Advances

ISSN 2096-4579 CN 51-1781/TN

Resonantly enhanced second- and third-harmonic generation in dielectric nonlinear
metasurfaces

Ji Tong Wang, Pavel Tonkaeyv, Kirill Koshelev, Fangxing Lai, Sergey Kruk, Qinghai Song, Yuri Kivshar and
Nicolae C. Panoiu

Citation: Wang JT, Tonkaev P, Koshelev K, et al. Resonantly enhanced second- and third-harmonic generation in dielectric
nonlinear metasurfaces. Opto-Electron Adv 7, 230186(2024).

https://doi.org/10.29026/0ea.2024.230186

Received: 10 October 2023; Accepted: 4 February 2024; Published online: 15 May 2024

Related articles

All-dielectric x(z) metasurfaces: recent progress
Carlo Gigli, Giuseppe Leo
Opto-Electronic Advances 2022 5, 210093 doi: 10.29026/0ea.2022.210093

Third-harmonic generation and imaging with resonant Si membrane metasurface

Ze Zheng, Lei Xu, Lujun Huang, Daria Smirnova, Khosro Zangeneh Kamali, Arman Yousefi, Fu Deng, Rocio Camacho-Morales, Cuifeng
Ying, Andrey E. Miroshnichenko, Dragomir N. Neshev, Mohsen Rahmani

Opto-Electronic Advances 2023 6, 220174 doi: 10.29026/0ea.2023.220174

y,|
More related article in Opto-Electronic Journals Group website r_l

OEAA ‘ Opto-Electronic
% Advances ;,_ 7 _
[=] 3% 22 ¥

http://www.oejournal.org/oea % OE_Journal . 4 @OptoElectronAdv


https://www.oejournal.org/oea/
https://doi.org/10.29026/oea.2024.230186
https://www.oejournal.org/article/doi/10.29026/oea.2022.210093
https://www.oejournal.org/article/doi/10.29026/oea.2022.210093
https://www.oejournal.org/article/doi/10.29026/oea.2022.210093
https://doi.org/10.29026/oea.2022.210093
https://www.oejournal.org/article/doi/10.29026/oea.2023.220174
https://doi.org/10.29026/oea.2023.220174
https://www.oejournal.org/article/doi/10.29026/oea.2024.230186#relative-article
https://www.oejournal.org/article/doi/10.29026/oea.2024.230186#relative-article
http://www.oejournal.org/oea

Opto-Electronic Article
Advances May 2024, Vol. 7, No. 5

DOI: 10.29026/0ea.2024.230186

Resonantly enhanced second- and third-
harmonic generation in dielectric nonlinear
metasurfaces

Ji Tong Wang!, Pavel Tonkaev?, Kirill Koshelev?, Fangxing Lai3,
Sergey Kruk?, Qinghai Song?, Yuri Kivshar? and Nicolae C. Panoiu***

Nonlinear dielectric metasurfaces provide a promising approach to control and manipulate frequency conversion optical
processes at the nanoscale, thus facilitating both advances in fundamental research and the development of new practi-
cal applications in photonics, lasing, and sensing. Here, we employ symmetry-broken metasurfaces made of centrosym-
metric amorphous silicon for resonantly enhanced second- and third-order nonlinear optical response. Exploiting the rich
physics of optical quasi-bound states in the continuum and guided mode resonances, we comprehensively study through
rigorous numerical calculations the relative contribution of surface and bulk effects to second-harmonic generation (SHG)
and the bulk contribution to third-harmonic generation (THG) from the meta-atoms. Next, we experimentally achieve opti-
cal resonances with high quality factors, which greatly boosts light-matter interaction, resulting in about 550 times SHG
enhancement and nearly 5000-fold increase of THG. A good agreement between theoretical predictions and experimen-
tal measurements is observed. To gain deeper insights into the physics of the investigated nonlinear optical processes,
we further numerically study the relation between nonlinear emission and the structural asymmetry of the metasurface
and reveal that the generated harmonic signals arising from linear sharp resonances are highly dependent on the asym-
metry of the meta-atoms. Our work suggests a fruitful strategy to enhance the harmonic generation and effectively con-
trol different orders of harmonics in all-dielectric metasurfaces, enabling the development of efficient active photonic nan-
odevices.
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Introduction tential for the control of light properties, including

phase, amplitude, and polarization. They have been in-
Optical metasurfaces - ultrathin artificial periodic strumental in spurring advances in fundamental re-
nanostructures — have demonstrated a remarkable po- search and development of new practical applications
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from mid-IR to UV wavelengths'~. Compared to tradi-
tional bulky metamaterials® °, two-dimensional (2D)
metasurfaces offer remarkable advantages stemming
from feasibility of their nanofabrication and high optical
throughput. These unique features have facilitated rapid
technological advances and development of various ap-
plications, including integrated optics®, sensing” %, and
information processing” !°. A notable characteristic of
metasurfaces is their ability to create local optical field
enhancement and confinement. This created a promi-
nent platform of nonlinear optical metasurfaces' '2
Nonlinear metasurfaces provide enhanced and con-
trolled frequency conversion in processes such as sec-
ond-'* 4, third-'> !¢ and higher-harmonics generation'’.
Importantly, metasurfaces relax the constraints imposed
by phase-matching conditions, required to be satisfied
when nonlinearly interacting waves propagate in three-
dimensional (3D) bulk optical media.

Generally, optical metasurfaces can be classified into
two categories based on their constituent elements: plas-
monic metasurfaces that rely on metallic resonators'® 1
and dielectric metasurfaces comprising of dielectric ma-
terials with high index of refraction®-?!. Plasmonic meta-
surfaces can induce remarkably strong local field en-
hancements, usually at the plasmon-resonance frequen-
cies of their constituent nanoparticles, but their use in
nanophotonic applications has been hindered by large
optical losses and low damage thresholds. On the other
hand, high-refractive-index dielectric metasurfaces have
much lower dissipative loss, albeit with a weaker field en-
hancement.

