efficiency 5 = 1.8 x 10~ ° for P,, = 5.3 mW was achieved.

In THG experiments it is typically observed that the cubic
law P, vs. P, saturates at large pump intensities. This is due to
laser pulse self-action effects, like ultrafast two-photon absorp-
tion carrier generation in Si and nonlinear refraction that
changes the resonant wavelength, linewidth, and the power
dependence of the THG efficiency.”® As a consequence, the
conversion efficiency can be reduced”’ and this is a factor that
needs to be taken into account in the design. The effect is
stronger for higher harmonic generation (HHG), as experimen-
tally studied in a mid-IR qBIC asymmetric Si nanobar metasur-
face operating at CC for generation up to the 11th harmonic,”*
where the generated plasma at high intensities shifted both the
resonant wavelength and Q,y,, thus changing the CC conditions.
Despite that, this work demonstrated the potential of gBIC
metasurfaces for emerging applications, such as solid-state
attosecond spectroscopy and novel extreme UV sources.

Apart from enhancing the efficiency of the THG process, the
extensive degrees of freedom in terms of designing a metasur-
face allow for additional functionalities. Through appropriate
design of the asymmetric bars in a Si gBIC metasurface so
that the resonance is lightspin-dependent, highly efficient THG
with large circular dichroism was theoretically demonstrated.”
Moreover, although metasurfaces operate in the non-diffractive
regime at the fundamental frequency, the THG wave will be
diffracted by the metasurface periodic lattice if the pitch does
not remain subwavelength at the 3w frequency (note that, for
instance, graphene plasmons with a very short propagation
wavelength can help avoid this, if so desired’*). Thus, the
diffraction efficiency/directionality of the emitted THG wave
can be controlled, e.g., by engineering the hybridization
between Mie and qBIC modes as recently demonstrated.®® In
particular, by switching the angle of incidence of the pump
laser beam the distribution of the THG wave among the various
diffraction orders is significantly modified, as shown in
Fig. 2(a). Finally, a dual-band, gBIC Si metasurface was theore-
tically proposed for polarization-sensitive, efficient third- and
fifth-harmonic generation, the latter by a direct or cascaded,
through degenerate four-wave mixing (DFWM), process.”” Effi-
cient DFWM has also been recently demonstrated in a gBIC Si
dimer-hole membrane metasurface with pump and signal
wavelengths (peak intensity) at 840 nm (I, = 0.33 GW cm™?)
and 1565 nm (I, = 0.17 GW cm?), respectively.”® The meta-
surface supported two gBIC resonances at the pump and signal
wavelengths, yielding a conversion efficiency npwm = Prwm/Ps =
0.76 x 10°°.

Being centrosymmetric, Si is not suitable for second harmo-
nic generation (SHG), even though SHG can be exceptionally
observed in gBIC Si metasurfaces, stemming from symmetry-
breaking-induced surface nonlinearity.>® Instead, SHG has
been intensely investigated in III-V semiconductor gBIC meta-
surfaces. A proof-of-concept experimental demonstration
employed a qBIC metasurface composed of GaAs/AlGaAs/AlGaO
asymmetric cuboids and achieved a SHG efficiency 6 x 10° or

Mater. Adv,, 2023, 4,11-34 | 15
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(a) Nonlinear wavefront control through third harmonic generation in gBIC Si metasurfaces. Adapted with permission from ref. 66. Copyright

2021 American Chemical Society. (b) GaP metasurface supporting gBIC resonances for enhanced continuous-wave second harmonic generation.
Adapted with permission from ref. 42. Copyright 2020 American Chemical Society. (c) Strong light-matter interaction in WS, monolayers coupled with
gBIC resonances for enhanced second harmonic generation. Adapted with permission from ref. 30. Copyright 2020 American Chemical Society.
(d) Low-threshold, directional lasing from organic dye coatings on a TiO, metasurface supporting qBIC resonances in the visible range. Adapted with
permission from ref. 50. Copyright 2021, Wiley-VCH. (e) Silicon nitride metasurfaces with lattice resonant gBIC for low-threshold lasing from rhodamine
6G as the gain material. Reprinted with permission from ref. 48. Copyright 2021, Wiley-VCH.

1000-fold increase with respect to a similar metasurface with a
bright magnetic dipole resonance. The 11 nm linewidth of the
130 fs pump laser pulses was not matched to the gBIC reso-
nance linewidth of 2 nm, which decreased the efficiency of the
process. Anthur et al.*> employed a GaP tilted ellipsoid gBIC
metasurface, measuring a high efficiency of 4 x 107> at a low
pump intensity of 10 MW cm ™ ? in pulsed operation, as well as
an efficiency of 2 x 1077 under a continuous-wave (CW)
intensity of 1 kW cm™?, reaching a SHG signal power around
70 nW for 360 mW of input pump power. Fig. 2(b) shows a SEM
photo of the fabricated metasurface and the progressive
enhancement of SHG for smaller tilt angles of the ellipsoids,
which lead to higher Q-factors of the qBIC resonance. SHG was
also demonstrated in a GaP-on-sapphire asymmetric bar qBIC
metasurface with an experimental Q~ 100.””

Theoretically, much higher SHG efficiencies are predicted,
as in the case of a proposed LiNbO; tilted ellipsoid gBIC
metasurface assuming the realistic value of Q ~ 8 x 10*, for
which a 4.9 x 107 ° efficiency at I, = 3.3 kW cm > was
calculated.”® Metasurface engineering can also provide addi-
tional functionalities; Mobini et al.”® theoretically proposed a
bianisotropic qBIC metasurface where the asymmetry was intro-
duced by partially etching holes in AlGaAs nanodisks. This
generates a mismatch in the multipole distribution of the
resonator fields and phase profile between backward and for-
ward illumination, which leads to around four order of magni-
tude ratio of the SHG signal power for opposite illumination.

16 | Mater. Adv, 2023, 4, 11-34

Although Si metasurfaces are not suitable for SHG, they can
be used as the tool to provide local field enhancement and
boost the SHG efficiency in adjacent 2D sheets of TMD materials.
To maximize this effect, the near-field profile should provide
adequate overlap with the TMD layer, namely strong enhance-
ment of the in-plane electric field components at the meta-
surface/TMD interface. Various experimental works have suc-
cessfully demonstrated this potential. Lochner et al.*®
strated an SHG efficiency above 10~° for pump power in the
range of a few mW in a gBIC Si metasurface coupled with a
monolayer of MoS,. The SHG signal was enhanced 35 times
with respect to a non-patterned Si slab of the same thickness.
Higher metasurface-induced enhancement was shown for an
asymmetric bar gBIC metasurface coupled with a WS, mono-
layer (1140 times).*° Fig. 2(c) shows the structure and the strong
field confinement of the gBIC resonant mode at the Si cuboid/
WS, flake interface, which enhances the SHG efficiency. Finally,
a 9400-fold improvement was demonstrated in a strongly
gBIC resonant (Q > 8000) asymmetric Si cuboid metasurface
coupled with a few layer GaSe.>”

HHG has been thus far the main, but not single, focus in
gBIC metasurface-enhanced nonlinear optics. In a recent
experimental work, Hu et al® demonstrated gBIC-induced
17-fold enhancement of broadband THz generation in a
LiNbO; on top of which a metasurface of symmetry-broken
silica cuboids was patterned. This approach exploits the
excellent non-linear properties of LiNbO; while avoiding its

demon-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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non-trivial etching by patterning the metasurface in an addi-
tional low-index dielectric layer. The intensity of the THz signal
was comparable to thin standard ZnTe emitters without limita-
tion on the pump wavelength and it was successfully applied to
conduct THz time-domain spectroscopic measurements.

2.3 Light emission and lasing

The subwavelength resonator dimensions and the high
Q-factors of gBIC dielectric metasurfaces also make them ideal
candidates for light emission platforms, as the low mode
volume/strong resonances lead to a high Purcell factor.
Although these features are shared by nanolasers based on
single nanoresonators, in the latter case the low emission
volume, output power, and nondirectional emission limit their
application. In contrast, qBIC metasurfaces offer a scalably
high emission volume and, by appropriate engineering, highly
directional radiation.

