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ABSTRACT: The development of nonlinear flat-optic nanostructures, also
known as optical metasurfaces, offers unprecedented enhancement of light-
matter interactions without the need for phase matching, potentially
revolutionizing future applications in integrated nonlinear optics. Quasi-
bound states in the continuum (qBIC) have demonstrated the ability to
achieve high-quality resonances with substantial field enhancement. oot B oo Bt e
However, most prior studies were limited to the first-order magnetic

dipole gBIC resonances, where the enhanced electric field is concentrated

in the regions outside rather than inside the high refractive index meta-

atoms. In contrast, concentrating the electric field primarily within the high- —
index nonlinear resonators could significantly boost nonlinear light-matter

interactions and enhance the conversion efliciency. Here, we demonstrate a

gBIC-resonance-based metasurface designed to localize the electric field inside the high-index nonlinear meta-atoms and enhance
conversion efficiency. The demonstrated high conversion efficiency is achieved even within the material’s highly absorbing spectral
range due to phase locking.

KEYWORDS: Bound state in the continuum, nonlinear metasurface, chalcogenide, phase-locking, all-optical tunability

1. INTRODUCTION

Photonic bound states in the continuum (BICs), which are
nonradiating states of light embedded within the continuum of
propagating modes, have recently attracted much attention
because of the extreme localization and substantial enhance-
ment of the electromagnetic field at the nanoscale.' ™ BIC

Nonlinear wavelength conversion, such as second harmonic
generation (SHG) and third harmonic generation (THG), is
essential for extending the spectral range of laser sources to
wavelengths that are challenging to reach with conventional
laser gain media. Moreover, the demand for compact, high-
efficiency, and multifunctional devices that can replace
traditional bulky, free-space technologies is continuously rising,

states are crucial for many applications, including topological
photonics, quantum, and nonlinear optics.”~" Ideal symmetry-
protected BICs, possessing infinite lifetimes and quality factors,
exist as bound eigenmodes above the photonic light line and
do not radiate into the far field. While ideal BICs are entirely
decoupled from the radiation continuum and therefore cannot
be excited in realistic settings, in practice, they can be turned
into a leaky Fano line-shape resonance, also known as a quasi-
BIC (gqBIC) resonance, by slightly perturbing the structure
geometry or the conditions of the surrounding environ-
ment.'*”"” Recent studies have demonstrated that dielectric
metasurfaces with in-plane asymmetry can induce destructive
interference between leaky modes, creating a gBIC state with
controllable radiative losses that are proportional to the square
of the asymmetry parameter.'”'®'? The qBIC resonances are
widely used in various nanophotonics subwavelength reso-
nators in the visible, infrared, THz, and microwave frequency
ranges for sensing, Raman lasing, hologram, chiral emission,
and nonlinear wavelength conversion applications.”’ ™’
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especially in the ultraviolet (UV) region. Indeed, coherent UV
sources are essential for many applications, including cell
sorting, sensing, data storage, semiconductor processing, as
well as military and space technologies.”*” Currently, efficient
wavelength conversion in an integrated, compact, tunable UV
source is possible only using nonlinear optical materials that
are simultaneously transparent in the UV, possess high and fast
nonlinear susceptibility, and are at the same time, birefringent.
Chalcogenide glasses have emerged as a promising platform for
many on-chip applications at mid- and near-infrared wave-
lengths due to their high linear refractive indices, phase change
properties, and strong Kerr nonlinearity.”’ "> We have notably
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Figure 1. Third harmonic generation in a chalcogenide qBIC metasurface. (A) Arsenic trisulfide (As,S;) metasurface on a fused silica substrate
with a PMMA layer on top. Patterned As,S; structure of 400 ym X 400 ym, consisting of asymmetric pairs of nanowires. (B) The 30° tilted SEM
image of the fabricated metasurface sample. The inset image provides a magnified look at the structure. (C) Schematic of the unit cell with broken
in-plane symmetry. The p, h, g, w,, and a are the period and the height of the unit cell, the width of the gap between two nanowires in one unit cell,
the width of the nanowire, and the asymmetry parameter, respectively. In our investigation, p = 580 nm, h = 300 nm, g = 145 nm, w, = 145 nm, and

