Optimum asymmetry for nanofabricated refractometric sensors at quasi-bound states in the continuum
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ABSTRACT
[bookmark: _Hlk142825326]A symmetry-protected bound state in the continuum (BIC) is one of the bases for high-resolution photonic refractometric sensors that rely on spectral shifts. However, a trade-off exists between the quality (Q) factors and the resonance amplitudes when the asymmetries of the unit cell are changed, making it difficult to intuitively determine the optimal nanostructural geometry. In this study, we present a theoretical and experimental approach for identifying the asymmetry parameters of dielectric metasurfaces that yield the lowest limit of detection (LOD). Silicon-based metasurfaces with asymmetric pair-rod arrays are fabricated experimentally, and the minimum LOD is obtained under a critical coupling condition with equal radiative and nonradiative Q factors. The results agree well with the theoretical model derived from the temporal coupled-mode theory. We reveal that the LOD and the optimum asymmetry are significantly influenced by nonradiative losses in the nanostructure, emphasizing the importance of loss reduction in dielectric metasurfaces at quasi-BICs for high-performance refractometric sensors.

     All-dielectric photonic nanostructures with high-quality (Q) factors enabled by bound states in the continuum (BICs) have provided a new sensing method with the potential to replace conventional plasmon nanostructures.1 Over the past two decades, photonic crystals (PCs) without broken symmetry in active surface-emitting devices have demonstrated the sensing of environmental refractive index,2–4 pH,5 proteins, 6 and biological cells,7 for which the mechanisms are based on band-edge resonances at the Γ point of the Brillouin zone. More recently, a new method has been proposed to introduce asymmetry to the unit cells of PCs or metasurfaces.8,9 The BIC condition protected by the in-plane symmetry of the structure is transformed into a quasi-BIC (qBIC) by breaking the symmetry of the unit structure of the dielectric array, enabling coupling to far-field radiation under normal incident excitation. Owing to the design flexibility of metasurfaces using qBIC modes, they exhibit potential as sensing configurations leveraging strong interactions with the surrounding medium,10–14 particularly in protein detection applications.15,16
     For refractometric sensing that measures spectral shifts, a sharp spectrum (i.e., a high Q factor) favors high-resolution sensing. Thus, the conventional figure-of-merit (FOM) is given by the refractive index sensitivity S divided by the full width at half maximum (FWHM) of the resonance spectrum.17 On the other hand, Conteduca et al. have recently emphasized the importance of resonance amplitude, which is influenced by nonradiative losses in photonic refractometric sensors.18 Their findings suggest that the minimum limit of detection (LOD) for the environmental refractive index is obtained under the critical coupling condition, where radiative and nonradiative losses are equal, achieving a balance between Q factors and resonance amplitudes. Yet, for photonic sensors relying on qBIC modes, there is a trade-off between the Q factors and amplitudes when changing the asymmetries of the unit cell.19–21 This makes it challenging to intuitively determine the optimal degree of asymmetry added to nanostructures for enabling high-resolution sensing.
     In this letter, we theoretically explore the structural conditions that yield the lowest LOD of the environmental refractive index for dielectric metasurfaces at qBICs and experimentally compare these conditions. We first derive the theoretical LOD using temporal coupled-mode theory. Subsequently, we fabricate silicon metasurfaces with asymmetric pair-rod arrays and characterize their refractive index sensitivities and wavelength fluctuations in the structures with different degrees of asymmetry. Our experimental values align with theoretical models, highlighting that the minimum LOD is obtained under the critical coupling condition, influenced significantly by nonradiative losses of the metasurfaces, primarily due to fabrication imperfections. This condition strikes a balance between the Q factors and resonance amplitudes amid the trade-off resulting from changes in unit cell asymmetries, emphasizing the importance of loss-engineering in refractometric sensing applications of metasurfaces at qBICs. Note that our study aims to clarify the conditions that optimize the LOD rather than the FOM. This approach leads to the conclusion that maximizing the conventional FOM does not necessarily optimize the LOD due to nonzero nonradiative losses.
     To explore the optimal structural conditions for refractometric sensing, we examine how system losses impact the LOD for the refractometric sensors, as given by:22
	
     
	(1)


where δλ represents the wavelength fluctuation of the resonance mode, often expressed as three times the standard deviation (3σ) of the noise. Although the experimental LOD can be determined using Eq. (1), we derive the theoretical LOD as follows. Initially, we establish the relationship between the wavelength fluctuation δλ and amplitude fluctuation δA of the resonance mode. Here, we begin with the reflection amplitude A(λ0, λ) of the resonance mode derived from the temporal coupled-mode theory (TCMT),23 as expressed by:
	
