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Metasurfaces have appeared as a versatile platform for miniaturized
functional nonlinear optics due to their design freedom in tailoring
wavefronts. The key factor that limits its application in functional devices is
the low conversion efficiency. Recently, dielectric metasurfaces governed by
either high-quality factor modes (quasi-bound states in the continuum) or Mie
modes, enabling strong light-matter interaction, have become a prolific route
to achieve high nonlinear efficiency. Here, an effective way of spatial nonlinear
phase control by using the Pancharatnam—Berry phase principle with a high
third harmonic conversion efficiency of 10~* W2 is demonstrated both
numerically and experimentally. It is found that the magnetic Mie resonance
appears to be the main contributor to the third harmonic response, while the
contribution from the quasi-bound states in the continuum is negligible. This

1. Introduction

Nonlinear metasurfaces provide fine-
grained control over the generation and
efficient manipulation of new frequencies.
Freed from the constraints of classical
nonlinear optics,!'! nonlinear metasur-
faces feature versatile functionalities by
manipulating the amplitude, phase, and
polarization of the generated light. Past
research led to essential applications like
higher harmonic generation and wave
mixing,!**! beam shaping, wavefront con-
trol at higher harmonics,!*) vortex beam
generation,’]  multiplexed holography,!®!

is confirmed by a phenomenological model based on coupled anharmonic
oscillators. Besides, the metasurface provides experimentally a high
diffraction efficiency (80%—-90%) in both polarization channels. A functional
application of this approach is shown by experimentally reconstructing an
encoded polarization-multiplexed vortex beam array with different topological
charges at the third harmonic frequency with high fidelity. The approach has
the potential viability for future on-chip nonlinear signal processing and

wavefront control.

B. Reineke Matsudo, B. Sain, W. Gao, T. Zentgraf
Department of Physics

Paderborn University

Warburger Straf3e 100, Paderborn 33098, Germany
E-mail: thomas.zentgraf@uni-paderborn.de

L. Carletti, C. de Angelis

Department of Information Engineering and National Institute of Optics
(CNR-INO)

University of Brescia

Brescia 25123, Italy

X. Zhang, L. Huang

School of Optics and Photonics

Beijing Institute of Technology

Beijing 100081, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202104508

© 2022 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202104508

Adv. Sci. 2022, 2104508

and nonlinear chirality.”#] Many of these
applications were demonstrated with
plasmonic or hybrid plasmonic-dielectric
metasurfaces that are governed by dipole
electric or magnetic modes but yield a
low conversion efficiency!®!% in the visible
and near-infrared regime. Concerning
practical applications, the low conversion
efficiency is a severe bottleneck. However,
introducing all-dielectric nanostructures
made of high refractive index materials
with strong nonlinear coefficients allows us
to boost the nonlinear conversion efficiency by several orders
and introduce certain functionalities.''?2] These high index
nanostructures support diverse spatial electromagnetic modes
to couple the nonlinear coefficients of the material to the ex-
ternal electromagnetic field. Two important categories of these
modes in the context of nonlinear optics are the Mie modes
and the bound states in the continuum (BIC). Mie modes are
resonances in dielectric resonators that show a strong electro-
magnetic response, allowing to confine the local electromag-
netic field inside a subwavelength nanostructure and therefore
enhances the light-matter interaction. Consequently, Mie reso-
nances can achieve high nonlinear conversion efficiencies. On
the other hand, dielectric nanoresonators can also support BIC.
Compared to the Mie modes, BIC feature an infinite quality fac-
tor because they are modes decoupled from the free space radi-
ation spectrum.?>? By perturbing the symmetry of the BIC, it
is possible to transform the BIC into a quasi-BIC (QBIC) capa-
ble of coupling to the free-space modes,*2] which further im-
proves the light-matter interaction and leads to high nonlinear
conversion efficiencies.??’] Note that design of nonlinear meta-
surfaces often target resonances at the fundamental wavelength
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to increase the nonlinear conversion efficiency. However, dual
resonance techniques are also useful, where one resonance is
placed near the fundamental wavelength and another at the gen-
erated harmonic wavelength.[28.2°]

Besides addressing the high nonlinear conversion efficiency,
nonlinear wavefront control is another important criterion for
functional applications. The most common approach for nonlin-
ear phase-tailoring in metasurfaces is the extension of the Huy-
gens principle to the nonlinear regime. Here, the phase of the
light is manipulated by tuning the shape of a nanoresonator.['33]
With this approach, to achieve a fine-grained phase resolution,
a set of numerous different nanostructures with distinct phase
responses need to be designed, which is a complex task and re-
quires heavy computational resources. A more straightforward
approach to achieve a fine-grained phase resolution is the geo-
metric phase or Pancharatnam-Berry (PB) principle. Here, the
phase of the generated light is adjusted continuously by using
the degree of rotation of a single nanostructure. This approach
requires designing and optimizing only a single nanostructure
instead of a set of nanostructures for obtaining a high nonlinear
conversion efficiency. However, to achieve a high diffraction effi-
ciency and smooth spatial phases, the unit cell size of the meta-
surface needs to be small. Adversely, a small unit cell size leads
to near-field coupling between the nanostructures, which may al-
ter the phase response of the metasurface. Therefore, it is highly
challenging to maintain the nonlinear phase relationship result-
ing from the geometric phase principle, to achieve a continuous
phase tailoring over the range of 2, and at the same time, main-
tain the desired nonlinear efficiency.

It is to be noted that the previously reported conversion effi-
ciency for third-harmonic generation (THG) in silicon metasur-
faces with nonlinear PB phase approach remains very low (=10~°
W-2) compared to the same from the metasurfaces using the
Huygens principle (average power conversion efficiency ~10~*
W~2).112163132] Often, amorphous silicon is used as a material
platform for fabricating metasurfaces to investigate THG due to
its mature fabrication technology. The nonlinear PB phase prin-
ciple requires circularly polarized fundamental excitation com-
pared to the linearly polarized excitation in case of nonlinear Huy-
gens metasurfaces. Therefore, there appears a disadvantage for
amorphous silicon in the context of nonlinear PB phase control
because of its isotropic nature, as THG from an isotropic mate-
rial under circularly polarized excitation is forbidden.**! Conse-
quently, the resonator design with amorphous silicon for nonlin-
ear PB phase control requires special attention for achieving a
high nonlinear conversion efficiency for THG.B?'**

In this work, with the goal of achieving a highly efficient non-
linear metasurface together with the PB phase principle, we de-
signed our metasurface based on QBIC that provide high-quality
factor modes. Numerically, we achieved a strong third harmonic
(TH) signal, mainly originating from the nonlinear enhancement
due to the QBIC. The experimental observation of the THG pro-
vided a very high nonlinear conversion efficiency (=10™* W~2)
under circularly polarized fundamental excitation. Interestingly,
nonlinear measurements indicate that the dominant contribu-
tion to the TH response arises from a magnetic Mie resonance as
confirmed by an analytical model that is based on the principle
of coupled anharmonic oscillators. Further, to establish the func-
tional capability of our nonlinear metasurface, we experimentally
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reconstructed an encoded vortex beam array with different topo-
logical charges at the triple frequency with high fidelity, as illus-
trated in Figure 1a. We applied a design algorithm optimized to
overcome the challenges of optical vortex beam generation and
demonstrated the successful encoding of information in multi-
ple channels of the TH signal simultaneously.