« varies from 0 to 0.4.

demonstrated ultrafast, tunable frequency conversion from
near-infrared to ultraviolet in a chalcogenide glass metasurface,
using Mie resonances and a phase-locking mechanism between
the pump and the inhomogeneous portion of the TH
signal.”’~*” This phase locking allows the pump pulse and
the inhomogeneous harmonic component to copropagate,
sharing the same refractive index and absorption coefficient as
the pump.*”*' When this process occurs within a cavity,
efficient frequency conversion is possible, even in the presence
of strong material absorption at the harmonic wavelengths.****
As with all nonlinear processes, a resonant condition at the
pump field significantly enhances the nonlinear interactions.
However, the conversion efficiency from the low-order
magnetic field Mie resonance is essentially limited by its
appreciable coupling with the radiative continuum and can be
greatly enhanced by using qBIC resonances with significantly
higher Q factor and stronger localization and enhancement of
the electric field.'****> However, most prior studies focus on
the first-order magnetic dipole qBIC, where the enhanced
electric fields are concentrated around the edges rather than in
the center of the high refractive index nonlinear material meta-
atoms. In contrast, localizing the electric field primarily within
the high-index nonlinear material could significantly boost
nonlinear light-matter interactions and enhance the conversion
efficiency. This work shows how different qBIC modes can
affect nonlinear processes differently. We theoretically predict
and experimentally demonstrate strongly boosted and tunable
THG in the UV wavelength region from a judiciously designed
As,S;-based metasurface where an electric dipole (ED)-qBIC
resonance is excited near 1070 nm. We can benefit from an
exceptional field enhancement at the pump frequency from the
excitation of quasi-bound states in the continuum that boosts
the phase-locked third harmonic component. Combining these
two conditions allows for exploiting nonlinear interactions,
even in the high absorption region of the material.

2. EXPERIMENTAL SECTION

Let us begin by examining the transmission of a pump pulse across the
boundary between a linear medium and a nonlinear medium. In the
absence of phase matching, three harmonic components are
generated: one is reflected back into the linear medium, while the
other two are transmitted. When phase matching conditions are met,
however, the two transmitted comoponents merge into a single
degenerate component. References'®** have provided a detailed
theoretical description of this process, which includes homogeneous
and inhomogeneous components based on the solution of Maxwell’s
equations. In the absence of absorption, the homogeneous TH
component propagates with a group velocity that corresponds to the
material dispersion at the TH wavelength. In contrast, the
inhomogeneous TH component, also known as the phase-locked
(PL) component*"** is captured by the pump pulse and copropagates
with a wavenumber given by kpnuom = 3ko(@)n(w). The PL
components only form in the presence of an interface or feedback, as
demonstrated in previous studies.*’ Although the harmonic fields are
captured by the pump and propagate together under anomalous
dispersive conditions, energy exchange occurs only at the suboptical
cycle time frame if we consider harmonic components of the energy.
Therefore, to the first order of approximation, there is no energy
exchange between the fundamental frequency (FF) and its PL
components in a bulk medium, reﬁ/gardless of material thickness, as
verified in experimental studies.®*

We will now delve into the design of our metasurfaces, which
support g-BIC modes. The schematic of the proposed metasurface
device is depicted in Figure 1A. The metasurface consists of As,S;
nanowires patterned on a glass substrate, with the poly(methyl
methacrylate) (PMMA) spin-coated on top. This configuration
ensures that the metasurface is surrounded by materials with similar
refractive indices. The fabrication procedure is shown in Supporting
Note 1. This configuration results in significantly improved field
localization within the As,S; nanowires compared to structures
without PMMA (where air is present on top) and also protects the
As,S; structure from degradation. Figure 1B shows the scanning
electron microscopy (SEM) image of the fabricated As,S; metasurface
sample. The geometrical parameters of the metasurface shown in
Figure 1B are optimized to enhance third harmonic generation
(THG) efficiency in the UV wavelength range using an ED-gBIC
resonance near 1070 nm. A set of asymmetric nanowire unit cells with
period p = 580 nm and height 4 = 300 nm are placed on top of a glass
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Figure 2. (A) Numerically simulated transmittance as a function of the wavelength and asymmetry factor a. (B) Electric and magnetic field
enhancement ratio for @ = 0.4 at the TE, (ED-qBIC) mode located at 1070 nm: (C) Same as in B for the TE, (MD-qBIC) mode located at 854
nm; (D) Same as in B and C for the TE; (EQ-gBIC) mode located at 841 nm. The black arrows represent the magnetic field.