Recently, it has been shown that optically resonant all-
dielectric metasurfaces based on guided mode reso-
nances (GMRs)?**?* make it possible to achieve large
quality-(Q) factor resonant effects and enable effective
optical elements in applications, such as wave-front
shaping®, sensing?, and harmonic generation? ¥-*. The
underlying physics of the collective phenomenon of
GMRs in metasurfaces with a periodic lattice can be ex-
plained by the propagation of in-plane diffractive modes
under the condition of total internal reflection. However,
unlike the case of guided modes of photonic crystal slab
waveguides, these diffractive modes can couple to the ra-
diation continuum, so that optical energy can leak into
the free space. Moreover, a recently revealed physical
mechanism, responsible for the generation of so-called
bound states in the continuum (BICs)**, suggests a
novel method to achieve a strong coupling between light

and certain photonic systems. Ideally, BICs are com-
pletely decoupled from the radiative modes of the con-
tinuum and thus possess infinitely large radiative Q-fac-
tor (or, equivalently, zero linewidth). Due to surface
roughness, material loss, inherent fabrication imperfec-
tions, and other perturbations, in practical devices, BICs
are characterized by limited but large Q-factor. The spec-
tral response of these quasi-BICs is usually described by
Fano resonances with an asymmetric line shape*. More
recently, it was shown that dielectric metasurfaces with
broken in-plane inversion symmetry can possess sharp
resonances with extremely large Q-factor driven by sym-
metry-protected BICs at high symmetry points®, such as
the I' point. The dependence of the Q-factor of BICs on
the geometric asymmetry of meta-atoms allows for flexi-
bility in the design of metasurfaces supporting high-Q
resonances and to an effective control of the strength of
light-matter interaction within a wide spectral range.
Spurred by these ideas, BICs have been intensively stud-
ied not only in linear optics applications, including vor-
tex beam generation® * and light guiding photonic de-
vices®® ¥, but also in relation to a plethora of nonlinear
optical effects, such as giant harmonic generation!® 25 40-42
and self-action effects*>**.

In this paper, we propose an amorphous silicon non-
linear metasurface utilizing the versatile physics of both
guided mode resonances and symmetry-protected bound
states in the continuum to enhance and tailor the sec-
ond- and third-order nonlinear optical response of the
metasurface. Compared to existing works on using
GMRs and BICs to enhance second- and third-order
nonlinear interactions in metasurfaces' 2% 2% 4. 42, our
study goes further and more in-depth in the following
important ways. i) Both GMRs and BICs were utilized in
our work and the enhancement of nonlinear optical ef-
fects from asymmetric metasurfaces were compared in
terms of their distinct physical mechanisms. ii) Different
from other reported results, whereby the attention was
focused mostly on one particular harmonic order, we
showed in this study large enhancement of both SHG
(550 times enhancement) and THG (5000-fold enhance-
ment) from the same amorphous silicon metasurface. iii)
A comprehensive computational analysis of the SHG
from metasurfaces made of centrosymmetric amor-
phous silicon was performed via a rigorous theoretical
model, which considered both surface and bulk contri-
butions to the nonlinear optical response.

More specifically, to enable the optical coupling
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between the BICs and the radiative states in the continu-
um, we introduce a certain degree of asymmetry to the
constituting meta-atoms of the metasurface, comprising
a pair of silicon bars. The corresponding fabricated
metasurface is thus characterized by a certain asymme-
try parameter. The experiments show that the asymmet-
ric metasurface produces a large enhancement of the
SHG with a maximum measured enhancement of 550,
whereas the THG increases by a maximum of 5000, as
compared to that of an amorphous silicon slab with the
same thickness as that of the metasurface. In addition,
we perform a comprehensive numerical analysis of the
surface and bulk contributions to the SHG, as well as of
the bulk contribution to the third-order nonlinear inter-
action, when the meta-atoms of the metasurface are
made of centrosymmetric amorphous silicon. The pre-
dictions of our computational analysis are compared to
the corresponding experimentally measured physical
quantities and good agreement is observed. In particular,
we numerically investigate the dependence of the inten-
sity of the nonlinear signals on the structural asymmetry
of the nonlinear metasurface. Some promising potential
applications of our proposed metasurface to the effective
control and manipulation of both SHG and THG from
dielectric metasurfaces are discussed.

Metasurface design and methods

We study a nonlinear metasurface with a square-lattice
arrangement of unit elements made of amorphous sili-
con, placed on top of a glass substrate, as illustrated in
Fig. 1. The unit cell is composed of a pair of asymmetric
amorphous silicon bars with width w and w — Aw, re-
spectively, while the length and thickness of the two bars
are identical. The period of the metasurface array is
A = 830 nm. To quantify the asymmetric nature of the
meta-atom, we define an asymmetry parameter as
o = Aw/w. The asymmetry parameter of the meta-atom
offers the degree of freedom to control the linear and
nonlinear optical responses of the metasurface and its
resonant enhancement. In the case of a = 0, the meta-
surface has in-plane inversion symmetry but lacks C, ro-
tational symmetry, thus permitting different sets of reso-
nances under x/y-polarized plane-wave excitation. The
two bars in each unit cell placed along the x-direction
are 380 nm apart and the length (along the x-axis), width
(along the y-axis), and thickness of the two bars are 630

nm, 260 nm, and 600 nm, respectively.

3w % %m

Fig. 1 | Enhanced second- and third-harmonic generation from

an asymmetric nonlinear metasurface. Schematics of a nonlinear
metasurface consisting of a periodic array of pairs of amorphous sili-
con bars placed on top of a glass substrate. The geometric asymme-
try parameter, a, of the meta-atom is defined as a = Aw/w.

The proposed nonlinear optical metasurface was ana-
lyzed theoretically and investigated experimentally as
well. Both linear and nonlinear optical responses of the
metasurface have been computed using full-wave numer-
ical simulations. In particular, we used a frequency-do-
main solver, part of COMSOL Multiphysics*’, a commer-
cially available software that implements the finite-ele-
ment method. For the eigenmode analysis and near-field
distribution of the optical modes, the eigenmode solver
of COMSOL Multiphysics has been employed. All com-
putations pertaining to the amorphous silicon metasur-
face placed on a semi-infinite glass substrate were per-
formed for a single unit cell by imposing Bloch periodic
boundary conditions along x and y directions, so that ef-
fectively an infinite periodic metasurface was modelled.
Moreover, two perfectly-matched layers were placed
transverse to the z-axis, so as to absorb outgoing waves
and minimize reflections. The linear spectra computed
using COMSOL Multiphysics were validated by compar-
ing them with the spectra determined with the rigorous
coupled wave analysis method implemented in Synopsys’
* DiffractMOD. The frequency dispersion of the com-
plex index of refraction of amorphous silicon”’ and
glass*® (CDGM - K (Crown), D-K9) was taken into con-
sideration by fitting the experimental data. In the linear
simulations, linearly polarized plane-waves (wave inten-
sity I, = 145.2 MW/cm®) were employed as excitation
source, whereas the nonlinear optical emission from the
metasurface was determined under the assumption of
undepleted pump approximation that neglects the back-
conversion of generated harmonic signal to the pump
frequency. The computational procedure comprised
three steps: first, the distribution of the near-field in the
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amorphous silicon nanostructure was obtained under the
plane-wave excitation conditions at the pump wave-
length. In the second step, we computed the nonlinear
polarization induced in the nonlinear dielectric scatterer
using the optical field at the fundamental frequency (FF)
calculated in the first step. Finally, in the last step, we
used as sources at either the second harmonic (SH) or
third harmonic (TH) the nonlinear polarizations com-
puted at the preceding step and determined the generat-
ed optical field at the higher harmonics.