The enhancement of light emission in qBIC metasurfaces
can be readily demonstrated in the context of photolumines-
cence (PL) measurements. Yuan et al.®' studied an embedded
with Ge quantum dots (QD) Si-on-insulator (SOI) metasurface
with slightly asymmetric holes, pumped by a diode laser at
532 nm. A 1000-fold PL enhancement with respect to a non-
patterned reference sample was observed, stemming from the
near-field coupling of individual resonator oscillations in
the metasurface. The emitted light inherited the polarization-
properties of the gBIC modes, thus highlighting the connection
between the gBIC mode properties and the far-field emitted
radiation. A similar level of PL enhancement was demonstrated
in a Si metasurface with symmetry-broken nanorods.*® The
spontaneous emission from embedded Ge QDs was enhanced
and outcoupled by the gBIC effect showing a narrow linewidth,
up to Q = 1946 among the various qBIC modes, and directional
emission. Again, it was shown that by controlling the position
of the defect hole in the nanorods, which may lead to gBIC
mode overlap, the emission pattern can be adjusted. Emission
pattern control was also demonstrated through dispersion
engineering in a GaAs metasurface with symmetry-broken
nanocuboids and a single layer of epitaxially grown InAs QDs.
The PL emission featured a linewidth of 3 nm and its bright-
ness was enhanced by more than two orders of magnitude with
respect to the nonpatterned reference, whereas the presence
of the metasurface also significantly reduced the PL far-field
divergence.?” In particular, the emission pattern depended
strongly on the qBIC modal dispersion, with flat dispersion
leading to intense spot-like with parabolic-type to ring-shaped
radiation. In a more fundamental from the physics standpoint
experiment, qBIC symmetry-broken metasurfaces were shown
to strongly enhance the radiative recombination and thus PL of
G-centers in crystalline Si, achieving a ~40 times PL enhance-
ment with zero threshold at cryogenic temperatures.®®

In parallel, significant effort has been directed to the devel-
opment of BIC lasers, as they represent versatile beam sources
key to numerous applications, such as optical trapping, quan-
tum computing, near-field spectroscopy and sensing, and
topological photonics.®* The first optically pumped BIC laser

© 2023 The Author(s). Published by the Royal Society of Chemistry
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operating at room temperature was demonstrated in 2017,
using a suspended membrane of InGaAsP multiple QD sup-
porting a robust A-BIC inside the gain spectrum.*’ By employing
a 12 ns pulsed laser pump at 1064 nm, lasing was observed at
near-IR telecom wavelengths with a threshold power (power
density) of 56 pW (140 mW mm ™ >) and down to a metasurface
size of only 8 x 8 unit cells. A proof-of-concept directional BIC
laser was shortly after investigated based on a GaAs nanopillar
array on a fused SiO, substrate embedded in a spin-on-glass,
working at 77° K to avoid surface recombination in GaAs, which
severely limits its gain at room temperature.*” The GaAs nano-
pillar was symmetric and resonating with a vertical dipole
inhibiting in-plane radiation. To open a radiation channel, the
periodicity of the metasurface was increased along one axis in
order to allow for a diffractive channel.’® The BIC laser was
pumped with 200 fs pulses at 780 nm and emitted narrow-
band (0.3 nm) radiation at 830 nm with a lasing threshold
~14 pJ em™ % Lasing occurred only at the specific angle of
3 °C, which corresponds to the crossing point of the leaky
channels with the k, axis in the emission plane, thus demon-
strating its highly directive nature.

A more versatile approach is based on the decoupling of the
gain medium from the gBIC dielectric metasurface, such that
the properties of the two can be independently tailored to meet
a target application. Wu et al.*® studied optically pumped lasing
from a colloidal film of CdSe/CdZnS core-shell nanoplatelets
placed on top of a TiO, nanocylinder metasurface supporting
magnetic dipole and quadrupole BIC modes. Pumping was
achieved by 200 fs pulses at 530 nm and lasing was observed
above the threshold of 36 puJ em™2 at ~650 nm with a very
narrow linewidth Q > 2590. Very interestingly, lasing was
observed even though the symmetry of the metasurface was
not broken, which in the case of an infinite structure would
inhibit any radiation outcoupling. However, the finite size of
the metasurface introduced a certain wavevector spread, as
previously discussed, which translated in an emission with a
small angular width around the normal direction. In the
particular case of the investigated TiO, metasurface the lasing
intensity was maximum at 0.8° with respect to the normal. BIC
lasing in a nanopillar TiO, metasurface was also demonstrated
using a solution of rhodamine 101 in poly(vinyl alcohol) as the
gain medium. The gBIC was engineered by merging electric
and magnetic dipoles close to the Rayleigh anomaly and lasing
was observed at ~614 nm with a threshold of 40 pJ cm™2, as
demonstrated in Fig. 2(d).>® Furthermore, rhodamine 6G in
dimethyl sulfoxide was used as the gain medium over a qBIC
metasurface of asymmetric Si;N, bars supporting a pair of
antiphase surface lattice resonances. The BIC laser had a low
threshold of ~1.25 nJ and a spontaneous emission coupling
factor f value of ~0.9 at room temperature, as outlined in
Fig. 2(e).*®

BIC lasers allow for advanced functionalities owing to the
particular physical properties that govern BIC modes. For
instance, as already mentioned, BIC modes are topologically
protected, manifesting as vortex centers in the polarization
directions of far-field radiation.®® By exploiting such winding
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topologies of BIC resonances, the generation of optical vortices
(OV) was demonstrated in photonic crystal slabs, featuring
ring-like profiles in momentum space and thus behaving as
quasi-Bessel beams with diffraction-resistant behaviour.®®
Building on this concept, Huang et al.®” developed a lead
bromide perovskite (MAPbBr;) metasurface with an array of
circular holes capable of OV beam lasing, measuring emitted
beams with the characteristic doughnut shape with a far-field
angle of 0 = 2°. More importantly, it was shown that by using a
two-beam pump, lasing can be switched between OV to a
linearly polarized beam with picosecond switching times and
record-low energy consumption, paving the way for new appli-
cations in topological and quantum photonics.

Pushing the performance of BIC lasers to the extreme,
Hwang et al.*® exploited the concept of merging BIC and the
associated increase in the obtainable Q-factors thanks to the
reduced dispersion of the qBIC mode. An InGaAsP free-
standing membrane was patterned with a square nanohole
lattice and its periodicity was optimized to work in the
merging-BIC regime. The finite sample accommodated 40 X
40 unit cells and it was pumped by a 980 nm pulsed laser diode.
Lasing was observed at the threshold peak power (density) of
~340 pW (~14.7 uyW pm~?), which is by far lower than a
previous demonstration of BIC nanolasers. The laser emitted at
~1600 nm with an ultrahigh Q-factor of at least 7300, as
the measurement was resolution limited, and a measured
decay time of <138 ps, which is fast enough for high-speed
modulation.

2.4 Refractometry and biosensing

The main performance metrics of micro- and nano-fluidic
resonant refractometric sensors that ultimately determine their
detection limit are their sensitivity S = A,es/An,, where A..s and
n, are the resonant wavelength and analyte refractive index,
respectively, and the figure of merit (FoM) defined as FoM =
S/FWHM, where FWHM is the full-width at half maximum of
the resonant mode linewidth. Although S can reach very high
values in plasmonic sensors, the associated ohmic losses
inherently limit the achievable Q-factor, and hence the FoM,
as well as introduce heating, which can be detrimental in
sensing biological materials. The ultrahigh achievable Q-factors
together with the absence of Joule heating, an easy free-space
coupling probing scheme, and planar geometry typically
patterned with a single lithographic step, highlight the suitabil-
ity of all-dielectric qBIC metasurfaces as the resonant probing
mechanism in emerging refractometric and biological sensors.

These favorable traits were demonstrated in one of the first
studies on gBIC-metasurface sensing, which employed a SizN,
metasurface supporting A-BICs in both the near-IR and the
visible spectrum.*® The metasurface was integrated in a poly-
dimethylsiloxane (PDMS) microfluidic chamber for the intro-
duction of the analyte over a large sensing area. The sensor
exhibited a very high performance (S =178 nm RIU ", Q = 2000,
FoM = 445) and thanks to the strong near-field confinement
and absence of heating it was also able to detect ultralow-
molecular-weight molecules. Moreover, operation with an
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A-BIC mode increased the sensor’s robustness to slight mis-
alignments of the probing beam. Following this demonstration,
it was shown that here there is much space for optimization in
the proposed gBIC-SiN sensing platform towards much larger S
by reducing the refractive index contrast between substrate and
analyte at the expense of lower linearity and the larger required
analyte volumes.”” Thanks to the strong field confinement,
high Q-factors and absence of local heating, this A-BIC-SiN
metasurface platform was also shown to enhance biosensing-
relevant spectroscopic tools, such as surface-enhanced Raman
and fluorescence spectroscopy. This was demonstrated by
measuring fluorescence and Raman scattering signals from
rhodamine-6G and the Raman analyte crystal violate, respectively,
with more than a 1000-fold increase in signal intensity with respect
to the reference nonpatterned Si;N, slab,®® as shown in Fig. 3(a).