substrate. Other parameters include the width of the nanowires w, =
145 nm and the asymmetry parameter of the unit cell a that controls
the width of one nanowire. The theoretical investigation considers
asymmetry parameter @ from 0 to 0.4 (see Figure 1C) so that the
width of the narrower element varies from 145 to 87 nm. The
asymmetry parameter is the key to transforming the ideal (decoupled)
BIC system into the qBIC, supporting high-Q leaky resonant modes.
The electric field of the incident beam at the fundamental frequency
(FF) is polarized along the y direction. We used a spectroscopic
ellipsometer to measure the refractive index of a 300 nm thick As,S;
film (see Supporting Note 2) and incorporated the measured data
into our design and numerical simulations. The ellipsometry data
indicate that As,S; exhibits a strong dispersion and high absorption at
wavelengths below 500 nm, which is where the TH wavelength is
generated.

The commercial Finite Element Method simulation package
Comsol Multiphysics 6.0 was used to perform both linear and
nonlinear simulations. The measured refractive index of As,S; from
the ellipsometer was used in the simulations. For both the glass
substrate and the PMMA superstrate, a constant refractive index of
1.5 was assumed. The simulated linear transmittance represents an
average result obtained by varying the incident beam angle between
—3 and 3 degrees. Nonlinear simulations were conducted using a fully
coupled solver, with values for (@) and ) (3w) obtained through
the numerical method detailed in ref 48. The third-order nonlinear
susceptibility ¥ () at the fundamental frequency (o) is used to
model the refractive index change induced by the intense optical field
and the third-order nonlinear susceptibility 7¥(Bw) at the third
harmonic frequency (3w) is used to describe the nonlinear response
of the material to the incident optical field at the third harmonic
frequency. Nonlinear susceptibility data was treated as a fit parameter
to achieve the best agreement between simulations and experimental
results.

3. RESULTS AND DISCUSSION

The designed metasurface can support different gBIC modes,
providing different field localization profiles and enhance-

21447

ments. Figure 2A shows the simulated transmittances of As,S;
metasurfaces with period p = 580 nm and height 4 = 300 nm
and variable asymmetry parameter « in the range of
wavelengths from 800 nm to 1100 nm, assuming normal
incidence. Three gBIC modes can be identified in the map. To
understand the differences between the modes, we set @ = 0.4.
For this asymmetry factor, we find the lowest-order mode at
1070 nm (point labeled TE, in the map). This mode shows
high electric field localization in the nanowires and a magnetic
field that experiences symmetry breaking, and it is localized in
the gap between the nanowires. In other words, this gBIC
mode resembles an electric-dipole-like (ED-gBIC) localization
(Figure 2B). By using the incident electric field as the baseline,
it achieves a maximum electric field amplitude enhancement by
a factor of approximately 15. A second qBIC mode appears at
lower wavelengths (point labeled TE, on the map). This mode
is located at 854 nm for a = 0.4: Figure 2C shows that this
mode resembles a magnetic dipole (MD-qBIC), with a field
localization dual with respect to the ED-gBIC, and therefore
with an electric field mainly located outside the nanowires.
Finally, the third mode (point labeled TE, in the map) is
located at 841 nm. It possesses an electric-quadrupole-like
localization (EQ-gBIC), with the electric field located once
again mainly inside the nanowires. We also stress that since the
EQ-BIC mode falls near the onset of the first diffraction order
of the periodic structure, we observe a hybridization between a
leaky (guided mode resonance) and a quasi-bound mode
(Figure 2D) rather than a strongly confined mode as for the
ED- and MD-gBICs. A detailed band structure analysis of the
mode hybridization can be found in Supporting Note 3. Since
the ED-gBIC provides an electric field mainly concentrated in
the high-index nonlinear material, we can predict that this
mode would be the most appropriate to improve nonlinear
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Figure 4. Third harmonic generation from the chalcogenide metasurface at the ED-gBIC resonance. (A) TH intensity was measured for the
uniform thin film of As,S; covered by PMMA (black, solid curve) compared to the nanowire-based metasurface (red, dashed-dotted curve). B:
Experimental results showing THG enhancement for the metasurface relative to the reference sample, with the peak THG intensity from the
metasurface being approximately 24 times greater. (C) THG power dependence as a function of the fundamental beam power. (D) Measured shift

