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Abstract: Optical sensing technologies, particularly refractive index and temperature
sensing, are pivotal in biomedical, environmental, and industrial applications. This study
introduces a dual-parameter all-dielectric transmissive grating sensor leveraging symmetry-
protected bound states in the continuum (BICs). A one-dimensional silicon grating on a
silica substrate was designed and analyzed using finite element analysis software. The
proposed grating structure enables the excitation of two distinct BICs, both exhibiting
high quality factors (Q-factors) of Qi = 8.03 x 10* for Mode I and Qp = 4.48 x 10%
for Mode II. These modes demonstrate significantly different sensing characteristics due
to their unique field distributions: Mode I predominantly confines its electromagnetic
field within the grating slits, achieving an outstanding refractive index (RI) sensitivity of
Sgi' = 406 nm/RIU with a minor thermal sensitivity of St! = 0.052 nm/°C. In contrast,
Mode II concentrates its field energy in the silicon substrate, resulting in enhanced thermal
sensitivity of St!! = 0.078 nm/°C while maintaining a refractive index sensitivity of

' — 220 nm/RIU. This complementary sensitivity profile between the two modes

SRr1
establishes an ideal platform for developing a dual-parameter sensing system capable
of simultaneously monitoring both refractive index variations and temperature changes.
These results highlight the correlation between mode field distribution characteristics and
sensing sensitivity performance, and enabling high Q-factor dual-parameter sensing with

potential applications in lab-on-a-chip systems and real-time biomolecular monitoring.

Keywords: dual-parameter sensing; bound states in the continuum; high Q-factor

1. Introduction

Optical sensing technology has garnered significant attention and widespread applica-
tion in recent years, particularly in the fields of refractive index sensing and temperature
sensing. Refractive index sensing holds substantial value in biomedical detection, environ-
mental monitoring, and chemical analysis, while temperature sensing plays a critical role in
industrial process control, energy management, and medical diagnostics [1-3]. Fiber optic
sensing technology, owing to its high sensitivity, immunity to electromagnetic interference,
and ease of integration, has become a key research direction in the field of optical sensing.
Among these, fiber Bragg gratings (FBGs) and surface plasmon resonance (SPR) are two
prominent fiber optic sensing technologies. FBGs detect changes in the external environ-
ment by reflecting light at specific wavelengths and are widely used in strain, temperature,
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and refractive index sensing [4—6]. SPR, on the other hand, leverages the collective oscilla-
tion of free electrons on metal surfaces to achieve highly sensitive refractive index sensing,
particularly excelling in biomolecular detection [7-9]. Additionally, other optical sensors
based on optical fibers, such as long-period fiber gratings (LPFGs) and micro/nano fiber
sensors, have demonstrated an excellent performance in refractive index and temperature
sensing [10-14].

In recent years, bound states in the continuum, an emerging optical phenomenon,
have attracted widespread attention from researchers. A BIC is a localized state embedded
within a radiation continuum, characterized by an infinite Q-factor and exceptional light
field localization capabilities [15-17]. BICs can be viewed as a special type of singularity that
typically possesses topological properties [18]. Initially proposed in quantum mechanics,
BICs have been experimentally demonstrated in optical structures such as photonic crystals
(PhCs), metasurfaces, and waveguides [19-21]. Further, BICs in one-dimensional gratings
have also been widely researched [22-24], which can be engineered under asymmetric
conditions by adjusting the grating’s period, duty cycle, or material refractive index.

Since BICs exhibit no far-field radiation and cannot be directly observed, slight struc-
tural asymmetry is typically introduced to transform the ideal BIC with an infinite Q-factor
into a quasi-BICs with an ultrahigh Q-factor, enabling numerical simulations and experi-
mental characterization. Owing to their unique properties, quasi-BICs have demonstrated
significant potential in lasers, nonlinear optics, and sensing applications [25-27].

