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supporting bound states in the continuum
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Abstract: We study, both theoretically and experimentally, tunable metasurfaces supporting
sharp Fano-resonances inspired by optical bound states in the continuum. We explore the
use of arsenic trisulfide (a photosensitive chalcogenide glass) having optical properties which
can be finely tuned by light absorption at the post-fabrication stage. We select the resonant
wavelength of the metasurface corresponding to the energy below the arsenic trisulfide bandgap,
and experimentally control the resonance spectral position via exposure to the light of energies
above the bandgap.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

All-dielectric resonant metasurfaces have emerged recently as a novel research field driven by
its exceptional applications for creating low-loss nanoscale devices [1]. They have become a
viable alternative to conventional refractive optical elements as well as to diffractive optics.
Conventional optical elements for light control have various limitations: they are bulky and may
require a complex design for non-basic functionalities. Diffractive optical elements, in their turn,
mitigate some of the limitations, and they have found applications in compensating dispersion and
aberrations [2], beam conversion and vortex generation [3,4], medical lasers, three-dimensional
imaging, and laser materials processing [5]. However, diffractive optical components have
miniaturization limits as their thickness should be comparable to the wavelength of radiation for
which they are designed. Optical metasurfaces, while being compatible with conventional micro-
and nanotechnology, allow to incorporate complex control over the electromagnetic space [6]. In
contrast to diffractive optics, highly-efficient metasurfaces, being of a sub-wavelength thickness,
allow overcoming the miniaturization limit.

Here we study all-dielectric metasurfaces based on resonant interactions between light and
Mie-resonant dielectric particles [6]. The tight confinement of the local electromagnetic fields and
multiple interferences available in resonant dielectric nanostructures and metasurfaces can boost
many optical effects and offer novel opportunities for the subwavelength control of light-matter
interactions. In particular, recently emerged concept of bound states in the continuum (BICs)
in nanophotonics enables a simple approach to achieve high-Q resonances (or quasi-BICs) for
various platforms ranging from individual dielectric nanoparticles [7] to periodic arrangements
of subwavelength resonators such as metasurfaces or chains of particles [8—12]. Moreover, very
recently it was revealed [13] that metasurfaces created by seemingly different lattices of dielectric
meta-atoms with broken in-plane inversion symmetry can support sharp high-Q resonances
arising from a distortion of symmetry-protected BICs. We consider metasurfaces hosting Fano
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resonances [14,15] inspired by optical bound states in the continuum being converted into the
sharp leaky dielectric slab optical resonances [13].

For many applications, it is beneficial to design tunable metasurfaces such as a recently reported
silicon-based metasurface supporting a dynamic BIC [16]. In the current paper, we expand the
material choice by exploring a platform of chalcogenide glasses possessing photosensitivity. In
conjunction with high-Q resonances, the photosensitivity leads to a dramatic change of optical
response of the metasurfaces. Chalcogenide glasses (ChGs) are composed of chalcogen elements
such as sulfur, selenium, and tellurium. Also, additional atoms such as As, Ge, Sb, Ga, Si, and
P are added. ChGs are particularly interesting due to their specific optical properties being
transparent into the mid-infrared up to 20 um, depending on their chemical composition [17].
The refractive index is high n ~ 2 + 3, and ChGs possess also a high nonlinear refractive index
ny. However, one of the most striking properties is their photosensitivity. Using light exposure
with a wavelength below the optical bandgap, the chemical bonds can be rearranged. This effect
directly modifies the optical properties of the ChG. This very specific property has led to different
kinds of applications (see, e.g., Refs. [18-20]). Layers made of ChG were shown to be excellent
candidates for the production of various optical elements such as ring resonators [21]. It was
shown recently that these layers are also good candidates for the new method of production of
diffractive optical elements [22]. In general, tunability of these materials can be turned into a
technological advantage: refractive index variation can be recorded on uniform metasurfaces as a
post-fabrication step while uniformity is advantageous for such methods of mass-production as
nanoimprint [23] or self-assembly [24].

Here, as the first step towards a variety of photosensitive metasurfaces, we suggest and
develop a novel type of resonant metasurfaces which employ the concept of bound states in the
continuum, being fabricated from chalcogenide glass As,S3. We design theoretically and study
experimentally chalcogenide metasurfaces supporting BIC-inspired Fano resonances, and we
demonstrate a photosensitive shift of the resonances upon external light exposure.