In this work, the nonlinear optical response from the
dielectric metasurface includes both second- and third-
order frequency conversion processes. Regarding the
SHG process, it represents a quadratic nonlinear optical
interaction, and therefore, under the electric dipole ap-
proximation, it is forbidden in a centrosymmetric opti-
cal medium, that is a medium whose atomic structure is
invariant upon inversion symmetry transformation. As a
consequence, we employed a widely used model for SHG
from centrosymmetric media to describe the second-or-
der nonlinear optical process, whereby in the bulk of the
meta-atoms the SHG is due to higher-order multipoles®:
%, whereas the surface response is treated in the dipole
approximation as at the surface of the meta-atoms the
inversion symmetry is broken. More specifically, in this
model, the nonlinear polarization consists of a dipole-al-
lowed (local) surface contribution arising from the local-
ly broken inversion symmetry at the interface between
the centrosymmetric material and the environment, and
a (nonlocal) bulk contribution induced inside the non-
linear optical medium caused by the spatial variation of
the optical field. As a result, the surface and bulk contri-
butions to the nonlinear optical response at the SH from
amorphous silicon meta-atoms can be described via two
nonlinear polarizations as:

PO Qw;r) = o' : E(w;r)E(w;1)8 (r—r,), (la)

P’ 2w;r) = yV, [E(w; 1) - E(w;7)]

+ B[V - E(w;r)| E; (w;r) + (E; (w; 1)

ViEi (w;r) + &' [E (w;r) - V] E; (w;r) ,  (1b)
where P*@ and P°@ denote the surface and bulk
quadratic nonlinear polarizations, respectively, E (w; ) is
the electric field at the FF, r, defines the surface of the
nonlinear medium, y*® is the surface nonlinear suscep-
tibility tensor, and y, 8, {, and & are material parame-
ters (nonlinear susceptibilities) characterizing the elec-
tric quadrupole and magnetic dipole contributions to the

bulk nonlinear polarization.

Owing to the isotropic mirror symmetric property of
the interface between amorphous silicon and environ-
ment, the second-order surface susceptibility tensor y*®*
has only three independent, non-vanishing components:
P Xl(zn)u’ and XT\@” = XT|<|\2)i , where the symbols |
and || denote the normal and tangential directions with
respect to the interface, respectively. For amorphous sili-
con, the susceptibility components measured at A = 800
nm are’! ¥ =150 x 1072 m2V " and
Xsu(i)u = Xﬁl =8.2x 1072 m*V~"', whereas )(SL(ZH)” can be
neglected as compared to the other components, as pre-
dicted by most theoretical models*> **. In the case of the
bulk part of nonlinear susceptibility in Eq. (1b), the sec-
ond term vanishes as V - E (w;r) = 0 in homogeneous
media (meaning that the FF optical field is a transverse
field) and the { parameter of the third term, which ac-
counts for the anisotropy of the material nonlinearity,
can also be neglected because of the isotropic structure of
amorphous silicon. Concerning the & term in Eq. (1b),
theoretical models>* predict that it can be neglected, too.
Under these circumstances, in our numerical simulation
settings we set f3, {, and & to be zero. As a result, the first
term in Eq. (1b) solely determines the second-order non-
linear bulk polarization. The value of y, measured at
A =800 nm’,isy =31x 1072V~

In addition to the quadratic frequency conversion pro-
cess, third-order nonlinear interaction from the pro-
posed bar-shaped amorphous silicon metasurface was al-
so studied to determine the conditions in which it can be
enhanced via the excitation of GMRs and/or BICs. The
bulk nonlinear polarization induced at the TH can be ex-

pressed as:

PP (3w;r) = eoxVE; (w; r) [E(w;r) - E(w;7)], (2)
where y©® is the nonlinear susceptibility. Since amor-
phous silicon is a homogeneous medium, the nonlinear
susceptibility y® is a scalar quantity. The value of y®
was determined at the telecommunication wavelength
(1550 nm) by measuring the Kerr coefficient, n,, and the
two-photon absorption (TPA) coefficient, f,,. These
coefficients are related to the third-order susceptibility
via the relations n, = 3)(’<3) /degcn? and
Brps = 3wy /2e,n?, where y'® and y'* are the real
and imaginary parts of x*, respectively, and 7 is the index
of refraction of the medium. For amorphous silicon>,

n, =21x10"" m*W "' and ,, = 0.25cmGW .
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Note that in our numerical simulations we do not in-
corporate the frequency dispersion of second- (both sur-
face and bulk terms) and third-order (bulk term) nonlin-
earity coefficients of amorphous silicon due to the lack of
experimental data. Despite this fact, our analysis still
provides accurate insights into the underlying physics of
SHG and THG in the nonlinear metasurface as the fre-
quency dispersion of the optical nonlinearity is weak.
This is so because our experimental and theoretical study
is performed for frequencies that are far from the intrin-
sic resonance frequencies of the optical medium (amor-
phous silicon).

The detailed process of sample fabrication includes the
deposition of amorphous Si membrane, the electron-
beam lithography, and the reactive ion etching. Specifi-
cally, a 600 nm amorphous Si film is deposited onto the
SiO; substrate and then covered by a 30 nm Cr film as a
hard mask in an electron beam evaporator (deposition
rate 0.5 A/s, Syskey Tech). An 80 nm PMMA film is
spin-coated and patterned by electron-beam lithography
(Raith E-line, 30 kV). The designed nanostructures are
achieved in PMMA film after developing in MIBK/IPA
solution for 30 s at 0 °C. Then the pattern is transferred
to the Cr film and eventually to the Si membrane via two
reactive ion etching processes in an inductively coupled
plasma etcher (Plasmalab System 100 ICP180). The Si
metasurfaces are finally obtained by removing the Cr
mask with chromium etchant.

Although in this work we focus on the theoretical
analysis of the optical response of a dielectric metasur-
face with broken inversion symmetry, we validate our
main conclusions by measuring key physical quantities,
such as the linear transmittance spectra and emitted
nonlinear signals at the SH and TH. The experimental
measurements are performed for a metasurface with
asymmetry parameter « = 0.075. The linear measure-
ments are performed with a home-made microscope sys-
tem. The linearly polarized (LP) output from a tunable
laser (Yenista TUNICS-T100S-HP) is collimated and
normally focused onto the metasurface sample through
an objective lens. The transmitted light is collected by the
second objective lenses and directed to a photodetector
(New Focus 1800FC) by an optical lens. In this case, due
to in-plane inversion symmetry breaking, it is expected
that the designed metasurface supports both GMRs and
quasi-BICs with high Q-factors, enabling significant en-
hancement of light-matter interaction. For nonlinear
measurements, we used a laser system consisting of a

1030 nm laser (Ekspla Femtolux 3) and an optical para-
metric amplifier (OPA, MIROPA from Hotlight Sys-
tems). The laser has a pulse duration of 5.76 ps and a
repetition rate of 5.14 MHz. The OPA produces mid-IR
radiation with power of 40 mW and wavelength range
from 1500 nm to 1750 nm. The laser was focused by a
CaF, lens with focus distance of 40 mm. The harmonics
signal was collected in transmission with a Mitutoyo
MPlan Apo X50 0.42 NA microscope objective and de-
tected with a Peltier-cooled spectrometer Ocean Optics
QE Pro.

