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Abstract: Guided mode resonances (GMRs) and bounded states in the continuum (BICs),
both supported by dielectric gratings, can realize ultrahigh Q-factors and strong localized field
enhancements, beneficial to high-performance sensing applications. In this paper, based on
GMR theory and numerical simulations, we systematically investigate the relationship between
different order GMRs and BICs/quasi-BICs in Si-based dielectric gratings with symmetric,
singly, and doubly asymmetric profiles. The introduction of broken-symmetry in adjacent
gaps or Si nanobeams brings about new GRM and symmetry-protected BIC and can transform
the fundamental BIC into a resonant state with finite Q-factor as high diffraction orders. A
Friedric-Wintgen BIC is also achieved under normal incidence by breaking symmetries of
both gaps and Si nanobeams. Further, the asymmetric dielectric gratings with high Q-factor
quasi-BICs are designed as a refractive index sensor. Although the Q-factor and localized electric
field penetrating into the vacuum are greatly improved with the decreasing asymmetry parameter,
the sensitivity is almost unchanged while the FOM demonstrates an inverse square dependence
on the asymmetry parameter. To further improve the sensitivity, we construct an asymmetric
dielectric grating with a low fill factor and a big period, which manifests an excellent sensing
performance with a near theoretical sensitivity limit of ~1506 nm/RIU and an ultrahigh FOM of
~5000.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In the field of optical manipulation, electromagnetic resonances play an important role in the
far-field and near-field wave phenomena [1-8]. Especially for resonances with high Q-factors,
they are usually accompanied by the strong near-field enhancement, facilitating to light-matter
interactions and promising applications in nonlinear optics [9-12], biochemical sensors [13,14],
and etc. To date, various types of resonances have been proposed to achieve high Q-factors or
narrow linewidths, such as plasmonic resonances in metallic structures [15], Mie resonances in
dielectric structures [16], and other resonances in different geometries of structures [17]. Among
them, dielectric gratings or photonic crystal slabs which support in-plane guide mode resonances
(GMRs) have been extensively studied from early on and continue to the present day due to their
versatile natures and easy implementation [18-21]. By controlling the period, fill factor, thickness,
permittivity, and incident angle, dielectric gratings with GMRs are capable of controlling the
far-field spectra and near-field distribution for a wide range of applications [20]. The GMRs,
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also referred to as leaky waves, which reside above the light line and can couple to the incident
propagating wave. The interference between GMRs and non-resonant transmission/reflection
background provided by the effective dielectric slab will result in asymmetric Fano line shapes
[19]. To achieve high Q-factors of GMRs or Fano resonances, a routine way is to decrease the
amplitude modulation in dielectric gratings [18]. However, the existence of radiation channel
keeps the Q-factor from diverging, i.e., the mode cannot be ideally confined. In addition, the
implement of extreme conditions for small amplitude modulation, e.g., decreasing the gap size, is
limited by the nanofabrication resolution. Introducing point or line defects in dielectric gratings
can indeed enhance the Fano resonance and elevate the Q-factor [22-24], but the isolated defects
make the features of Fano resonance inhomogeneous localized and easily disturbed by the beam
diameter and the illumination position [25].