2. Results and Discussion

2.1. Numerical Design of Nanoresonator and Metasurfaces

In our design, we use a 2D array of cylindrical nanoresonators
made of amorphous silicon. The unit cell of the metasurface con-
sists of a cylindrical nanoresonator with an off-centered air hole,
which alters the rotational symmetry of the cylinder from C_ to
C, as shown in Figure la. Note that the C, rotational symmetry
helps to introduce the geometric phase to the system, according
to the selection rule for third harmonic generation under circu-
larly polarized fundamental illumination.**] The geometrical pa-
rameters of the unit cell were optimized based on the QBIC mode
to achieve a high nonlinear conversion efficiency for THG under
the fundamental excitation of wavelengths around 1300 nm. For
this optimization, we use full-vectorial electromagnetic simula-
tions with the finite-element-method implemented in COMSOL
Multiphysics (more details can be found in the Supporting Infor-
mation). The obtained linear transmission of the metasurface for
a period of 664 nm under circularly polarized light is shown in
Figure 1b. One can observe a broad resonance dip at a wavelength
of 1300 nm with a linewidth of ~#70 nm, resembling a magnetic
Mie mode, and a sharp peak at a wavelength of 1325 nm with a
linewidth of ~8 nm, which corresponds to QBIC. The magnetic
field plot at the wavelength of 1300 nm (top inset of Figure 1b)
shows the magnetic dipole nature of the resonance located in the
x-y plane. Figure 1c illustrates the corresponding electric field
plots in the x—z and y-z planes for the same magnetic field in
the x—y plane (repeated) at 1300 nm. The electric field forms a
vortex in the x—z and y-z planes, which is typical for a magnetic-
dipole Mie resonance with in-plane magnetic dipoles, in partic-
ular aligned with the x-axis and y-axis.*®] The magnetic dipole
mode has the ability to enhance the nonlinear conversion effi-
ciency as they allow for efficient coupling of an electromagnetic
field to the nonlinear susceptibility of a material. In contrast, the
embedded sharp peak at 1325 nm shows an entirely different
mode profile compared to the broad resonance at 1300 nm. At
1325 nm, the electric field plot shows an asymmetric vortex in
the x—y plane (bottom inset of Figure 1b), which is enhanced in
the vicinity of the air hole. The corresponding magnetic field in
the y—z plane is parallel to the cylinder axis, as shown in the lower
row of the Figure 1d, along with the same electric field in the x—y
plane.

To better understand the QBIC, we consider the nanoresonator
without the small air hole. The electric and magnetic field plots
of such a cylinder are shown in the upper row of Figure 1d. As
visible in the magnetic field plot, this geometry supports a ver-
tical magnetic dipole mode, parallel to the cylinder axis; there-
fore, the electric field of the mode forms a symmetrical vortex
in the x—y plane. The mode is incapable of coupling to the free
space as the mode’s symmetry in the x—y plane is mismatched to
the symmetry of a plane wave at normal incidence, and the unit
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Figure 1. a) Unit cell design of a silicon cylinder with broken symmetry. Inset shows the schematic illustration of the projected vortex beams array with
different topological charges to be generated at the triple frequency, representing the functional behavior of our metasurface made of silicon cylinders
with broken symmetry. b) Transmission spectrum of an array of such cylinders with a hole of radius 40 nm calculated with CST Microwave Studio. The
QBIC manifests as a sharp transmission peak inside a broad resonance dip. The insets show the mode profiles for a broad Mie resonance and for the
corresponding QBIC. c) Left: x—y plot of the magnetic field (magnetic Mie mode) at 1300 nm inside the amorphous Si cylinder with a hole of radius
40 nm, arranged in a subwavelength array. Right: x—z and y—z plots of the corresponding electric field of the magnetic Mie mode. d) Electric and magnetic
field plots inside an amorphous Si cylinder arranged in subwavelength arrays supporting BIC (without the hole, upper row) and QBIC (with a hole of
radius 40 nm, lower row). The plots in the x—y plane represent the electric fields at 1325 nm, while the plots in the y—z plane represent the corresponding

magnetic fields.

cell subwavelength period prevents any wavevector which is not
normal to the metasurface.l*! These properties eliminate possi-
ble channels for radiative decay, resulting in a high-quality factor
and a long lifetime. The long lifetime of these so-called BIC is vi-
tal for high nonlinear conversion efficiency as it allows for a pro-
longed interaction between the trapped energy and the nonlinear
susceptibility of the material.[>] By incorporating an off-center
hole within the cylinder, one can break the in-plane symmetry of
the nanoresonator, open radiation channels, and the BIC is then
transformed into QBIC, which is capable of free-space coupling.
The corresponding electric and magnetic fields for the QBIC for
an array of the cylinders with holes of radius 40 nm are shown
in the lower row of the Figure 1d. Compared to the electric field
plots for a cylinder without a hole, the hole leaves the electric
field vortex mostly intact but results in a field enhancement in its
vicinity. This property leads to a nonzero electric dipole moment
in the x—y plane, compatible with the symmetry of the plane wave
at normal incidence.