Results and discussion

In this section, we present the results of our experimen-
tal and theoretical investigations of both the linear and
nonlinear optical response of the dielectric metasurface.
We consider both second- and third-harmonic process-
es, with a special focus being placed on understanding
the mechanisms that lead to the enhancement of these
nonlinear optical interactions.

Linear optical response of the metasurface

The efficiency of the frequency conversion processes
in a nonlinear metasurface is chiefly determined by the
distribution of the optical near-field around the meta-
atoms and the strength of the light-matter interaction at
the FF. Therefore, we start our investigations with the
numerical calculation of linear transmittance, by sweep-
ing the asymmetry parameter « and the angle of inci-
dence 0 and looking for resonances of the optical system
as well as their linewidth and frequency dispersion prop-
erties. In these calculations, we used the rigorous cou-
pled-wave analysis implemented in Synopsys’s Diffract-
MOD. The optical excitation is a plane-wave linearly po-
larized either along the long side of the bars (x-axis) or
along their short side (y-axis).

In the case of x-polarized, normally incident plane-
wave, as illustrated in Fig. 2(a), all spectral resonances
are blue-shifted as the structural asymmetry parameter «
increases from 0 to 1. When a becomes vanishingly
small, the linewidth of the two sharp resonances at
around 1780 nm vanishes so that their Q-factors diverge.
This is a key feature of symmetry-protected BICs at the T
point. Furthermore, based on the diffraction theory for
2D periodic structures, below the first Bragg-diffraction
limit frequency, fz = ¢/nuwA = 240.8 THz
(As = ¢/fy = 1245 nm), where ¢ is the speed of light in
vacuum and ng, is the index of refraction of the
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substrate (glass), only the zeroth-order diffraction chan-
nel exists. For our design, the frequency of the two reso-
nances is just below this diffraction limit, thus satisfying
a key prerequisite for the existence of BICs. To utilize the
physics of BICs, in-plane inversion symmetry is broken
by reducing the width of one of the amorphous silicon
bar pairs. The BICs generated via this procedure are ex-
pected to be characterized by a large Q-factor, chiefly due
to the fact that radiative processes are suppressed.

1.0
E 1800 |
1700 0.6

0

y-polarizer
Wavelength (
>
o
o

1400 [ ——
0 02 04 06 08 1.00 10 20 30 40
a 0 (%)

Fig. 2 | Simulated linear transmission spectra of the metasur-
face. (a) Dependence of transmission on the asymmetry parameter
a under normal incidence and for x-polarized plane-wave excitation.
The green dashed line corresponds to a = 0.075. (b) Dependence of
transmission on the angle of incidence 6, determined for a = 0.075
and for x-polarized plane-wave excitation. (c, d) Same as in (a) and

(b), respectively, but determined for y-polarized plane-wave excitation.

In addition to BICs, GMR-type resonances are also a
promising way to realize metasurfaces that possess opti-
cal resonances with a large Q-factor. This is achieved
through the coupling of diffracted waves propagating in
the plane of the metasurface to the radiation continuum.
For normal incidence, GMRs in two-dimensional peri-
odic structures exist if the nanostructure satisfies the
phase-matching condition for total internal reflection**
% max [y, ) < A |Vm? + 12 /A| < neg, where ny, is
the index of refraction of air, A is the working wave-
length, m and n are integers defining the diffraction or-
der, A is the lattice period, and n. is the effective index
of refraction of the unit cell. Using the value of n.q calcu-
lated from the filling factor of the amorphous silicon in
our designed metasurface®, we determined that this crit-
ical condition defining the first diffraction order is satis-
fied in the wavelength range considered in this work, i.e.,

spanning the 1400 nm to 1900 nm domain. As a result, a
GMR with a large Q-factor can be observed in the case of
a symmetric meta-atom (a = 0) at 1622 nm under x-po-
larized normal incidence, as per Fig. 2(a). It should be
noted that the linewidth of quasi-BICs is inversely pro-
portional to the structural asymmetry parameter «,
whereas that of the GMR is practically independent on «.

To gain a deeper understanding of the physical prop-
erties of BIC-type and GMR-type resonances, we further
calculate the angle-dependent transmission map under
the condition of & = 0.075, denoted as a green dashed
line in Fig. 2(a), where the incident beam is polarized
along the x-axis (s-polarized wave) and the angle of inci-
dence is varied by changing the wavevector k, (k. = 0).
The corresponding results are shown in Fig. 2(b). Inter-
estingly enough, the spectral locations of the two quasi-
BICs diverge from each other as the angle of incidence
increases, whereas the resonance wavelength of the GMR
decreases monotonously as the angle of incidence 6 in-
creases up to about 6 ~30°.

Due to the lack of C, rotational symmetry of the meta-
surface with bar-shaped elements in the unit cell, it is al-
so relevant to study the linear optical response of the
metasurface under y-polarized plane-wave excitation;
the results of this analysis are summarized in Fig. 2(c)
and 2(d). In the case when the meta-atom possesses in-
plane inversion symmetry (o = 0), two BICs with van-
ishingly small linewidth are found at wavelengths of 1640
nm and 1736 nm, and a GMR with relatively large
linewidth is found at 1760 nm. The evolution of these
three resonances with the variation of 0, at a = 0.075, is
shown in Fig. 2(d), whereby the incident plane-wave is
polarized along the y-axis (s-polarized plane-wave). The
physical properties of the optical resonances under y-po-
larization of the incident plane-wave are similar to those
in the x-polarized case, so that they will not be discussed
in detail here. However, one fact that does need to be
mentioned is that the resonant behavior of the quasi-BIC
around 1715 nm at 6 = 0°in Fig. 2(d) weakens consider-
ably when the angle of incidence increases beyond 2°.
This finding can be explained by the large radiative loss-
es into the free space when the incident wave is off I'-
point. We can thus conclude from the linear optical
transmission maps for both polarizations that the meta-
surface possesses both BICs and high-Q GMRs. Impor-
tantly, the resonant behavior of these optical modes can
be controlled by varying the asymmetry parameter and
the angle of incidence of the plane-wave excitation.