In other approaches, Wang et al.’° exploited a SOI nanodisk
metasurface with an embedded PDMS probing chamber for
both bulk refractometry and cancer biomarker (ErbB2) detec-
tion upon functionalizing the metasurface. Thanks to the large
interaction of the near electric field of the exploited resonant
BIC mode a high sensitivity of 720 nm RIU™" was measured at
~1.55 um. The metasurface maintained its symmetry and it
was probed by changing the angle of incidence of the input
beam for a maximum measured Q = 270 at an angle of 1°. In
terms of biomarker sensing, the metasurface featured a sensi-
tivity of 2 nm nM ™" and a limit of detection of 0.7 ng mL ™,
demonstrating the capacity of integrating the proposed CMOS-
compatible metasurfaces in lab-on-chip components for bio-
sensing and diagnosis. In a similar approach, a SOI metasur-
face of the titled nanoellipsoids functionalized for the detection
of the biotoxin microcystin-LR (MC-LR) yielded a bulk sensi-
tivity § = 788 nm RIU ', measured Q ~ 170 (FoM ~ 100) and a
very low detection limit for MC-LC of 0.002 ng mL~".°" Label-
free biosensing of DNA was demonstrated by functionalizing
an A-BIC-SiN metasurface, detecting a concentration of
20 mol um 2 paving the way for a single-molecule regime.’?
Moreover, Wang et al.®® introduced a new type of Si-on-glass
gBIC metasurface composed of asymmetric crescent-shapes
meta-atoms, experimentally measuring a bulk sensitivity of
326 nm RIU ' for a Q ~ 120, as well as biomolecular layer
sensing of streptavidin at sub-nM concentrations after biotin
functionalization of the metasurface. In another recent experi-
mental study of an asymmetric Si nanopillar gBIC metasurface
bulk sensitivity and FoM values of 608 nm RIU™ " and 46 were
demonstrated.’ Finally, Chen et al.°® proposed a gBIC meta-
surface composed of chiral TiO, nanoposts patterned on a gold
film, exploiting an A-BIC stemming from the destructive inter-
ference of a narrowband toroidal dipole mode and a surface
lattice resonance. Simultaneous refractometric and chiral sen-
sing was demonstrated, with S = 80.6 nm RIU™' (FoM = 80.6)
and a 59-fold enhancement of the circular dichroism signal,
which enables integrated molar chiral sensing for enantiomer-
specific analysis.

In the aforementioned approaches, sensing was performed
at a single-pixel level, meaning that the optical beam probed
the entire metasurface and provided information on the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 All-dielectric gBIC metasurfaces for refractometry and biosensing: (a) surface-enhanced fluorescence and Raman spectroscopy in gBIC-
resonant Si nitride metasurfaces. Adapted with permission from ref. 88. Copyright 2018 American Chemical Society. (b) Hyperspectral refractometric
imaging by combining SER and refractometric sensing by Fano interference of qBIC and fluorescence emission. Adapted with permission from ref. 18.
Copyright 2020 American Chemical Society. (c) Mid-infrared molecular absorption reconstruction based on imaging through spectrally modulated
pixelated gBIC-resonant metasurfaces. Reprinted with permission from ref. 51. Copyright 2018, American Association for the Advancement of Science.
(d) Single-wavelength imaging biosensing in pixelated gBIC dielectric metasurfaces coupled with a microfluidic system for the real-time monitoring of

extracellular vesicles.®®

refractive index of the bulk overlayer or molecular layers captured
to the metasurface by means of functionalization. However, the
large sensing area offered by metasurfaces readily enables more
advanced imaging functionalities. Romano et al'® combined
surface-enhanced fluorescence in a dye-covered A-BIC-SiN meta-
surface with gBIC resonances in a dual-mechanism correlative
hyperspectral imaging platform where the peak resonant wave-
length shift due to the refractive index variation was converted in a
more sensitive readout based on photoemission intensity. This
approach enabled the recording of a surface-enhanced correlative
refractometric map with resolution in the order of 10~ RIU within
fl-scale sampling volumes. The system was successfully applied
for mapping the spatially variant surface refractive index of live
cells grown on the metasurface in microscopy configuration, as
demonstrated in the results presented in Fig. 3(b).

Tittl et al.>' introduced a pixelated qBIC metasurface based
on the Si tilted ellipsoid archetypal design, resonating in the
mid-IR with an average Q ~ 200. The structure was scaled 25 times,
such that it sampled the target spectral range from 1350 to
1750 cm™ ! at a resolution of 4 cm™". When covered with a protein
monolayer, this CMOS-compatible, multi-pixel gBIC metasurface
chip provided an absorption map with a single measurement and
without the need for complex instrumentation, based on which the
absorption spectrum of the sample molecule is retrieved, as shown
in the individual spectra and spectral maps of Fig. 3(c). By employ-
ing advanced recognition algorithms, the technique also allows for
measuring the relative ratios in multi-substance samples.

Further expanding the concept, the same group demon-
strated hyperspectral imaging for the massive parallel sensing

© 2023 The Author(s). Published by the Royal Society of Chemistry

of trace biomolecules or 2D materials.** The sensor array can
operate either with a high-resolution tunable source in order to
generate a datacube whose post-processing yields the reso-
nance shift map across the sampling area or by employing a
modulated metasurface chip (demonstrated by a fabricated
sensor of 275 x 275 pixels) and recording only intensity
measurements, which are then decoded in pseudo-spectra.
Digital sensing of mouse-derived immunoglobulin solutions
was demonstrated with an extremely low concentration level of
less than 3 mol um ™2, as well as single-layer graphene mapping
over an area of 3.3 mm’. As a next step, single-wavelength
biosensing imaging with spectral shift reconstruction was
combined with microfluidic monitoring in an advanced sensing
platform based on a gBIC metasurface of Si broken-symmetry
dimer nanodisks, whose main aspects are summarized in Fig. 3(d).
The resulting optofluidic chip was coupled to a CMOS camera
collecting data over a large field of view. The sensing performance
of the device was demonstrated in the real-time measurements of
extracellular vesicles binding from down to 204 fM solutions,
enabling detection of on average 0.41 nanoparticle um™ 2%

2.5 Other qBIC-enhanced metasurface functionalities

The fundamental difference between ¢BICs and bright reso-
nances in dielectric metasurfaces is their asymptotically infinite
radiative lifetime under symmetry protection in SP-BIC and
radiation channel cancellation in A-BIC, and not in terms of their
multipole nature and resonant fields. Therefore, gBICs can be
employed in a variety of wave resonant phenomena, as a means to
push their operation towards narrow bandwidths. A distinctive

Mater. Adv., 2023, 4, 11-34 | 19
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(a) Huygens’ metasurface for phase control with adjustable narrowband operation based on the coupling of electric and magnetic gBIC. Adapted

with permission from ref. 96. Copyright 2018 American Chemical Society. (b) Super- and suppressed narrowband absorption in critically-coupled
metasurfaces supporting electric and magnetic dipole gBIC. The operation mode is controlled by the index contrast between substrate and background
medium. Adapted with permission from ref. 97. Copyright 2020 American Chemical Society. (c) All-dielectric nanotweezers by leveraging trapping sites
in the electromagnetic hot spots of gBIC-resonant Si metasurfaces. Adapted with permission from ref. 39. Copyright 2021 American Chemical Society.
(d) Tunable terahertz gBIC dielectric metasurface through optically pumped carrier photogeneration in high-resistivity Si. Adapted with permission from

ref. 53. Copyright 2019, Wiley-VCH.

example of this approach is the coupling of gBIC physics with
Huygens’ metasurfaces in order to achieve highly-dispersive
transmission-phase modulation over a 2n range with near-unity
transmittance.’® A tilted-ellipsoid metasurface was engineered
such that two gBIC resonances with matched Q-factors but
opposite mode parities spectrally overlap, thus satisfying the
Huygens’ condition in a controllably small bandwidth and,
hence, high effective group index. The concept was also experi-
mentally demonstrated with a Q-factor around 75, as demon-
strated in Fig. 4(a).

Using the tilted-ellipsoid metasurface paradigm, Tian et a
theoretically proposed a narrowband critical absorber, where
two degenerate CC gBIC resonances with opposite symmetry
account for 100% absorbance within a narrow spectral band
(Q ~ 640). Furthermore, it was shown that when operating at
high-Q regime, an index asymmetry between the substrate
and overlayer leads to suppressed absorption due to the anti-
crossing of the two gBIC modes, as described in Fig. 4(b).
Control by means of gBIC resonances of the CC bandwidth was
also proposed in graphene-coupled gBIC metasurfaces, by
matching the radiative rate of a MD gBIC resonance with the
dissipative loss rate in graphene. The absorption bandwidth
can be tuned over two orders of magnitude (~1-100 nm) by
adjusting the asymmetry factor of the proposed perturbed Si
nanodisk metasurface and the Fermi level and number of
graphene layers.”® In the same context, Yu et al. theoretically
demonstrated that narrowband critical absorption can also
occur in systems with non-orthogonal resonant modes through
breaking of parity-time symmetry and engineering the system

l. 97

20 | Mater. Adv., 2023, 4, 11-34

such that the coupling-induced mode splitting is suppressed.®’
This approach provides larger degrees of freedom in terms of
the mode losses as demonstrated in the example of a gBIC
metasurface composed of tilted Si-Ge-Si ellipsoids. Another
way to achieve high-Q superabsorption in all-dielectric systems
is by employing a gBIC metasurface as a dispersive metamirror,
which enhances the absorption at the thin film, as recently
demonstrated in ref. 100. The metamirror consisted in a silicon
tilted-ellipsoid metasurface supporting an electric gBIC mode
and it was separated from a weakly absorbing Ge film by a
silica quarter-wavelength spacer that induced coupling between
the gBIC and Fabry-Perot resonant modes. An absorptance
of 66.5% with Q = 282 was experimentally demonstrated at
A =1242.3 nm.