As mentioned above, one can use the hole in the cylinder to
introduce the PB phase for circularly polarized light. The qualita-
tive relationship between the rotation « of a nanostructure with
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C, rotational symmetry with respect to the laboratory frame and
the obtained phase ¢ for THG is given by(3!%]

b, = 20a 1)
¢Cross = 4oa (2)

where @, and @, are the acquired nonlinear phase shifts
when the fundamental and TH light has the same (co-), and the
opposite (cross-) circular polarization, respectively, and o = + 1
defines the handedness of the circular polarization state. The
principle is illustrated in Figure 2a. For functional applica-
tions such as in nonlinear holography, a high spatial density of
nanoresonators is necessary to achieve high-quality holographic
images as the image quality increases with the spatial phase reso-
lution. On the other hand, increasing the density of resonators in-
creases the near-field coupling between the adjacent unit cells,*®]
leading to a deviation in the TH phase relationship as presented
in Equations (1) and (2). It results in an increased crosstalk
between the different polarization channels and introduces a
phase noise, limiting the diffraction efficiency. Therefore, due to
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Figure 2. a) PB phase principle for THG. A right circularly polarized beam is incident on a cylinder with an off-centered hole (C; rotational symmetry)
which is rotated by an angle @ with respect to the laboratory frame. Because of the nonlinear interaction in the cylinder with C; rotational symmetry,
at the TH frequency, the light carries a phase of 2a in the co-polarization (RCP to RCP) and 4« in the cross-polarization (RCP to LCP). b) 2D plot of
the transmission spectra of the metasurface composed of cylinders with an off-centered hole for different periods ranging from 500 to 900 nm. The
QBIC forms a transmission peak in a broader resonance dip. The insets represent different periods for the nonlinear investigation. c—e) Left: Plots of
the TH signal strength as a function of the fundamental wavelength around the QBIC resonance for the three different periods (609, 664, and 730 nm)
as marked in (b). The fundamental wavelength ranges from 1300 to 1314 nm (609 nm period), 1325 to 1339 nm (664 nm period), and 1350 to1364 nm
(730 nm period) which corresponds to a TH wavelength of 433.33-438.00, 441.67-446.33, and 450.00-454.67 nm, respectively. Right: Variation of the
nonlinear PB phase associated with the generated TH light upon rotation of the C; cylinder within 0°~180° for the fundamental wavelengths of 1307 nm
(c), 1332 nm (d), and 1357 nm (e).

near-field coupling, there always exists a trade-off between the  the uniform linewidth of the QBIC peak. In addition, the TH in-
PB-phase relationship and a high spatial phase resolution tensity in the co-polarization is stronger than the TH intensity

To assess the trade-off between the near-field coupling and  in the cross-polarization. Furthermore, the TH signal is highly
the phase, we numerically investigated the TH intensity and the  sensitive to the fundamental wavelength around the QBIC reso-
corresponding nonlinear phase in our design for different pe- nance, the intensity of which is strongly reduced when the exci-
riods. Figure 2b shows the color plot of the transmission spec-  tation wavelength differs further from the resonance. The above
tra within the wavelength range of 1100-1500 nm as a function  observations establish QBIC as the main contributor to the THG
of the unit cell period, p (500-900 nm). The transmission spec-  in the numerical simulation. Figure 2c—e also displays the TH
trum presents a sharp peak within a much broader resonance  phase change as a function of the rotation of the cylinder at the
dip, corresponding to the QBIC as indicated previously in Fig-  QBIC wavelength. The rotation angle a of a single nanoresonator
ure 1d. Further, by increasing the unit cell size, the resonance  between 0° and 180° changes the phase of the generated TH light
wavelength of the QBIC can be varied from 1225 to 1400 nm;  within 0-2x for co-polarization and within 0 to 4z for the cross-
however, the peak remains spectrally narrow with a linewidth of ~ polarization due to the different dependency of the acquired non-
~ 8 nm, since the linewidth is mainly controlled by the hole size  linear phase on the rotation angle of the nanoresonator (2« and
and its position from the center. However, both parameters were 4« in co- and cross-polarizations, respectively). Besides, the non-
kept constant in the simulations. The plots of the simulated non-  linear phase relationship follows higher linearity with larger pe-
linear phase and TH intensity in the zeroth diffraction order for  riods, as the near field coupling becomes weaker with the larger
different unit cell sizes (609-730 nm) are shown in Figure 2c—  period. Therefore, the unit cell size is crucial for optimizing the
e. It is observed that the TH intensity remains within the same  system for nonlinear PB phase control, while maintaining a uni-
order of magnitude for different unit cell sizes, as expected by ~ form TH intensity.
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2.2. Experimental Outcomes and Analytical Modeling

Based on our design, we fabricated ten different metasurfaces
of size 100 x 100 pum? for five different unit cell periods (562,
609, 664, 730, 811 nm) and for each period there are two cases,
one with and one without a linear spatial PB phase gradient. For
the phase gradient, we incrementally increased the rotation an-
gle of the nanoresonator along the x-direction by 22.5°; there-
fore, a full rotation of 360° can be covered up by 16 unit cells.
Two scanning electron microscopy (SEM) images of the meta-
surfaces, one without a phase gradient and another with a phase
gradient, are displayed in Figure 3a,b, respectively. Details about
the nanofabrication processes can be found in the Experimental
Section.

Performing a circle Hough transformation on several SEM
images, we obtained the average radius of the cylinders to be
(182.5 + 3.5) nm, which matches to our design (182.5 nm). How-
ever, the hole radius after the fabrication appears to be smaller
than the design and increases with the period due to the decrease
of the proximity effect during electron beam lithography. There-
fore, instead of having a uniform radius of 40 nm, the hole radius
in our sample varies from 20 nm for a period of 562 to 35 nm for
811 nm.

Figure 3c,d displays the plots of the linear transmission spec-
tra for the different unit cell periods for vertically and horizontally
polarized incident light, respectively. The polarization states are
defined in the inset. Note that the QBIC state is accessible only
by the vertically polarized incident light because of the vertical
orientation of the net dipole moment of the QBIC . For both po-
larizations, we observe a broad transmission dip within the wave-
length range of 1250-1300 nm with an apparent difference be-
tween vertically and horizontally polarized excitations. The reso-
nance dip for the horizontally polarized excitation lies at a shorter
wavelength than the same for the vertical polarization for the
same period. In agreement with the simulation, the resonance
frequency shifts to longer wavelengths with an increasing period.
Moreover, the resonance shape differs for both polarizations; the
dips for the horizontal polarization are symmetric, while it ap-
pears as asymmetric for vertical polarization, which may result
from the influence of the QBIC mode. However, the anticipated
peak in the transmission spectra due to QBIC as observed in the
simulation (Figure 1d) is not observed experimentally.