230186-6
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The analysis of the modes of the metasurface can pro-
vide valuable information regarding the efficiency of the
interaction between the incoming light and the metasur-
face. To this end, we considered the cubic lattice with
asymmetric unit cell (o = 0.075) and calculated its
eigenmodes using the finite-element method implement-
ed in COMSOL Multiphysics. Due to the absence of in-
plane inversion symmetry of the unit cell, here we inves-
tigate the band structure of the metasurface in the recip-
rocal lattice, along two paths in the k-space:
(0,0) — (0,m/A) and (0,0) — (m/A,0). The results of
this analysis are summarized in Fig. 3(a) and 3(b). In the
band diagrams presented in these figures, only modes
with Q-factors that are larger than 50 are presented, as
only these modes would lead to a significantly enhanced
light-matter interaction. In addition, this facilitates a
comparison with the results revealed by the transmis-

sion spectral maps presented in Fig. 2.
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Fig. 3 | Eigenmode analysis in case of a = 0.075. Band diagrams
with respect to (a) ky, and (b) kx. Only modes with Q-factors larger
than 50 are included. Red solid (blue dotted) lines are modes excit-
ed by x-polarized (y-polarized) plane-waves. (c-h) In-plane electric
field profiles of the eigenmodes at the I' point, presented in order of
increasing wavelength. The yellow dashed lines indicate the inter-
faces between amorphous silicon and air.

The calculated eigenmodes present in the linear trans-
mission spectra are classified according to the polariza-
tion of the incident plane-wave, which was either along
x- or y-axis. As can be observed from Fig. 2(b) and Fig.
3(a), in the case of the eigenmodes that can couple to x-
polarized plane waves, there is a good agreement be-
tween the frequency dispersion of resonances presented

in the angle-resolved transmission map and in the eigen-
mode spectra (red solid lines). A similarly good agree-
ment can be observed in the other case (eigenmodes that
couple with y-polarized plane-waves), whereby the
bands in the dispersion map in Fig. 2(d) agree well with
the photonic bands indicated as blue dotted lines in Fig.
3(b). Moreover, Fig. 3(c-h) show the spatial distribution
of the electric near-field (x — y plane) within the unit cell
in the middle cross-section of the amorphous silicon bar
pairs at the T point. The field profiles correspond to the
increasing wavelength of the optical eigenmodes. Due to
the asymmetric nature of the unit cell of the dielectric
metasurface, it is expected that the electric field patterns
also present asymmetric features, which accounts for the
optical coupling into free space of BIC-type resonances.

Since the rate at which a resonance of the optical
metasurface radiates into the continuum is quantified by
the Q-factor, it is particularly relevant to evaluate the Q-
factor of the resonances. This physical quantity is impor-
tant not just for the characterization of the light-matter
interaction in the linear regime, but it also plays a criti-
cal role in the nonlinear optical regime whereby it is re-
lated to the optical near-field enhancement. We comput-
ed the dependence of the Q-factor at the I' point of vari-
ous resonances on the asymmetry parameter o of the
meta-atom by using the eigenmode solver in COMSOL
Multiphysics, the results of these calculations being
shown in Fig. 4. It can be seen in this figure that for a
symmetric metasurface (« = 0), for both polarizations of
the incident plane-wave, there are eigenmodes with di-
verging Q-factors, implying that they are of a BICs na-
ture. With the increase of the metasurface asymmetry
parameter, the Q-factor of BICs decreases rapidly, which,
as illustrated in Fig. 2(a) and 2(c), results in a consider-
able broadening of the corresponding linewidth. By con-
trast, the Q-factor of the GMR:s is finite for all values of
the asymmetry parameter and, as illustrated by the prac-
tically flat curves in Fig. 4, shows a weak dependence on
the structural asymmetry parameter. Moreover, for the
sake of completeness, for both BIC- and GMR-type reso-
nances, we provide here the calculated resonance wave-
lengths and the corresponding Q-factors corresponding
to the asymmetry parameter value (a« = 0.075) at which
the amorphous silicon metasurface was experimentally
characterized: A=1590 nm (Q = 2176, GMR), A=1600 nm
(Q =400, BIC), A=1715 nm (Q = 4723, BIC), A=1747 nm
(Q = 230, GMR), A=1770 nm (Q = 1562, BIC), and
A=1778 nm (Q = 4965, BIC).
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Fig. 4 | Simulated dependence of Q-factor of the metasurface eigen-
modes on the structural asymmetry parameter a for modes excited
by (a) x-polarized and (b) y-polarized incident plane-waves. The cal-
culations are performed at the I” point.

One key feature of BIC modes is that they have a topo-
logical nature, meaning that they are characterized by a
topological invariant called topological charge. By using
a well-known approach based on the dependence of the
phase of the of the mode polarization in the k-space, we
have found out that the topological charge of the BICs at
1600 nm, 1715 nm, 1770 nm, and 1778 nm is -1, 1, 1,

and -1, respectively.

Enhanced SHG and THG from nonlinear
metasurfaces

We now move on to the nonlinear optical response of
the amorphous silicon metasurface and investigate the
relationship between the excitation of BIC- or GMR-type
resonances and the enhancement of nonlinear optical in-
teractions. To illustrate the agreement between predic-
tions of rigorous computational analysis and experimen-
tal results, we have fabricated an amorphous silicon
metasurface corresponding to « = 0.075. Figure 5(a)
presents a scanning electron microscope (SEM) image of
the fabricated periodic pattern, showing the symmetry-
broken feature of the square array dielectric metasurface.
Before we characterized the nonlinear enhancement ef-
fects in the asymmetric metasurface, we measured the
linear transmissivity spectra (see Fig. 5(b)) under x-po-
larized illumination, determined over a spectral interval
ranging from 1500 nm to 2000 nm. As illustrated in Fig.
5(b), the transmission spectra obtained from experi-
ments and simulation show similar features for wave-
lengths ranging from 1500 nm to 2000 nm. Particularly,

a resonance with an asymmetric line shape can be ob-
served at 1620 nm in the experimentally determined
spectrum (marked by a purple arrow), corresponding to
the sharp resonance seen at 1590 nm in the simulated
transmission spectrum, the difference between the two
values being less than 2%. This resonance is used to
demonstrate further the dependence of the transmitted
nonlinear optical signals at the SH and TH on the pump
power at the FF. For the numerically calculated transmis-
sion spectrum, two more sharp resonances with extreme-
ly narrow linewidth exist at around 1780 nm. The fact
that the signature of these extremely narrow resonances
is not observed in the measured spectrum can be at-
tributed to the inhomogeneous spectral broadening asso-
ciated with inherent fabrication imperfections. Interest-
ingly enough, as discussed above, these two resonances
were found to be quasi-BICs.
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Fig. 5| (a) Top-view SEM image of a fabricated metasurface corre-
sponding to a = 0.075. (b) Comparison of experimentally measured
linear transmittance and the corresponding numerically calculated
spectrum at a = 0.075. The purple arrow denotes the resonance that
is used to illustrate the measured power-dependent second-harmon-
ic and third-harmonic signals presented in (c). (c) Measured power-
dependent output SH (red dots) and TH (blue dots) signals from the
fabricated sample with a = 0.075. The dependence of nonlinear
emissions is measured at the resonance with (pump) wavelength of
1620 nm under field polarization oriented along the x-axis. The dots
represent the measured data while the black dashed lines denote the
fitting lines of SHG and THG power.

