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Abstract

:

Chiral BIC can reach ultrahigh quality factors (Q-factor) based on its asymmetry, with broken mirror symmetries and in-plane inversion. Only by in-plane structural perturbation can chiral quasi-BIC (q-BIC) appear, so it is much more realizable and reasonable for the manufacturers in practical productions and fabrications considering the technology and means that are available. In this paper, we design a new dielectric metasurface employing H-shaped silica meta-atoms in the lattice, which is symmetrical in structure, obtaining chiral BIC with ultrahigh Q-factor (exceeding 105). In this process, we change the length of the limbs of the structure to observe the specific BICs. Previous scholars have focused on near-infrared-wavelength bands, while we concentrate on the terahertz wavelength band (0.8–1 THz). We found that there is more than one BIC, thus realizing multiple BICs in the same structure; all of them exhibit excellent circular dichroism (CD) (the maximum value of CD is up to 0.8127) for reflectance and transmittance, which provides significant and unique guidance for the design of multi-sensors. Meanwhile, we performed temperature sensing with chiral BIC; the sensitivity for temperature sensing can reach 13.5 nm/°C, which exhibits high accuracy in measuring temperature. As a consequence, the result proposed in this study will make some contributions to advanced optical imaging, chiral sensors with high frequency and spectral resolution, optical monitoring of environmental water quality, multiple sensors, temperature sensing, biosensing, substance inspection and ambient monitoring and other relevant optical applications.
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1. Instruction


In optics, it is difficult but vital to obtain a high quality factor (Q-factor) with a terse structure, for which researchers and scholars have been questing and struggling for a long time. It is generally believed that bound states in the continuum (BICs) are a wonderful and unique resolution [1,2,3], providing inspiration for creative and valid ideas, which have been investigated and realized extensively in multitudinous photonic applications, covering advanced optical imaging, chiral sensors with high frequency and spectral resolution [4], optical monitoring of environmental water quality, and low-threshold circular polarized lasing [5,6,7]. In essence, BIC is the absolutely dark state which has an infinitely high Q-factor [5,8,9], and there are some other reasons like material breakage, finite sample sizes, and defects in the structure, aggravating the phenomenon. Considering the aforesaid condition, it is widely accepted that chiral quasi-BICs should be used for practical applications due to their conspicuously high Q-factors. Most previous works on chiral quasi-BICs in all-dielectric metasurfaces broke in-plane inversion symmetry photonic systems [5,8,9,10], while mirror symmetry was broken in this work.



Characterized by broken mirror symmetry, chiral metasurfaces [9,11,12] and metamaterials [13,14,15,16,17,18,19,20,21] have shown a prosperous future in photonic applications, which could be used for biosensing, selecting polarized light wavefronts, and some other circular dichroic nonlinear generations [22,23,24]. Many studies have been reported focusing on chiral metasurfaces and metamaterials, demonstrating they have made great progress in wide-band-width circular dichroism (CD). Judging from the existing experiments, it would be more scientific if CD with narrow bandwidth and high quality factor were used in photonic applications, and there is no doubt that this technology would stimulate the development of circularly polarized lasing with low threshold, boosting the prosperity of optical detection technology, providing a solid guarantee for secure optical communications [25]. Some current studies adopting chiral quasi-BIC in mirror symmetry-broken systems have proven effective, and it may offer us a promising solution. Hentschel et al. [26] proposed that the chirality effect of the duplex structure mainly depends on the vertical and horizontal distance between the two L-structures [27], but there are many factors disturbing the double-layer structure, and people have been exploring whether the chiral quasi-BIC can be realized in the single-layer structure. Tan Shi et al. [28] proposed a single-layer structure with a strong chiral effect, but with a different height, making fabrication of the structure complicated. Optimized metasurfaces can realize the enhancement of the third-harmonic generation and the amplitude optomechanical vibrations by a hundred times [29]. Previous studies have integrated single and multiple layers of graphene [30] into metal-based terahertz (THz) metamaterials to achieve complete modulation of the simulated resonance strength of EIT [31], while we applied terahertz to a monolayer of a semiconductor metasurface consisting of silica and silicon to seek better chiral quasi-BIC with high Q-factor and great CD. Tang et al. [32] introduced a new method for measuring the chiral density of electromagnetic fields. This optical chirality determines the asymmetry in the excitation rate between a small chiral molecule and its mirror image, and the continuity equation of optical chirality in the presence of a material current describes the flow of chirality, which is applicable to molecules in an electromagnetic field with arbitrary spatial dependence. Mohammadi et al. [33] revealed that chiral molecules can exhibit handedness when interacting with chiral light (such as circular-polarized light), and significantly enhanced the signal of the circular dichroism (CD) spectra as well as the local intensity of electric and magnetic fields by adopting dielectric structure as the best chiral sensing platform, providing constructive suggestions for chiral BIC. Fan et al. [34] found that CD spectra are very sensitive to the geometry and composition of chiral complexes, and that the helix geometry of the strongest CD signals is similar to the helix structure of many biomolecules. They also describe the mechanism of a plasma CD capable of producing a strong CD signal over the visible wavelength range, which provides a unique possibility for designing colloids and other nanostructures with strong optical chirality.