in THG with increasing intensity of the fundamental beam.

light-matter interactions and to enhance the conversion
efficiency of THG (a comparison of the three gBIC modes
in terms of third harmonic conversion efficiency is shown in
Supporting Note 4).

Moreover, while a mere conversion efficiency estimate could
serve as a guideline to experiment if the pulse that excites the
metasurface has a relatively wide bandwidth (our nonlinear
experiment was performed with a 100 fs long pulse,
corresponding to a full-width-at-half-maximum of ~17 nm at
1070 nm), one may conclude that it is beneficial to use wider
ED-qBIC resonances rather than a narrower MD-qBIC
resonance to optimize the resonant light-matter interaction
at the fundamental wavelength.

We, therefore, proceeded to characterize the ED-qBIC
transmission dip. Figure 3 compares the simulated (Figure 3A)
and measured (Figure 3B) transmittance spectra obtained for
different fabricated asymmetry factors. The detailed descrip-

tion of the linear measurement setup was described in the
ref.*® We note that the measured ED-qBIC resonance dips are
broader and shallower than those obtained in numerical
simulations, which can be attributed to several factors: First,
the nanofabrication-related inaccuracies in the dimensions and
periodicity can affect the results. The fabricated nanostructures
have slightly larger periods, widths, and asymmetry factor.
Second, imperfect alignment may cause the sample to deviate
from the normal angle of incidence, leading to unwanted noise
in the transmission measurement. Other experimental
conditions, such as light intensity, can also contribute to the
noise observed in the transmission data. However, we managed
to minimize these noise sources as much as possible to obtain
accurate measurements. The theoretical and experimental Q-
factors from the sample for the sample with an asymmetry
factor of a = 0.4 are approximately 178 and 15, respectively.
Figure S5 in Supporting Note 5 demonstrates that incorporat-
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Figure S. Third harmonic generation with a rotation angle of the metasurfaces. (A) Schematic illustration of the experimental setup. The (B)
measured and (C) simulated angular dependences of the TH power and wavelength.

ing nanofabrication imperfections into numerical simulations
leads to a broader and shallower resonance with a Q-factor of
12.5. There are several methods to enhance the quality of
metasurfaces further. First, fabrication precision can be
improved by using industry-grade (as opposed to university-
grade) nanofabrication tools, improving the accuracy and
reliability of metasurface manufacturing. Second, the size of the
metasurface structures can be increased by reducing the
refractive index of the surrounding medium. Lowering the
refractive index of the surrounding medium effectively extends
the effective wavelength of light, enabling larger physical
dimensions for the metasurface elements. This size increase
can facilitate easier fabrication, allowing for greater tolerances
in alignment and patterning. Despite the presence of noise in
our experimental data, our results, standing as a compelling
proof-of-concept, unequivocally demonstrate the significance
of our research. Moreover, both simulated and measured
spectra show excellent agreement with respect to the blue shift
of the resonance when the asymmetry is increased. Such a blue
shift of the mode is also clearly visible in the map in Figure 2A.

We then performed nonlinear characterization of the sample.
We investigated the enhanced THG by illuminating the sample
with the asymmetry factor of & = 0.4 with a fundamental beam
at the resonant wavelength of 1070 nm, with a beam waist of
110 um, and a peak intensity of 0.62 GW/cm? The enhanced
TH signal was then recorded by a spectrometer. This power
level is significantly lower than the surface damage threshold
for the As,S; glass. Figure 4A shows that the peak TH signal
from the metasurface is approximately 24 times greater than
that from the reference (unpatterned) sample. As anticipated,
the maximum resonant enhancement occurs near the ED-gBIC
at 1070 nm, which aligns well with the calculated results
presented in Figure 4B. The experimentally measured intensity
of the generated TH and a broadened linear response in Figure
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3a are likely due to nanofabrication-related nonuniformities in
nanowire dimensions and periodicity.