Recent studies show dielectric gratings also support non-radiating resonant states (bound states
in the continuum, BICs) which have infinite radiative Q-factors within the radiation continuum but
completely decouple from the outgoing waves [26-31]. According to the formation mechanism,
BICs mainly manifest themselves as symmetry-protected and Friedric-Wintgen scenarios [28].
The former is derived from the symmetry incompatibility between mode’s field distribution and
outgoing waves; while the latter results from the destructive interference of different resonance
modes. A true BIC is a mathematic concept with infinite Q-factor that only exists in the lossless
and infinite structures, and cannot be detected by far-field spectra due to the non-existence of
radiative channels. For real systems, any external perturbations, such as surface roughness,
material loss, and finite size, can make the BIC collapse into a quasi-BIC with finite Q-factor
and detectable [32-34]. Physically, BICs and GMRs in symmetric dielectric gratings are both
above the light line and can be interpreted as the coupling of two in-plane counterpropagating
leaky modes out of phase and in phase under normal incidence, resulting in the quenched
radiation and enhanced radiation, respectively. At oblique incidence, the symmetry-protected
BICs are broken and transformed into quasi-BICs with finite Q-factors, i.e., GMRs. Therefore, a
splitting phenomenon of GMRs is reflected in the spectra when the incident angle is changed
from normal to oblique. Although some of references have involved the BICs/quasi-BICs and
GMRs, their intrinsic relevance including fundamental and high orders is not fully clarified
and often refer to the highly symmetric gratings. Dielectric gratings with asymmetry profiles
or complex lattices which have more degrees of freedom to customize functionalities, such as
narrow linewidth bandpass filters, polarizer, and wideband anti-reflector, are rarely discussed
[35]. On the other hand, by controlling the asymmetry parameters for symmetry-protected BICs
or by continuously varying structure parameters for Friedric-Wintgen BICs, one can get ultrahigh
Q-factors contributing to the greatly enhanced electromagnetic field into the sensing area and
strong light-mater interactions, and using for the refractive index sensors and nonlinear optics
[36-39]. In terms of the refractive index sensor, the relationship between asymmetry parameter
and Q-factor of quasi-BICs presenting an inverse square dependence has been extensively studied
and clearly elucidated [40,4 1], but their contributions to sensitivity (S) and figure of merit (FOM)
are not well explored which are two important indicators to measure sensing performance.

In this paper, based on GMR theory and numerical simulations, we reveal the relationship
between GMRs and BICs/quasi-BICs in dielectric gratings with symmetric and asymmetric
profiles by controlling the width of two adjacent gaps or/and Si dielectric nanobeams. And then,
the asymmetric dielectric grating with high Q-factors is served as a refractive index sensor to
explore the effect of asymmetry parameters of structure on the sensing capabilities. Finally, we
achieve a high-performance refractive index sensor with a sensitivity of near theoretical limit and
an ultrahigh figure of merit.
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2. Results and discussion

2.1.  Singly asymmetric dielectric gratings

The geometry of our studied structures is sketched in Fig. 1, where one-dimensional infinite
dielectric gratings consisting of Si nanobeams (n; = 3.5) are suspended in the vacuum (n; = 1.0)
and normally incident by a TM-polarized plane wave (H//y). The thickness of dielectric gratings is
h=230nm. The sum of two adjacent Si nanobeams widths and gaps are w; + w, = 1000 nm and g
+ g2 =320 nm, respectively. To symmetrically study the resonance properties in dielectric gratings
with symmetric and asymmetric profiles, we will regulate the adjacent Si nanobeams widths (gaps)
in the following study, and adopt a dimensionless parameter defined as @, = |w; — wa|/(W1 +w»)
(ag = |81 — 821/(g1 + &2)) to measure the asymmetry degree of Si nanobeams widths (gaps).
Besides, independent calculations of spectral and eigenmode analysis are carried out with Comsol
Multiphysics software.

Fig. 1. Schematic of infinite planar array consisting of Si dielectric gratings under
TM-polarized plane wave.

We first start with the highly symmetric dielectric gratings of w; =w, =500nm and g; =g =
160nm (a,, = @, = 0). Under normal incidence, the reflectance spectrum manifests a weak
Fano resonance with asymmetry line shape around 275 THz seemingly, after the constructive
Fabry-Perot (F-P) interference (~193 THz), as illustrated in the lower panel in Fig. 2(a). This
Fano resonance arises from the coupling between in-plane discrete GMR and vertical continuum
F-P interference. The reflectance maximum and minimum are derived from the constructive
and destructive interference between discrete and continuum states, respectively [20]. In theory,
the resonant frequency of GMR can be calculated by solving the characteristic equation of
homogeneous and uniaxial slab dielectric waveguide for TM mode [42,43]

kh = mn + 2atan(&q/«), (1)

k= \RE—(5[B)F2 q =B -k} 6)

are the wave vector components along the z-axis direction in the equivalent dielectric slab
and vacuum, respectively. & = (1 — F)n? + Fni and & = (l;—ZF + niz)_1 are the zeroth-order
3 d