Through the above experiments and treatments, it has been revealed that breaking in-plane symmetry simultaneously will result in chiral BICs with strong CD and high Q-factor. It should be noted that the CD for the reflectance and transmittance of the metasurface increases and the Q-factor decreases with mirror asymmetries, and in-plane inversion increasing with mirror symmetry; original BICs appear in dielectric metasurfaces, while quasi-BICs only emerges as a result of breaking mirror and in-plane inversion symmetries simultaneously. In this process, we changed the length of the limbs of the structure to adjust the degree of asymmetry with the purpose of observing multiple chiral quasi-BICs, and we concentrated on the terahertz wavelength band (0.8–1 THz), where we found more than one BIC, making it possible to have multiple BICs in the same structure, all of them exhibiting excellent CD for reflectance and transmittance, which is a great breakthrough in the field of chiral quasi-BIC, boosting the design and development of multi-sensors. Furthermore, we bring temperature sensing in chiral BIC, which can reach 13.5 nm/°C, exhibiting conspicuous accuracy in measuring temperature, providing inspiration for the research of temperature sensing. Based on the chiral quasi-BIC, we explored its potential application areas, introducing and exploiting its application in the design of sensors such as temperature sensors, verifying its significant sensitivity, which can be used in temperature measurement. The results demonstrated in this paper make it clearer and more persuasive that quasi-BICs and multiple BICs can be extended into photonic applications, advanced optical imaging, chiral sensors with high frequency and spectral resolution, optical monitoring of temperature sensing, multi-sensors, and biolosensing.




2. Analysis and Discussion


2.1. Multiple Chiral Quasi-BIC Depending on Breaking Mirror and In-Plane Inversion Symmetries Simultaneously


Currently, it is known that dielectric metasurfaces have drawn more and more attention in the field of applied optics for the reason that they are able to significantly reduce the intrinsic resistance loss resulting from high Q-factor, thus showing their vigorous power in exploring quasi-BIC, enabling efficient applications in nonlinear generation [35,36]. What should be noted is that broken mirror symmetry shows a chiral character, while dielectric chiral metasurfaces demonstrate intense CD [37,38], revealing photonic spin-Hall effects and radiation modulation [39] originating from photonic spin–orbit coupling [40]. The use of double layered structure [25] or the introduction of out-of-plane perturbations assist in achieving high-Q chiroptical responses [25], satisfied by sophisticated fabricating processes. A innovate scheme emerges as the time requires, which has proven that in-plane perturbations are capable of breaking mirror and in-plane inversion symmetry simultaneously, obtaining the desired chiral quasi-BICs, resulting in expected CD with narrower spectral characteristics. We have been trying to simplify the structure, preferably with asymmetric parameters only in the same plane. Most previous studies have focused on a single chiral quasi-BIC [26,33,34], while we have been trying to explore and design a structure with more than one chiral quasi-BIC.