Figure 3e,f shows the results of the TH measurement from the
metasurfaces without phase gradient for different periods for the
same and opposite polarizations to the fundamental beams, re-
spectively. The red line in the plots of Figure 3e,f represents the
TH response of the model of an anharmonic oscillator, which will
be discussed later. A similar plot, which shows the same trend
for the metasurface with phase gradient, can be found in the
Supporting Information. The measurements were made for the
fundamental excitations within the range of 1240-1360 nm. The
figures show that the intensity of the generated TH light at the
co-polarization is higher than the same at the cross-polarization.
Further, the overall TH intensity for co- and cross-polarization is
increasing with the unit-cell size. The increase in TH intensity
for a longer period in connection with the decrease in linewidth
of the magnetic Mie mode may be associated with the increase
of the quality factor. All the nonlinear measurements reveal a
broadband TH response of the metasurfaces, accompanied by
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a peak, representing a few times higher intensity than its sur-
roundings. The spectral width (FWHM) of the TH response is
5-6 nm. We estimated the maximal achievable nonlinear con-
version efficiency of our fabricated metasurfaces. For an average
laser power of 100.00 + 1.00 mW (P,,), which is measured with
a power meter, we estimate an average THG power of 0.14 +
0.02 uW (Ppyc), which is derived from the spectrometer data af-
ter normalizing to the optical components in the beam path and
the quantum efficiency of the detector. It gives the nonlinear peak

. . N P 141
power conversion efficiency, fryc = =25 =~ 10 14%’ where the

pulse length and repetition rate are of 200 fs and of 80 MHz, re-
spectively, the average power conversion efficiency is 10~ W=2.
Note that we set the TH pulse length equal to the pulse length
of the fundamental beam because of the low quality factor (Q ~
40-50) of the resonances and the subwavelength height of the
metasurfaces in propagation direction of the fundamental wave.

Also note that the estimated efficiency is based only on the ze-
roth diffraction order of the 2D metagrating. As the TH wave-
length is smaller than the period of the unit cell one can expects
higher diffraction orders to appear. The higher diffraction orders
appear with an angle greater than 45° and thus are not collected
by the microscope objective, as the numerical aperture only al-
lows for collecting light within a cone of 24°. Therefore, if we
include the nine diffraction orders (because of the 2D grating),
the overall TH conversion efficiency will be one order of mag-
nitude higher. The efficiency remains the same in the case of
the corresponding phase gradient metasurface. Compared to an
unstructured silicon film of the same thickness, the patterned
metasurface shows a 10 000 times higher TH intensity (see the
Supporting Information). It is worthy to mention that the THG
peak power conversion efficiency (in the zeroth order) of the
metasurface, when illuminated by a vertically polarized funda-

mental beam is gy, = (PT)T”)C; ~ 1073 W2 (107 W2 is the av-
erage power conversion efficiency). By using a circularly polar-

ized fundamental beam, we lose 50% of the power during ex-
citation, leading to ~ (3)} = 1 times weaker signal, which is al-
most one order of magnitude lower than for a linearly polarized
excitation.

Direct comparison of the linear and nonlinear experimental
findings with the corresponding simulations reveals a dispar-
ity between the observed results. The simulated linear transmis-
sion spectra show a defined peak with narrow linewidth related
to the presence of the QBIC while this feature is absent in the
experiment. Further, while the nonlinear simulation predicts a
strong THG in the vicinity of that peak, our fabricated metasur-
face presents a broadband nonlinear response in the experiment.
For a better assessment of this discrepancy between the experi-
mental and the numerical outcomes, we adopted a model based
on a coupled anharmonic oscillator.*"! In this model, we define
the amplitude of the nanostructure’s magnetic Mie mode as x
which can interact with an external excitation and couple to the
free space. We also define the BIC amplitude as x; which cannot
be coupled directly to the free space but is coupled to x,. There-
fore, one can obtain two coupled differential equations as follows

Xp + 2ypkp + a)ZDxD —kxp +a x3D = —f (3)

1= 0 4)

Xp + 275K + 0hxg — kxp +a x)

2104508 (5 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. a,b) SEM images of etched metasurfaces with and without gradient. Scale bar: 1 um. c,d) Experimentally measured transmission spectra for
vertically and horizontally polarized input light of wavelength in the range, 1240-1360 nm for different unit cell sizes. e,f) Intensity of the third harmonic
light for the fundamental beam of wavelengths ranging from 1240 to 1360 nm for different periods in co- and cross-circularly polarized configurations.
The fitted red curves show the overall nonlinear response of an anharmonic oscillator, where the fitting parameters of the model are extracted from the

linear transmission spectra in (c).
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Table 1. Model parameters extracted by fitting the numerically and experimentally obtained transmission spectra through Equations (3) and (4). Note
that the values in the table are converted to wavelength for better comparison with Figures 1b and 3c.

p [nm] @p [nm] vo [nm] wg [nm] 7g [nm] k[nm]

Experimental spectra 563 1263 49 1307 12 19

(Figure 3c) 609 1276 42 1296 1 22
664 1290 39 1294 n 21
730 1301 32 1296 19 20
811 1313 39 1315 23 32

Simulation 664 1300 25 1320 0.1 16

(Figure 1b)

where xp/5(t), ¥p/5, and opp represent the amplitude, damping, a) b)

and resonance frequency of the Mie mode (D) and the BIC (B), re- 1 ————— 1

spectively, and k is the coupling constant between the oscillators. |—overall THG |

Further, only the Mie resonance is driven by an external electro- —Mie resonance

magnetic field f;, as the BIC is a dark mode. The anharmonic 0.8;—BIC ] 0.8

term ax? /5 gives rise to the nonlinear response of the model, %,

where a is the nonlinear coefficient. The solutions of the cou- § 0.6} ] 06!