Next, we study the power-dependent tunability of the
device. The Kerr nonlinearity modifies the refractive index in
response to the power intensity of the incident beam.*®
Specifically, we have n = n; + An, where An = n,I, n; and n, are
the linear refractive index and the nonlinear coefficient of
As,S;, respectively, and I is the intensity of the incident beam.
We first change the power of the FF beam intensity from 0.435
GW/cm? to 2.39 GW/cm? and the dependence of the THG
power is shown in the log scale in Figure 4C. At lower FF
intensities, the THG power exhibits the expected cubic
dependence on the FF intensity. However, at higher powers,
the dependence deviates from the cubic fit, with a tendency to
saturate. This difference is likely due to the As,S; nonlinear
Kerr response in the As,S;, which triggers a redshift of the ED-
gBIC resonance while the incident fundamental beam
wavelength remained fixed in our experiments. The shift of
the ED-gBIC resonance, in turn, leads to a proportional
spectral shift of the THG. Figure 4D demonstrates that
increasing the intensity of the FF beam from 0.62 GW/cm® to
2.39 GW/cm? yields a 3 nm redshift of the THG. These shifts
can be directly attributed to changes in the refractive index of
As,S; as a function of the input beam intensity, described by n
= n; + An, where An = n,l. Here, n; represents the linear
refractive index, n, is the nonlinear coeflicient of As,S;, and I is
the intensity of the fundamental beam.

As briefly discussed above, the incident angle of the FF
dramatically affects the location of the resonance dip and the
efficiency of the THG. For this reason, we also investigated the
angular dependence of the THG from our metasurface device.
The experimental setup is shown in Figure SA: Light from a
Ti: sapphire pulsed laser (100 fs pulse width, 1 kHz repetition
rate) was sent to an optical parametric amplifier (OPA), which
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generated near-infrared (NIR) pulses that were then directed
to the propagation path via a beam splitter (BS). A 4f system,
consisting of two achromatic lenses, was used for sample-laser
alignment and image. The third harmonic (TH) signal was
gathered by a second 4f system, which included a 50x infinity-
corrected objective lens with an NA of 0.8 and additional
achromatic lenses positioned behind the sample. The signal
was then coupled to a spectrometer via a multimode fiber (400
um core, 0.5 NA). The electrical field was polarized
horizontally along the y-axis. The long side of the nanowires
was aligned along the y-axis, and the sample was rotated
around the y-axis. The detailed description of this nonlinenar
measurement setup can be found in the ref 38. Figure 5B
shows the measured THG spectra relative to the ED-qBIC
excitation for different incidence angles. As we rotate the
sample from 0° to 7.5° the peak position of the TH shifts to a
longer wavelength while the intensity reduces because sample
rotation causes the ED-qBIC resonance to redshift according
to modal dispersion (see Supporting Note 6). When the
rotation angle reaches 10 degrees, the TH peak can no longer
be detected in the frequency range under investigation. This
result is confirmed by our nonlinear angular analysis (Figure
SC), which makes it clear that the ED-gBIC resonance shifts
outside the spectral bandwidth of the input pulse laser.
Therefore, little to no contribution of THG enhancement can
be measured for this excitation angle.

4. CONCLUSIONS

In summary, we theoretically predicted and experimentally
demonstrated a tunable TH generated in the lossy spectral
range of As,S; glass metasurfaces and its sensitivity with the
incident angle. The phase-locking mechanism enables the
THG and it may generally apply to other nonlinear material
systems. The field localization resulting from the ED-qBIC
resonance enhances the THG and the large Kerr nonlinearity
of the As,S; helps to achieve the tunability. These results may
extend our ability to enhance nonlinear light-matter
interactions and could be useful for applications in advanced
switches, sensors, nanolasers, and other on-chip nonlinear
nanophotonic devices.
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