where

approximation of effective permittivity for TE and TM polarizétions, respectively. F is the fill
factor of Si nanobeams, and kg is the wave number in the vacuum. m=0, 1, 2... is an integer
that denotes the number of magnetic modes with zero-field along z-axis direction. 8 = 2nn/p, is
the propagation constant of n-order GMR, where n=1, 2, 3... is the number of complete cycles
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in per unit cell, p, is the periodicity of dielectric gratings. By inserting Eq. (2) into (1), we can
calculate the theoretical frequencies of different order guided mode resonances (GMR ).
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Fig. 2. Scattering properties of the symmetric and singly gap-asymmetric dielectric gratings.
(a) Reflectance spectra for the gap-asymmetric (upper panel, ag =0.25) and symmetric
(lower panel, ag = 0) dielectric gratings. Blue circles and magenta squares indicate the
eigenmodes of GMRs and BICs, respectively. (b) Magnetic-field profile Hy, of the BICs and
GMRs in (a). (c) Reflectance spectra with respect to asymmetry parameter @ and frequency.
The inset shows the reflectance spectra for @g = 0.03. (d) Dependence of the Q-factor on
the asymmetry parameter ag for GMR;, based on simulations (orange marks) and theory
prediction (cyan line).

According to the magnetic field distribution (lower-right panel, Fig. 2(b)) performed by the
eigenmode analysis, this Fano resonance corresponds to the fundamental GMR(;. Therefore,
based on Egs. (1) and (2), we calculate the theoretical resonant frequency of GMR(; which is
about 304.0 THz and consistent with the simulated complex eigenfrequency of 292.8 + 19.4i
THz. A little deviation is mainly attributed to the inaccurate description of effective permittivity
for the big periodicity-to-wavelength structures [44]. Apart from the fundamental GMRy,
symmetric dielectric gratings under normal incidence also support the symmetry-protected BICs
with infinite radiative Q-factors. The eigenmode analysis reveals that an anti-symmetric magnetic
field distribution with respect to the mirror-symmetry plane of the structure (lower-left panel,
Fig. 1(b)) appears at 240.2 THz, leading to the symmetry incompatibility with outgoing fields and
the formation of an ideal bound state-BIC(;. The subscript of BIC,, also refers to the definition
of m and n in the GMR theory.

Subsequently, we investigate the resonance characteristics of singly gap-asymmetric dielectric
gratings by breaking the symmetry of adjacent gaps while keeping Si nanobeams unchanged.
As illustrated in the upper panel of Fig. 2(a), the simulated reflectance spectrum for a, = 0.25
(ay, = 0) demonstrates a similar profile to the symmetric structure (@, = @, = 0), but a new and
sharp Fano resonance emerges at low frequency 191.0 THz. It is noted that when the incident
frequency is above 227.3 THz, the reflectance spectrum is allowed high-order propagating
diffractions, but still dominated by the zero-order diffraction which is displayed with the dashed
line. To explore resonance features in the gap-asymmetric dielectric gratings, we perform the
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eigenmode analysis and plot the magnetic field distributions (upper panel, Fig. 2(b)). Due to the
double periodicity and unchanged fill factor F (effective permittivity), the GMR, and s-BIC,
have approximate resonant frequencies and similar magnetic field distributions with GMR; and
BICy; in symmetric dielectric gratings (Fig. 2(b)). However, for the s-BIC,, the existence of
high order propagating diffractions transforms bound state into a leaky mode with finite radiative
Q-factor (240.2 + 0.07i THz), and forms the characteristic interference pattern, as shown in the
upper-third panel of Fig. 2(b). Since the reflectance spectrum doesn’t show a sharp variation of
resonance signal, this implicit leaky mode is marked as a spoof BIC(, (s-BIC(,). In addition, the
eigenmode analysis shows that the newly introduced Fano resonance at 191.0 THz is attributed to
the fundamental GMRy,; (upper-second panel, Fig. 2(b)), which coincides with the theoretical
calculation of 200.0 THz well, based on Egs. (1) and (2). For the gap-asymmetric dielectric
gratings under normal incidence, they still possess a mirror-symmetry plane in each unit cell
and support a symmetry-protected BICy; at 175.0 THz with anti-symmetric magnetic field
distribution (upper-first panel, Fig. 2(b)).