The application of quasi-BICs to optical refractive index and temperature sensing has
become a research hotspot in recent years [28-30]. Quasi-BICs suppress radiative losses
through structural symmetry or topological protection, theoretically achieving near-infinite
Q-factors. The sensitivity of traditional SPR sensing depends on the evanescent field on
the metal surface, with a penetration depth of approximately 100-200 nm. It can only
detect molecules near the surface. In contrast, quasi-BIC confines the light field to sub-
wavelength scales (such as nanoscale defects or gaps), resulting in an extremely high energy
density. For example, in photonic crystal defects, the local volume of the light field can be
1-2 orders of magnitude smaller than the evanescent field of SPR, significantly enhancing
the local electric field strength and, thus, improving the response to the adsorption of
trace molecules, endowing quasi-BIC-based optical sensors with sensitivity far surpassing
conventional SPR or micro-ring resonator sensors. Additionally, due to the optical field
localization properties of quasi-BICs, quasi-BICs exhibit advantages over traditional optical
sensing techniques in trace analyte detection and on-chip integration, demonstrating
significant potential for the development of multifunctional integrated sensing platforms.
By designing specific optical structures such as photonic crystal slabs or metasurfaces, BIC
sensors enable highly sensitive refractive index and temperature detection with simplified
optical configurations [31-37].

Recently, dual-mode effects in optical systems composed of microstructures are at-
tracting increased research interest [38—40]. In this study, we designed and fabricated an
all-dielectric transmission one-dimensional grating structure based on a silica substrate to
enable a dual-mode system. The structure employs silicon as the dielectric layer, which
can be patterned with sub-wavelength periodic features via electron beam lithography. A
three-dimensional electromagnetic model was established using COMSOL 6.3 full wave
simulation software. Periodic boundary conditions were applied to systematically inves-
tigate the electric field distribution characteristics and transmission spectral response of
the grating. Simulation results revealed two resonant modes originating from BICs in the
system. These two modes both exhibit typical symmetry-protected BICs, satisfying Cpy
point group symmetry. Mode I achieves a refractive index sensitivity of Sg;' = 406 nm /RIU
and a temperature sensitivity of St' = 0.052 nm/°C. For Mode I, the resonant wavelength
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exhibits a temperature sensitivity of St'l = 0.078 nm/°C (attributed to the thermo-optic
effect of silicon) and a refractive index sensitivity of Sgi'! = 220 nm/RIU. By establishing a
dual-mode collaborative detection matrix, the simultaneous measurement of the tempera-
ture and refractive index was realized. To validate the dual-parameter sensing potential
of the grating, a dual-physical-parameter coupling model (temperature—refractive index)
was developed.

2. Design of Dual-Mode Grating-Based Temperature—Refractive
Index Sensor

The design of transmission grating sensor is illustrated in Figure 1. In this structure,
silicon is chosen as the grating material due to its high thermo-optic coefficient and low
fabrication cost, while a silicon dioxide (SiO;) layer serves as the substrate. Figure 1b
details the unit cell structure of the grating, with a periodicity of P = 950 nm. Each unit
consists of two infinitely long silicon bars and a bottom silicon slab. The silicon bars have
a width of L1 = 200 nm, a height of &1 = 700 nm, and both silicon bars are centered at a
distance of L2 = P/4 from the unit cell boundary, while the silicon slab exhibits a thickness

of h2 = 70 nm. In simulations, the refractive index of the SiO, substrate is set to 1.444.

Figure 1. (a) Schematic diagram of the grating design. The grating employs a silicon dioxide (SiO,)
substrate with silicon as the active medium. (b) Schematic of the unit cell structure. Each unit cell
contains 2 silicon bars. Key geometric parameters are defined as: P = 950 nm, L1 =200 nm, L2 =P/4,
h1 =700 nm, and /2 = 70 nm.

In this design, full-wave electromagnetic simulations of the grating structure are
performed using COMSOL 6.3. The numerical analysis begins with calculating the trans-
mission spectrum and electromagnetic field distribution under normal incidence when the
grating is suspended in air. The grating structure, consisting of infinitely long silicon bars
aligned along the y-axis, is positioned in the X—Y plane. Periodic boundary conditions are
applied to the unit cell boundaries, with the excitation plane wave (electric field amplitude
set to 1 V/m) propagating along the z-axis under y-polarized illumination.

It should be noted that symmetry-protected BICs exhibit complete decoupling from ra-
diative channels due to their inherent symmetry, resulting in zero radiation leakage and un-
detectability in far-field measurements. To facilitate experimental observation of these BICs,
we intentionally introduce structural asymmetry by applying a minute lateral displacement
(6) to the right silicon bar within each unit cell, as illustrated in Figure 1b. This controlled
symmetry breaking enables the conversion of ideal BICs into quasi-BIC resonances with
finite Q-factors, thereby permitting their characterization through far-field detection.