The dependence of the power generated at the SH and
TH on the pump power, measured again for the meta-
surface with a = 0.075, is depicted in Fig. 5(c). As illus-
trated by this figure, the fitted slopes of the curves
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corresponding to SH and TH nonlinear optical interac-
tions are 2.02 and 2.98, respectively, which clearly proves
their quadratic and cubic dependence on the optical
power at the FF, respectively (for pump power lower
than 0.02 W, which was the power range where experi-
ments were performed).

Considering the relation between the FF optical field
and the SH/TH nonlinear polarizations described by Eqgs.
(1) and (2), one expects that the intensities of generated
second- and third-harmonic are highly dependent on the
enhancement of the local linear optical field. In addition,
double-resonance mechanisms provide an effective
method to further enhance nonlinear optical interac-
tions. However, optical losses in amorphous silicon are
large in the working spectral range of SHG (750 - 900
nm) and THG (500 - 600 nm), implying weak coupling
between the resonances at the FF and the resonances in
the vicinity of the SH/TH. Therefore, we do not provide
here the linear transmission spectra at the SH and TH. In
turn, we have calculated for both polarizations of plane-
wave excitation at a = 0.075 the averaged enhancement
of the linear local optical field, defined by the relation

1
N = ‘—/f |E (w; r)| /Eodr, where E, is the amplitude of
|4
the incident electric field and V is the volume of the bar-
shaped resonators (amorphous silicon). The results re-

garding the enhancement of the local electric field are
summarized in Fig. 6.

20+ — x-pol BIC i
— ypol  GMR BIC
<
10+ BIC|
0
1500 1600 1700 1800

Wavelength (nm)

Fig. 6 | Enhancement factor nge of the averaged electric field am-
plitude within the amorphous silicon resonators under plane-
wave illumination with the asymmetry of the metasurface being
a=0.075.

Comparing the field enhancement with the Q-factors
in Fig. 4, we find that in case of y-polarization, reso-
nances with higher Q-factor correspond to larger linear
optical field enhancement. On the other hand, the reso-
nances under x-polarized plane-wave excitation at 1590
nm and 1770 nm possess similar Q-factors and the corre-
sponding enhancement of the linear field is of similar
magnitude as well. Moreover, despite its high Q-factor,
the enhancement corresponding to the resonance at 1778
nm (x-polarization) is relatively weak due to a smaller

amount of field penetrating in the dielectric resonators of
the metasurface (see field profile in Fig. 3(h)). Based on
the above analysis, we are led to the conclusion that the
second-order and third-order nonlinear optical interac-
tions can be analyzed via the enhancement of the linear
optical field, the Q-factor of the resonances, and the
near-field distribution of the GMR and BIC resonances.

After establishing the nature of the nonlinear optical
interactions, we turned our attention to a more detailed
investigation of the fundamental physics pertaining to
the generation of the SH signal. To this end, we first
measured the spectral dependence of the SH intensity
generated from the dielectric metasurface consisting of
bar-shaped meta-atoms, in the case of a = 0.075. One
key physical quantity that characterizes the spectrum of
the generated SH signal is the SH enhancement factor,
Heue» defined as the ratio between the SH power emitted
by the periodic array of dielectric resonators and the SH
power generated from an amorphous silicon film of the
same thickness. In the case of x-polarized plane-wave
pump, three spectral peaks at wavelength of 1620 nm,
1684 nm, and 1714 nm at the fundamental wavelength
can be observed in the SHG spectra [see the red curve in
Fig. 7(a)]. Importantly, nearly 550 times enhancement of
SHG intensity is achieved at the wavelength of 1620 nm,
corresponding to the sharp resonance with a large Q-fac-
tor, marked by a purple arrow in Fig. 5(b). The addition-
al two spectral resonances observed at longer wave-
lengths of 1684 and 1714 nm show smaller enhancement
factors of 70 and 45, respectively.

To better understand the experimental results, we per-
formed full-wave numerical simulations using the fre-
quency solver of COMSOL Multiphysics and compared
the computational results with the experimental data. To
facilitate the identification of resonant features in the lin-
ear regime, we show in Fig. 7(b) the simulated transmis-
sivity spectra for both polarizations at « = 0.075, corre-
sponding to the green dashed lines in Fig. 2(a) and 2(c),
the calculations being performed for plane-waves nor-
mally incident onto the metasurface. For the nonlinear
calculations, nonlinear optical interactions are described
by the nonlinear surface and bulk polarizations given by
Eq. (1). In this computational analysis, we separated the
contributions to the SHG signal of the surface (local) and
bulk (nonlocal) nonlinear polarizations, so that we un-
equivocally can establish which nonlinear optical effect
dominates the nonlinear interactions. The results of this
analysis are summarized in Fig. 7(c) and 7(d). It can be
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Fig. 7 | (a) Measured enhancement factor nsyg of SHG from the all-dielectric metasurface with a = 0.075. An amorphous silicon slab with the

same thickness as that of the metasurface is used as a reference. The inset shows a zoom-in of the enhancement factor. (b) Simulated linear

transmittance for asymmetry parameter a = 0.075. (c, d) Numerically calculated surface and bulk contributions to SHG, respectively, when a =

0.075. Red (blue) lines correspond x-polarized (y-polarized)

concluded from these figures that the main spectral fea-
tures of the experimentally measured spectra are relative-
ly well reproduced. For example, there is only a relative
difference of about 2% between the measured and com-
puted wavelengths of the main resonance located at 1620
nm in the measured SHG spectrum.

The comparison between experimental and simula-
tion results reveals several additional ideas: First, the ex-
citation of both the GMR (1620 nm) and quasi-BIC
(1684 nm and 1714 nm) resonances produces a large en-
hancement of the generated SH. Second, the electric-
dipole allowed nonlinear polarization is the dominant
source of the SHG over almost the entire spectral do-
main considered in our study. This finding is consistent
with the commonly used assumption that the bulk con-
tribution to SHG can be neglected in the case of cen-
trosymmetric materials. Third, there is a difference be-
tween the experimental and simulation values of the
strength of SH enhancement corresponding to various
resonances. These differences can be explained by the re-
duced experimental values of the Q-factors (as extracted
from the experimental spectra of #,.), a decrease at-
tributable to structural perturbations such as fabrication
imperfections and finite-size effects. Moreover, whereas
in the experiments we measured the SH emitted in the
zero-diffraction order, in numerical simulations we com-
puted the total generated SH.