Aiming at the GMRy; in singly gap-asymmetric dielectric gratings, spectra analysis under
normal incidence is executed via continuous tuning of a,, as shown in Fig. 2(c). We observe that
the linewidth of GMRg; resonance decreases with decreasing the asymmetry parameter o, and
vanishes when the singly gap-asymmetric dielectric gratings return to the symmetric dielectric
gratings. By using the returned complex eigenfrequencies (Q = Re(f)/2Im(f)), we calculate
the radiative Q-factor of GMR; (squares) which demonstrates an inverse square dependence
on asymmetry parameter e, and agrees with the theory prediction well (Q = 24.8a, 2, solid
line), as shown in Fig. 2(d) [40]. It should be emphasized that this fundamental GMR(; cannot
be transformed into a bound state due to its non-eigenfrequency in the symmetric dielectric
gratings. Nevertheless, it doesn’t affect the acquisition of arbitrary Q-factor resonances by
controlling the difference between adjacent gaps, i.e., asymmetry parameter . For example,
when a, =0.03, the Q-factor exceeds 22000 around 191.2 THz (inset of Fig. 2(c)). Apart from
the controllable resonance linewidths or Q-factors, the coupling between GMR(; and constructive
F-P interference makes the reflectance spectrum present two nulls on both sides of the peak,
facilitating to a high-performance reflection filter.

Similarly, we break the symmetry of two adjacent Si nanobeams widths but keep the same
gaps to achieve the singly Si-asymmetric dielectric gratings. The lower panel of Fig. 3(a) depicts
the reflectance spectrum for a,, = 0.1 (o, = 0) where a sharp GMR’¢; and a tacit BICy; with
symmetric and anti-symmetric magnetic field distribution appear at 175.0 THz and 190.9 THz,
respectively. Compared with the GMRy; in gap-asymmetric dielectric gratings (upper panel,
Fig. 2(a)), the GMR’(; in Si-asymmetric dielectric gratings has a lower resonant frequency,
resulting from the non-uniform distribution of localized field (mainly confined in nanobeams,
lower panel of Fig. 3(a)) and corresponding a larger effective permittivity of dielectric gratings.

2.2. Doubly asymmetric dielectric gratings

Furthermore, the symmetry of Si nanobeams and gaps are broken simultaneously to construct
doubly asymmetric dielectric gratings. Under normal incidence, the simulated reflectance
spectrum for @, = 0.25 and a,, = 0.1 (upper panel, Fig. 3(a)) exhibits two sharp resonances
around 175.1 and 190.6 THz which can be regarded as two quasi-BICs with finite radiative
Q-factors and transformed into ideal BICs when the doubly asymmetric dielectric gratings
return to singly asymmetric dielectric gratings (upper panel of Fig. 2(a) and lower panel of
Fig. 3(a)). Outwardly, these two quasi-BICs are determined by the Si and gap asymmetry,
respectively. But essentially, they are ascribed to the formation of two fundamental guided mode
resonances (GMR’g; and GMR,), just with different localized field distributions. As shown
in the insets of upper panel of Fig. 3(a), magnetic field distributions present quasi-symmetric
and quasi-anti-symmetric features for GMR’y; and GMR;, respectively. By independently



Research Article Vol. 29, No. 26/20 Dec 2021/ Optics Express 42983 |

Optics EXPRESS N

(a) 200
3
S 190 z
S >
15} Q
@ 3
& 180 3
v
! 170
150 160 170 180 190 200 00 02 04 06 08

Frequency (THz) Asymmetry paramter a.,

Fig. 3. Scattering properties of the singly Si-asymmetric and doubly asymmetric dielectric
gratings. (a) Reflectance spectra for doubly asymmetric (upper panel, a, =0.1 & ag =0.25)
and singly Si-asymmetric (lower panel, @y, =0.1 & ag =0) dielectric gratings. The insets
show the magnetic field profile Hy of the BICs and GMRs. (b) Reflectance spectra with
respect to asymmetry parameter «,, and frequency. Magenta square indicates the position of
Friedrich-Wintgen BIC. The insert shows the magnetic field profile Hy of BIC.

controlling the asymmetry parameters of o, and a,,, we can realize versatile functionalities, such
as broadband reflector, antireflection element, and bandpass filter, based on the coupling of two
fundamental GMRs in doubly asymmetric dielectric gratings [35].