In a different context, qBIC resonances were applied to
control the bandwidth of the metasurface chiral response.
By judiciously arranging tilted dielectric bars, it was shown
that maximum artificial chirality can be achieved in a control-
lably narrow spectrum, where only one circular polarization is
transmitted and without any polarization conversion. The con-
cept is scalable and it was experimentally demonstrated in the
microwave range.'®" Similar chiral effects were theoretically
investigated in SP-qBIC metasurfaces employing other
planar geometries with broken in-plane inversion and mirror
symmetry.'*>

Furthermore, an asymmetric nanobar gBIC metasurface was
theoretically proposed as a means to enhance the Goos-
Hinchen (GH) shift, which results from the phase variation
over the angle of incidence in metasurfaces illuminated by a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lightbeam with sufficient beam waist."®®> By employing a
MD-gBIC resonance, the asymmetry factor of the metasurface
was translated into the resulting GH shift, demonstrating
values above three orders of magnitude of wavelength, easily
detectable at the reflection peak.

Finally, the tilted ellipsoid gBIC metasurface was also
proposed as a nanotweezers platform for optically trapping
nanoparticles, where the enhanced near-field among the ellip-
soids leads to strong optical gradient forces, with negligible
heating.?® Interestingly, it was shown that particle trapping can
improve the resonant mode confinement in a positive feedback
scheme, which enhances the trapping process. Experimentally
measured Q-factor and field enhancement values of 2000 and
140, respectively, demonstrated the feasibility of the proposed
application, as summarized in Fig. 4(c).

2.6 Dynamically tunable qBIC dielectric metasurfaces

Boosting metasurfaces with tunable functionalities has con-
stantly been a key goal in view of the engineering of novel
devices such as modulators, beam steerers, and adaptive meta-
lenses, to name but a few. Following the rapidly expanding
research in static gBIC dielectric metasurfaces, various
approaches towards dynamically tunable components have
started to be explored, leveraging the know-how in consolidated
techniques employed in tunable/reconfigurable electromag-
netic devices.

One such approach relies on the free carrier generation in
semiconductors, which modifies both their refractive index and
loss coefficient through the free carrier dispersion effect.
Terahertz HR-Si metasurfaces provide an ideal platform as
HR-Si shows extremely low absorption losses, which can be
modulated by carrier photogeneration through optical pump-
ing, e.g. to dynamically control CC and modulate the metasur-
face transmittance.'® Han et al> experimentally measured
Q-factors in the order of 250 in gBIC HR-Si. Resonance damp-
ing was dynamically controlled by increasing the intensity of
the optical pump, achieving saturation at a low fluence of
10.16 pJ cm 2 The relaxation time of the metasurface was
2.6 ns, as shown in Fig. 4(d), which enables sub-GHz modula-
tion. Similarly, Fan et al.”” investigated a THz gBIC metasurface
of suspended interconnected HR-Si disks with a maximum
Q = 8700 bound by nonradiative losses, showing that carrier-
induced absorption is the dominant effect and saturating the
gBIC resonance at moderate estimated doping values of ~10"
using a photodoping power of 100 mW at 980 nm.

In the telecom relevant near-IR spectrum, electro-optical
phase modulation was theoretical proposed in a metasurface
of Si nanoellipsoids in a connected zigzag configuration with
multijunction p-n structures that allow for multigate biasing.
The metasurface is designed to operate at the Huygens’ regime,
where the carrier accumulation in the multijunction scheme
allows for phase-only tuning of 240° at an average transmit-
tance of 77% by a weak electro-refraction index modulation of
4 x 1072 thanks to the strong gBIC resonances. Dynamic
polarization control and tunable pulse compression and expan-
sion were studied as enabled applications.*®®
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Tunable phase modulation in Huygens’ gBIC metasurfaces
was also theoretically proposed recently by employing an over-
layer of nematic liquid crystal (LC).*°® Thanks to their inherent
large optical anisotropy and electro-optic response, as well as
the mature display and LC-on-Si technology, LC has been
demonstrated as a versatile tunable medium in a large number
of metadevices for applications where millisecond switching
times are acceptable.’*” % A tilted-ellipsoid qBIC metasurface
was considered in contact with a LC overlayer between two
indium-tin-oxide electrodes for the application of bias voltage.
Phase-only tuning was calculated in the full 2n range with a
tuning bandwidth of around 3.5 nm, limited by the different
shifting rates of the ED and MD ¢BIC resonances as a function
of the anisotropic index tensor components. In a different
approach, tunable notch filtering over 20 nm around 1.55 um
independent of the Q-factor was theoretically demonstrated in
a Si nanocuboid metasurface supporting a delocalized gBIC
resonance coupled with a planar LC cell in the overlayer.**

Other approaches for tunable qBIC dielectric metasurfaces
have been proposed employing a variety of materials with
tunable optical properties. Mikheeva et al.''® investigated an
asymmetric bar qBIC metasurface made of photosensitive
chalcogenide glass (CG) As,S;. Upon illumination, the CG
refractive index showed a maximum index variation of 0.08
achievable at a pump fluence of 20 ] em™?, which resulted in
the experimental shift of the gBIC resonance (Q ~ 110) by
12 nm around 780 nm. Ge,Sb,Tes, another phase-change CG,
was proposed theoretically to induce tunability in a gBIC
metasurface, as a thin layer on top of the constituent Si
asymmetric nanodisks. Switchable transmittance modulation
was investigated, which can be applied in reconfigurable
imaging.'"! Furthermore, the electro-optical tuning of graphene’s
Fermi level was theoretically shown to tune the coupling between
asymmetric Si split rings and a graphene layer, achieving 81%
modulation depth in transmittance by exploiting the CC condi-
tion as the off-state.!’> Magneto-optic tuning was proposed in a
metasurface operating at the Brewster gBIC regime at specified
angles of incidence, where the switchable excitation of the
gBIC mode is controlled by reversing the applied magnetic field
direction, as demonstrated theoretically in a Bi:YIG nanodisk
metasurface."™® Finally, GHz electro-optical modulation was
recently experimentally demonstrated by combining gBIC dielec-
tric metasurfaces and the Si-organic-hybrid (SOH) platform, which
has been extensively used for electro-optical modulation in inte-
grated Si photonics. The gBIC resonance had a narrow linewidth
(Q =550 at Aws = 1594 nm) and significant field overlap with the
electro-optical polymer, thus achieving tuning of Al,es = 11 nm at
a 3 dB modulation speed of 5 GHz.'"*

3 Recent advances in gradient
all-dielectric metasurfaces

Gradient (or graded) metasurfaces for wavefront manipulation
are composed of dissimilar meta-atoms, appropriately arranged
in order to provide a purposeful spatial modulation of the
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phase delay supplied by the metasurface. This phase delay can
be exploited for a broad range of wavefront manipulation
operations, such as beam steering (linear spatial phase profile),
beam focusing and splitting, general wavefront transformation
(e.g- plane-wave to Bessel beam), and in- and out-coupling to
surfaces states, to name just a few. As a result, they have an
enormous practical application perspective in the important
fields of communications, imaging and holography. Conven-
tional versions of steering and focusing metasurfaces can be
thought of as the flat, ultrathin counterparts of blazed gratings
and Fresnel lenses, respectively. A notable difference is that in
resonant metasurfaces the required phase is not being accu-
mulated via propagation inside a bulk dielectric medium of
variable thickness, but, rather, by controlling the phase delay
supplied by the resonant meta-atom via shifting its resonant
frequency with respect to the operating wavelength. In addi-
tion, metasurfaces are composed of discrete entities (meta-
atoms) and thus lead to a discretized local phase profile. As
long as the lattice constant is deeply subwavelength and the
spatial phase profile finely discretized, the metasurface still
behaves as a homogenizable medium and the underlying
structure does not impact the response. Note, however, that
the discrete nature is ultimately necessarily associated with
spatial dispersion.

All-dielectric versions of gradient metasurfaces are being
investigated for the entire electromagnetic spectrum, ranging
from microwave frequencies (e.g. using ceramic materials), all
the way to infrared (e.g. using silicon) and visible frequencies
(e.g. using TiO,). They are particularly important in higher
frequencies (from the infrared to the visible), where they can
offer reduced resistive loss compared to metallic counterparts.
They have been predominantly implemented by exploiting
geometry-dependent Mie resonances of dielectric particles. A
broad range of particle shapes has been examined including
disks,'” disks with a partially etched center hole (bianisotropic
response),'*® rods,"’” C-shapes,'*® etc.