pled equations can be found in the form of a Taylor expansion ®

Xpsp (1) = ¥pjmo + @Xpyp; + O(n?). By inserting the Taylor expan- ©

sion into Equations (3) and (4), the coupled anharmonic oscillator c%

leads to two sets of coupled equations, where x5  is the solution T

corresponding to the classical coupled harmonic oscillator, while =

Xpsp,1 describes the nonlinear response of both oscillators. After \

solving the displacements x5, the nonlinear response of the 1

coupled oscillators can be calculated as x5, ~ F[x}) /B’O].[”] The
nonlinear response of the metasurfaces can be estimated by us-
ing the extracted values of yp, , wp 5, and k from the fitting of the
extinction spectra experimentally obtained from the transmis-
sion spectra shown in Figure 3c. The fit values can be found in
Table 1 and details about the fitting procedure can be found in the
Supporting Information: Figure 3e,f shows the comparison be-
tween the experimentally observed TH response for a wavelength
range for co- and cross-polarized configurations and the corre-
sponding TH response from the model calculation, Iy = |xp;
+ x5,|* (red curve). The model can reproduce the experimen-
tally observed broadband nonlinear response qualitatively by only
considering the linear optical properties of the system. However,
from the quantitative point of view the model may not provide a
careful estimation as it does not include transmission and reflec-
tion from the oscillator but only the oscillator strength and the
model parameters are derived from the measured linear trans-
mission results. Furthermore, the model describes the metasur-
faces as a single coupled oscillator. Therefore, small geometric
changes can have a larger impact on the nonlinear optical prop-
erties, while the linear optical properties are mostly remain un-
changed. Additionally, the nonlinear susceptibility of the material
is also not considered in this model but only the nonlinear behav-
ior based on the resonance itself, which also influence the devia-
tion between the model and the experimental data. Besides, the
coupled anharmonic oscillator model, temporal coupled mode
theory (CMT) could also be useful to describe and analyze the
third harmonic response from resonant nonlinear systems.[*!
However, our model reasonably predicts the overall nonlinear re-
sponse of the metasurface, and we can separate the individual
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Figure 4. Plots of the TH signal strength as estimated from the anhar-
monic oscillator model by using the model parameters extracted by fitting
a) the experimentally measured linear transmission spectrum for a period
of 664 nm, displayed in Figure 3c, and b) the simulated spectrum for the
same period as displayed in Figure 1b. The overall TH response Ity =
o1 + xg11*; Ip = |xp1|? and Iy = |xg ;|? are the contributions from the
magnetic Mie mode and the BIC, respectively. The plots are normalized to
the maximum oscillator strength of I ¢.

contributions from the two individual modes. Figure 4a shows
the overall THG response from the model and the individual
contributions from x,, and x;; exemplary for the metasurface
with a period of 664 nm. Interestingly, the calculated nonlinear
response from the model is dominated by the nonlinear oscillator
strength xp, ; that corresponds to the magnetic Mie mode, while
the contribution from the BIC, x; ; is small, as the pump mainly
excites the Mie mode. Note that the resonance wavelengths ex-
tracted from the fit associated with the frequencies wp and wy of
the magnetic Mie mode and QBIC fall in the broad transmission
dip and the asymmetric shoulder (1289 nm) in the transmission
spectrum, respectively, corresponding to a period of 664 nm. The
linewidths of the dipole mode and BIC are estimated as 52 nm
and 12 nm, respectively. The same linewidths can also be esti-
mated from the fitting of the other experimental transmission
spectra associated with different other periods, and in every case,
the nonlinear oscillator strength x,; dominates the overall non-
linear response.

2104508 (7 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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For further investigation, we fit our model to the numerical
transmission spectra as displayed in Figure 1b. The fit values
can be found in Table 1. The resonance wavelengths correspond-
ing to the frequencies wp and wy of the magnetic Mie mode
and the QBIC fall at the minimum of the broad dip and the
sharp peak in the transmission spectra, respectively. In contrast
to the linewidths for BIC and Mie modes observed in the ex-
periment, the linewidths extracted from the simulation are ap-
peared to be smaller. The fitting presented in Table 1 reveals a
linewidth of ~40 nm for the Mie mode, which is close to the
value obtained from the experimentally measured transmission
spectra. However, in Table 1 the linewidth y; of the mode wy
is estimated as 0.1 nm, which corresponds to a quality factor
of 13200, agrees with the assumption that the dark mode x; in
this resonator system resembles a BIC mode. In addition, the
coupling constant can be estimated as k = 16 nm, which is
smaller than the linewidth of the magnetic Mie mode, which in-
dicates a connection with the Fano resonant regime associated
with weak coupling.[*!l Therefore, in the numerical case, our de-
sign supports BIC and the coupled anharmonic oscillator estab-
lished by Equations (3) and (4) describes a QBIC for the set of
parameters presented in Table 1. Figure 4b shows the nonlin-
ear response of the model fitted to the simulated transmission
spectra, where the BIC (xj,) mainly contributed to the nonlin-
ear response. However, for a slight change of the linewidth of
the BIC, the TH response is largely reduced and becomes broad-
ened, and the contribution of the dipole oscillator becomes dom-
inant. Note that the total TH intensity is larger than the sum of
the contributions from the individual oscillators as square of the
sum of the two is larger compared to the sum of the two indi-
vidual squares. In the context of this model, compared to the
simulation, the linewidth of the BIC is broadened by several or-
ders of magnitude in the experiment, as presented in Table 1.
Therefore, the linewidth y; of the QBIC is the key parameter
that makes our experimental observations significantly different
from the numerical results, the linewidth of the QBIC appears
to be around 12 nm in the experiment. Further, the model pa-
rameters can be extracted from the simulated transmission spec-
trum shown in Figure 1d and the linewidth y, can be increased
from the original value of 0.1 to 6.5 nm, which is close to the val-
ues extracted from the experimentally obtained transmission. By
increasing the linewidth y; in the anharmonic oscillator model
and keeping the remaining model parameters constant, the TH
signal strength of x;, decreases and x,; becomes the domi-
nant contributor to the overall nonlinear oscillator strength, as
shown in the Supporting Information. Moreover, the transmis-
sion spike which is visible in Figure 1d becomes less pronounced
and resembles the measured transmission in Figure 3c, as the
linewidth is increased from 0.1 to 6.5 nm. Besides the linewidth,
the spectral distance of the BIC and Mie resonance appears to in-
fluence the nonlinear response of the system as well. In total, the
dominant contribution in the experiment stems from the mag-
netic Mie mode and not from the QBIC since the linewidth of
the QBIC, which represents the loss of this mode, appeared to
be too large to drive the QBIC effectively. Reason for the large
losses, which limit the contribution of the QBIC mode can be
mostly fabrication related. This includes geometrical variations
between the resonators during the lithographic patterning, as ex-
plained in ref. ], and changes in the refractive index during
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the reactive ion etching and the other fabrication steps. In ad-
dition, potential surface roughness of the resonators, which also
leads to a broadening, was not included in our design. Overall,
these parameters can all limit the quality factor of the mode. Note
that QBIC in silicon metasurfaces with high quality factors were
demonstrated.[*>44]

To realize the nonlinear phase-tailoring properties experimen-
tally, we investigated THG from our fabricated metasurfaces with
the desired phase gradient based on the PB phase principle for
different unit cell periods, leading to a beam deflection (for de-
tails, see the Supporting Information). Depending on the period,
one expects diffraction orders at around 4.64° (co-polarization)
and 9.29° (cross-polarization) for a TH wavelength of 430 nm.
As the phase gradient resembles a blazed grating, the diffrac-
tion spots can be assigned to different phase gradients result-
ing from the phase factors of the PB phase (+ 2"« + 4a, =+
1%« + 2a), as explained in the Supporting Information. We
spatially resolve the TH signal in the Fourier-space by imag-
ing the back focal plane of the microscope objective that col-
lects the light from the metasurface. The measured TH intensity
in different diffraction orders, along with the estimated diffrac-
tion efficiencies for co- and cross-polarization, is shown in Fig-
ure 5. The k-space image for the copolarized TH light shows a
prominent spot at first diffraction order (at the desired angle)
with unwanted weaker contributions at the zeroth- and second-
order location. In contrast, the cross-polarized TH light appears
mainly in the second diffraction order. The zeroth-order diffrac-
tion spot in the center of the Fourier space does not carry any
PB phase. We calculated the diffraction efficiency for a particular
diffraction order as the quotient of the intensity of that diffrac-
tion order (marked by the dotted white lines) to the overall TH
intensity.