Initially, we designed a new dielectric metasurface employing H-shaped silica meta-atoms in a lattice, supported by a silicon dioxide plate (see Figure 1). As is shown clearly in Figure 1, the thickness of the silicon dioxide plate (t1) is 135 μm, the thickness of the H-shaped silicon (t2) is 72 μm, the width of the four vertical arms is w1 = 34.75 μm, the lengths of the four vertical arms are l1 = L − 2α, l2 = L + 2α, l3 = L − α, l4 = L + α, where L = 56.25 μm and α = 18 μm, and the width and the length of the horizontal arm is w2 = 53 μm, l5 = 36 μm. The concrete dielectric functions of silica and silicon dioxide are 13.69 and 2.1904, respectively, according to the Handbook of Optical Properties of Solids [41].



As there is no perturbation (α = 0 μm) in the structure (Figure 1), it is obvious that l1 = l2 = l3 = l4 = L = 56.25 μm, signifying that mirror and in-plane inversion symmetries are satisfied simultaneously. When α ≠ 0 μm, whether it is positive or negative, the lengths of all four vertical arms, l1, l2, l3, and l4, differ from each other. For in-plane mirror symmetry, it is indispensable that the length of the four vertical arms ought to be identical with each other. Moreover, for in-plane inversion symmetry, what should be satisfied is l1 = l2, l3 = l4. Consequently, it cannot be denied that when α ≠ 0 μm, mirror and in-plane inversion symmetries of the structure have been broken simultaneously. The value α ranges from −18 μm to 18 μm, and each of them in correspondence to a different structure, so it is predictable that there are countless asymmetric structures. Vertically illuminated by incident light, owing to the broken mirror symmetry, the dielectric chiral metasurfaces show strong CD. It is reasonable to only take the normal incidence into account in this work, because nonvertical incidental light will complicate the situation. As the metasurface is illuminated by the normal incidental light perpendicularly, we find that it is a feasible idea to contrive all the potential simulations using the CST software, using the formulae CDR = (RLCP − RRCP)/(RLCP + RRCP) and CDT = (TLCP − TRCP)/(TLCP + TRCP) [42], in which R represents the reflectance and T represents the transmittance, and RCP is short for the right-hand circular polarizations (RCP) while LCP is short for the left-hand circular polarizations (LCP). According to the relation of the structural parameters above, α is the one and only determinant of the in-plane asymmetry of the metasurface. Increasing the magnitude of α, the asymmetry appears weakened. On the contrary, as the magnitude of α reduces to 0 μm, satisfied with mirror and inversion symmetries simultaneously, the dielectric metasurface seems completely symmetrical. Therefore, it is predictable and verifiable that the greatly resonant CD of the dielectric metasurface derives from quasi-BIC, while the original BIC is under symmetry protection. To further confirm the conjecture above, we adjusted and altered the asymmetry parameter α to explore the CD of reflectance and transmittance spectra shown in Figure 2.



The transmittance and reflectance spectra of RCP and LCP with perpendicular incidences are exhibited in Figure 2a,b,d,e, while Figure 2c,f display CDT (from transmittance) and CDR (from reflectance), and the asymmetry parameter α varies from −18 μm to 18 μm consecutively. As it is shown in Figure 2, the dielectric metasurfaces prove not to show chiral features as the α = 0 μm, for the reason that the mirror and inversion symmetries are satisfied simultaneously. The results indicate that the magnitude of α correlates positively with the spectral width of the resonant modes. Judging from the research investigated already, breaking mirror and inversion symmetries simultaneously results in chiral quasi-BIC, which excites the modes to be more polarization-dependent. For α = 0 μm, it is evident that the structure of the metasurface is symmetrical, so the distribution of the eigenmode is supposed to meet the conditions of mirror and inversion symmetries. When α = 0 μm, the marks I, II, III, IV in Figure 2 are chiral BICs.