Figure 3(b) shows the reflectance spectra of doubly asymmetric dielectric gratings for varying
frequencies and asymmetry parameter @, (ag = 0.25). The linewidth of GMR’q; increases with
a,, and agrees with the theory predication for symmetry-protected quasi-BICs (frwry o a/ﬁ,
not shown). However, the change of «,, also has an impact on the linewidth of GMR; despite
of the unchanged «,. As shown in Fig. 3(b), the linewidth of GMR’¢; first decreases and then
increases with the increase of «,,. Especially at a;,, = 0.52, the resonant linewidth (Q-factor)
tends to vanish (infinity), i.e., an ideal bound state. This type of bound state is referred to the
Friedric-Wintgen BIC, owing to the destructive interference of GMRg; and GMR’q;. According
to the eigenmode analysis (insert of Fig. 3(c)), the magnetic field distribution demonstrates an
anti-symmetric feature with respect to the mid-plane of unit cell, despite the structure of doubly
asymmetric dielectric gratings is without any inversion symmetry. Thus, the resonant state with
zero effective magnetic dipole moment is completely confined as a bound state and decoupled
from the outgoing waves.

2.3. Refractive index sensor

As mentioned above, we can obtain extremely high Q-factor resonances by decreasing the
asymmetry parameter «, or a,,, which are strongly desired for sensing applications, such as
refractive index, humidity, and biochemical sensors. In this section, we will investigate the
sensing property of GMRs in asymmetric dielectric gratings by varying the asymmetry parameter
and refractive index of surrounding medium. Figure 4(a) shows the simulated reflectance spectra
when the doubly asymmetric dielectric gratings (a, = 0.25 and a,, = 0.1) are immersed in different
refractive index of gaseous medium from 1.00 to 1.04. The sharp reflectance peaks show a
remarkable red shift for both GMR’(; and GMR, even though a small fluctuation (Ang =0.01).
To characterize the sensing performance, two important quantities of sensitivity (S) and figure of
merit (FOM), respectively, defined as resonant wavelength shift per the refractive index change
unit (S = Ad,.s/Ang) and sensitivity over the full width at half maximum (FOM = S/Apwpyp) are
employed. By extracting reflection peak positions from Fig. 4(a) and plotting them as a function
of ambient refractive index, the fitted curve presents a good linearity (Fig. 4(b)). For the GMR’(;
and GMRy, the slopes or sensitivities are 680 and 1143 nm/RIU, respectively. If taking the
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resonance bandwidths (Agwyy ~ 3.7 and ~3.6 nm) into account, the FOM of refractive index
sensor for GMR’y; and GMR; correspond respectively to 183.8 and 317.5. It is observed that
although the Q-factor of GMR; (~441) is slightly lower than GMR’; (~463), the localized field
is prominently penetrated into the vacuum (upper panel, Fig. 3(a)), leading to a higher sensitivity
to the change in refractive index of surrounding medium and a high FOM.

@ g L (b) € 1750 =
: ‘ £ GMR'o o/°/°
08} —n=100 < o2 g0 nmRV
g ¥ nsl,g; 1700 [ s=
—ng=1.
§ o6} —n=1.03 :
3] —n=1.04 > 1650 |
2 04t g
[TH RU____—0
14 € L =143 "o
02} g 1600 g
s o—  GMRx
00k L i B 1550 L . . . .
170 175 180 185 190 195 200 @ 100 101 102 103 104
Frequency (THz) Refractive index ng
@) E 4625 (e) 09
= 000625 003125 3 Simulation
%) i 001250 © 03750 E” — Theory
[ 001875
& GMR, £ o7 3
[ ®
§ 1595 =
o
= £05 3
S 1580} =
s % GMR, %
B 1565 L i i 3 i 0. p, L L L 10"k \
o 100 101 102 103 104 170 175 180 185 190 195 200 0.01 0.1 1
Refractive index n, Frequency (THz) Asymmetry paramter o,