The numerical simulations reveal two distinct resonance modes in the grating structure.
As demonstrated in Figure 2a, the transmission spectrum of the symmetric structure (5 = 0)
exhibits no resonance. However, when structural asymmetry is introduced (6 = 10 nm),
two prominent resonance features emerge at 1494.5 nm and 1847.03 nm, both showing
near-zero transmission amplitudes. This is one special property of quasi-BICs, whose
existence strictly depends on symmetry breaking.
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Figure 2. (a) The two spectral lines represent the transmission spectra of the grating structure
with symmetry-breaking perturbation (J = 10 nm) and fully symmetric configuration (§ = 0) in the
1400-1900 nm wavelength range when the environment temperature T = 20 °C and the refractive
index n = 1.3. The red curve corresponds to the symmetry-broken structure, while the blue dash
curve denotes the perfectly symmetric structure. The two inset figures show the spectra around
Mode I and Mode II, respectively. (b,c) The electric field distribution (I E| component) of Mode I and
Mode II, respectively. Both subfigures include color bars on the right for intensity scaling, with red
arrows indicating the in-plane magnetic field directions.

Further, Figure 3a,b demonstrate the spectral evolution of Mode I and Mode II, respec-
tively, under variations of the asymmetry parameter . As J increases, both the resonance
depth and resonance width of the spectra progressively enlarge. This behavior serves
as direct evidence that the symmetry-protected BIC degenerates into a quasi-BIC with
Fano-linearity upon symmetry breaking.
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Figure 3. (a,b) Transmittance spectrum of different 4 for Mode I and Mode II, respectively. The
refractive index is set at n = 1.3 and the temperature T = 20 °C. The transmittance values are
represented by color, with the corresponding color bar on the right for both figures. (c) Q-factor
evolution of Mode I and Mode Il as a function of §, with both axes plotted in logarithmic scale.

Further verification comes from the quality factor Q-factor dependence on asymmetry
parameter J, as presented in Figure 3c. Both modes display characteristic BIC behavior
with its Q-factor following an inverse quadratic dependence (Q o 6~2), consistent with the
theoretical framework of symmetry-protected BICs. When ¢ is set to 5 nm, the Q-factor of
both modes reach magnitudes on Qy = 8.03 x 10* and Qp = 4.48 x 10%, respectively. Fur-
ther, as shown in Figure 2a, both modes exhibit extremely narrow bandwidths. Combined
with the high Q-factors analyzed above, this grating demonstrates significant potential
for sensing.

Figure 2b,c illustrate the electric field distributions of the two resonance modes, where
color mapping represents the magnitude of the electric field intensity (| E | ) and red arrows
denote the in-plane magnetic field orientation. Mode I exhibits electromagnetic energy
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predominantly localized within the grating grooves, while Mode II shows strong field
confinement in the silicon substrate. The spatially distinct distribution of this grating
structure enables its potential for dual-parameter sensing: the groove-localized fields
of Mode I render it highly responsive to ambient refractive index variations (An) but
minimally sensitive to temperature fluctuations (AT), whereas the silicon-confined fields
of Mode II suppress refractive index sensitivity while amplifying thermo-optic responses
due to silicon’s high thermo-optic coefficient. This dual-mode configuration enables dual-
parameter sensing through independent tracking of wavelength shifts, with orthogonal
sensitivity profiles allowing for the simultaneous discrimination of the refractive index and
temperature changes, thereby establishing the grating as a versatile photonic sensor.

3. Principle of Sensing and Discussion of Result

To enable simultaneous sensing of refractive index and temperature, we first construct
a theoretical model based on the wavelength shift characteristics of quasi-BIC resonances.
For one-dimensional grating, any resonance (including BICs) occurs only when the optical
path length is an integer multiple of half the wavelength, as expressed by the following;:

m/\reszonance — neffP (1)

Here, P denotes the grating constant and m is an integer. The product of the effective
refractive index 1,¢; and the grating period P equals the optical path length. The effective
refractive index n.¢f, governing light—matter interactions in the periodic structure, is

defined as follows:

k
Meff = ~po @

where ky denotes the vacuum wave vector and k4,5 represents the transverse wave vector
governing mode propagation within the grating. From Equation (1), we observe a linear
proportionality between resonance wavelength shifts (AAresonance) and variations in the
effective refractive index (An,fs). Furthermore, guided by effective medium theory, the
field-dependent effective refractive index can be approximated using the following:

Neff \/D Ngig> +(1—D)-n?, (3)

where D denotes the duty ratio of the grating medium (volume fraction occupied by
dielectric), and ny;,; and n represent the refractive indices of the grating material and
groove-filling liquid, respectively. Based on this approximation formula, the effective
refractive index n,s exhibits a proportional relationship with 74;,;. Consequently, quasi-
BICs demonstrate linear wavelength shifts (AA;), where i serves as the mode identifier and
(i = LII) in response to refractive index variations (A#n;) of the analytical solution, expressed
as follows:

AAZ‘ = ki . ATli (4)

Furthermore, under moderate temperature variations where the thermo-optic coeffi-
cients («;) remains linear, we establish mode-specific relationships between refractive index
changes and temperature fluctuations:

A)\i = ;- ATZ' (5)

When simultaneously considering temperature and refractive index variations, the
wavelength shifts of both modes can be expressed as a linear superposition of thermo-optic
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effects and refractive-index-induced spectral displacements. This enables the establishment

A)\I o SRII STI An (6)
A)\H N SRIH STH AT

where sg;’ and st! denote the refractive index and temperature sensitivity coefficients

of a sensing matrix:

for Mode i (i = I, II), respectively. The non-singularity of this sensitivity matrix
(Det(S) # 0) guarantees the feasibility of simultaneous parameter discrimination through

An\ 4 AN
(AT) =5 (AAH>' @

Next, the refractive indices of the two modes under different refractive index solu-

matrix inversion:

tions and different temperatures were calculated separately through full-wave simulation.
Figure 4a,b shows the transmission spectra near two modes’ resonant points at refractive
indices of 1.3, 1.31, 1.32, 1.33, 1.34, and 1.35 when the temperature is T = 20 °C, while
Figure 4c,d presents the spectral lines at temperatures of 20 °C, 30 °C, 40 °C, 50 °C, and
60 °C when the refractive index n = 1.3. The spectral resolution of the full-wave simulation
was set to 0.02 nm and the asymmetric parameter was set at 6 = 5 nm.
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Figure 4. (a,b) The transmission spectra near Mode I and Mode II resonant point under different
solution refractive indices when temperature T = 20 °C. (c,d) The transmission spectra near Mode I
and Mode II at varying temperatures when the refractive index n = 1.3.

Through analysis of the transmission spectra, we extracted wavelength shifts of
resonance points corresponding to the refractive index and temperature variations, with
fitted curves presented in Figure 5. Specifically, Figure 5a quantifies the relationship
between solution refractive index changes and wavelength shifts using 1.3 as the reference
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refractive index, while Figure 5b establishes the correlation between temperature variations
and wavelength displacements with 20 °C as the reference temperature.

From Figure 5, the slopes of the linear fittings (i.e., sensing sensitivities) can be
determined. Specifically, Mode I and Mode II exhibit refractive index sensitivities of
Sri! = 406 nm/RIU and Sg;"! = 220 nm/RIU, respectively, and temperature sensitivities
of St! = 0.052 nm/°C and St! = 0.078 nm/°C, respectively. The results quantitatively
demonstrate the potential of this grating for dual-parameter sensing: the field distribution
significantly influences the refractive index sensitivity. When the field is primarily confined
within the dielectric material, the temperature sensitivity becomes notably higher due to
the material’s high thermo-optic coefficient, while showing low responsiveness to changes
in the solution’s refractive index. Conversely, when the field concentrates in the grating
grooves, the refractive index sensitivity is substantially enhanced. Table 1 presents a com-
parative analysis of the performance between the design proposed in this work and other
recently reported BIC sensors working in the near-infrared (NIR) and visible light band.
The comparison reveals that this study employs an extremely simple grating structure to
achieve high Q-factor and high-sensitivity simultaneous sensing of both the temperature
and refractive index.

b
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Figure 5. Wavelength shift versus (a) refractive index variation and (b) temperature.

