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Abstract: In this work, a silicon metasurface designed to support electromagnetically induced
transparency (EIT) based on quasi-bound states in the continuum (gqBIC) is proposed and
theoretically demonstrated in the near-infrared spectrum. The metasurface consists of a periodic
array of square slot rings etched in a silicon layer. The interruption of the slot rings by a silicon
bridge breaks the symmetry of the structure producing gBIC stemming from symmetry-protected
states, as rigorously demonstrated by a group theory analysis. One of the gBIC is found to behave
as a resonance-trapped mode in the perturbed metasurface, which obtains very high quality
factor values at certain dimensions of the silicon bridge. Thanks to the interaction of the sharp
gBIC resonances with a broadband bright background mode, sharp high-transmittance peaks are
observed within a low-transmittance spectral window, thus producing a photonic analogue of EIT.
Moreover, the resonator possesses a simple bulk geometry with channels that facilitate the use
in biosensing. The sensitivity of the resonant gBIC on the refractive index of the surrounding
material is calculated in the context of refractometric sensing. The sharp EIT-effect of the
proposed metasurface, along with the associated strong energy confinement may find direct use
in emerging applications based on strong light-matter interactions, such as non-linear devices,
lasing, biological sensors, optical trapping, and optical communications.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The use of dielectric metasurfaces (MS) has grown exponentially in recent years. In these
structures, coupling and interference effects occur thanks to magnetic and electric resonant
multipoles. These effects generate interesting optical phenomena with desirable properties that
make dielectric MS suitable for numerous applications, for instance the precise control of light
emission [1] or photoluminescence [2], polarization control [3,4], sensing [5,6], wave propagation
control on microwave waveguides [7], highly-selective filtering [8—10], or applications based on
the enhancement of nonlinear processes [11,12] among others.

Similarly, a lot of attention has been paid to the generation of electromagnetic induced
transparency (EIT)-like effects in microresonators [13,14], guided-mode resonances [15,16],
waveguides side-coupled to resonators [17,18], nanoscale plasmonic systems [19,20], and MS
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[21-26]. In that case, the classical analogue of quantum EIT, which requires gas-phase three-level
atoms, is replaced by coupling of a broadband bright mode resonator, which is accessible from
free space, with a less-accessible or inaccessible narrowband dark mode resonator [21].

One of the most important characteristics of EIT is that strong light-matter interaction can
be produced at the spectral region of the resonance in transmission. Contrary to plasmonic or
metallic MS at which EIT Q-factors are limited by losses [27-35], some theoretical works on
dielectric MS have shown ultra-high EIT Q-factors, in the ideal case of infinite transverse MS
dimensions and lossless structures. These works are based, e.g., on toroidal dipolar responses
[25] or trapped magnetic modes [26]. In the case of experimental reports, a value up to 500
(array size of 300 x 300 unit cells), has been demonstrated by using a unit cell consisting of two
dielectric resonators [21]. Other recent reports have proposed the use of quasi-bound states in the
continuum (qBIC) to achieve high-transmittance resonances with Q values of 18511 (array size of
27 x 27 unit cells) [36] and EIT-gBIC effect with Q = 1000 (array size of 15 X 15 unit cells) [37].
Such MS support a pure BIC state, namely with an infinite Q-factor, at the I'-point of the first
Brillouin zone. The main difference between them is that in the first case, the symmetry is broken
by perturbing the geometry of the unit cell, [36], whereas in the second case, the emergence of
the gBIC resonance is explained through Brewster-like mechanism [38], at which the excitation
of a perpendicular dipole (either electric or magnetic) is forbidden at normal incidence [37].

In this work, we propose a novel type of MS based on the building block of square slot rings in
a silicon wafer, which belongs to the so-called mesh-type MS configuration. The concept of the
proposed MS is evolved from previous work, which however targeted sharp reflection resonances
in a high-transmittance background [39]. For a certain height of the silicon layer where the MS
is etched, a broad electric dipole bright resonance with zero transmittance at its center can be
adjusted to occur at a target wavelength. Then, the symmetry of the square rings is broken by
introducing a silicon bridge that interrupts the square slots, thus opening an access channel for
coupling with the incident planewave and transforming the pure BIC states to gBIC with a finite
Q-factor. The demonstrated qBIC-induced EIT effect occurs for normal wave incidence, contrary
to the very recently introduced concept of qBIC-EIT dielectric metasurfaces, which was based
on oblique incidence [37,38].