Fig. 4. Doubly asymmetric dielectric gratings with a,, =0.1 as a refractive index sensor.
(a) The reflectance spectra of the doubly asymmetric dielectric gratings (ag =0.25) for
gaseous medium with different refractive indices. (b) The blue circles are the reflectance
peak positions extracted from (a) and plotted against n;. The wine line is a linear fitting curve.
(c) Normalized electric field distribution for GMR(; with different a. (d) The simulated
reflectance peak positions for GMR(; with different a; and fitted curve. (e) Calculated
filling fraction Iy for different a. (f) Dependence of FOM on a, for GMR(, based on
simulations (orange marks) and perturbation theory (cyan line).

To give deep insight into the nature of sensitivity, an analytic formula can be deduced by the
first-order electromagnetic perturbation theory [41,45]

S = Apesls /1 3)

where A,.; and n; are the resonant wavelength and refractive index of surrounding medium,
respectively. Iy = /s vn?lE |*dxdz/ /S . n2(x, y)|E|*dxdz is the filling fraction or optical overlap
integral which describes the electric field energy ratio of vacuum-part to elementary cell. The
Eq. (3), indicating a constant sensitivity, is only valid for single mode with a smallness of
Ang. 1If the refractive index of surrounding medium has a wide variation range, non-linear or
exponential behavior happen due to the non-negligible modification from the effective permittivity
of dielectric gratings [46]. According to the simulated electric field distribution, we calculate
the filling fractions /; of 0.39 and 0.71 for GMR’(; and GMRy,; of doubly asymmetric dielectric
gratings (@ = 0.25 and @,, = 0.1), respectively (Fig. 4(e)). The theoretical sensitivities of GMR’¢;
and GMRy; based on Eq. (3) are 668 and 1118 nm/RIU, and in accordance with the simulated
results well (Fig. 4(b)).

Since the superior sensing performance, we mainly focus on GMR; caused by the asymmetry
of gaps and explore the effect of asymmetry parameter «, on the sensitivity and FOM. As
expected, the decrease of asymmetry parameter «, will shrink the resonant linewidth of GMR;
and enhance the localized field around dielectric gratings. As illustrated in Fig. 4(c), the maximum
enhancement factor of electric field (|E|/|E;|) grows from 23 to 100 when the a, is decreased
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from 0.3750 to 0.0625. Intuitively, a bigger localized field in the vacuum is favorable to the
light-matter interaction, and results in a higher sensitivity to the external perturbation. However,
further simulations suggest that the sensitivity of refractive index sensor tends to invariability
with S ~ 1140 nm/RIU, owing to the hardly shifted resonant wavelengths and filling fractions
I, for different a, (Figs. 4(d) and 4(e)). With the decrease of «,, the localized electric field
in the vacuum and Si nanobeams both increase with same multiples, leading to an unchanged
filling fraction I, and effective permittivity referring to the Maxwell-Garnett theory [47], i.e., a
constant resonant wavelength. Note that although the sensitivity tends to invariability, the FOM
of refractive index sensor presents an inverse square dependence on asymmetry parameter @,
due to the shrinking resonant linewidth (FOM a2, Fig. 4(f)).