2. Design and numerical simulations

Here, we consider a metasurface made of As,S3 and placed on a glass substrate consisting of a
square lattice of meta-atoms with broken in-plane inversion symmetry, as illustrated in Fig. 1(a).
The meta-atom is constructed of a pair of rectangular bars which have lengths L and L — 6L,
respectively. The asymmetry of the unit cell is controlled by the difference in bar lengths, which
is characterized by the asymmetry parameter @ = §L/L, as shown in Fig. 1(b).
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Fig. 1. (a) Design of a metasurface consisting of a square array of As;S3-bar pairs of
different length placed on a glass substrate. Parameters: the period is 490 nm, height is
180 nm, bar width is 140 nm, larger bar length is 390 nm, and the distance between bars is
100 nm. The inset shows the orientation and polarization of the incident field considered in
numerical simulations and experiments. (b) Definition of the asymmetry parameter @. (c)
Dispersion of the refractive index n and extinction coeflicient k for As,Ss3.
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First, we perform numerical analysis of linear optical spectra for the designed broken-symmetry
metasurface to confirm the existence of a quasi-BIC in the optical spectral range. For transmission
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simulations, we employ the frequency domain solver in CST Microwave Studio and extract
the transmission from the calculated S-parameters. For simulations of the eigenmode spectra,
we use the eigenmode solver in COMSOL Multiphysics. All calculations are realized for a
metasurface on a semi-infinite substrate surrounded by a perfectly matched layer mimicking
an infinite region. The simulation area is the unit cell extended to an infinite metasurface by
using the Bloch boundary conditions. All material properties for As,S3 are extracted from the
ellipsometry data, the dispersion of the refractive index n and extinction coefficient k is shown in
Fig. 1(c). Absorption losses are negligibly small in the region of interest and were considered to
be zero. The refractive index for glass is imported from the tabulated data for SCHOTT N-BK7
glass [25]. The incident field is a plane wave in the normal excitation geometry polarized along
the long side of the bars, as shown in Fig. 1(a).

Figure 2(a) demonstrates the dependence of the simulated transmission spectra on the
wavelength of excitation and the asymmetry parameter @. The white dashed line illustrates the
eigenmode dispersion. The eigenmode simulations show that the metasurface with a symmetric
unit cell (@ = 0) supports a symmetry-protected BIC at 795 nm, which has infinite Q factor and
is not manifested in the transmission spectrum. The BIC is unstable against perturbations that
break the in-plane inversion symmetry, so for @ > 0 it transforms into a quasi-BIC with a finite Q
factor [13]. The quasi-BIC is revealed in the transmission spectra as a sharp resonance with a
Fano lineshape which linewidth increases with the magnitude of asymmetry. Figure 2(b) shows
the near-field distribution of the electric field for the BIC and the quasi-BIC, marked with pink
circles in Fig. 2(a). The dependence of the radiative Q factor on « follows the inverse quadratic
law for small values of the asymmetry parameter [13], as shown in Fig. 2(c). Here, we note that
a quasi-BIC in a metasurface with a symmetric unit cell remains a dark mode for the far-field
excitation even in the presence of absorption losses (which are considered to be zero in our
simulation) or finite size of the sample. Despite fabrication imperfections allow observing specific
resonant features in transmission in the vicinity of the quasi-BIC for a symmetric metasurface,
such features are usually negligibly small. Hence, the meta-atom asymmetry is necessary to

obtain a pronounced and sharp resonance which position and width can be adjusted by the degree
of asymmetry.
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Fig. 2. (a) Numerically simulated transmission spectra with respect to the excitation
wavelength and «. The white dashed line illustrates the quasi-BIC dispersion. (b) The top
view of the near-field distribution of the electric field for the BIC and quasi-BIC, marked with
pink circles in (a). (c) Dependence of the radiative Q factor on the asymmetry parameter.
The dashed line shows an inverse quadratic fitting.

The optical properties of chalcogenide glasses can be tailored by the optical annealing via
exposure to light below the material bandgap. When a sample is kept in the dark at room
temperature, the induced changes are not reversible during the long period (over 1 year) [20].
However, the optical properties of arsenic trisulfide can be also controlled by the thermal
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annealing or by the combination of both mechanisms [26]. In this work, we concentrate only
on the light annealing. Figure 3(a) shows the typical dependence of As;S;3 refractive index on
the dosage of light exposure. The dependence shows a rapid growth at small exposure dosages
around 10 J/cm? and saturates for the dosages higher than 20 J/cm?. The maximal change of
refractive index due to optical annealing is about 0.08.
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Fig. 3. (a) Dependence of As;S3 refractive index change on the dosage of light exposure.
The red open dots show the experimental results from [20]. The black dashed line is the
guide for eyes. The experimental conditions are shown with the red solid line. (b) Simulated
transmission spectrum for initial and exposed As,S3; metasurface with & = 0.064.