     
	(2)


where λ0 is the resonance peak wavelength, and QR and QNR are the radiative and nonradiative Q factors, respectively. The interference between broad background spectra and sharp qBIC modes explains Fano lineshapes, which are expressed by incorporating the reflection and transmission coefficients r and t, respectively, of the background spectra without resonances. Note that Eq. (2) is only applicable to structures with symmetric cladding layers. However, we use this equation for simplicity, assuming a sufficiently small index difference between the upper cladding (water) and lower cladding (quartz). When λ = λ0, the amplitude fluctuation caused by the wavelength fluctuation δλ is given by δA(λ0, λ0)|δλ = A(λ0, λ0) − A(λ0 + δλ, λ0),24 which provides the following relative amplitude noise (see Supplementary Material S1 for derivation) using Eq. (2):
	
     
	(3)


where Δλ is the FWHM of the resonance mode. For simplicity, A(λ0, λ0) is written as A below. Solving Eq. (3) for δλ and substituting it into Eq. (1), the theoretical LOD can be obtained as:
	
     
	(4)


[bookmark: _Hlk153201768]Here, an approximation of δA|δλ/A << 1 is used. Note that the actual amplitude fluctuation includes other extrinsic noise sources, and is the sum of the contributions from the relative intensity noise, shot noise, and Johnson noise.25 However, as we focus on the amplitude fluctuation triggered by wavelength fluctuation δA|δλ, we separate the noise sources into two factors:24 δA|δλ and all other sources of noise δA|O. This separation can be expressed as (δA/A)2 = (δA|δλ/A)2 + (δA|O/A)2. Because Eq. (3) is derived from the relationship between the wavelength and amplitude fluctuations, δA|δλ can be determined by substituting the experimental δλ into this equation. In the ideal condition of r = 0, the LOD is expressed by substituting A obtained from Eq. (2) into Eq. (4):
	
     
	(5)


The optimal structural parameter at which the minimum LOD is obtained can be determined by taking the derivative of Eq. (5) with respect to QR and equating it to zero, yielding the critical coupling condition26,27 QR = QNR. Here, we implicitly assume that δA|δλ is constant, which is not always the case, as will be shown later. However, the critical coupling condition can be used to roughly predict optimal structural conditions.
[bookmark: _Hlk140528354]     Our next goal is to compare the experimental LOD obtained from Eq. (1) with the theoretical LOD obtained from Eq. (4). To this end, we fabricated and characterized a metasurface consisting of asymmetric pair-rod arrays using a silicon-on-quartz (SOQ) wafer with a top silicon layer thickness of 200 nm, as illustrated in Fig. 1(a). The period of the unit structure P was 790 nm, the primitive rod length L was 595 nm, the width of the upper and lower rods was 230 nm, and the separation between the centers of the pair of rods was 380 nm. The asymmetry parameter is defined as α = 2ΔL/L, where ΔL represents the difference in lengths between the upper and lower rods. A distinctive feature of this metasurface design is that the resonance wavelength λ0 and refractive index sensitivity S remain almost unchanged even with changes in the asymmetry parameter α. This design choice simplifies the discussion of the α-dependence of the LOD expressed in Eq. (4). These characteristics are shown in Fig. 1(b), whose spectra were simulated using a commercial finite-difference time-domain (FDTD) solver (Ansys Lumerical) with Bloch boundary conditions in the x and y directions and perfectly matched layers in the z direction. An x-polarized plane wave was normally incident to the metasurfaces in the simulation. Fabrication was then performed using electron-beam lithography (EBL) and dry-etching.21 Figure 1(c) shows a field-emission scanning electron microscopy (SEM) image of the fabricated metasurface, along with the simulated near-field intensity |E|2. The electric fields are enhanced by the resonance enhancement of the qBIC mode and are strongly localized outside the silicon rods. This localization makes them highly sensitive to the surrounding medium, including small changes in the surrounding refractive indices.

[image: ]
[bookmark: _Hlk127603684]FIG. 1. Silicon metasurface with asymmetric pair-rod arrays. (a) Schematic of the unit cell. (b) Simulated reflectance map for different α. (c) Top-view SEM image of the fabricated silicon metasurface with α = 5%. Inset shows the simulated electric field intensity |E|2 of the corresponding structure at the resonance peak wavelength in the xy plane at half height of the silicon nanostructures. Incidence is set to the x-polarization.