An effective approach is to reduce the effective permittivity of dielectric gratings which enables
more electric field energy to localize in vacuum and thus increases the filling fraction /;. But
it also brings about a blue shift to the resonant wavelength at the same time, going against the
improvement of sensitivity. Therefore, we extend the period to overcome above contradiction.
Based on the Egs. (1) and (2), we first theoretically calculate the sensing performance of isotropic
slab dielectric waveguide with a thickness of 230 nm, as shown in Fig. 5(a). The collocation
of dielectric constant £ and period p is set deliberately to excite the fundamental GMR; at the
same wavelength. It is observed that the sensitivity is increased with the decrease of ny, verifying
the above solution. Furthermore, we construct a singly gap-asymmetric dielectric grating with
a large period of 1480 nm and a low fill factor of 0.27, which demonstrates a similar resonant
wavelength of GMRy; in Fig. 4(a) but an obviously improved filling fraction /; (lower panel of
Fig. 5(b)). The simulated reflectance spectra shows that the resonant peak position of GMR;
is shifted from 1570.2 nm to 1630.4 nm when the ny is varied from 1.00 to 1.04, as shown in
the upper panel of Fig. 5(b). The slope of linear fitting is about 1506 nm/RIU (Fig. 5(c)) which
approximates the theoretical sensitivity limit of S,y = Ayes/ns ® 1570 nm/RIU (I;=1.0). In
addition, due to a detection-limited linewidth of ~ 0.3 nm (upper panel of Fig. 5(b)), the FOM
reaches ~5000 and can be further improved by decreasing the asymmetry parameter a,.
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Fig. 5. A strategy to improve the sensitivity of refractive index sensor. (a) The theoretically
calculated resonant wavelengths of isotropic slab dielectric waveguide with different period-
icities and dielectric constants. (b) Simulated reflectance spectra of the singly asymmetric
gratings with p = 1480 nm, 4 =230 nm, wy = w, =200 nm, and g =400 nm, g, =680 nm for
different ambient refractive indices (upper panel) and filling fraction /5 in the vacuum (lower
panel). The inset shows the normalized electric field at GMR;. (c) The blue circles are the
reflectance peak positions extracted from the upper panel in (b) and plotted against ng;. The
wine line is a linear fitting curve.

In the above contents, we numerically investigate the properties of BICs/quasi-BICs and
GMRs hosted by suspended dielectric gratings. Experientially, these suspended structures can be
fabricated by traditional lithography and etching techniques which have been demonstrated in
previous works [23,48-50]. However, considering the practical applications, dielectric gratings
are preferably fabricated on the surface of substrate. In this case, to achieve the BICs and GMRs,
the effective refractive index of dielectric gratings must be greater than those of cladding (e.g.,
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air) and substrate materials [51]. Hence, low-refractive-index substrate materials, such as MgF,,
CaF,, and fused silica, are preferred. Compared with the suspended dielectric gratings, the
introduction of low-refractive-index material as substrate will red shift the resonant frequencies
of BICs and GMRs [52]. Besides, since the refractive index of dielectric gratings is closer to
that of substrate than cladding material, more evanescent field energy exists in the substrate,
which decreases the sensitivity of refractive index sensor [46,52]. Beyond that, the reduction of
sensing area also degenerates the performance of sensor. Finally, the existence of substrate can
allow high order propagating diffractions in the substrate so that BICs can be transformed into
quasi-BICs with finite Q-factors [32].

3. Conclusion

In summary, we theoretically and numerically investigate the resonance properties of dielectric
gratings with symmetric and asymmetric profiles by controlling the width of two adjacent gaps
or/and Si dielectric nanobeams. The spectra and eigenmode analysis unveil that symmetric and
singly asymmetric dielectric gratings both support different order GMRs and symmetry-protected
BICs with symmetric and anti-symmetric magnetic field distributions under normal incidence
for TM polarization. However, the change of periodicity from symmetric to singly asymmetric
structure brings about some important phenomena. The fundamental BIC in symmetric structure
is transformed into a leaky-mode resonance with a finite Q-factor in singly asymmetric structure
due to the existence of high order diffractions. A new Fano/GMR resonance emerges at low
frequency attributing to the asymmetry of gaps or Si nanobeams. Furthermore, the symmetries
of gaps and Si nanobeams are broken simultaneously, a Friedric-Wintgen BIC under normal
incidence is achieve due to the destructive interference of two fundamental GMRs with different
localized field distributions. Benefiting from the merit of high Q-factor of fundamental GMR
resonance, the asymmetric dielectric gratings are severed as a refractive index sensor. We observe
that the FOM demonstrates an inverse square dependence on asymmetry parameters, but the
sensitivity tends to invariability as the unchanged effective permittivity and filling fraction despite
the electric field in the vacuum are greatly enhanced. A strategy of decreasing the effective
permittivity is proposed to improve the sensitivity and further verified by GMR theory. Finally,
we construct an asymmetric dielectric grating with a low fill factor and big period which manifests
an excellent sensing performance with a near theoretical sensitivity limit of ~1506 nm/RIU and
an ultrahigh FOM of ~5000.
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