Table 1. Performance comparison with different optical sensors based on BICs working in the NIR
and visible band.

e Sensitivity of Capability for
Ref. Sensitivity of RI Temperature Dual-Parameter Q Factor Structure
(nm/RIU) o i
(nm/°C) Sensing
Maksimov 137.2;229.7 / N, Not gi Sili ti
etal. [31] .2;229. o ot given ilicon grating
Romano et al. [32] 4000 / No Not given Slhcor} nitride PhC slab
with nanoholes
Chen etal. [34] 1222 / No 415 Elliptic poly-Si
nanopillars metasurface
Han et al. [35] 833; 1068 —0.043; —0.083 Yes 34,000; 160,000 Silicon PhC slab with
nanoholes
Guo et al. [36] 746 0.054 No 54,757 Metasurface with
split-disk unit
Metasurface with
Zhao et al. [37] 262 0.0595 No 4225;10,135 “H”-shaped disks and
tilted gaps unit
This work 406; 220 0.052; 0.078 Yes 80,300; 44,800 Silicon grating and slab
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Substituting the sensitivities above into Equation (6) and taking the inverse matrix

yields the following:
An\ [ 0.004  —0.0029) [ AA; ®)
AT ) \—11.3707 209841 ) \ AAy )

By utilizing the above formula, the temperature and refractive index of the solution
being tested can be measured. The procedure involves two main steps: Firstly, measure
the wavelengths of the two resonance modes in air at room temperature (20 °C). Secondly,
measure the wavelengths of these two modes in the solution at a specific temperature. The
wavelength differences AA; and AAj; between the two modes can then be obtained by sub-
tracting these measured values. Finally, by substituting these wavelength differences into
Equation (8), both the refractive index and temperature of the solution can be determined.

4. Uncertainty Evaluation

By using the eigenfrequency research module in COMSOL, the eigenfrequencies
corresponding to different modes for each ky are calculated, as shown in Figure 6a,b, which
illustrate that both Mode I and Mode II exhibit slight downward bending, indicating that
oblique incidence induces a blue shift in the resonant wavelength, thereby influencing the
sensing results. Therefore, it is essential to investigate the errors introduced by oblique
incidence in sensing applications.
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Figure 6. (a,b) The band diagrams of Mode I and Mode II within the (—0.1257t/P, 0.1257/P) range.
Wavelength shift for (c) Mode I and (d) Mode II with different incidence angles with a refractive
index n = 1.3 and environment temperature T = 20 °C. The asymmetric parameter is set at § = 5 nm.
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References

Figure 6¢,d illustrate the spectra near the frequency bands of the two modes under
different oblique incidence angles. A 5° oblique incidence induces approximately 1.4 nm
blue shift for Mode I and 2.2 nm blue shift for Mode II. Considering the orders of magni-
tude of sensitivity for temperature and refractive index sensing, it is evident that oblique
incidence has a minor impact on the accuracy of refractive index sensing. However, for
temperature sensing, oblique incidence introduces significant errors. As shown by the data
in the figure combined with the temperature sensitivity calculated in the previous section,
a mere 1° oblique incidence introduces temperature measurement errors of —1.9 °C and
—2.5 °C. Therefore, it is critical to ensure that the laser is normally incident on the grating
during sensing measurements to achieve the correct sensing result.

5. Conclusions

This study demonstrates a breakthrough in optical sensing through dual-mode all-
dielectric transmissive grating. By engineering a silicon-on-silica grating, we achieved
two quasi-BICs, exhibiting tunable high Q-factors (Q & 6~2) under controlled asymmetry,
enabling temperature sensing with sensitivities of Sg;' = 406 nm/RIU, St! = 0.052 nm/°C
for Mode I and SRIH = 220nm/RIU, STH = 0.078 nm/°C for Mode II. Additionally, the syn-
ergistic interaction of two resonant modes enabled the concurrent detection of the tempera-
ture and refractive index through a coordinated dual-parameter sensing matrix. This study
not only investigates the impact of the mode field distribution on the sensing sensitivity,
but also paves the way for scalable, lab-on-a-chip biosensors capable of real-time biomolec-
ular analysis and environmental diagnostics. Future efforts will focus on experimental
validation and integration with microfluidic systems to unlock real-world applications.
Furthermore, this architecture can be integrated with active metadevices [41,42]—for in-
stance, by adopting high electro-optic coefficient materials such as lithium niobate (LiNbO3)
or potassium titanyl phosphate (KTP)—to enable real-time reconfiguration of resonance
modes via external voltage control. This dynamic tuning capability allows for adaptive
adjustment of the sensing sensitivity, on-demand spectral tailoring, and enhanced environ-
mental feedback mechanisms.
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