Next, we simulate and compare the transmission spectrum for the unexposed and exposed
As,S3 metasurface supporting a quasi-BIC. For numerical analysis, we focus on a metasurface
with a small @ = 0.064 which is feasible in fabrication and provides a high-quality quasi-BIC
since in the experiment we expect broadening of resonances due to the finite sample size and
scattering losses. To take into account the fabrication tolerance, we consider the difference in
bar widths of 5 nm, which follows the actual geometry of the fabricated structure, shown below.
The simulated transmission spectra are shown in Fig. 3(b). The transmission curve for initial
design manifests a sharp peak with a Fano lineshape at 780 nm associated with a quasi-BIC with
Q factor of about 3700. After the annealing by light with high exposure dosage, the refractive
index changes by 0.08 which leads to a 14 nm shift of the resonant peak, as illustrated in Fig. 3(b).
The Q factor of the quasi-BIC supported by the annealed structure is almost unchanged. We
emphasize that the predicted resonance shift is 65 times larger than the mode linewidth because
of high Q factor inherent to a quasi-BIC.

3. Fabrication and experimental results

To demonstrate the effect of the resonant peak shift experimentally, we fabricate an As,S3
metasurface using the proposed design with @ = 0.064. First, we deposit a 180 nm-thick As,S3
thin film on a slide glass substrate (SCHOTT N-BK7) [25,26], using thermal evaporation. Next,
we cover the deposited film with a 2 nm-thick Al,O3 protective layer by atomic layer deposition
(ALD). The pattern of bar pairs is then defined by electron-beam lithography (EBL) using positive
resist (ZEP520). Prior to the resist coat, the film surface is covered with an adhesion promoter
(SurPass) to improve the resist wetting and adhesion; and charge-compensating layer (E-spacer)
is applied on top of the resist. After resist development, As,S3 film is etched in inductively
coupled plasma-reactive ion etching (Plasmalab System 100, Oxford) using CHF3 plasma. The
residual resist is subsequently removed by an oxygen plasma.

The fabricated metasurface structures are coated with a 2 nm-thick Al,O3 film again to
prevent the surface oxidation and degradation of the chalcogenide film. Figure 4(a) shows the
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scanning electron microscope (SEM) image of the fabricated pattern, and the inset shows the
high-resolution SEM image for a single meta-atom composing the metasurface. The shorter bar
width of the meta-atom of the fabricated structure is smaller than the width of the longer bar
by 5 nm. The pattern size of each fabricated metasurface is 100 ym x 100 ym, the length of
the shorter bar is 365 nm. The fabricated sample is kept in the dark to avoid a change of the
refractive index.
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Fig. 4. (a) Top-view SEM image of the As,S3 metasurface placed on a slide glass substrate.
(b) Experimental transmission spectrum for initial and exposed As, S3 fabricated metasurface.

Next, we measure the transmission spectrum of the fabricated sample before optical annealing.
For transmission measurements, we use a home-made micro-spectrometer setup with a halogen
lamp as the light source. The light from the lamp passes through a 650 nm long-pass filter. The
filter cuts short wavelength range preventing the annealing. The transmitted signal is analyzed
with an optical spectrometer (Ocean Optics QE Pro) [see Fig. 4(b), blue curve]. The transmission
spectrum is normalized to the transmission of a glass slide. After, we remove the long-pass filter
and expose the metasurface with a high dosage of white light enough to achieve the saturation of
the refractive index [see a vertical line in Fig. 3(a)], and measure the transmission spectrum of
the exposed sample [see Fig. 4(b), a green curve].

The unexposed sample supports a quasi-BIC at 780 nm. The resonance shifts by 12 nm
after the optical annealing. The mode positions in the experimental spectra agree well with the
simulation [see Fig. 3(b)]. The Q factor and peak transmittance are reduced, which may be caused
by scattering losses in the fabricated sample induced by surface roughness, structural disorder,
and finite size of the sample [27,28]. The measured Q factor is extracted from the experimental
transmission spectra using single-peak fitting to a Fano lineshape via the Levenberg-Marquardt
algorithm. The value of the extracted Q factor is 110 + 10 and 120 + 10 for initial and exposed
sample, respectively. The error is due to the inaccuracy of the fitting procedure. The increase of
the Q factor for the shifted peak can be explained by the increase of the refractive index.

4. Conclusions

We have developed a new approach for engineering a resonant response of dielectric metasurfaces
composed of meta-atoms with broken in-plane inversion symmetry closely associated with the
physics of bound states in the continuum. We have designed and studied experimentally the
dielectric metasurfaces made of photosensitive chalcogenide glass As;S3. We have demonstrated
experimentally photosensitive tunability of the metasurface resonances upon external light
illumination. The similar approach can be applied to the case of nonlinear metasurfaces
[29,30] with broken-symmetry or nonlinear metasurfaces composed of arrays of chalcogenide
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nanoresonators designed for the nonlinear optical generation of higher harmonics. Thus, we
believe that our approach is rather general, and it paves the way to smart engineering of sharp
resonances in metasurfaces advanced meta-optics and nanophotonics.
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