Following a detailed mathematical analysis, based on group theory and the symmetry adapted
linear combination (SALC) method, we theoretically demonstrate that such slotted MS are
capable of supporting several qBIC, whose symmetry properties are identified. The results are
corroborated by finite-element eigenfrequency calculations. Moreover, the symmetry analysis
provides useful selection rules in terms of the excitation of the BIC resonances as a function of
the linear polarization of the incident planewave. These rules are exploited to design both dual-
and single-EIT resonances, which are switchable by changing the light polarization. As a result,
by coupling the broad resonance to the qBIC, high-Q transparency peaks are observed in the form
of Fano resonances. The quality factor of the EIT-gBIC resonances can be controlled by varying
the size of the silicon bridge, which dictates their coupling with the impinging planewaves.

Furthermore, we also show that one of these qBICs manifests as a resonance-trapped mode
with very high Q-factor at certain values of the silicon bridge. The relatively large dimension
of the silicon bridge along with the inherent robustness of resonance-trapped modes to small
geometrical variations significantly facilitates the fabrication of the metasurface. Finally, as an
example of applications, the sensitivity of the qBIC resonant wavelengths on the refractive index
of the surrounding material is calculated to evaluate its performance as a refractometric sensor e.g.
for gas or bio-sensing. Other possible applications include systems based on strong light-matter
interaction, such as non-linear, lasing, or light-trapping. In addition, given the low-dispersion of
silicon and its mesh-type structure, the MS could directly find use in lower-frequency applications,
e.g. in the THz spectrum, including the possibility to work in a free-standing configuration.
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2. Metasurface geometry and symmetry analysis
2.1. Metasurface layout

The proposed MS is composed of a periodic array of square slot rings etched in a thin silicon layer
on top of a glass substrate, as shown in Fig. 1. The structural parameters of the MS consist in the
ring inner width w, the slot width s, the distance between adjacent rings g, and the silicon layer
thickness k. The pitch of the periodic array, namely the size of the unit cell, equals P = w + g + 2s.

(a) E =Sj (b) p
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X

Fig. 1. (a) Schematic diagram of the investigated all-dielectric slot MS. A periodic array of
square slot rings is etched in a thin silicon layer of thickness /. The MS lies on a semi-infinite
glass substrate. (b) Top-view cross-section of the MS unit cell and definition of the pitch p
and the geometrical parameters of the square slot, namely width s and inner size w. The
symmetry of the structure is broken by introducing a silicon bridge of width ¢ that interrupts
the square slot.

To generate the qBIC, the slot ring is interrupted on one side by a narrow silicon bridge
characterized by a width ¢, as shown in Fig. 1(b). The bridge breaks the symmetry of the structure
along the y-axis, thus allowing for an y-polarized impinging planewave to couple to the qBIC
modes, as it will be thoroughly discussed. In addition, the bridge establishes the continuity
of the silicon layer, potentially permitting free-standing configuration for operation at lower
frequencies, for instance in the THz spectrum using high-resistivity floating-zone silicon, which
has very low absorption losses [40,41]. In the case here investigated, which targets operation in
the near-infrared telecom-relevant spectrum, namely close to the wavelength of 4 = 1.55 um, the
MS height 4 is in the order of a few hundred nanometers, so a glass substrate is considered as a
supporting medium. The MS can be fabricated by standard nanofabrication processes, such as the
deposition of the Si layer via low-pressure chemical vapor deposition (CVD) and the definition
of the MS by electron beam lithography (EBL) or reactive ion etching [42]. Upscaling the MS to
higher frequencies in the visible spectrum is also in principle possible by employing TiO, as the
required high-index, transparent material. Indeed, TiO,-qBIC metasurfaces have been recently
experimentally investigated for lasing and exciton coupling [43,44].

2.2. Symmetry analysis

The in-plane group of symmetry of the square unit cell shown in Fig. 1(b) without the silicon
bridge, namely for r = 0, is Cy, in Schoenflies notations [45,46], with its elements shown in
Fig. 2(a). The irreducible representations (IRREPs) of this group are given in Table 1. We
consider the case of a planewave normally impinging on the discussed structure, which is
described by the vectors of the electric field E, magnetic field H and the wave vector k. Our
objective is to determine the existence of both symmetry-protected BIC and bright modes of the
discussed MS and investigate their interaction with the field E of the incident wave, by employing
a rigorous analytical tool, the SALC method.
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Fig. 2. (a) Nonperturbed unit cell of the MS with elements of its symmetry. (b) Basis for
the SACL analysis of the nonperturbed unit cell (the square slot ring is not shown). (c,d)
Symmetries of the perturbed MS unit cell: (c) plane of symmetry oy, group Cz , Ey is the
exciting electric field; (d) plane of symmetry o—yy, group v, E,y and E_,y are the linear
polarizations of the electric field for the excitation of the qBIC.

Table 1. IRREPs of group C4,, E-field symmetry and mode types in the MS nonperturbed unit cell.

Cyy e Cy Cy C;l o (y= oylx= oy Oy Mode type of unit
0) 0) cell
Ay 1 1 1 1 1 1 1 1 dark radial
Ay 1 1 1 1 -1 -1 -1 -1 dark circular
B 1 1 -1 -1 1 1 -1 -1 dark quadrupole Q
B> 1 1 -1 -1 -1 -1 1 1 dark quadrupole Q»

£ 1 0 -1 0 0 -1 0 1 1 0)[-1 0}(0 1 0 -1 bright Dy, dark Qy
0 1 0 -1 1 0 -1 0 0 -1/\0 1/\1 O -1 0 bright D, dark Qy

2.2.1. SALC approach to the unperturbed unit cell

A simplified schematic 2D description of the nonperturbed unit cell eigenmodes can be obtained
by using the SALC method [47]. In our case, to represent the electric field distributions in the
unit cell for every IRREP of the group Cj,, we have chosen eight unit vectors e;, (i = 1,2,...8),
which are shown in Fig. 2(b). The representations of the eigenmodes obtained by this method
are summarized in Table 2, where the profile of the tangential components electric field on
the xy—midplane of the silicon layer are also shown. The field profiles were calculated by
eigenfrequency analysis for the periodic MS unit cell by using the finite-element method
implemented in the software COMSOL Multiphysics. In the simulations, Floquet-Bloch periodic
boundary conditions (PBC) were imposed at the lateral sides of the computational domain (x-z
and y-z planes). Since we are interested here in identifying the symmetry-protected modes of
the MS, i.e., for normal wave incidence (I point), the in-plane wavevector components of the
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PBC were selected as k, = k, = 0. Two perfectly-matched layers, backed by scattering boundary
conditions, were placed at distance from the metasurface along the z-axis in order to close the
domain and allow for the accurate calculation of the complex eigenwavelengths of the system,
which are reported in the first column of Table 2. The simulated structure corresponds to a MS
with the following set of parameters: 2 = 290 nm, w = 540 nm, g = 125 nm, and s = 30 nm. A
glass substrate is considered as the supporting medium, characterized by a refractive index of
ng = 1.5. It should be emphasized that the mode nomenclature in Table 2 corresponds only to
reduced 2D description and does not always describe the entire 3D system.

The analysis presented in Table 1 reveals that the symmetric unit cell supports four dark,
symmetry-protected BIC modes with IRREPs A}, A,, By, and B,, respectively. The field profiles
of these modes and their resonant wavelengths are shown in Table 2. All four dark modes are
orthogonal to the field E because they belong to different IRREPs and, therefore, in the symmetry
Cy, they can not be excited by the electric field of normally incident wave of any polarization.
This can be also visually verified by inspecting the arrow plots in Table 2, which demonstrate
that the four modes have zero electric field dipole moment in the xy-plane and hence they cannot
couple to the incident planewave.

Furthermore, the first line of IRREP E describes two orthogonal modes, namely, D, and
Oy, and the second line two other orthogonal modes, D) and Q.. Without perturbation, all of
them have the same resonant frequency because they belong to the same IRREP. After rotation
by 90°, the modes D, and Q, are transformed into D, and Q, respectively. This defines the
polarization-independence of modes E.

The dipole modes with components D, and Dy, are bright ones, i.e., they can be excited by the
electric field E of the corresponding polarization. The quadrupole modes Q, and Qy, are dark
ones. Notice that in our discussion we consider only some principal features of the structure
using 2D SALC description. To obtain a more detailed information, one needs a larger number
of unit vectors and a 3D model.

2.2.2. IRREP analysis of perturbation effects

In order to provide coupling of the excitation field with the dark/BIC modes of the structure, one
needs to reduce the symmetry of the unit cell. In order to define the necessary reduction, we
resort to Table 3 showing the symmetry degeneration of group Cy, [48].

Reduction of Cy, to its lower subgroup C,, can be fulfilled for example, by changing the square
slot ring of the unit cell to rectangular (group C; , the superscript v means vertical) or to rhombic
one (group Cgv, the superscript d means diagonal). However, with such a reduction, IRREP A,
(By) of Cy, is reduced to A; (Ay) of the group C»,, but the 2D IRREP E of the field E is reduced
to B; and B, of C,,. Therefore, again, the fields of the discussed dark modes are orthogonal to
the electric field E of the incident wave, thus excitation is impossible with this reduction. The
four dark modes continue to be symmetry-protected BIC.

By further reducing the symmetry of the unit cell, one comes to the group Cs with only one
plane of symmetry o, a condition that allows excitation. Four orientations of the planes of
symmetry are possible: two vertical planes o, o and two diagonal ones o7y, and o_y,, as defined
in Fig. 2(a). The two planes in the first pair are equivalent, the same is true for the second pair.
Therefore in the following we shall consider only two of these planes, namely, o and o—,,. The
bridge position in Fig. 2(c) defines the plane o. The plane oy, can be provided by dislocation
of the bridge to the corner of the square slot, as shown in Fig. 2(d).

In case of the vertical plane of symmetry o, the dark modes A; and B; (A2 and B») of IRREP
A (B) in the reduced-symmetry group can be excited by the field E, (E,), which belongs to
the same IRREP (see Table 4). Following a similar analysis, in case of the diagonal plane of
symmetry o—,,, the dark modes A; and B; (A, and By) require for their excitation a linear E,,
(E_,)) polarization of the incident wave (see Table 5) [49]. In the following we investigate the
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Table 2. Eigenmodes of unit cell with C;, symmetry in terms of vectors e;, as in Fig. 2(b). The field
profiles refer to the in-plane component of the electric field |E¢|, as calculated by eigenfrequency
analysis of the MS symmetric unit cell.

IRREP Eigenmode image Field profile Description

Radial mode
Ay

(Aeig = 1574.1 nm)

L [(e1 +ep) + (e3 +e4)+

2V2

+(es +eg) + (e7 +eg)]

Circular mode
A

(Aeig = 1852 nm)

1 [(e1 —e2) — (e3 —eq)+

22

+(es —e) — (e7 — eg)]

Quadrupole mode Q
B

(Aeig = 1557.6 nm)

L [(e1 —ep) + (€3 —eq)+

2V2

+(es —eg) + (€7 —eg)]

Quadrupole mode Q»
B 1
: ——[(e; +e2) — (e3 +eq)+

22

+(es +eg) — (e7 +eg)]

(Aeig = 1592.7 nm)

Dipole D and quadrupole Q,,

(Aeig = 1540.3 nm)

<

SN
E, first line: ? i
= 3 1
Ei; and E; : S §(e2+e4_e6_98)
pN~—71
—_____

1
5(91 +e3—es—e7)

Dipole Dy, and quadrupole Q «
E, second line:
E>i and Ex
(Aeig = 1540.3 nm)

1
5(61 —e3—es—e7)

1
5(62—04—86“38)
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Table 3. Symmetry degeneration table of group C,, [48].

Cay cy cd cy c?
Ay Ay Ay A A
A A A B B
B Ay A A B
B, A Ay B A
E Bi.B, B1.B, A.B A.B

Table 4. IRREPs of group Cé’, E-field symmetry and mode type.

c) e oy(x =0) E-field Bright mode
A 1 1 E, radial, Q1, Dy, O«
B 1 -1 E, circular, Q>, Dy, Oy

Table 5. IRREPs of group C;*, E-field symmetry and mode type.

’ onad e Ty E-field Bright mode
A 1 1 E_ radial, 0y, D_yy, Oy
B 1 -1 Eyy circular, Q1, Dy, Q—xy

radial and the quadrupole Q; modes, as it will be demonstrated that these are involved in the
target EIT-effect. We focus mainly on the symmetry-reduction scenario of Fig. 2(c) although
some proof-of-concept results are provided for the case of diagonal symmetry of Fig. 2(d) as
well.

3. Wave propagation studies and electromagnetically-induced transparency
3.1.  Transmission spectra

The optical response, namely the transmittance spectra, of the MS is calculated by using Reticolo,
an open-source electromagnetic solver based on the rigorous coupled wave analysis (RCWA)
[50-52]. The RCWA relies on the computation of the eigenmodes in the layers of a stratified
structure in a Fourier basis and a scattering matrix approach to relate the mode amplitudes
in the different layers. It takes naturally into account the periodicity of the structure, here
the two-dimensional MS, and finally calculates the diffraction efficiencies of all orders of the
reflected and transmitted waves. Owing to the subwavelength MS pitch, there are no propagating
diffraction orders, hence the software calculates the transmittance of the MS for both polarizations
of the impinging planewave.

The MS structural parameters are selected so as to produce BIC resonances close to 4 = 1.55
um and inside the low-transmittance background spectrum stemming from coupling of the
impinging planewave with the broad bright dielectric dipole mode, whose minimum is defined
by a 1/2 resonance in the z-direction of the silicon layer of thickness 4. Figure 3(b) shows the
transmittance spectra for the symmetric MS for thickness values varying from 4 = 240 to 340 nm.
The resonant wavelength changes almost linearly over /4 in the considered range with an average
value of 2.4 um/nm. The thickness of the silicon layer can be adjusted by, e.g., controlling the
growth speed in CVD processes, which can be in the order of 1 A/s.

The electric field profile at minimum transmittance, calculated for ¢ = 0, is shown in the inset
of Fig. 3(a) and it shows a dipole nature. Also shown is the relative field enhancement factor,
defined as FEF= |E| /|Eg|, where |Eo| is the amplitude of the incident planewave. The FEF is
low, since the bright mode shows a broad resonance with a Q-factor around 10. The calculations
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Fig. 3. (a) Transmittance of the MS for the symmetric (+ = 0) and slightly asymmetric case
(t = 1 nm), demonstrating the EIT effect and the excitation of two qBIC resonant modes. The
inset shows the electric field profile at minimum transmittance of the broad bright electric
dipole mode and the field enhancement factor. (b) Transmittance of the symmetric MS for
silicon layer thickness varying between & = 240 and 340 nm. (c) Eigenwavelengths and
Q-factors for the two qBIC modes along the I' — X contour of the first Brillouin zone of the
square periodic lattice of the MS. (d) Parametric study of the MS transmittance for silicon
bridge width ranging from ¢ = 0 to 170 nm.

refer to the set of parameters reported in Section 2.2.1. The minimum feature of the MS is the
slot width of 30 nm, whose fabrication is feasible with EBL. In the calculations, the material
dispersion of silicon was taken into account [53]. A y-polarized planewave is normally impinging
on the MS, according to the definitions of Fig. 1.

In the absence of the silicon bridge the MS shows C4, symmetry and its optical response is
polarization-independent in the case of normal incidence. The MS transmittance spectrum is
shown in Fig. 3(a). No sharp gBIC modes are observed, since these are symmetry-protected (pure)
BIC. The symmetry-protected nature of the two BIC modes is further verified by calculating
part of their band diagram by means of an eigenvalue analysis, where the k, component of the
Floquet-Bloch PBC varies from 0 to 0.4 /p. The eigenwavelengths and the Q-factors of the two
modes are shown in Fig. 3(c). Mode-2 exhibits much larger dispersion compared to mode-1. The
Q-factor of both modes drops rapidly from the theoretically infinite value at the I" point, which is
indicative of symmetry-protected BIC modes.

The introduction of the silicon bridge enables coupling of y-polarized wave with the gBIC of
the structure, identified in the analysis of Section 2.2. This is demonstrated in Fig. 3(a), where
two sharp transmission peaks are observed inside the low-transmittance valley of the bright mode
spectrum, calculated for # = 1 nm. The two modes, identified as mode-1 and mode-2, correspond
to the radial and quadrupole Q1 modes of the symmetry analysis (see Table 2) and they can
both be excited by the E, incident field (see Table 4). The resonant wavelength of mode-1 is
close to that of the bright mode, which corresponds to zero transmittance, hence resulting in a
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EIT effect. It was observed that a reduction of the slot width s, symmetrically with respect to
Fig. 1(b), shifts the two gBIC resonances to higher wavelengths, as the fill-factor of silicon in the
unit cell increases. Moreover, the two resonances become spectrally closer.

The properties of the qBIC modes depend strongly on the width ¢, which is investigated in
Fig. 3(d). For increasing values of ¢ the resonant wavelength of both modes shifts to higher
values, as more silicon is introduced in the MS. However, the variation of the linewidth of the two
gBIC modes shows different behaviour. It increases monotonically with ¢ in the case of mode-2,
whereas the linewidth of mode-1 increases initially, drops rapidly with a minimum at # = 116 nm
and increases again for higher values of ¢. In order to gain more insight on the variation of the
Q-factor of the two qBIC modes we resort again to the eigenfrequency calculations of the MS.

3.2.  Quality factor analysis

Figure 4(a) shows the Q-factor of the two eigenmodes for a variation of the silicon bridge width
in the range 0<t < 200 nm. The Q-factor for both modes diverges to infinity as t — 0, which is a
common feature of symmetry-protected BIC modes. By inspecting the electric field profiles of
the two modes calculated for # = 0, as presented in Fig. 5 (also reported in Table 2), it can be
observed that the in-plane distribution of the electric field (arrow plots) is antisymmetric with
respect to both xz and yz-midplanes. Thus, by virtue of their symmetry, these modes cannot
couple to a normally impinging planewave of any polarization, as discussed thoroughly in Section
2.2.
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Fig. 4. (a) Q-factors of the two gBIC modes as a function of the silicon bridge width. (b)
Transmittance spectra around the mode-1 resonance for # = 1 nm for various values of the
silicon extinction coefficient. (c) Coupling coeflicient of a normally impinging y-polarized
planewave with the two gBIC modes. (d) Transmittance spectra around the mode-1 resonance
for various values of the bridge width.
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Fig. 5. Electric field profiles and arrow maps of the in-plane components of the electric
field for the two BIC/qBIC eigenmodes calculated at the midplane of the slotted rings for
t = 0 and r = 116 nm by eigenfrequency analysis. The corresponding eigenwavelengths are:

Amode-l = 1557.7 nm, AMO4e2 = 1573.4 nm, AM9! = 1568.2 nm, and MG = 1586.2
nm.

Although theoretically arbitrarily high Q-factor values are possible at t+ — 0, due to the
suppression of radiative losses, in practice the maximum achievable Q-factor is mainly limited
by nonradiative losses in the system. Silicon presents extremely low absorption losses in the
considered wavelength range, however absorption and/or scattering losses can be produced by
defects or surface roughness during fabrication. Such loss effect is calculated in Fig. 4(b) for
the case of mode-1 and ¢t = 1 nm by adding an imaginary part k (extinction coefficient) to the
silicon refractive index. For k<1072, which is within the results of experimental characterization
of Si [53,54], the optical response and the Q-factor value of 2.8 X 10° is not affected. For
progressively higher values of the extinction coefficient, the Q-factor deteriorates and the
maximum transmittance is reduced due to absorption. The resonance ceases to manifest for
k>1075.

Loss mechanisms limit the practically achievable Q-factor due to the introduction of nonradiative
losses in the system. In a real scenario, the radiative losses are also bound by the finite lateral
size of the MS. The resulting effect has been studied theoretically [55] and experimentally, where
the record-high value reported in [36] was measured for a MS with 27 x 27 cells. A lattice
size of 100 x 100 provides indicatively a safe margin to minimize the finite lattice effect. In
the investigated MS this translates to a surface of roughly 0.005 mm?, which allows for rapid
fabrication [56]. Resonance broadening can also be observed due to fabrication tolerances and
the resulting statistical variation of the geometrical features among different MS cells. This effect
can be as well quantified and taken into account given the fabrication precision [40,57]. Finally,
the experimental demonstration of very high Q-factor is also challenging from the standpoint
of the measurement setup. For instance, the probing beam should have as low as possible
angular dispersion and the detector the necessary spectral resolution. Techniques, such as the
cross-polarization resonant scattering spectroscopy, used in the characterization of nanophotonic
resonant cavities with Q-factors exceeding one million can provide solutions for the measurement
of the MS [58].

The eigenfrequency study of the Q-factor variation in Fig. 4(a) verifies the findings of the
RCWA transmittance maps of Fig. 3(d). The Q-factor for mode-2 drops for increasing ¢t down to
a value of approximately 1000 for r = 200 nm. However, mode-1 shows a finite Q-value local
maximum in the order of 107 at # = 116 nm. In order to provide further insight in this feature,
we estimate the coupling strength of the two modes with the incident field as a function of ¢ by
calculating the coupling coefficient [48]

Ye & [/ (Efbe X Hiode + Emode X Hiy ) - 2 dxdy, (1)
A

where bold symbols refer to the electric and magnetic field vectors of the incident wave and the
gBIC modes and Z is the unit vector in the plane perpendicular to the metasurface. In the case
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here investigated, i.e., for a y-polarized impinging planewave, Eq. (1) is simplified as

Ye X ﬂ; (77on + Ey) dXdy’ (2)

where 79 is the impedance of free space. The integral in Eq. (2) is calculated in the midplane
(z = h/2) of the slotted rings. The results, shown in Fig. 4(c), corroborate the eigenfrequency
analysis, demonstrating a vanishing coupling coefficient at = 116 nm for mode-1. This is further
verified by the transmittance spectra calculated in the vicinity of mode-1 resonance for several
values of ¢ around ¢ = 116 nm, which are presented in Fig. 4(d).

The electric field profiles of the two qBIC modes for # = 116 nm are shown in Fig. 5. Although
the degree of asymmetry along the y-axis is not very high, especially in the case of mode-1, the
introduction of the silicon bridge perturbs the field distribution leading to reduction of symmetry,
since the Cy4, symmetry of the unperturbed structure is reduced to C} (see Table 4). However,
for a critical value of the width ¢, the exact distribution of the electric field leads to minimal
coupling with the impinging E, planewave, as demonstrated in Fig. 4(c), thus producing a high-Q
resonance characterized by vanishing transmittance, which can be observed in the spectra of
Fig. 4(d) and the transmittance map of Fig. 3(d).

This strong dependence of the mode-1 resonance around ¢ = 116 nm on the metasurface
geometry, and not its symmetry, is an indication of a resonance-trapped qBIC mode. When the
in-plane symmetry of the unit cell in periodic resonant structures is broken, resonance-trapped
gBIC modes can appear stemming from the destructive interference of various channels or even
from a single resonance [59,60]. Such gBIC modes usually appear at off-I" conditions, but on-T’,
namely at normal incidence, resonant-trapped modes have also been investigated [61]. The
vanishing transmittance on the qBIC resonance is a common characteristic of resonance-trapped
modes [41]. Such modes can become pure-BIC by tuning the full set of geometrical parameters in
case the symmetry along the z-axis is preserved. However, in our case the glass substrate breaks
the vertical symmetry of the structure, which leads to finite Q-value of the resonance-trapped
gBIC. This asymmetry also leads to maximum transmittance of the qBIC resonances slightly
lower than 100%, which is a further indication that the resonance-trapped mode cannot become
pure BIC [62,63]. Still, the Q-factor can obtain values in the order of 107, as demonstrated in
Fig. 4(a), without the need for very narrow silicon bridges, which is a critical advantage from the
fabrication standpoint.

3.3. Diagonal symmetry

Next, we investigate the case of diagonal symmetry with the corresponding MS unit cell structure
shown in Fig. 2(d). In that case the symmetry analysis dictates that in the perturbed unit cell
the various gBIC modes can be excited by selecting the linear polarization of the incident wave
to be parallel or perpendicular to the diagonal plane of symmetry o_,. According to Table 5
the target mode-1 (mode-2) is excited when the incident planewave polarization is linear at 45°
(135°) with respect to the x-axis.

We define the parameter #,4, as in the inset of Fig. 6(a), which describes the width of the silicon
wedge placed at the corner of the air slot ring in order to break the symmetry of the structure.
The Q-factors of the two modes as a function of 7, are calculated by means of eigenfrequency
analysis and shown in Fig. 6(a) for values of #; ranging from 200 nm to 60 nm, namely when
t; = 2s and the silicon inclusion occupies exactly the corner of the slot ring. Contrary to the
case of the structure investigated in Fig. 4(a), mode-2 provides higher Q-factors. What is more
interesting, for the same dimensions of the silicon bridge, that is a block of a square cross-section
30 x 30 nm?, and hence the same fabrication complexity, both modes of the diagonal symmetry
structure provide higher Q-factors.
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Fig. 6. (a) Quality factor of the two investigated qBIC modes for the case of a perturbed MS
unit cell of diagonal symmetry. (b) Transmittance spectra of the MS for two different linear
polarizations of the impinging planewave and for #; = 60 nm. The insets show the profile
and enhancement factor of the electric field and the arrow plot of its in-plane components,
calculated at the two resonant wavelengths.

The corresponding transmittance spectra for the case 7; = 60 nm are shown in Fig. 6(b) and
they show two sharp high-transmittance resonances at 1.5585 um and 1.557 um, respectively,
for mode-1 and mode-2. The full-wave half-maximum for the mode-1 (mode-2) is A1 = 0.072
nm (A4 = 0.017 nm), which is in agreement with the corresponding eigenfrequency calculated
Q-factors of 21330 (90350). The insets in Fig. 6(b) show the electric field profiles calculated
at the resonant wavelengths of the two modes, which confirms that they are the same modes
excited in the MS structure with vertical plane of symmetry, as they exhibit the quadrupole and
radial profile for mode-1 and mode-2, respectively. The local field enhancement factor is also
calculated with a value up to 350 for the more strongly resonant mode-2.

The results in Fig. 6(b) corroborate the findings of the symmetry analysis, namely that by
properly selecting the linear polarization of the planewave, the diagonal-symmetry structure
allows for EIT effect with a single mode excited, whose Q-factor and wavelength can be adjusted
by rotating the MS by 90°. This property can be exploited, for instance, for the design of an
EIT-based mechanically switchable sharp passband filter.

We point out that there are several aspects of the discussed metasurfaces, such as the
3D field structure of the possible modes, details of evolution of the modes in the region of
small perturbations, dependence of resonances on physical and geometrical parameters of the
metasurfaces, etc. They require further investigation and will be presented elsewhere.

4. Refractometric sensing

Finally, we conduct a preliminary assessment of the suitability of the investigated qBIC modes
for use as a gas or liquid refractometric sensor by calculating the dependence of mode-1 resonant
wavelength on the refractive index of the overlayer material n, covering the metasurface. Between
the two gBIC modes, the first one was selected, as the field profiles of Fig. 5 show that it has
stronger interaction with the material inside the slots.

We consider a variation of n, from 1 to 1.001 (gases) and 1.3 to 1.6 (liquids). The study is
limited to the spectral interrogations and the calculation of the bulk refractive index sensitivity
S = Aldyes/An, for t = 1 nm. By inspecting the resulting spectra, shown in Fig. 7, the sensor’s
figure of merit (FoM) is also estimated as FoM = §/FWHM, namely dividing the bulk sensitivity
with full width at half maximum of the resonance linewidth [64]. For the gas- and liquid-sensing
scenarios the sensitivities are, respectively, Sg = 57 nm/RIU and §; = 58.9 nm/RIU.
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Fig. 7. (a) Transmittance spectra of mode-1 resonance for ¢ = 1 nm and various values
of the overlayer index for evaluation of the metasurface as gas refractometric sensor. (b)
Similar analysis for 1.3 < n, < 1.6 in the context of liquid sensing.

These values are lower than what can be typically achieved in, for instance, plasmonic
refractometric sensors based on surface plasmon resonances and/or effects such as extraordinary
optical transmission [65]. However, it can be expected that the performance of the proposed
sensor can be optimized by increasing the light-matter interaction with the analyte by adjusting
the silicon layer thickness and slot width, as well as by working with gBIC modes of the
structure with intense field concentration in the slots, such as the quadrupole mode Q, in Table 2.
Furthermore, the FoM values calculated for the investigated sensor are FoMy = 95 x 103 RIU™!
and FoM; = 117.7 x 10° RIU™!, for gas and liquid sensing, respectively, which are orders of
magnitude higher than the state-of-the-art in plasmonic sensors [66], thanks to the small linewidth
of the sharp qBIC resonances. Finally, qBIC-based all-dielectric refractometric sensors do not
suffer from Ohmic losses, which can potentially lead to thermal heating and damage of the analyte,
thus being suitable candidates for refractometric sensors, especially for biosensing [67-70].

5. Conclusions

In summary, we have proposed a novel silicon-slot dielectric metasurface with an EIT response
based on two gBIC modes at normal incidence. By adjusting the structural parameters, the spectral
position of these resonances is controlled. Moreover, it was shown that one of the two modes
supports a resonance-trapped qBIC, which provides high Q-factors with less stringent fabrication
requirements, through the tuning of the metasurface geometry. Finally, the metasurface has been
evaluated for use as a refractometric sensor, with the advantage of very high values of FoM,
thanks to the strong qBIC resonances. Overall, the proposed structure can find application in
systems relying on strong light-matter interactions, such as non-linear devices, biological sensors,
or narrowband filtering, e.g., in laser cavities or optical communication systems.
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