[bookmark: _Hlk140527083]     To characterize the fabricated samples, we used a custom-made transmittance setup employing a cross-polarized configuration. A tunable laser source was focused onto a metasurface sample with a focal spot size of 30 μm through a 10× objective, and the transmittance was measured using a photodetector through a 5× objective. The cross-polarized configuration was used to cancel out the unwanted excitation light while preserving the resonance mode, which displays a resonance peak different from the dip.28,29 Figures 2(a) and (b) show the real-time tracking results of the resonance peak wavelengths and the representative spectra when the metasurface was immersed in a mixture of water and isopropyl alcohol (IPA). In our measurements, the spectra were acquired every ~1.9 seconds, corresponding to the sampling rate of approximately 0.52 Hz. The peak wavelengths were determined from the curves fitted using the Fano resonance. For α = 5%, the refractive index sensitivity was calculated to be 229 nm/RIU from the average resonance wavelengths for different values of the index solution. The number of wavelength fluctuations observed over a minute in water was δλ = 6.4 pm, which was calculated as thrice the standard deviation of the 31 points of the peak wavelengths and averaged four different measurements. This corresponds to 1/1000 the linewidth of the resonance mode, indicating that the noise from the thermal fluctuations and mechanical vibrations was sufficiently small.24 Figure 2(c) shows the experimental λ0 and S as functions of α. Although λ0 was slightly blueshifted, particularly when α was large, both λ0 and S remained almost constant over a wide range of α values, as expected. A possible cause of this slight blueshift is the dense patterning of the upper rods for a larger α, resulting in the overexposure of neighboring rods during EBL.

[image: ]
FIG. 2. Experimental demonstration of bulk refractive index sensing using silicon metasurfaces. (a) Real-time measurement of the resonance peaks when α = 5%. Gray-shaded regions indicate the injection of different concentrations of index solutions, while the other white regions indicate the injection of water. Inset: Average resonance wavelengths as a function of the index change Δn, whose linear fitting (dashed line) gives the refractive index sensitivity S. (b) Spectra in different Δn. Solid lines represent the curves fitted by using the Fano function. (c) Plot of S (left axis) and resonance wavelength λ0 (right axis) for different α, where dashed lines represent the respective average values.

[bookmark: _Hlk140510966][bookmark: _Hlk140511281][bookmark: _Hlk135234515]     Next, the experimentally obtained qBIC spectra were characterized using Eq. (2). To determine the QR and QNR in this equation, a Q factor analysis was performed. First, QR was numerically determined by applying QR = ω0U(t)/P(t),30 where ω0 is the angular frequency of the mode, U(t) is the modal electromagnetic energy, and P(t) is the radiation power absorbed in the calculation boundary. Figure 3(a) shows the calculated and experimental Q factors as a function of α. Here, the well-known relation QR = Q0α−2 for qBIC modes was used9 and the constant value Q0 = 2.3 was determined by linear fitting of the QR. The difference between the QR and experimental Q factors, especially at a small α, can be explained by the contribution of the nonradiative Q factor QNR. Based on the relation Q−1 = QR−1 + QNR−1, the QNR, which is attributed to the sum of the material absorption and scattering losses owing to fabrication imperfections, was then fitted and determined. Note that the array size N x N of our fabricated metasurface was sufficiently large (200 μm × 200 μm, N~ 250); thus, we ignored the finite-size effects31,32 below. This assumption is valid because the in-plane Q factor Qin can be considered infinitely large. By applying Eq. (2), the resonance spectra of the fabricated metasurfaces were characterized using Q0 and QNR obtained. Parameters r and t were determined by curve fitting the experimentally obtained background spectra of the metasurface with α = 0%. As shown in Fig. 3(b), the experimental amplitudes and FWHM were consistent with those of the numerically calculated models, validating the theoretical models.
[image: ]
FIG. 3. Characterization of experimentally obtained qBIC spectra. (a) Experimental and calculated Q factors under periodic boundary conditions in the xy plane (infinite array size). (b) Upper (left axis): Experimental amplitude (red dots) and theoretical curve (Eq. (2)). Lower (right axis): Experimental FWHM (blue dots) and numerically determined FWHM (= λ0/Q). Error bars indicate the standard errors of four different measurements. Vertical dashed line represents α, where the QR and QNR lines intersect in (a).