In traditional quantum mechanics, bound states are states [43,44] whose energies are below the continuous energy spectrum, confined to a potential well or barrier. However, in some special cases, there is a phenomenon whereby the energy is in the range of continuous energy levels, but the particles remain bound in the system, which is called bound states in the continuum (BIC) [43,44]. The implementation of a BIC usually involves interference effects that can result in a complete or partial cancellation of some energy, leaving the particles trapped in the system. These interference effects may be caused by the symmetries of physical structures, microscopic local singularities, or other quantum mechanical effects. BIC has a wide range of applications in the field of optics and electronics. For example, in optics, the presence of BIC in the photon energy spectrum can be realized by precisely controlling the parameters of the structure. This phenomenon can be used to realize high-quality-factor microcavities and high-gain nanolasers and sensors. Reference [43] describes the concept and physical mechanism of BIC, and divides BIC into the following categories: (i) Bound states due to symmetry or separability: this includes symmetry-protected BICs and separable BICs, which are coupled to radiation modes where system symmetry or separability is prohibited. (ii) Bound states obtained by parameter tuning: when the number of radiation channels is small, the radiation can be completely inhibited from entering all channels by adjusting the system parameters. (iii) The bound states resulting from inverse construction: Starting with the expected BIC, a system can be designed that supports this bound state and includes it in a continuous spectrum.



The mass factor (Q-factor) of these three BICs is theoretically infinite. When a BIC evolves into a quasi-BIC and the conditions deviate from the requirements, its q factor becomes finite, but it still has an ultra-high value. In summary, BIC is a special quantum mechanical phenomenon in which a particle’s energy is in the range of continuous energy levels but is still bound to the system. This phenomenon usually involves interference effects and has important applications in several fields.



Chiral bound states in the continuum [4,14,45] (CBIC) is a special type of interaction between bound states and continuous states. Chiral properties represent systems with left- and right-handed symmetries. In some particular chiral structures, there may be a phenomenon in which the energy lies in the continuous energy level range, but the particles are still bound to the system, which is called chiral bound states in the continuum. The key to the realization of CBIC is the interaction between the asymmetric coupled structure and the chiral structure. This coupling can lead to interference between bound and continuous states with specific energies, so that particles with energies in the range of continuous energy levels are bound to the system. The realization of the CBIC usually requires the precise regulation of the chiral symmetry of the field structure and the interaction of the bound and continuous states through a specific coupling way. This can be achieved by designing chiral nanostructures, spin distributions, and electromagnetic field distributions. CBIC has important applications in optics and nanophotonics. For example, by constructing chiral optical structures, optical microcavities with high quality factors, selective transmission, and high-efficiency second harmonic generation can be realized. In short, CBIC is a special interaction between the continuous states, in which the interaction of the chiral structure and the asymmetric coupling structure results in the energy of the particles in the range of continuous energy levels being bound in the system. This phenomenon has a wide range of potential applications in optics and nanophotonics.



There are four chiral BICs in the 0.8–1 THz wavelength band, which are located as chiral BICs I, II, III, IV by frequency, and their frequencies are as follows: f1 = 0.86701 THz (corresponding to chiral BIC I), f2 = 0.91008 THz (corresponding to chiral BIC II), f1 = 0.96182 THz (corresponding to chiral BIC III), f1 = 0.98225 THz (corresponding to chiral BIC IV), and the CDT (from transmittance) and CDR (from reflectance) can be seen from Figure 3a,b. All of them demonstrate significant effect, and we chose chiral quasi-BIC II to analyze the character of chiral BIC. As Figure 3c,d show, the absolute value of CDT and CDR of the chiral BIC II increases with the increase in parameter α. When α = ±18 μm, CD reaches the maximum of its absolute value 0.8127. For the resonant frequency, the dependencies on the structural parameters (Figure 3) tend to be the same: the resonant frequency red-shifts with the decrease in degree of asymmetry α, reaching its minimum value when α = 0 μm, at which point chiral BICs occur. As exhibited in Figure 3, we draw the conclusion that choosing and altering the structural parameters simultaneously is capable of acquiring a preferable CD with a high Q-factor at the ideal frequency, which is of great significance in the practical application of photonics, making incredible progress in optical sensing and detecting.