In co-polarization, the first diffraction order (proportional to
2a) appears with very high diffraction efficiency (~*90%) for peri-
ods ranging from 664 to 811 nm. The high diffraction efficiency is
maintained for a broad range of fundamental wavelengths. How-
ever, for smaller periods (609 and 562 nm), the diffraction effi-
ciency decreases dramatically due to the upsurge of the near-field
coupling strength between the adjacent nanoresonators. More-
over, the diffraction efficiency for the — 1% (Figure 5b) and —
27 (Figure 5a) diffraction orders are negligible as the phase gra-
dient resembles blazed gratings. The same trend of variation of
the diffraction efficiency is also observed for cross-polarized de-
tection configuration. For cross-polarization, the phase shift is
proportional to 4a and therefore, the maximum diffraction ef-
ficiency occurs at the + 2" diffraction order (Figure 5e). Here,
we achieve a maximum diffraction efficiency of ~80%. How-
ever, the overall diffraction efficiency is estimated as lower for
the cross-polarization compared to the copolarized configuration.
This is primarily because the TH phase in the cross-polarization
changes with 4 while in the co-polarization case the phase
changes with 2a, decreasing the phase resolution by a factor of 2.
Consequently, the diffraction efficiency decreases for the cross-
polarization compared to the co-polarization.

To establish the functional capacity of our metasurface, we de-
signed a vortex beam array for its realization at the triple fre-
quency. The design was based on the spatial distribution of the
TH phase to accomplish the desired nonlinear diffractive meta-
element. We chose a 3 X 3 arrangement of vortices with varying

2104508 (8 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Diffraction efficiencies of the TH light in different diffraction orders for different periods of the phase gradient metasurface under the excitation
of the fundamental beams with wavelengths ranging from 1240 to 1360 nm in co- and cross-circularly polarized configurations. The Fourier images,
above the plots of the diffraction efficiencies, are illustrated for a period of 811 nm and for a fundamental wavelength of 1300 nm. The first row shows
the same for copolarized measurement, while the second row for the cross-polarized measurement.

topological charges m for the conversion of an original Gaussian
beam at the fundamental wavelength into multiple vortex beam
profiles at the TH wavelength. By considering the trade-off be-
tween the conversion and diffraction efficiencies, we designed
and fabricated the metasurface with a period of 664 nm (for de-
tails of the design, see the Supporting Information). By utiliz-
ing the design freedom of the PB-phase principle, we encoded
two different vortex beam arrays in the co- and cross-polarization
channels of the TH light (corresponding to the phase factors 2«
and 4a, respectively). The obtained experimental and numerical
results for the nonlinear optical vortex array generation with re-
spective topological charges are shown in Figure 6. The small
spot in the center of the Fourier plane, visible in the experimen-
tally reconstructed arrays, arises from residual TH light, which
is not carrying any PB-phase information. Note that the vortex
beams with higher topological charges start to interfere with each
other (e.g., the vortex beams with topological charges 14 and 16,
shown in Figure 6b as the vortices are densely packed in an an-
gular range of 17.46° (NA = 0.3). With careful observation, one
can see that the measured vortex arrays exhibit a minor speckle
pattern, which is typical for phase-only holograms. By inverting
the polarization state of the fundamental illumination, the pat-
terns generate their conjugated images due to the sign change
of ¢ in the phase factor of the THG signal. Besides, a different
vortex beam array was encoded at the fundamental wavelength
by means of wavelength multiplexing. The reconstructed image
in the cross-polarization channel as determined by the linear PB
phase principle (only allowed in cross-polarization), at the fun-
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damental wavelength can be found in the Figure 6¢. The vortex
beam array is reconstructed within an angular range of 36.86°
(NA = 0.6), therefore interference between different vortices is
small. Again, by inverting the polarization state, the conjugated
vortex beam can be reconstructed. Careful observation reveals
that there appear ghosts images associated with the individual
vortex beams in an array as a result of the internal reflections
inside the camera, as the antireflection coating and the camera
itself are optimized for the visible spectral range. This effect is
stronger for the vortex beam with low topological charges, e.g.,
for m = -2, as the intensity is concentrated over the smaller area
on the camera sensor.

3. Conclusion

In this work, we demonstrate both numerically and experimen-
tally a nonlinear silicon metasurface that can generate TH light
very efficiently and simultaneously can tailor the nonlinear phase
based on the PB phase principle. Our metasurface experimen-
tally presented a strong broadband third harmonic response
with an average power nonlinear conversion efficiency of # =
% ~ 107 W2 when illuminated with a circularly polarized
fundamental near-infrared laser beam (peak power conversion

efficiency, iy = fg—”)“; ~ 107"*W~2). The metasurface was de-
signed to support optical quasi-bound states in the continuum
modes, however, experimentally the magnetic Mie mode domi-

nates the overall TH response with a very weak contribution from

2104508 (9 of 12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. The left column shows the numerically simulated vortex beam
arrays of varying topological charges at the TH wavelength in a) co-
polarization and b) cross-polarization. The right column displays the ex-
perimentally reconstructed TH images at the Fourier plane carrying the
phase of the same vortex beam arrays in a) co-polarization and b) cross-
polarization. The numbers on the experimentally reconstructed figures
represent the topological charges of each generated vortex beam. c) The
numerically simulated (left) and the experimentally (right) measured vor-
tex beam arrays in cross-polarization, respectively, at the fundamental
wavelength.

the QBIC, as confirmed by an analytical model based of an an-
harmonic oscillator. Besides, our metasurface provides a high
diffraction efficiency of ~90% in co-polarization and ~80% in
cross-polarization at the third harmonic wavelength. The conven-
tional designs of the nonlinear phase control with all-dielectric
metasurfaces reported in literature are based on the nonlinear ex-
tension of the Huygens principle, which demands a large set of
nanoresonators with different geometries to achieve a complete
27 phase coverage at a particular single frequency. Furthermore,
it requires huge computational resources in the design./!31]
In contrast, the nonlinear extension of the PB phase principle,
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which requires a more straightforward design and a better and
simplified nanofabrication process, can end up with very high
conversion and diffraction efficiencies even at a circularly polar-
ized fundamental excitation, along with a continuous and full
control of the nonlinear phase, as evidenced by this work. Finally,
we established the functional capability of our metasurface by il-
lustrating the experimental reconstruction of a polarization mul-
tiplexed encoded vortex beam array supported by varying topo-
logical charges, with high fidelity and high conversion efficiency.