     The α-dependent LOD for various QNR was then calculated by substituting the relation QR = Q0α−2 for qBIC modes and experimentally determined parameters into Eq. (4). Here, we also used the α-dependence of δA|δλ = 1.56 × 10−7α−0.94 (see Supplementary Material S3) to obtain a smooth LOD curve, which was obtained by substituting the experimentally obtained δλ into Eq. (3). The calculated theoretical LOD is shown in Fig. 4(a). Overall, a larger QNR (i.e., smaller loss) and smaller α yielded a smaller LOD. However, the LOD increased when α approached zero, implying that there exists an α at which the LOD is minimized at a specific QNR (as indicated by the white line). Figure 4(b) compares the experimental LOD with the theoretical curves for different QNR. When QNR = 1200, these two values were almost in agreement, with the LOD being minimal at α = 5%. Importantly, this condition satisfies the critical coupling condition QR = QNR, as indicated in Fig. 3(a), where the QR and QNR lines intersect around α = 5%. For both smaller and larger α, the error bars of the LOD were likely larger, indicating less stability in measurements at these α. By contrast, the measurements around α = 5% were more stable, resulting in a minimum LOD of 2.8 × 10−5 RIU. Here, αmin shifts to smaller values when the QNR is large because the condition that satisfies the critical coupling shifts accordingly, and simultaneously, the LOD decreases. Therefore, to obtain the minimum LOD, it is important to accurately predict the QNR of the fabricated sample to determine the αmin and reduce nonradiative losses. If the QNR is increased (by decreasing the nonradiative losses) to 8000, the LOD can be improved several times.
[bookmark: _Hlk140511614]     We attribute the slight inconsistency between the theory and experiment to the uncertainty in the experimental plots and the implicit assumption that the QNR is independent of α. Resonance peak wavelengths measured in real time are highly sensitive to changes in the external environmental conditions, causing inaccurate evaluations of wavelength fluctuations δλ with even slight drifts. Although we obtained δλ by averaging the results of four individual measurements, conducting more measurements would allow for more accurate LOD evaluation.
     Note that the αmin shifts to larger values when the array size is small because the in-plane losses Qin−1 are added to the nonradiative losses (QNR decreases).33 If the array size N × N of the fabricated metasurface is sufficiently large, the nonradiative losses in nanofabricated silicon-based metasurfaces are predominantly determined by the scattering losses due to fabrication imperfections because material absorption losses are small for SOQ wafers in the telecom wavelength range. Therefore, it is crucial to decrease nonradiative losses or employ a strategy robust to fabrication errors to reduce LOD.
[bookmark: _Hlk141726645]     It should also be noted that the conventional FOM = S/FWHM for refractometric sensors is only applicable when QNR is infinite, as shown by the black line in Fig. 4(b), where the LOD monotonically decreases with decreasing α. By contrast, for a finite QNR, maximizing the FOM does not optimize the LOD and fails to account for the increase in the LOD when α is small. Rather, a finite QNR significantly impacts the practical value of the LOD. Although this study used asymmetric pair-rod arrays to simplify the discussion, where λ0 and S are invariant with respect to α, the LOD optimization strategy is generally applicable to any BIC-based photonic sensors with different asymmetry parameters, including metasurfaces and photonic crystals. In any case, varying the degree of asymmetry changes QR and, hence, Q0 in the relation QR = Q0α−2, depending on the asymmetry parameters added to the structure. Therefore, our conclusion that the optimal LOD is obtained at the critical coupling condition satisfying QR = QNR is always true, and no generalizability is lost.
     Although the experimental LOD was comparable to typical nanostructures using surface plasmon resonances (10−5 − 10−6 RIU)34,35 and was slightly larger than that of photonic sensors using guided mode resonances with lower scattering losses (10−6 RIU),36,37 it is difficult to directly compare our LOD with other BIC metasurfaces15,38–40 because no other reports have evaluated the LOD at the moment. Considering our conclusion that the highest FOM does not give the lowest LOD owing to the nonzero QNR, BIC metasurfaces still have potential, as they possess both high Q factors and large resonance strengths once the fabrication errors are reduced. Increasing S directly decreases the LOD, as indicated in Eq. (5), and further optimization of the LOD can also be achieved by enhancing the interactions between the resonantly enhanced near-field and the surrounding medium.21,41 Leveraging its high-resolution refractometric sensing capability, our silicon metasurfaces can potentially be applied to biosensors for environmental monitoring, food safety, and medical diagnostics by incorporating appropriate surface functionalizations, including antibodies,42 aptamers,43 peptides,44 and receptors.45
     In summary, this study has theoretically and experimentally explored the conditions under which the LOD is minimized in a refractometric sensor utilizing a silicon metasurface at a qBIC. Asymmetric pair-rod arrays in the near-infrared region have demonstrated a minimum LOD of 2.8 × 10−5 RIU under the condition of QR = QNR when α = 5%. The theoretical analysis indicates that the optimal α shifts to smaller values with decreasing nonradiative losses. These findings provide a generally applicable strategy for setting asymmetry parameters in experiments and highlight the significance of nonradiative losses in the LOD as a key factor for high-resolution refractometric sensors at qBICs.

SUPPLEMENTARY MATERIAL
See the supplementary material for detailed information on the derivation of the theoretical model, real-time measurement of the resonance amplitude at a fixed wavelength, and the α-dependence of the amplitude fluctuation.
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FIG. 4. Limit of detection (LOD) of silicon metasurfaces at qBICs with different α. (a) Calculated LOD of metasurfaces with different QNR. White solid curve (αmin) shows the α value at which the minimum LOD is obtained. (b) Superposition of the experimental (black dots) and theoretical (solid lines) LODs. Colors of the theoretical curves correspond to those in (a) except the black line (QNR = ∞).
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