Importantly, despite the fact that the bulk SHG signal
is negligible according to our numerically calculated re-
sults, the separate incorporation in the simulations of the
two sources of SHG provides valuable information re-
garding the physical properties of the SHG interaction.
For example, as per Fig. 7(c), the maximum SH intensity
originating from surface effects is observed for the BIC-
type resonance located at 1770 nm, whereas the largest
value of SH intensity generated in the bulk is found to
correspond to the GMR-type resonance located at 1590
nm. One can understand this finding by comparing the
near-field distributions corresponding to the two reso-
nances. With this in mind, one can conclude that it is
possible to tune the ratio between the surface and bulk
contributions to SHG from dielectric metasurfaces made
of centrosymmetric optical materials, enabling new tools
to use in the design of active photonic nanodevices.

We also measured SHG from the asymmetric meta-
surface under the condition of a y-polarized incident
plane wave, the results being presented in Fig. 7(a).
Comparing these results with the corresponding simulat-
ed spectra shown in Fig. 7(c) and 7(d), we see that again
the spectral positions of the two 7, resonances (quasi-
BIC at 1675 nm and GMR at 1700 nm) in the computed
and measured spectra agree within a difference of about
2%. Overall, our simulated nonlinear spectra agree well
with the measured SHG; however, perhaps due to the
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inhomogeneous spectral broadening effects, the reso-
nance at 1600 nm in the computed spectra is not ob-
served in experimentally measured ones. Using as a ref-
erence an amorphous silicon film with the same thick-
ness as the metasurface, we determined that the SHG is
resonantly enhanced by 110 times at 1675 nm and 70
times at 1700 nm. Similarly, to the case of x-polarized in-
cident plane-waves discussed above, the contribution of
the surface term to the SHG dominates when compared
to the bulk contribution under y-polarized incident
waves. Moreover, the large nonlinear enhancement aris-
es chiefly from high-Q quasi-BIC at 1675 nm and the
GMR at 1700 nm.

In addition to second-order nonlinear effects, the pro-
posed resonant metasurface (o = 0.075) can also en-
hance THG arising from the large (bulk) third-order op-
tical nonlinearity of amorphous silicon. To characterize
the enhancement effect, we define a TH enhancement
factor, #,,» as the ratio between the TH power emitted
by the asymmetric metasurface and the TH power gener-
ated from an amorphous silicon slab with the same
thickness as that of the metasurface. The results of the
measurements and the computed THG spectra corre-
sponding to the third-order nonlinear polarization de-
scribed by Eq. (2), determined under plane-wave excita-
tion at the FH for both x-polarized (red) and y-polar-
ized (blue) incident plane waves, are summarized in Fig.
8. Regarding the case of incident waves polarized along
the x-axis, the high-Q GMR-type resonance at the FF
wavelength (1620 nm) gives rise to extremely large THG
enhancement, namely nearly 4200 times enhancement,
whereas the two quasi-BICs originating from the sym-
metry breaking of the unit cell induce a 7, = 340 at
1674 nm and 7, = 1341 at 1715 nm. Moreover, the di-
electric metasurface under an y-polarized incident wave
excitation supports two resonances, namely a quasi-BIC
at A=1675 nm with enhancement factor of #,,, = 3790
and a GMR at A=1712 nm with 7, = 4930.

Comparing Fig. 8(a) and 8(b) we see that, overall, for
both polarizations there is a good agreement between the
experimental results and numerically computed spectra
characterizing the third-order nonlinear optical re-
sponse of the asymmetric bar-shaped metasurface. Due
to fabrication and structural imperfections, there is a
small difference between the resonance wavelengths of
the peaks seen in the measured and computed nonlinear
enhancement spectra. In addition, due to inhomoge-
neous spectral broadening, the Q-factor of measured

spectral resonances is somewhat smaller than that of the
computed spectra (see the quasi-BIC at A=1675 nm ex-
cited by an y-polarized plane-wave). This effect results in
a decrease of THG intensity. It should also be noted that
despite the fact that the computed spectra for x-polar-
ized incident plane waves display two quasi-BIC reso-
nances at A &~ 1770 nm, only one such resonance can be
observed experimentally at this frequency. This is so be-
cause the two corresponding resonances at the FF merge
as the result of inhomogeneous spectral broadening ef-
fects induced by fabrication imperfections.
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Fig. 8 | (a) Measured enhancement factor of THG from the resonant
metasurface described by a = 0.075. (b) Numerically calculated TH
intensity spectra corresponding to the same metasurface. Red (blue)
lines correspond to x-polarized (y- polarized) incident plane-waves.
In both figures, the upper ticks of the x-axis denote the TH wave-
length.

According to our experimental measurements, the up-
conversion efficiencies of second-order (Psyc/Ppump) and
third-order (Prug/Ppump) nonlinear processes are esti-
mated to be 107* and 1077, respectively. To compare
these values to the state-of-the-art, we mention that the
current record efficiencies are 6.8 x 1077 for SHG from
arrayed silicon slotted nanocubes* and 1.8 x 107 for
THG measured from silicon pillar metasurfaces””. Thus,
the nonlinear conversion efficiency reported in this work
is not record high but comparable to the state-of-the-art.

It is also relevant to consider the directionality of the
SHG and THG transmission, since the working wave-
lengths at SHG and THG are beyond the diffraction lim-
it (1245 nm). To characterize the nonlinear emissions in-
to different diffraction channels, we performed the
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Fourier analysis of numerically calculated transmitted
nonlinear signals, for the cases of SHG at 1620 nm un-
der x-polarized excitation, which corresponds to the
highest measured SHG enhancement, and THG at 1747
nm under y-polarized excitation, which corresponds to
the largest measured THG enhancement.

Figure 9 displays the normalized power distribution in
each diffraction channel, where m and n denote the or-
ders of diffraction corresponding to the x- and y-direc-
tions, respectively. Regarding the SHG (see Fig. 9(a)),
our results indicate that 9 diffraction channels exist and
the emission angle Oy for each of them are: 0° for (0,0)
order; 39.7° for (1, 0), (-1, 0), (0, 1) and (0, —1) orders;
and 64.6° for (1, 1), (1, 1), (-1, 1) and (-1, -1) orders.
Mostofthenonlinear poweratSHradiatesintothe (1,0)and
(-1, 0) channels, whereas the emission into zeroth order
is only about 0.05 of the power emitted in the diffrac-
tion order corresponding to the highest emission. Re-
garding THG, the periodic structure of the metasurface
allows 13 diffraction orders at the TH wavelength, and
the emission angle 6y for these diffraction channels
are: 0° for (0, 0) order; 27.9° for (1, 0), (-1, 0), (0, 1) and
(0, —1) orders; 41.4° for (1, 1), (1, -1), (-1, 1) and (-1,
—1) orders; and 69.3° for (2, 0), (=2, 0), (0, 2) and (0, -2)
orders. Clearly, most power is emitted in the (0, -2)
diffraction order, and compared to this, the THG emis-
sion in the zeroth order is about 0.14. All diffraction or-
ders are included in our simulations by integrating the
outgoing power flow in the transmission side of the
metasurface. In the case of experimental measurements,
the nonlinear signals are collected only from the zero-
diffraction order.