The concept provides a pathway to realize the miniaturized
control of the high conversion and diffraction efficiencies to be
applicable in nonlinear nanophotonic devices where advanced
phase control with low spatial footprints is necessary, such as
nonlinear optical information processing and wavefront engi-
neering.

4. Experimental Section

Optical Experiments: The linear transmission spectra were measured
using a white light laser source (Fianium Whitelase) in the spectral range
of 1150-1300 nm. Further, the input polarization was controlled by a lin-
ear polarizer. A 10X infinity-corrected microscope objective collected the
metasurface’s transmission. The light was routed to a spectrometer (An-
dor Shamrock Kymera 193) with a set of lenses. The spectrometer was
equipped with an InGaAs detector (Andor IDus 491A InGaAs) suitable for
measurements in the infrared. The spectral resolution of the transmission
setup is 2.43 nm.

An optical parametric oscillator with a pulse length of 200 fs and an

80 MHz repetition rate as a laser source for the nonlinear optical ex-
periments were used. The wavelength was changed between 1200 and
1350 nm during the experiment but keeping the average laser power at
50 mW. The laser light was focused on the metasurface by a 50 mm achro-
matic lens optimized for the infrared resulting in a beam waist size of
~45 um. Therefore, the average pump peak power density of 0.32 GW
cm2,
To collect the THG light from the metasurface, a 50x microscope objec-
tive with a numerical aperture of 0.42 was used. By a set of two lenses, the
back focal plane was captured into an imaging spectrometer. The imaging
spectrometer (Andor Shamrock 303 equipped with an iDUS 420 detector)
allows to resolve the frequency-converted light's wavelength and different
diffraction orders orthogonal to the diffraction grating. Using a combina-
tion of linear polarizers and quarter-wave plates, the circular polarization
state was prepared and analyzed. Short-pass filters were used to suppress
the fundamental laser beam and to minimize nonlinear contributions from
other optical components. The holographic images were captured with a
similar setup as discussed above, but an sCMOS camera (Andor Zyla 4.2)
replaces the spectrometer to capture a high-fidelity image of the whole
Fourier space.

Vortex Beam Array Design: The vortex beam array metasurface de-
sign exploits the same QBIC metasurface as discussed above, but
a computer-generated holographic (CGH) algorithm determined every
nanoresonator’s rotation on the metasurface. This algorithm was opti-
mized for vortex beam generation at the Fourier plane. There is a particu-
lar need for optimized algorithms as the generation of optical vortex beam
arrays has several challenges, such as low quality and an unfavorable en-
ergy distribution among the vortex beams. Further, the algorithm allows
for polarization and wavelength multiplexing, satisfying the demand for
compact, highly functional metadevices.

To establish the viability of the nonlinear metasurface, a nonlinear
Dammann vortex beam array was designed for implementation in two cir-
cular polarization channels of the THG and a third channel in the linear

case. As for such C1 symmetric meta-atom, one can predict 266 (6 = —1)
for opposite handedness at the fundamental frequency, and 266 (¢ = 1),
460 (c = — 1) for same and opposite handedness at the THG frequency,
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respectively. The transmission function can be expressed by Fourier series
as follows

+1)06 ) ..
T,(jgv); =exp(i(nx1)Le0) X Z Z TirENe
m=—con=—o0
2z .
exp </? (mx +ny) +i (mL, + nlL,) 0> )
X

where the inset topological charges are setas Ly = 2, L, = 2,L, = 6,n
represents the harmonic generation order, which can be 1 (for fundamen-
tal frequency) and 3 (for THG). While (n — 1) and (n + 1) correspond to
the same handedness and opposite handedness of the output light with
respect to the incident one, respectively. Cp,, 5,9 and C,, 459 are the opti-
mizing target to get desired diffraction orders as 3 x 3. As demonstrated,
the topological charges of each diffraction order obey the rule of Ly + mL,
+nL, for 266 case and 2L, + mL, + nlL, for 466 case. For each diffraction

order, the numerical aperture NA = Ti Vm? + n?, which changes with

the generated frequencies. The first item in the series expansion predicts
the location of each diffraction order, which also relates to the generated
frequency. Afterward, by using genetic algorithm method, the optimized
rotation angles of the nanoholes within the cylinders can simultaneously
obtain the ideal target orders in both linear and nonlinear channels.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This project received funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 research and inno-
vation programme (Grant Agreement No. 724306) and the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) — SFB-
Geschiftszeichen TRR142/2-2020 — Projektnummer 231447078 — Teilpro-
jekt CO5. The authors also acknowledge the NSFC-DFG joint program
(DFG No. ZE953/11-1, NSFC No. 61861136010) for continuous support.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

bound states in the continuum, harmonic generation, metasurfaces, non-
linear optics, nonlinear vortex beams, Pancharatnam—Berry phase, phase
control

Received: October 11, 2021
Revised: January 14, 2022
Published online:

[11 R.W. Boyd, Nonlinear Optics, Academic, Amsterdam 2019.
[2] Y.Blechman, E. Almeida, B. Sain, Y. Prior, Nano Lett. 2019, 19, 261.

Adv. Sci. 2022, 2104508

(3]

[4

(3]
(6]

(7]
(8]
9]
(10]
(1]

(12]
[13]

(14]
[15]
[16]

(17]

(18]

[19]
20]
(21]
(22]
(23]
(24]
(23]

(26]

27]
[28]
[29]
0]
B1]
32

(33]
(34]

35]

36]

www.advancedscience.com

G. Li, G. Sartorello, S. Chen, L. H. Nicholls, K. F. Li, T. Zentgraf, S.
Zhang, A. V. Zayats, Laser Photonics Rev. 2018, 12, 1800034.

C. Schlickriede, N. Waterman, B. Reineke, P. Georgi, G. Li, S. Zhang,
T. Zentgraf, Adv. Mater. 2018, 30, 1703843.

Y. Chen, X. Yang, J. Gao, Adv. Opt. Mater. 2018, 6, 1800646.

W. Ye, F. Zeuner, X. Li, B. Reineke, S. He, C.-W. Qiu, J. Liu, Y. Wang,
S. Zhang, T. Zentgraf, Nat. Commun. 2016, 7, 11930.