Origin of available phase delay. A straightforward approach
towards designing all-dielectric gradient metasurfaces relies on
utilizing the fundamental electric dipole and magnetic dipole
resonances of the particles and exploiting the resulting reso-
nant phase delay. For example, by overlapping in frequency
the electric and magnetic dipole resonances, unidirectional
forward scattering (a generalization of the Kerker conditions)
with an underlying 2n phase margin can be attained; this
strategy has given birth to a class of metasurfaces termed
Huygens’ metasurfaces."">'® Note that toroidal dipoles and
higher-order electric/magnetic multipoles have been also
exploited for this purpose,"*”'*° especially when the material
refractive index is high enough to allow for their appearance in
subwavelength meta-atoms. In terms of practical considera-
tions, one should bear in mind that the angular sensitivity/
spatial dispersion of higher-order resonances is anticipated to
be stronger."”"'*> When working with rotationally asymmetric
anisotropic particles, the required phase delay can also be
obtained by the Pancharatnam-Berry (PB) or geometric phase

22 | Mater. Adv, 2023, 4,11-34

View Article Online

Materials Advances

via rotating the particle and constructing a supercell composed
of identical particles but at different rotation angle instances.
Note that the geometric phase appears in the counter-rotating
circular polarization and thus gradient metasurfaces based on
the PB phase are associated with polarization conversion.
Hybrid approaches changing both the dimensions and rotation
of the particles have also been reported,”> and allow for
additional design freedom and control over different polarization
states. More recently, apart from resonant dielectric particles
the implementation of flat optics based on a subwavelength
periodic arrangement of vertical waveguide segments (cylindrical
structures with an engineered cross-section) is becoming increas-
ingly popular. This approach leads to a thicker metasurface
implementation, since the operating principle relies on propaga-
ting phase accumulation rather than resonant phase delay;
however, they can have important advantages in terms of broad-
band response,"** as well higher efficiency, angular insensitivity,
and mitigation of inter-atom coupling.'*

Desirable material properties. Besides the obvious low mate-
rial loss, desirable properties for dielectric materials for imple-
menting gradient metasurfaces include a high refractive index
to support resonances with strongly confined local fields, thus
allowing the metasurface lattice constant to be more subwave-
length and facilitating the design process by mitigating cou-
pling between adjacent meta-atoms. For the infrared, silicon
constitutes the most popular choice due to its high refractive
index (~3.5), low loss, and the technological maturity of the
silicon-on-insulator (SOI) platform. However, other semicon-
ductor (e.g. III-V) and dielectric materials (e.g. chalcogenide
glasses) are also being extensively used. In the visible region
(above the bandgap of silicon), titanium dioxide with a refrac-
tive index of ~2.5 becomes very relevant,'*® or even polymers
such as SU-8'%° and fused silica,'*” when an index of ~1.5 can
suffice. Finally, note that the ability to tune the refractive index
by an external stimulus is also desirable toward tunable,
reconfigurable, and multi-functional metasurfaces."*® This will
be discussed further in Section 3.4.

Coverage of full space. Typically, gradient metasurfaces have
been designed to operate in either transmission or reflection
mode. Popular approaches for operation in transmission or
reflection are Huygens’ metasurfaces and the utilization of
a reflecting backplate (although not the only option'*®), respec-
tively. Metasurfaces that can provide 2n phase margins in both
transmission and reflection can lead to full-space coverage with
the same structure.'?*'3° In some cases, this is achieved
by utilizing a different wavelength range'®® or relying on a
different polarization state for reflection and transmission.

3.1 Evolution of gradient metasurface theory

Gradient metasurfaces witnessed a surge of research activity,
following the formulation of the generalized Snell’s laws of
reflection and refraction, modified to include phase jumps
imposed by a metasurface at the interface between bulk
media.”®" A phase discontinuity of a linear spatial profile
amounts to an additional (constant) parallel wavevector con-
tribution, leading to ‘“anomalous reflection” (i.e., deviating
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from the specular reflection/refraction of Snell’s law). The
similarities with standard blazed grating theory have been
discussed."*

The prescription of a linear phase profile for anomalous
reflection is based on a ray-optics approach; it has been also
termed the “phase-shift approach”.™® It was soon realized that
this approach has certain limitations. For large deflection
angles, the diffraction efficiency decreases as the input and
output impedance cannot be concomitantly matched.'** More-
over, deviating from the designated input angle has been
shown to result in power coupling to other diffraction orders,
also limiting the efficiency.’** Regarding practical design
methodologies, it is frequently assumed that neighboring
meta-atoms are only slightly dissimilar and almost uncoupled
(acting as independent ‘“‘secondary” sources with different
phase shifts). Thus, each unit of the gradient metasurface is
specified by considering a uniform periodic expansion and a
look-up table is constructed to be used for implementing any
arbitrary phase profile. However, in reality there can be strong
near-field and far-field coupling, limiting the success of the
design process in terms of the resulting performance, especially
when a strong spatial modulation along the metasurface is
required. One workaround for these practical difficulties is
to start from a ray-optics prescription as the initial state/
prediction of the design and subsequently perform numerical
optimization."*?

A different approach, frequently termed the “surface
impedance approach”,"® determines the required electric and
magnetic surface conductivities (or impedances) along the
metasurface for performing a specific steering (or other wave-
front manipulation) operation by stipulating the desired fields
in the two semi-infinite spaces and applying the boundary
conditions.'®'*® It has been shown that for perfect beam
deflection to a specific angle without any spurious diffraction
in reflection or transmission (including the specular direction),
the exact solution requires surface conductivities with locally
active regions (or, equivalently, spatial dispersion), which are
impractical to implement."**"*7'3® The local reflection/trans-
mission coefficient can exceed unity amplitude and the asso-
ciated phase profile strongly deviates from being linear,
especially for large deflection angles.’*® By allowing for some
controllable coupling to other diffraction orders, e.g., allowing
some specular reflection, more practical surface conductivity
prescriptions can be obtained, such as ‘“passive-lossless” and
“passive-lossy” designs.'®**®'*® The characteristic example of
the passive-lossless implementation leads to a tangent spatial
modulation of the surface conductivities along the metasurface.
The period of the tangent modulation is 4/(sin 0y, — sin 0;,) and
depends on the operating wavelength. This conductivity profile
can be recovered by the ray optics (or phase shift) approach,
revealing a connection between the two methods."*

In recent years, significant effort has been devoted to
addressing the limitations of the early versions of gradient
metasurfaces. These include the (i) limited efficiency for large
deflection angles, (ii) the practical complexity of designing
and fabricating deeply-subwavelength and tightly-confining
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meta-atoms, especially for higher frequencies, and (iii) the
inherently narrowband operation of resonant implementa-
tions. Some of the proposed approaches are discussed in the
following sections, along with physical mechanisms for obtain-
ing a tunable response.

3.2 Metagratings

Metagratings were proposed as a means of lifting some of the
limitations of conventional gradient metasurfaces, namely, the
limited efficiency for large deflection angles and the practical
complexity of a dense meta-atom array required for a finely-
discretized phase profile. They were first presented by Radi
et al™ and the underlying theory was further established
shortly after.’*®'"” Instead of discretizing the phase profile,
metagratings rely on the standard grating principle of periodi-
cally arranging (identical) scatterers at a distance greater than
the operating wavelength. As such, they can open several
diffraction channels and diffract incident radiation to different
directions depending on the diffraction order. In contrast to
conventional gratings, the inclusions are elaborate meta-atom
scatterers with engineered radiation patterns. Metagratings use
the scattering properties of the individual scatterers to nullify
scattering towards the unwanted (propagating) diffraction
orders and allow beam deflection towards one (the desired)
diffraction order/deflection angle. In general, bianisotropic
scatterers are needed to cancel out more than one direction.
The concept was initially illustrated with metallic omega par-
ticles; however, it is naturally suited to dielectric structures and
high frequencies, where metasurface periodicities typically
cannot be deeply subwavelength and the available resolution
in fabrication becomes more restrictive.

Following the spirit of the metagrating concept, various
dielectric metasurfaces appeared shortly in the literature for
improving efficiency at higher deflection angles and relaxing
size constraints. The designs were mostly based on multi-
resonant and/or multi-part scatterers, periodically arranged at
a super-wavelength distance. For example, in ref. 143 two
dissimilar dielectric-rod particles are placed in a dimer configu-
ration; the rod pair is periodically extended to form a metagrat-
ing. Incidence takes place on a plane that includes the rods’
axes, Le., the rods are positioned parallel to the optical axis.
Rod pairs are also exploited in ref. 117 and 148, but their axes
are perpendicular to the plane of incidence. In ref. 149 dissimilar
dielectric (silicon) spheres are placed in a dimer configuration.
Other rectangular shapes'*® or even free-form geometries have
also been proposed using topology optimization and inverse
design."" In most cases, the ability of exciting and coupling
between different electric and magnetic dipole modes, as well
as their higher-order multipoles,""”***'** is the underlying phy-
sical mechanism that provides the required degrees of freedom
for engineering the radiation pattern of the meta-atom scatterer.

Representative works on all-dielectric metagratings are com-
piled in Fig. 5, focusing on experimentally-verified designs.
Fig. 5(a) depicts a silicon metasurface for operation at mid-
infrared frequencies (6.5 pm)."*° The metagrating pattern was
carved in the 2.7 um-thick device layer of a silicon wafer using
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) 140

A two-part bianisotropic metamolecule supporting four resonances is proposed to selectively promote only one of the available radiation channels.
Adapted with permission from ref. 140. Copyright 2018, American Chemical Society. (b) Silicon-based metagrating for light bending and beam splitting at
near-infrared frequencies.}*! A freeform geometry has been proposed based on inverse design and adjoint optimization. Adapted with permission from

ref. 141. Copyright 2017, American Chemical Society. (c) Titanium dioxide metagrating for high-angle light bending at visible wavelengths (~500 nm)

142

Adapted with permission from ref. 142. Copyright 2017, American Chemical Society. (d) Spatially-modulated metagrating for a metalens with near-unity
numerical aperture, enabled by the ability to efficiently bend light at high angles.*** The material is amorphous silicon and the operation wavelength is
715 nm. Adapted with permission from ref. 143. Copyright 2018, American Chemical Society. (e) SiN,-based metagrating with a spatially-modulated
period for aribtrary wavefront manipulation in the visible region.** Adapted with permission from ref. 144. Copyright 2020, Royal Society of Chemistry.

HBr plasma dry etching. It was shown that a two-part, bianiso-
tropic meta-molecule supporting four resonances of the appro-
priate symmetry can effectively channel the output radiation
into a single selected diffraction order (the “+1”), while sup-
pressing all other transmission/reflection radiation channels.
Highly efficient light-bending for large deflection angles has
been demonstrated: above 90% efficiency has been reported
experimentally for a deflection angle of 45° and up to 85° via
simulations. Freeform geometries have also been proposed
with the help of inverse design and adjoint optimization
[Fig. 5(b)]."** In a physically similar manner to Fig. 5(a), multi-
ple modes need to be supported within the unit cell to allow
for shaping the radiation pattern and promoting a single
diffraction order among the six available (considering both
transmission and reflection). Diffraction efficiencies above
80% for a deflection angle of 75° have been experimentally
reported for both TE and TM polarizations at near-infrared
wavelengths (~ 1000 and ~ 1300 nm). Besides beam deflection,
beam splitting has been also demonstrated. Other dielectric
materials have been also used for different frequency regimes,
such as titanium dioxide for visible wavelengths (~500 nm)
[Fig. 5(c)].*** Two variants of asymmetric meta-atoms have been
exploited for light-bending at ~55° and ~ 80° with efficiencies

24 | Mater. Adv., 2023, 4,11-34

reaching ~90% and ~50%, respectively. More specifically, a
two rod dimer was considered in the former case [upper panel
in Fig. 5(c)], and a “fish-shape” design formed by the inter-
section of a ring and a triangle in the latter [lower panel in
Fig. 5(c)].

By varying the period of the metagrating along the metasur-
face, ie., extending the metagrating concept to non-uniform
metasurfaces, the available output angles can be spatially
varied and arbitrary wavefront manipulation can be achieved.
This principle has been exploited for constructing a metalens
with near-unity numerical aperture [Fig. 5(d)],"** enabled by the
ability to efficiently bend light at angles as large as 82°. The
proposed metalens is operating at a wavelength of 715 nm and
possesses a subwavelength thickness of ~//3. In order to
fabricate the lens, thin films of amorphous silicon were depos-
ited on fused silica substrates via chemical vapor deposition
and subsequently patterned using electron beam lithography.
Note that the lens design is based on a hybrid combination of
the metagrating concept (for outer parts requiring large deflec-
tion angles) and the conventional ‘“phase-shift approach” for
inner parts. When small deflection angles are required out of
the first diffraction order, large grating periods are needed
resulting in the opening of many diffraction channels and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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making it difficult in practice to suppress all but one. The same
concept of a metagrating with a modulated period is exploited
in ref. 144 for enabling arbitrary wavefront shaping and
demonstrating a meta-hologram with a continuously modu-
lated phase profile [Fig. 5(e)]. The meta-grating was fabricated
on a 300 nm-thick SiN, film by using reactive ion etching.

3.3 Achromatic metasurfaces

Conventional gradient metasurfaces for beam deflection, as
well as metagratings, are periodic structures. They are inher-
ently diffractive elements, which promote a single diffraction
order by virtue of e.g. the “blazing” principle, or by positioning
nulls in the radiation pattern of the constituent meta-atom,
respectively. Due to their diffractive nature, they cannot sustain
the same output angle (or more generally their functionality)
over a broad wavelength range, i.e., they are inherently narrow-
band. This can be easily seen by the fact that the periodicity of
the required phase profile would have to be different for each
operating wavelength, according to ¢(r + D,w) = ¢(r,w) + m2n —
D =m//(sin O,y — sin 0;,). Even in the case of metalenses for e.g.
beam focusing, which do not exhibit a periodic phase profile,
the temporal bandwidth is still limited. This is because flat
metalenses base their operation on resonant phase delay,
which is inherently dispersive. Since typically a strong reso-
nance response is desired, the temporal bandwidth can be very
limited. In contrast, classical bulk lenses rely on propagating
phase accumulation inside a dielectric material of variable
thickness; in the complete absence of material dispersion, this
would lead to dispersionless operation. While the narrow-
band character is not a problem for academic examples of
continuous-plane-wave scattering, it is rather restrictive for
real-world signals, which necessarily have significant temporal
(and spatial) bandwidth. As a result, a new generation of
research on achromatic gradient metasurfaces has been recently
established, aiming to increase their temporal bandwidth and
render them more suited to practical applications,'?*1307152:134-158
Fundamental limits for the bandwidth of achromatic metalenses
have been discussed based on the time-bandwidth limit in any
time-invariant system."*’

Dielectric achromatic metasurfaces were first demonstrated
in the context of beam steering, where it was realized that to
achieve the same deflection angle for different wavelengths
the metasurface can no longer be periodic.">* Initially, Aieta et al.*>*
demonstrated achromatic operation (same deflection angle) for
three discrete wavelengths. Subsequent demonstrations focused on
a continuous wavelength range.'>*'>"'*> The main enabling factor
for these demonstrations proved to be the ability to independently
control the phase delay and group delay (its spectral derivative). In
dielectric implementations, one popular approach towards achro-
matic wavefront manipulation is phase accumulation within ver-
tical waveguide segments.’?***°> The waveguide cross-sections
are engineered in order to allow for covering a broad range of
different phase and group delays. An additional degree of freedom
that can help tune the phase and group delay separately is
the exploitation of the PB phase;'>* however, in such cases the
operation is not independent of polarization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Representative works on all-dielectric achromatic gradient
metasurfaces are compiled in Fig. 6, focusing on experimentally-
verified designs. Arbabi et al.**® proposed a metasurface made
of dielectric nano-posts of square cross-section [Fig. 6(a)] that
can offer control over the accumulated phase and its derivative.
The nano-posts function as multi-mode waveguide segments; by
varying the dimensions of the cross-section the dispersion of the
different supported modes is tuned. Using this approach, they
have demonstrated the ability to switch from beam steering with
negative dispersion (characteristic of diffraction gratings) all the
way to achromatic beam steering and beam steering with positive
dispersion, if so desired. The posts (vertical waveguide segments)
are made of amorphous silicon and they reside on top of a silicon
dioxide substrate backed by an aluminum reflector to operate
in reflection. Besides achromatic beam steering, a focusing mirror
with corrected chromatic aberrations has been demonstrated,
exhibiting a constant focal length in the wavelength range
1450-1600 nm.

An additional degree of freedom in engineering the phase
and group delay independently can be offered by rotating meta-
atoms which are rotationally asymmetric and utilizing the PB
phase in addition to the accumulated propagation phase.
Exploiting this strategy, Wang et al.">' demonstrated an achro-
matic metalens operating in the visible region [Fig. 6(b)].
Measurements with circularly polarized light have revealed an
efficiency of 40% (power in focal spot over incident power on
the metalens aperture) in transmission mode across the entire
range 400-660 nm. For physical implementation of the meta-
lens they have used GaN nanopillars of rectangular cross-
section, as well as their complementary structures (rectangular
voids). The meta-atoms were arranged in a hexagonal lattice
and reside on top of a sapphire substrate.

The available span of achievable phase and group delay
values can be significantly expanded if different, elaborate
waveguide cross-sections are allowed. This has been success-
fully demonstrated by Shrestha et al.'** with silicon pillars of
various cross-sections and dimensions [Fig. 6(c)]. The sug-
gested pillar cross-sections all retain a four-fold rotational
symmetry to allow for polarization-independent operation.
A broad range of phase and group delay values is achieved
leading to the experimental demonstration of a transmission-
mode metalens with a near-constant focal length over the
continuous near infrared frequency range 4 = 1200-1650 nm
exhibiting efficiencies up to 50%. The silicon on insulator
material system used in this case is technologically favorable
due to the CMOS electronics industry. Similar waveguide cross-
sections but with TiO, instead of Si have been utilized by Wang
et al.*® for metalenses targeted at visible frequencies. In order
to improve the process of expanding and selecting within the
achievable span of phase and group delay, a backpropagation
neural network and particle swarm optimization were utilized.

Coupled waveguides inside the unit cell is an alternative
degree of freedom that can help enlarge the phase span. Chen
et al.® used coupled nano-fins of rectangular cross-section
[Fig. 6(d)]. The operation principle is based both on propagat-
ing and PB phase (by rotating the fin pair). Achromatic imaging
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Fig. 6 Dielectric implementations of achromatic metasurfaces. (a) Amorphous silicon nano-posts (vertical waveguide segments) of rectangular cross-
sections supporting multiple waveguide modes for achromatic beam steering and focusing in reflection mode at near infrared frequencies.**° Adapted
with permission from ref. 150. Copyright 2017, The Optical Society. (b) GaN nanopillars of rectangular cross-sections for achromatic metalenses at visible
frequencies.’™! The pillars and voids (complementary structures) are arranged in a hexagonal lattice and rotated to exploit the PB phase in addition to the
accumulated propagation phase. Adapted with permission from ref. 151. Copyright 2018, Springer Nature Publishing Group. (c) Silicon nanopillars of
various, elaborate cross-sections and varying dimensions enabling a broad range of achievable phase and group delays.'** An achromatic metalens
(constant focal length) in the near infrared (1= 1200-1650 nm) and efficiencies up to 50% have been experimentally demonstrated. Adapted from
ref. 124. Copyright 2018, Author(s), licensed under a CC BY 4.0 License. (d) TiO, coupled nano-fins for achromatic focusing at visible frequencies
(470-670 nm).*> The nano-fin pair is rotated to exploit the PB phase in addition to the accumulated propagation phase. An efficiency of about 20% at
500 nm has been demonstrated. Adapted with permission from ref. 152. Copyright 2018, Springer Nature Publishing Group. (e) Elliptical silicon rods
for achromatic focusing of an optical vortex beam at mid-infrared frequencies (3-5 um).*>* Adapted with permission from ref. 153. Copyright 2021,

Wiley-VCH.

from 470 to 670 nm with an efficiency of about 20% at 500 nm
has been demonstrated. Since the lens is targeted at the visible
range, TiO, was the material of choice for the nano-fins,
exhibiting low loss and a high refractive index at these
frequencies.

Besides the visible and near-infrared frequencies, interest
exists for the mid-infrared range as well. Ou et al.'®® demon-
strated an all-silicon metalens for operation in the 3-5 pm
wavelength range [Fig. 6(e)]. They have used silicon posts of
a general elliptic cross-section and demonstrated focusing of
optical vortex beams featuring a doughnut beam intensity and
a helical phase distribution.

Alternative approaches towards providing large phase and
group delays are also worth mentioning. In principle, one can
avoid phase accumulation altogether and base the design solely
on resonant phase delay."*® This approach can lead to even
thinner metalens realizations (a finite thickness to allow
for implementing magnetic polarizability without magnetic
materials is still necessary). However, it necessitates the imple-
mentation of multiple resonances within the unit cell of
both electric and magnetic nature.'®"'®> Each resonance can
contribute a phase span of = and many of them are needed
to provide the required phase delay. Through a specific

26 | Mater. Adv, 2023, 4, 11-34

combination of resonances, the individual dispersive phase
delays of each resonance can merge into an aggregate, disper-
sionless phase profile (i.e., linear in frequency, resulting in a
constant group delay) and enable achromatic operation. In a
different approach, many electrically-polarizable metasurfaces
are concatenated, distanced by spacers of non-negligible elec-
tric thickness, in order to provide dispersionless operation.'
This design approach capitalizes on standard filter design
principles.

3.4 Tunability and reconfigurability

Gradient metasurfaces have started out as static structures with
a fixed output (e.g. the deflection angle or the focal length). The
ability to dynamically switch and/or continuously tune the
characteristics of the output radiation is, naturally, a highly
desirable goal. The most straightforward form of tuning is
global tuning, i.e., controlling the unit cells of the gradient
metasurface all at the same time with a single control signal.
This can lead to on/off switching of the metasurface functio-
nality, e.g, switching between anomalous and specular
refraction.'® Additional freedom (and complexity) is intro-
duced with local tuning, e.g., allowing each unit cell to be
configured differently. This can lead to e.g. continuous tuning

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of the deflection angle’*'®® and even allow for switching
between different functionalities with the same structure
(reconfigurability).'*®

To enable tunability, materials with a strong response to an
external control (bias voltage, temperature, static electric/mag-
netic field, etc.) are required. Such materials include liquid
crystals (LCs),"*>'®*""! which constitute a mature technology
even after the LCD-TFT displays. They are being used primarily
for global tuning (see e.g. ref. 163). Local tuning is also realized
at lower (e.g. microwave or THz) frequencies,"®® but is challen-
ging at optical frequencies, due to the subwavelength resolu-
tion required. Phase change materials'®”'’>""7 are better
suited to on-off switching rather than continuous tuning. They
typically lead to a relatively slow response (us timescale, or ns at
best).'”® Faster response times (ps timescale in principle) can
be obtained via the electro-optic effect in semiconductors'®*
and transparent conducting oxides."”® Finally, carrier injection
in semiconductors'® and micro-electromechanical systems
(MEMS)"® have also been considered. Note that in microwave
frequency ranges, lumped electronic elements and tunable
integrated chips constitute a promising approach.'””'”®

View Article Online
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In Fig. 7 we compile representative works on tunable gra-
dient metasurfaces for beam deflection (as the fundamental
wavefront manipulation functionality), mainly focusing on
experimentally-demonstrated designs. Komar et al.*® proposed
a gradient metasurface based on silicon-nanodisks forming a
supercell of six disks of varying radius in order to enable beam
steering at an angle of 12°. The metasurface is infiltrated with
liquid crystals which can shift from the nematic to the isotropic
state by varying the temperature [Fig. 7(a)]. When the LC is in
the isotropic state, radiation is steered into the +1 diffraction
order and light is transmitted into an angle of 12°. In the
nematic state, the functionality is broken allowing for specular
transmission. Apart from tunable beam steering, LCs have
enabled switchable varifocal lenses based on amorphous
Si'7%17% or Ti0,"""'%® dielectric particles. The different focal
lengths are accessed by electrically switching the orientation of
the nematic LC molecules. Another application is in holo-
graphic metasurfaces with a switchable visual output, designed
to act as gas sensors or temperature/pressure monitors.'882

In a different approach, the electro-optic effect in III-V
multiple-quantum-wells (MQWs) can be exploited [Fig. 7(b)]."**
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Fig. 7 Physical mechanisms for switchable/tunable beam deflection with dielectric metasurfaces. (a) Silicon-nanodisk metasurfaces infiltrated with
liquid crystals for switchable beam steering.X%® A supercell of six disks is formed, designed to steer the beam into the +1 diffraction order (angle of 12°)
when the LC is at the isotropic state. Adapted with permission from ref. 163. Copyright 2018, American Chemical Society. (b) Electro-optic effect in lI-V
multiple-quantum-wells (MQWs) for switchable beam steering between specular reflection and anomalous reflection to the +1 diffraction orders
(£10°).2%* A bias voltage of —10 V is applied locally in order to produce a binary diffraction grating. Adapted from ref. 164. Copyright 2019, Author(s),
licensed under a CC BY 4.0 License. (c) Tunable beam steering based on micro-electromechanical systems.}®> A metasurface consisting of silicon
nanowires is suspended above a reflective substrate; by controlling the distance from the substrate the reflection phase can be tuned and beam tilting up
to 12° has been demonstrated (bias of 3.2 V). Adapted with permission from ref. 165. Copyright 2019, American Association for the Advancement of
Science. (d) Carrier injection in silicon-nanobars configured into p—i—n junctions for tuning the refractive index of silicon (affecting the imaginary part as
well).**® Tunable beam steering at the operating wavelength of 7 pm by varying the carrier density in the range of 10°-10'° cm~3. Adapted with
permission from ref. 166. Copyright 2019, Wiley-VCH. (e) Reconfigurable (volatile) writing of a gradient metasurface pattern on a VO, layer by exploiting
the phase transition and switching local regions into the metallic phase. Reconfigurable beam steering at an angle of ~20° is demonstrated.’®” Adapted

with permission from ref. 167. Copyright 2017, Wiley-VCH.
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A 1230 nm-thick MQW layer resides on a GaAs substrate followed
by a distributed Bragg reflector to allow for operation in reflection;
the MQWs were patterned into subwavelength elements support-
ing a hybrid Mie-guided mode resonance. The quantum-confined
Stark effect is used to actively modulate the resonance properties,
and can result in a reflection amplitude modulation of 270% and
a reflection phase shift from 0° to ~70°. The MQW metasurface is
locally addressed in order to form a binary supercell; when the
bias voltage reaches —10 V, radiation into the +1 diffraction
orders (angle of +£10°) emerges.

Holsteen et al'®® demonstrated tunable beam steering
at visible frequencies using micro-electromechanical systems
(MEMS) [Fig. 7(c)]. Their design, created in standard silicon-on-
insulator technology, is based on a suspended metasurface
made of silicon nanowires, which support Mie resonances.
By controlling the height of the silicon wires (beams) through
height deformation, the interaction between the particle reso-
nances and the Fabry-Perot cavity that is formed vertically
between the silicon-wire metasurface and the reflective sub-
strate is tuned offering local control over the reflection phase.
By applying low voltages, tunable beam steering between 2°
(0 V) and 12° (3.2 V) is experimentally demonstrated. Moreover,
they have also extended the supported functionality to beam
focusing with a tunable focal length between 10 and 40 pm. The
devices can operate dynamically with a speed reaching 1 MHz.

Carrier injection is another approach for tuning the refrac-
tive index and thus enabling tunability. Salary et al.'®® theore-
tically proposed a doublet of silicon-nanobar arrays configured
into p-i-n junctions [Fig. 7(d)]; each constituent layer is
designed to support a high-quality-factor guided mode reso-
nance. Carrier injection into the intrinsic region under forward
bias allows for tuning the refractive index of silicon (affecting
the imaginary part as well) and tuning the resonant properties.
The required refractive index change of An = —0.42 in order to
allow for complete control (0-2n) over the transmission phase
can be obtained at the operating wavelength of 7 um by varying
the carrier density in the range 10'°~10"® em ™ (at the cost of
carrier-induced optical loss). Fast dynamic modulation of the
metasurface properties can enable spatiotemporal beam scan-
ning and allow for frequency generation and mixing, degrees of
freedom that otherwise require the exploitation of nonlinear
materials.

Phase change materials can experience a phase transition in
response to external stimuli. Transition metal oxides, such as
VO,, can reversibly switch between a “dielectric” and a “metal-
lic” phase. Utilizing this principle, Dong et al.'®” proposed a
reconfigurable (volatile) gradient metasurface, by writing the
desired pattern on a VO, layer via switching certain regions in
the metallic phase [Fig. 7(e)]. This is achieved by a 532 nm
continuous laser with a power around 1 mW in order to heat
the respective regions (below 90 °C). The VO, films were
deposited onto double-side polished, undoped Si substrates
via sputtering. Reconfigurable beam steering in transmission at
an angle of ~20° is experimentally demonstrated. Moreover,
polarizer and concentric ring grating structures were realized.
Besides transition metal oxides, chalcogen-based alloys such as

28 | Mater. Adv., 2023, 4,11-34
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the ternary germanium-antimony-tellurium (GST) compound
Ge,Sb,Tes, have been also used for realizing tunable meta-
surfaces.’®**¥* Such compounds undergo an amorphous-
to-crystalline (structural) transition and are prime candidates
for non-volatile operation. In ref. 185, Chu et al. propose an
anomalous reflection metasurface that can steer the output
beam in a different direction by switching some of the GST rods
comprising the supercell from the amorphous to the crystalline
state. They show switching from a reflection angle of 0° to —20°
and —40° at 1550 nm.

4 Conclusion and outlook

The performance of BIC metasurface components is expected
to be boosted through the improvement of fabrication techni-
ques and the exploitation of concepts such as ultralow-
dispersion or merging BICs for record-high experimentally
achievable Q-factors. This breakthrough can push the conver-
sion efficiency in BIC nonlinear metasurfaces to unprecedented
values and provide a powerful tool for the development of novel
applications based on non-linear and/or exciton physics in
emerging 2D materials. More exotic non-linear effects can also
be enabled, such as the theoretically predicted strongly
enhanced generation of photon pairs with narrow frequency
spectra and sharp angular correlations through spontaneous
parametric down-conversion in BIC metasurfaces towards a
new paradigm of miniaturized quantum light sources."*>"%”

Although the basic principles of lasing from BIC metasur-
faces have been established, demonstrating versatile control of
the emission angle, polarization, and even topological charge of
the emitted lightbeam, their true potential is yet to be unveiled
as the thus far proof-of-concept demonstrations were based on
optical pumping. Electrically pumped BIC metasurface lasers
will provide the missing element towards their integration as
light sources in numerous photonic architectures. In addition,
BIC dielectric metasurfaces can be used to enhance the
efficiency of other light generation mechanisms, such as BIC-
enhanced Smith-Purcell radiation by coupling free electrons to
gBIC states.'5®

Biosensing has perhaps reached the most advanced level of
maturity among the various BIC metasurface-based applica-
tions, with very high FoM sensors demonstrated for both bulk
and monolayer sensing at extremely low concentration levels.
In addition, various imaging platforms have been successfully
demonstrated based on coupled effects, such as surface-
enhanced fluorescence and gBIC resonances, or by engineering
CMOS-compatible chips with multipixel probes and powerful
retrieval algorithms for reconstructing molecular absorbance,
analyzing multi-substance samples, and mapping the proper-
ties of single-layer 2D materials. Further progress is expected
to push the detection limits to record-low concentrations
and provide integrated lab-on-chip architectures for parallel
sensing, potentially also combined with nanoparticle trapping.

Moreover, as they are based on a general wave resonant
phenomenon, BIC metasurfaces can in principle achieve the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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functionalities of their counterparts based on bright mode
resonances. As such, it is envisaged that BIC metasurfaces
can push the performance of standard metasurface response
types, such as manipulation of a propagating wave’s amplitude,
phase, polarization, beamshape, towards ultra-narrowband
operation with extreme variations and strongly dispersive
behaviour. This has already been demonstrated in BIC meta-
surface narrowband critical absorbers, phase modulation at the
Hyugens’ regime, and artificially chiral metasurfaces.

Finally, integrating BIC dielectric metasurfaces with dynami-
cally tunable media shows extreme potential, as several enabling
technologies for electro-optic, mechanical, or all-optical are tech-
nologically mature, whereas tunability in BIC metasurfaces is still
in its first steps of exploration. Carrier photogeneration in HR-Si
THz metasurfaces, optical phase change in photosensitive CG
near-IR metasurfaces and electro-optical transmission modula-
tion in SOH BIC near-IR metasurfaces are a few already experi-
mentally proven concepts for the development of novel tunable
components operating in different parts of the electromagnetic
spectrum. A promising degree of freedom to dynamically adjust
the metasurface response is the mechanical tuning of its periodi-
city by employing a stretchable polymeric substrate as demon-
strated in non-BIC dielectric metasurface examples.'”” Carrier
injection, the Pockels or Kerr effect and the use of LC or phase-
change materials can complete the picture and significantly
broaden the spectrum of BIC metasurface functionalities for the
engineering of novel devices spanning a broad range of emerging
applications.

Gradient metasurfaces are expected to further mature in the
following years, by addressing the remaining performance
issues and aligning with the limitations of large-scale fabrica-
tion techniques in order to offer compact, lightweight, and
fabrication-friendly alternatives to conventional bulky optical
components. The ability to efficiently bend light at near-grazing
angles with metagratings has already allowed for designing
metalenses with a record-high NA approaching unity.'*?
On a different front, achromatic metalenses based on vertical
waveguide segments have shown the potential for impressive
operation bandwidths with a constant focal length and mini-
mal chromatic aberrations. Implementations at both infrared
and visible frequencies have been demonstrated.'**'>* In visi-
ble frequencies where the available refractive index contrast is
weaker, more elaborate designs in order to further increase the
efficiency and the bandwidth are desirable. Another worthy
challenge concerns the ability to combine the attributes of high
NA/large-angle bending and achromatic response in a single
metalens implementation (being periodic structures, metagrat-
ings are inherently dispersive and, thus, narrowband).

The possibility to extend the temporal bandwidth of meta-
surfaces, despite their resonant nature, is highly desirable
also in other functionalities besides wavefront manipulation.
Characteristic examples are pulse delay without distortion'®>
(frequently termed “true time delay”) and pulse compression
or broadening for dispersion compensation or chirped pulse
amplification, respectively.'®® More generally, the ability to
arbitrarily control the shape and chirp (instantaneous frequency)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of a short input pulse, depends on being able to freely engineer
the spectral profile of the phase (and amplitude) of the reflection/
transmission coefficient over a broad frequency range. The angu-
lar (spatial) bandwidth of metasurfaces also remains a point of
interest, since their discrete nature is ultimately necessarily
accompanied by spatial dispersion.

In terms of dynamic tunability, all-dielectric gradient meta-
surfaces have a long way to go towards meeting the ultimate
goal of locally addressed and continuously tunable reconfigur-
able structures that can provide multiple functionalities with
high efficiency and are able to quickly switch between (short
response time). To this end, different materials/approaches
may be necessitated for different frequency regimes (micro-
wave, THz, optical frequencies). In addition, the possibility of
fast temporal modulation opens up a window into general
spatiotemporal metasurfaces'®® and enables a broad range of
additional possibilities."""**> For example, it allows combining
wavefront manipulation operations with frequency generation
and mixing, offering an interesting alternative to nonlinear
metasurfaces. Furthermore, temporal modulation can break
time-reversal and therefore realize nonreciprocal wave propagation.
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