Importantly from a practical point of view, we have
demonstrated in this section both theoretically and ex-
perimentally that strong enhancement of several nonlin-
ear optical processes (SHG and THG in our case) can be
achieved in the same nonlinear metasurface, which sug-
gests that such photonic nanodevices can become instru-
mental in designing active optical devices with new or
improved functionality.

Dependence of SHG and THG on the metasurface
asymmetry

As discussed above from both experimental and compu-
tational perspectives, high-Q resonances supported by
dielectric metasurfaces make it possible to realize en-
hanced second- and third-order nonlinear optical inter-
actions. The calculated transmission spectra exhibited in

Fig. 2 demonstrate that the linewidth (or Q-factor) of
both GMR-type and BIC-type resonances, which deter-
mines the local field enhancement, are sensitive to the
varjation of the asymmetry of the meta-atom. We now
go a step further aiming to gain a deeper and more com-
prehensive insight into the dependence of harmonic gen-
eration on the asymmetry features of the dielectric meta-
surface. To this end, we simulate the nonlinear optical
response of the metasurface for different values of «, that
is for 0, 0.075, 0.15, and 0.225. Since we observed a good
agreement between experimental and simulation data,
here we present only results obtained through rigorous
simulations of the bar-shaped amorphous silicon meta-

surface.
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Fig. 9 | Fourier analysis of numerically calculated (a) transmitted
SHG at 1590 nm (under x-polarized incident plane-wave), which cor-
responds to the resonant peak of highest measured SHG enhance-
ment, and (b) transmitted THG at 1747 nm (under y- polarized inci-
dent plane-wave), which corresponds to the resonant peak of largest
THG enhancement in experiments. Fourier analysis is performed for
an asymmetry parameter of a = 0.075.

The simulated SHG spectra presented in Fig. 10 reveal
that the resonance wavelength and the linewidth of the
corresponding resonances vary considerably with the
asymmetry parameter, «. Comparing the two contribu-
tions to SHG, we can infer that for both polarizations
and for all values of «, the surface contribution to the
SHG is much larger than that of the bulk term. It is
worth noting that in the case of & = 0, BICs are com-
pletely uncoupled with the radiation continuum and
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manifest themselves as spectral peaks with vanishingly
small width [see the red lines depicting the SHG intensi-
ty spectra in Fig. 10(a-d)]. As « increases, due to the in-
troduced structural asymmetry, the BICs are no longer
symmetry-protected, which results in a strong optical
coupling between the localized modes and the extended
propagating waves. The signature of this strong optical
interaction is the appearance of sharp resonances in the
nonlinear response spectra. Furthermore, the results of
the eigenmode analysis presented in Fig. 4 show that the
Q-factors of BIC-type resonances decrease with the
asymmetry parameter. Importantly, an opposite trend is
observed in the case of the GMR-type resonances, name-
ly their Q-factors slowly increase when the asymmetry
parameter increases. It is expected therefore that the cor-
responding surface and bulk SHG present a similar de-
pendence on the structural asymmetry. To confirm this
conjecture, for both polarizations we analyze the depen-
dence of each resonance of the metasurface on the asym-
metry parameter . As can be seen in Fig. 10(a-d), in-
deed the width of the SHG resonances corresponding to
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quasi-BICs gradually increases with the increase of asym-
metry parameter, whereas the opposite is true in the case
of GMR resonances.

Finally, we investigated the relationship between the
asymmetry parameter and the efficiency of the THG pro-
cess. The corresponding simulated results are plotted in
Fig. 11, where a strong dependence of TH intensity on
the asymmetry parameter « can be clearly observed for
plane-wave excitation at the FF wavelength with the field
polarized along either x- or y-axis. Comparing these re-
sults with the SHG spectra in Fig. 10, one can draw con-
clusions similar to those valid in the case of SHG: First,
both quasi-BICs and GMR-type resonances with large Q-
factors induce greatly enhanced TH nonlinear signals.
Second, the spectral location of resonances at the TH in-
tensity, corresponding to different values of the asymme-
try parameter a, are closely related to the resonances at
the FF. Third, the width of BIC-induced resonances at
TH increases with the asymmetry of the metasurface,
whereas the opposite trend is observed at the resonance
wavelengths corresponding to excitation of GMR-type
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Fig. 10 | Simulated dependence of SHG from the amorphous silicon metasurface with respect to the structural asymmetry parameters a in cases

of (a) surface contribution under x-polaried excitation, (b) surface contribution under y-polarized excitation, (c) bulk contribution under x-polar-

ized excitation, and (d) bulk contribution under y-polarized excitation.
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Fig. 11 | Numerical simulation of asymmetry-dependent TH intensity under plane wave excitation with polarization along (a) x and (b) y direc-
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resonances. We also note that in the experimental sam-
ples both SHG and THG efficiency dependence on the
asymmetry is affected by the ratio of the radiative and
other types of losses. The maximal enhancement can be
usually achieved in the critical coupling regime®.

Conclusion

We have demonstrated a promising way to enhance and
engineer the second- and third-order nonlinear optical
response from an all-dielectric metasurface with a unit
cell possessing broken in-plane symmetry, utilizing the
physics of high-Q guided mode resonances and symme-
try-protected bound states in the continuum. We have
experimentally demonstrated that the proposed amor-
phous silicon metasurface can induce nearly 550 times
second-harmonic generation enhancement and a 5000-
fold enhancement of third-harmonic generation in the
case when the asymmetry parameter o = 0.075. Remark-
ably, we have also numerically examined the asymmetry
dependence of second-harmonic generation (surface and
bulk terms) and third-harmonic generation (bulk term)
from centrosymmetric amorphous silicon and provided
a comprehensive investigation of the contribution of dif-
ferent sources of optical nonlinearity to second-harmon-
ic and third-harmonic generation in the proposed all-di-
electric metasurface. We believe that our work is particu-
larly significant to the development of new methods for
achieving enhanced nonlinear optical interactions at the
nanoscale and to effectively manipulate higher-harmon-
ic generation in dielectric structures made of centrosym-
metric materials, thus enabling novel photonic applica-
tions and devices with new or improved functionalities.
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