Y. Chen, X. Yang, ). Gao, Light Sci. Appl. 2018, 7, 84.

S. Chen, F. Zeuner, M. Weismann, B. Reineke, G. Li, V. K. Valev, K.
W. Cheah, N. C. Panoiu, T. Zentgraf, S. Zhang, Adv. Mater. 2016, 28,
2992.

M. W. Klein, M. Wegener, N. Feth, S. Linden, Opt. Express 2007, 15,
5238.

M. W. Klein, C. Enkrich, M. Wegener, S. Linden, Science 2006, 313,
502.

Y. Yang, W. Wang, A. Boulesbaa, I. I. Kravchenko, D. P. Briggs, A. Puret-
zky, D. Geohegan, |. Valentine, Nano Lett. 2015, 15, 7388.

J. Bar-David, U. Levy, Nano Lett. 2019, 19, 1044.

Y. Gao, Y. Fan, Y. Wang, W. Yang, Q. Song, S. Xiao, Nano Lett. 2018,
18, 8054.

M. Tymchenko, J. S. Gomez-Diaz, ). Lee, N. Nookala, M. A. Belkin, A.
Alu, Phys. Rev. Lett. 2015, 115, 207403.

P. P. Vabishchevich, S. Liu, M. B. Sinclair, G. A. Keeler, G. M. Peake,
|. Brener, ACS Photonics 2018, 5, 1685.

L. Wang, S. Kruk, K. Koshelev, I. Kravchenko, B. Luther-Davies, Y.
Kivshar, Nano Lett. 2018, 18, 3978.

A. Tognazzi, K. I. Okhlopkov, A. Zilli, D. Rocco, L. Fagiani, E.
Mafakheri, M. Bollani, M. Finazzi, M. Celebrano, M. R. Shcherbakov,
A. A. Fedyanin, C. de Angelis, Opt. Express 2021, 29, 11605.

G. Marino, D. Rocco, C. Gigli, G. Beaudoin, K. Pantzas, S. Suffit, P.
Filloux, I. Sagnes, G. Leo, C. de Angelis, Nanophotonics 2021, 2021,
1837.

C. Gigli, G. Marino, A. Borne, P. Lalanne, G. Leo, Front. Phys. 2019, 7,
221.

T. Pertsch, Y. Kivshar, MRS Bull. 2020, 45, 210.

B. Sain, C. Meier, T. Zentgraf, AP 2019, 7, 1.

G. Grinblat, ACS Photonics 2021, 8, 3406.

C. W. Hsu, B. Zhen, A. D. Stone, . D. Joannopoulos, M. Soljati¢, Nat.
Rev. Mater. 2016, 1, 16048.

A. C. Overvig, S. C. Malek, M. J. Carter, S. Shrestha, N. Yu, Phys. Rev.
B 2020, 702, 35434.

K. Koshelev, Y. Tang, K. Li, D.-Y. Choi, G. Li, Y. Kivshar, ACS Photonics
2019, 6, 1639.

L. Xu, K. Z. Kamali, L. Huang, M. Rahmani, A. Smirnov, R. Camacho-
Morales, Y. Ma, G. Zhang, M. Woolley, D. Neshev, A. E. Mirosh-
nichenko, Adv. Sci. 2019, 6, 1802119.

K. Koshelev, S. Lepeshov, M. Liu, A. Bogdanov, Y. Kivshar, Phys. Rev.
Lett. 2018, 121, 193903.

O. Tsilipakos, A. Theodosi, C. M. Soukoulis, E. N. Economou, M.
Kafesaki, J. Phys.: Conf. Ser. 2021, 2015, 12156.

J. W. You, J. You, M. Weismann, N. C. Panoiu, Philos. Trans. R. Soc.
2017, 375,20160313.

C. Gigli, G. Marino, A. Artioli, D. Rocco, C. de Angelis, J. Claudon,
J.-M. Gérard, G. Leo, Optica 2021, 8, 269.

B. Liu, B. Sain, B. Reineke, R. Zhao, C. Meier, L. Huang, Y. Jiang, T.
Zentgraf, Adv. Opt. Mater. 2020, 8, 1902050.

B. Reineke, B. Sain, R. Zhao, L. Carletti, B. Liu, L. Huang, C. de Ange-
lis, T. Zentgraf, Nano Lett. 2019, 19, 6585.

C. L. Tang, H. Rabin, Phys. Rev. B 1971, 3, 4025.

S. Chen, G. Li, F. Zeuner, W. H. Wong, E. Y. B. Pun, T. Zentgraf, K. W.
Cheah, S. Zhang, Phys. Rev. Lett. 2014, 113, 33901.

A. B. Evlyukhin, S. M. Novikov, U. Zywietz, R. L. Eriksen, C. Reinhardt,
S. I. Bozhevolnyi, B. N. Chichkov, Nano Lett. 2012, 12, 3749.

Z. Sadrieva, K. Frizyuk, M. Petrov, Y. Kivshar, A. Bogdanov, Phys. Rev.
B 2019, 700, 115303.

2104508 (11 0f12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

ADVANCED
SCIENCE NEWS SCIE
www.advancedsciencenews.com www.advancedscience.com

[37] G. Li, S. Chen, N. Pholchai, B. Reineke, P. W. H. Wong, E. Y. B. [41] M. F. Limonov, M. V. Rybin, A. N. Poddubny, Y. S. Kivshar, Nat. Pho-

Pun, K. W. Cheah, T. Zentgraf, S. Zhang, Nat. Mater. 2015, 14, tonics 2017, 11, 543.
607. [42] ). Kuhne, ). Wang, T. Weber, L. Kithner, S. A. Maier, A. Tittl, Nanopho-
[38] S. Lepeshov, Y. Kivshar, ACS Photonics 2018, 5, 2888. tonics 2021, 10, 4305.
[39] B. Metzger, T. Schumacher, M. Hentschel, M. Lippitz, H. Giessen, [43] Z. Liu, Y. Xu, Y. Lin, ). Xiang, T. Feng, Q. Cao, . Li, S. Lan, ). Liu, Phys.
ACS Photonics 2014, 1, 471. Rev. Lett. 2019, 123, 253901.
[40] T. Christopoulos, O. Tsilipakos, G. Sinatkas, E. E. Kriezis, Phys. Rev. B [44] S. C. Malek, A. C. Overvig, A. Alii, N. Yu, http://arxiv.org/pdf/2009.
2018, 98, 235421. 07054v1, 2009.07054.

Adv. Sci. 2022, 2104508 2104508 (12 0‘F12) © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH



