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Abstract

This study presents a novel approach to activate a narrowband trans-
parency line within a reflecting broadband window in all-dielectric metasur-
faces, in analogy to the electromagnetically-induced transparency effect, by
means of a quasi-bound state in the continuum (¢qBIC). We demonstrate
that the resonance overlapping of a bright mode and a qBIC-based nearly-
dark mode with distinct Q-factor can be fully governed by a silicon trimer-
based unit cell with broken-inversion-symmetry cross shape, thus providing
the required response under normal incidence of a linearly-polarized light.
Our analysis that is derived from the far-field multipolar decomposition and
near-field electromagnetic distributions uncovers the main contributions of
different multipoles on the qBIC resonance, with governing magnetic dipole

and electric quadrupole terms supplied by distinct parts of the dielectric
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“molecule.” The findings extracted from this research open up new avenues
for the development of polarization-dependent technologies, with particular
interest in its capabilities for sensing and biosensing.
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1. Introduction

Metasurfaces are two-dimensional metamaterials with subwavelength thick-
ness, which are renowned for their exceptional ability to manipulate waves.
This characteristic stems from their strong interaction with electric and/or
magnetic fields [IH4]. This flat-optics interaction is typically facilitated by
resonant effects, which are mostly controlled by the geometry of the unit
cells. Thus, metasurfaces are capable of generating a variety of unique
electromagnetic responses. These include anapole mode [5H7], Fano reso-
nance [8-10], electromagnetically-induced transparency [I1HI3], and bound
states in the continuum (BICs) [14HI7], the latter are here devoting our at-
tention. The unique capabilities of metasurfaces have led to planar optical
meta-components with a wide range of applications across both microwave
and optical frequencies in the fields of imaging and lensing [18-21], holog-
raphy [22H24], structural color printing [25H27], energy harvesting [28-30],
and perfect absorbers [31H33], among others. Importantly, the recent devel-
opment of all-dielectric metasurfaces especially benefit from highly efficient
transmission applications [34H36].

Bound states in the continuum (BICs) are garnering increasing atten-



tion in the field of photonics due to their theoretically infinite quality factor
(Q factor) and remarkable local field enhancement. In particular, symmetry-
protected BICs are states that remain perfectly localized in dynamic systems
even though they coexist with a continuous spectrum of radiation due to the
symmetry mismatch between the bound state and free space. The contin-
ually narrow linewidth of an ideal BIC makes it invisible in transmission
spectra. However BICs can degenerate into qBICs, typically in the form
of a Fano transmission line, which exhibits a finite Q factor when the in-
plane symmetry of the periodic metasurface is disrupted. In this way, qBICs
are allowed to couple to the radiative channel. The exceptional properties
of a qBIC have found wide-ranging applications in various fields such as
nonlinear optics [37H41], lasers [42-44], polarization conversion [45H47], and
sensors [48-H51], to name a few.

In recent years, extensive and comprehensive research has been conducted
on electromagnetically-induced transparency (EIT) as a result of quantum
interference; see for instance the review of Fleischhauer et al. [52] and refer-
ences therein. In this context, the phenomenon of EIT is experienced in a
medium that would typically be opaque but it generates a transparency range
within a narrow bandwidth enabled by a light coupling resonance. Lately,
there has been a growing focus on the EIT effect concerning metamaterials,
which is achieved through the coupling of bright and dark modes [11, [53].
Furthermore, in order to attain a narrowband transmission resonance, a pair
of resonances is required exhibiting minimal interference offset and a sub-
stantial ()-factor contrast.

Despite its progress, research is still sparse on the transition of a symmetry-



protected BIC into a perturbed-unit-cell qBIC for the excitation of a high-Q)
EIT effect. Restricting our analysis to all-dielectric nanostructures, different
proposals have been introduced enabling to control the spectral position of
qBICs resonances to achieve a EIT response at normal incidence; for a pro-
posal based on oblique incidence see Ref. [54]. A first group of studies are
focused on the coupling of a pair of dielectric resonators each one carrying
either a bright mode or a dark mode [55, [56]. In particular, the dark mode
is activated by near-field coupling driven by the resonator which exhibits the
bright mode. A later proposal was based on the use of a single complex unit
cell, such as for instance a square-slot ring [57], or a tetrameric cluster [5§].
While previous research has primarily focused on a single EIT and its appli-
cations in slow light effect or refractive index sensing, it has overlooked the
potential for simultaneous excitation of high-Q EIT effect and qBIC modes
on proposed metasurfaces, as well as the polarization-dependent response
provided the in-plane symmetry perturbation required for their excitation
always breaks the inversion symmetry of the structures.

In this paper, polarization-sensitive qBIC resonance is shown in a dielec-
tric cross-shaped trimer metasurface. This complex metasurface exhibits a
bright mode controlled by a single Si bar, which is set along the direction of
polarization of the impinging light, and a nearly dark mode governed by bro-
ken inversion-symmetry dimer yet-connected with perpendicular orientation
upon polarization. The trimer being physically connected makes the differ-
ence from other dielectric and plasmonic proposals [59,[60]. Furthermore, the
gBIC resonance emerges when the in-plane symmetry is violated. Driven by

the main electric quadrupole and magnetic dipole dependence of the qBIC,



Figure 1: Schematics of (a) the metasurface, (b) a single unit cell including the dielectric

“meta-molecule.”

the @ factor and resonant wavelength of its transmittance peak leading to
an EIT-like effect is controlled by relative displacements of the dimer.

2. Structure design

In Fig. [1, we show a metasurface composed of a square lattice of sili-
con cross-shaped bar trimers deposited on a SiO, substrate lying on the xy

plane. The “meta-molecule” is composed of a pair of identical (vertical) bars



oriented along the y axis and a long horizontal Si bar cutting across the
above-mentioned dimer symmetrically. Note the overlapping volume exist-
ing between both substructures, which latter will demonstrate a key role in
the optical response of the nanostructure. A plane wave impinges upon the
metasurface along the negative z-axis direction. Structural parameters for a
single unit cell are detailed in the inset of Fig. [I The substrate height hg;
measures 190 nm, while the period P, = P, of the squared lattice reaches
780 nm. The bar dimer is specifically designed with a length /; of 550 nm and
a side length w; for each individual bar at 95 nm. In this symmetrical config-
uration, the gap 2z. between adjacent bars as measured from their centers is
170 nm. Note that by changing the variable x. we assume that vertical bars
shift symmetrically from the center of the horizontal bar. The horizontal Si
bar has a length [, = 650 nm and a width wy = 80 nm. The height t of
the Si bars is 190 nm. We achieve qBIC resonances by simply displacing the
right vertical bar a length Ay along the y-axis. The state of polarization of
the incident wave plays a role, since plane-wave polarization along the y-axis
reveals an inert action in the formation of a qBIC. We quantify the system

asymmetry using the parameter

A
o=, (1)
Iy

which stands no more than for a normalized displacement of the right vertical
Si bar. For the sake of symmetry, we will consider positive values of Ay,
providing positive asymmetry parameters. The refractive indices for silicon

and the substrate are set at 3.5 and 1.45, respectively.
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Figure 2: Transmission spectra of the metasurface with increasing Ay. The geometrical
parameters of the Si bars are: w; = 95 nm, wy = 80 nm, ¢ = 190 nm, [; = 550 nm,

l5 = 650 nm.

3. Results and discussion

To analyze the metasurface behavior when varying different geometrical
parameters of the unit cell, we simulate its transmission spectra applying the
finite-difference time-domain (FDTD) method through the Lumerical FDTD
package, as frequencly encountered elsewhere [33]. Some of the resultant
transmittances within the spectral range of interest are depicted in Fig. [2]
where we vary the parameter Ay from 0 to 60 nm under z-linearly polarized
illumination at normal incidence. At Ay = 0 nm, the transmission spectrum
spanning from 1050 nm to 1250 nm shows a broadband resonant minimum
with nearly 100% of reflectance at a wavelength of 1146 nm. From 1140 nm

to 1160 nm transmission remains nearly flat, exhibiting a plateau of nearly-



zero transmittance. As we will see below, a bound state in the continuum
(BIC) can be found within this spectral band, however, remaining invisible
in the transmission spectrum. In this regards, BICs manifest a resonance
with an infinitely narrow linewidth, resulting in an infinitely high () factor.
Nevertheless, as we increase Ay, the symmetry of the structure is disrupted,
leading to the emergence of a BIC-related resonance in the transmission
spectrum. As shown in Fig. [2 the peak transmittance becomes broader as
long as Ay (and thus the asymmetry parameter «) is increasing, however the
resonant frequency remains practically invariant. This behavior leading to
the analogous of the EIT effect can be attributed to the interaction between
the bound state and the radiative channel, subsequently exciting a qBIC
resonance.

Next the analysis of near-field electromagnetic field distributions is con-
ducted to elucidate the mechanism underlying the EIT observed about the
qBIC. For comparative purposes, Fig. [3 (a) and (b) illustrates the elec-
tric field and magnetic field pattern in the xy plane at a wavelength of
A = 1146 nm for the symmetric structure set at Ay = 0. For complete-
ness, the multipoles scattered power in the far field is determined through
multipolar decomposition, which is graphically represented in Fig. [J(c). The
mathematical treatment here followed for the evaluation of the scatterered
power under the multipolar analysis is given in [Appendix A] Notably, the
contribution of the electric dipole (ED) predominates in the full optical re-
sponse, overshadowing the minor contributions from the magnetic dipole
(MD) and electric quadrupole (EQ). In the mirror-symmetric arrangement,

the electric field is mainly localized along the horizontal Si bar and pointing
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Figure 3: Electric (a) and magnetic (b) field distribution of the resonance when Ay =
0 nm at a wavelength of A = 1132 nm. (¢) Multipolar decompositions for the gBIC for

the symmetric nanostructure. Figures (d)-(f) refer to a displacement Ay = 40 nm.

along the x axis, thus being parallel to the incident polarized field. This elec-
tric dipolar interaction of the field with the nanostructure with net radiative
emission along the z axis, thus representing a bright mode, is responsible for
the broadband minimum in the metasurface transmission discussed above.
On the other hand, when the diplacement Ay increases to 40 nm, the electric
field is mainly distributed around the top and botton bases of the bar dim-
mer and the space in between them, while the magnetic field predominantly
resides within the structure center. They exhibit characteristic features of

an EQ and MD instead, as indicated by the black arrows in Fig. [3d) and
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Figure 4: (a) Variations in the @ factors for ¢BIC with increasing asymmetry. (b)

Resonant field of a BIC with a natural wavelength of 1146 nm found for the symmetric

configuration.

(e). The latter is confirmed by the multipolar analysis displayed in Fig. [3](f).
Importantly, both EQ and MD resonances are radiationless along the z di-
rection, which is characteristic of a dark mode, enabling the appearance of a
narrowband trnasmission line at the centered wavelength of 1146 nm.

To further analyze the qBIC nature of the narrowband resonance around
A = 1146 nm we evaluate the complex-valued eigenfrequencies of our nanos-

tructure when varying the displacement Ay and thus the asymmetry pa-
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Figure 5: (a) Transmission spectra of the metasurface with increasing Ay = 40 nm and
different values of z.. (b) and (c) show the multipolar decomposition for the gBIC for the

asymmetric nanostructure at . = 200 nm.

rameter . For that purpose, we use the finite element method (COMSOL
Multiphysics) by applying periodic boundary conditions along the = and
y directions, thus encircling the metasurface unit cell, however including a
perfectly-matched layer at the boundaries of the computing domain along
the z direction [61H65]. The @-factor for our qBIC resonance can be mathe-

matically expressed as
Rew

2Imw’

Q= (2)

provided the imaginary part of the eigenfrequency does not vanishes. In this

concern, a pure BIC is revealed by the condition Imw = 0, or equivalent

by an infinitely high @) factor, thus denoting a nonradiative wave within the
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metasurface. Note that the numerical evaluation of the ) factors can al-
ternatively benefits from the Fano model, which allows to fit the spectral
features of the transmittance pattern [I0]; importantly, both methods are
in full agreement [61]. Examining the behavior of the qBIC resonance, we
observe changes in its () factor as the system asymmetry increases. Specif-
ically, as the asymmetry gradually grows, the @) factor of this resonance
decreases. The relationship between the () factor of a qBIC resonance and
the asymmetry parameter a can be quantified as Q o a~2. Furthermore, in
Fig. (a), we visualize the variations in the @) factors with increasing asym-
metry. For A = 0 we find a quality factor () — oo, revealing the existence
of a BIC. Quality factors exceeding 10* can be achieved for values of the
asymmetry parameter o lower that 1/20. The electric field of such a bound
mode is shown in Fig. [f{b), which present similar features as the resonant
field shown in Fig. [3[(d) for the gBIC at Ay = 40 nm. Overall, the findings
in Figs. [ demonstrates that the ¢BIC is a symmetrically protected qBIC
resonance.

While the vertical displacement Ay governs the ) factor of the symmetrically-
protected gBIC, as explained above, the horizontal displacement x. of the
right-sided bar determines the resonant wavelength of the transparency peak.
Figure [f|(a) shows the metasurface transmission for a fixed vertical displace-
ment Ay = 40 nm and different horizontal displacement x.. The transmission
peak is redshifted from 1150 nm at a displacement z. of 90 nm to a resonance
at 1230 nm if z. = 200 nm. Within such a range of horizontal displacements,
the background broadband ED resonance remains practically unaltered due

to the fact that it is controlled by the horizontal Si bar. Again, an interaction
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can be observed between the bright ED broadband resonance and a dark nar-
rowband resonance contolled mainly by a MD and EQ moment contributions
in the multipolar analysis, as shown in Fig. [j|(b) and (c). More especifically,
the Fano model well fits the spectral features as [10, [66, [67],

g+ 2(w — wo) /7]
1+ 2(w — wo) /1>

where wy is the resonant frequency, ~v is the resonance linewidth, and Tj is

T(Uj) = TO + AQ

(3)

the transmission offset, Ay is the continuum-discrete coupling constant, g is
the Breit-Wigner-Fano parameter determining asymmetry of the resonance
profile. Anyhow, for high values of z., the transparency peak occurs at a
non-negligible background signal, leading to a Fano shape in the transmission
pattern.

Figure [6] shows the metasurface transmission for varying geometrical pa-
rameters such as the height of the Si trimer, ¢, the width of the Si bars w;
and ws and the lattice period P. Notably, the latter is the only parameter
enabling to shift the bright-mode ED resonance. In particular, a redshift of
the transmittance minimum is experienced for growing values of P, provided
the unit-cell geometrical parameters remain fixed; a minimum around the
wavelength of 1120 nm occurs for a period of 760 nm, whereas the resonant
wavelength rises to 1170 nm when P = 800 nm. As a consequence, this be-
comes the optical mechanism to control the spectral window where EIT will
apply. On the other hand, increasing values of either ¢, w; or wy keep practi-
cally unaltered the spectral response of the bright mode, however achieving a
redshift of the EIT peak in all cases. One might expect that the redshift were
certainly short for width variations of the horizontal Si bar, which mainly

controls the bright mode, as numerically confirmed in the simulations shown
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Figure 6: Transmission spectra of the metasurface with varying different geometrical
parameters: the height of the cross-shaped resonators t (a), the bar width wy (b) and ws
(c), and the lattice period P (d). At each panel, the remaining parameters are fixed to

the values assigned to the design described in Fig.

in Fig. |§|(c) As a results, higher redshift rates can be achieved when changes
of the parameters ¢t and w; are executed. The latter case involving the bar
width of the Si dimer oriented along the y axis, which strongly governs the
dark mode behind the BIC, demonstrate how sensitive this procedure is, en-
abling a feasible control of the peak frequency where transparency might be

required.
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Figure 7: (a) Transmission spectra of the metasurface with varying the index of refraction
of the environment medium. (b) Transparency peak wavelength and (c¢) FOM vs the index

of refraction of the environment medium as estimated for a metasurface with Ay = 20 nm.

4. Application: refractive-index sensing

High @-factor Fano resonances can be excited using all-dielectric nanos-
tructures made of low-loss, high refractive index materials. It will offer unex-
pected concepts for implementing highly integrated, miniaturized, and high-
performance photonic devices, which have promising uses in environmental
monitoring and sensing [68-71]. Similarly, the analogous of EIT in meta-
surfaces can serve as the basis for the design of all-dielectric optical sensors.
However, such application has only been numerically explored when the EIT
is enabled by qBICs [57, 58, [72], [73].

We have examined how the transmission spectrum varies in a different
ambient refractive index n based on the features of our design provided above.
Here we set Ay = 20 nm. First, we focus on the peak wavelength of the
induced transparency when n varies in steps of 0.02, which is depicted in
Fig. [fa) and (b), from which it is evident that the resonant wavelength

redshift with increasing refractive index. This is a normal behavior that has
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been observed when using qBICs elsewhere [58| [70] [72]. The sensitivity S can
be used to measure the sensor performance. The sensitivity S is defined as the
variation of the resonant wavelength per unit refractive index (RIU). Thus,
the following formula can be used to estimate the sensitivity: S = AX/An,
typically given in units of nm/RIU, where An is the difference in refractive
index and A is the corresponding wavelength offset. In our simulations, this
value reaches 258 nm/RIU within the range 1 < n < 1.1 for the architecture
characterized by s spatial shift Ay of 20 nm. This value is higher than the
sensitivity, or in the same order, as exhibited by previous proposals based
on EIT driven by qBICs [57, 58, [72]. In addition, a figure of merit (FOM) is
commonly included in the valoration of the sensor performance. The formula
for calculating the FOM value is [11], 58] [74]:

S(nm/RIU
FOM = W (1)
where A is the full width between the transmission peak wavelength and
the transmission dip wavelength. As a result, as illustrated in Fig. (b),
we compute the resonance wavelength under various refractive indices. FOM
values can surpass 1x 10% RIU™!, which represents a notably large value, even
higher by one order of magnitude in comparison with previous propsals [57,
58, [72).

For the sake of completeness we performed an analysis of the sensitivity
and FOM for an asymmetric metasurface with Ay = 10 nm. Both photonic
metasurfaces with an asymmetric parameter of 20 nm and 10 nm, respec-
tively, have in practice the same sensitivity. More specifically S gets slightly
reduced to a sensitivity of 256 nm/RIU, as seen in Fig. [§(a). However,

Ay = 10 nm provides higher @) factors and thus a higher FOM, as shown
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Figure 8: The same as Fig. [7] but using Ay = 10 nm.

in Fig. §[b). Note that FOM = SQ/A¢gic, where Agpic and @ denote the
resonant wavelength and @ factor of the qBIC [72], justifying that FOM
greatly increases by a factor of 4. This is an expected behavior since the
Q@ factor of the resonances changes upon the asymmetry factor o given in
Eq. by an inverse squared factor leading to the relation @ oc (Ay)™2, as
discussed above. On the contrary, an asymmetry of Ay = 10 nm leads to
a lower transmittance, which reaches to a peak value of 0.6, in comparison
with a peak transmittance of 0.8 for the case of Ay = 20 nm. As a results,
we find a trade-off between high values of the quality factor and the induced

transmittance of the resonant qBIC.
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5. Conclusions

In summary, with the coupling of a bright mode governed by a single
dielectric bar and a dark mode controlled by a 90°-rotated asymmetric bar
dimer, overall forming a cross-shaped Si resonator, an innovative approach
for the excitation of a polarization-sensitive sharp resonance within a full-
reflective background is presented. This scheme enables the formation of an
analogue of the EIT effect. It was revealed through the analysis of near-field
electromagnetic distributions and far-field scattering the qBIC nature of this
narrowband transmittance peak, whose origin is the in-plane symmetry break
of the Si barred dimer with dominant MD and EQ multipolar contributions.
For varying relative displacements of the dimer components, the resonant
mode can be reliably controlled, modifying the resonant wavelength and its
() factor, albeit the respective contributions of the EQ and the MD to the
polarization-sensitive qBIC remains unaltered. Our achievement enables it
possible to overcome the restriction imposed by complex broken-symmetry
geometries, affording a different approach for creating polarization-sensitive
devices with qBIC resonances as well as promoting possible uses in a range
of nanophotonic applications. For the sake of clarity, we demonstrate its

capabilities on the field of refractive-index sensing.
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Appendix A. Multipolar analysis of qBICs

To elucidate the properties of the excited qBIC, we conducted near-field
calculations through a multipolar analysis for the metasurface. In particular,
we computed the scattering cross-section spectra of the Cartesian multipoles

in free space by means of the following expressions [T5H78]:

ko
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where €g, o and c refers to electric permittivity, magnetic permeability and
speed of light in free space, respectively, o, 8 = x,y, 2, ko is the vacuum

wavenumber, and E;,. stands for the incident electric field. The terms

P = i/jdv, (A.2)
Q

w
1
Mz—/rxjdv, (A.3)
2 Ja
1
T=-— [ [27—(-jr]dv, (A4)
10 J,
o _ 3t L 2. .
Quy ="~ ["’ajﬁ +jars — 2 (- $)0as| dv, (A.5)
W Ja 3
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Qup = g/ [(r % j)ars + 7a(r x j)g,] do, (A.6)
Q

are the moments of electric dipole (ED), magnetic dipole (MD), toroidal
dipole (TD), electric quadrupole (EQ), and magnetic quadrupole (MQ),

respectively, which are evaluated in the spatial domain €2 of the scatterer
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through the induced displacement-related current density,

j(r) = —iweo [e(r) — 1] E(x). (A7)
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