Here, the polarized light waves are defined as    E =       E    0    cos   ( ω   t     -     φ )   , where   E   is electric field intensity of the polarized light waves,     E   0     is the amplitude of electric field intensity,   ω   represents the frequency of the polarized light waves, and   φ   represents the phase of polarized light waves. From the above equation, it can be seen that the only difference between RCP and LCP is   φ  , and the phase difference between them is   Δ φ   = kπ (k is odd), so the mode of RCP and LCP incidental waves are identical with each other, indicating that the Q-factors are also the same. There are four quasi-BICs in the frequency range of 0.8 THz to 1 THz; for the sake of better observation, it is feasible to investigate the chiral quasi-BIC II, whose frequency ranges from 0.91008 THz (α = 0 μm) to 0.9232 THz (α = 18 μm), and there are other BICs corresponding to respective frequencies and CD (Figure 2 and Figure 3). Remarkably, as α = 0 μm, CD appears when circularly polarized light rotating with opposite phase is incapable of coupling to the eigenmode. What is exhibited clearly in Figure 4a,b, respectively, is the reflectance spectra R and transmittance T with RCP and LCP. As Figure 4c shows, the frequency of the incidental light is 0.9232 THz (α = 18 μm), and its high CD is shown in the metasuraface (the CDT is short for the CD for transmittance and the CDR is short for the CD for reflectance). As it is shown clearly in Figure 4, when α = 18 μm, the CD proves greatest for both of the transmitted and reflected waves with the extreme values of CDT = 0.4058 and CDR = −0.8127, respectively. It is interesting to discover the rule that the peak of absolute value both of CDT and CDR enhances with the increase in α. If α = −18 μm, it turns out just the opposite.



Figure 5a shows the resonant frequency of the H-shaped metasurface as a function of α. The eigenmodes vary from 0.91008 THz to 0.9231 THz with the asymmetry parameter α ranging from −18 μm to 18 μm. To quantitatively characterize the sensing performance of the proposed structure, we calculated the Q-factor using the data of transmittance, which is defined as the ratio of the center frequency (  f  ) to the full width at half maxima (FWHM) Q =     f   F W H M     [43]. Figure 5b shows the Q-factor of the metasurface as a function of α. The inversion asymmetry of the metasurface surges with the asymmetry parameter α increasing, resulting in the values of Q-factor decreasing from 128,909 (α = 0.72 μm) to 372 (see from Figure 5b). It can be seen clearly from the mathematical definition that, as the values of α become arbitrarily close to 0, the values of the Q-factor approach infinity. Responsibly speaking, with the eigenmode and asymmetry of the dielectric metasurface increasing, the magnitude of Q-factor declines spontaneously, which is quite a common phenomenon in general photonic structures displaying symmetry-protected BIC. As α = 0 μm, given the conditions that there are no inherent and acquired optical losses in the components and the metasurface is fabricated precisely with an ideally symmetric structure, the magnitude of Q-factor ought to be infinite and the metasurface eigenmode cannot be coupled to the outer far-field as a result of the confined electromagnetic energy with no scattering or out-coupling. What is shown in Figure 5b is the dramatic and monotonous decrease in the Q-factor, convincingly demonstrating that the appearance of quasi-BIC above derives from symmetry-protected BIC instead of the accidental one.



Enhancing the intensity of incidental waves diversely with RCP and LCP, it is apparent that the peak values of transmitted and reflected waves are affected by the polarized light. It is interesting to discover the rule that the peak of absolute value both of CDT and CDR enhances with the increase in α (see Figure 5c). The parameter α embodies the asymmetry of mirror and inversion simultaneously, so it is convincing that the magnitude of CD is affected greatly by α, and the transmittance and reflectance spectra from the metasurface, depicted with blue and orange lines, respectively, are shown in Figure 5c, where CDR with reflected wave declines monotonously from 0 to −1 with increasing α, while the range of CDT with transmitted wave is comparatively gentle, remaining positive all the time. Furthermore, it is proven that quasi-BIC results from the breaking of inversion symmetry and the bandwidth of the excited state narrows markedly. Nevertheless, only by breaking the mirror and inversion symmetry simultaneously can the metasurface exhibit chiral quasi-BIC for vertical incident light. It is delightful to observe the chirality of the incident circularly polarized waves preserved by the transmitted and reflected ones. Significantly, no matter what magnitude of α is taken, the ellipticity remains practically constant.



Based on the above research, we find it is of great necessity for us to investigate and clarify the impact of structural and material parameters on circular dichroism in the dielectric metasurface exhibiting chiral quasi-BIC, applied in photonic sensing and monitoring.




2.2. Exploration and Generalization of Chiral Quasi-BIC in Liquid Quality Monitoring and Temperature Sensing


Butt et al. [46] found that a hybrid metasurface perfect absorber (HMSPA) with hollow-square meta-atoms (HS-Mas) is very sensitive to slight changes in the refractive index of environmental media, and its sensing sensitivity is 355 nm/RIU, providing an ideal choice for biosensing applications. At the same time, due to the extraordinary thermo-optical coefficient of polydimethylsiloxane, the temperature sensitivity of HS-MA-based HMSPA in the range of 20 °C to 60 °C can reach −0.18 nm/°C, which could be used in filtration, biosensing, and temperature sensing. Zhao et al. [47] proposed a new terahertz (THz) perfect absorber (PA) with an absorbance of up to 99.8% at 0.221 THz at room temperature T = 300 K. The resonant absorption characteristics of the PA vary with the geometric parameters of the strontium titanate (STO) resonator structure, and the temperature sensing sensitivity is as high as 0.37 GHz K−1, which provides a lot of inspiration for the design of temperature sensors. Guo et al. [48] proposed an all-dielectric metasurface that can measure refractive index and temperature, which consists of silicon disks with tilted split gap, and they found that breaking the symmetry properties enables them to transform the symmetric protected bound state (BIC) into toroidal dipole (TD) quasi-BIC with a high quality-factor (Q-factor). Moreover, they also analyzed the spectral response at different incidence angles and obtained a sensitivity of up to 746 nm/RIU for the refractive index sensing, providing ideas and inspiration for the design of high-performance sensing applications. Li et al. [49] proposed a dual-frequency terahertz perfect absorber for indium-antimony arrays based on all-dielectric metamaterials. The simulation results showed that, at 1.265 THz and 1.436 THz, the absorbance was 99.9% and 99.8%, respectively, which accords with the theoretical predictions, and the absorption comes from the first- and second-order plasmon resonance modes. The designed absorber is not sensitive to polarization and can absorb transverse magnetic waves at a wide angle. The performance of the absorber can be adjusted by adjusting the parameters and the ambient temperature.



Predecessors have found the ability of chiral quasi-BIC to detect small frequency shifts caused by trace analytes or environmental changes [50], which has provided a great idea that extremely high Q-factor and strong field enhancement significantly could be used in the manufacture of the ultra-sensitive sensors. The structure adopted in this study is identical with previous, the asymmetric H-shaped silica, supported by silica substrate, but what is different from the previous model is that the structure is covered by material with a different refractive index. As it is shown in Figure 1, the materials fill the vacancy of the cube, whose thickness is the same with the silica substrate, t2 = 72 μm. Because of the unique relationship between refractive index and materials [51,52], it is feasible and scientific for us to select the materials by altering their refractive index. Generally speaking, the relation between the liquid refractive index and temperature is as follows: the liquid refractive index is inversely proportional to temperature, the higher the temperature, the more active the molecule, the smaller the molecular density, the smaller the refractive index.



Additionally, the refractive index is connected closely with the temperature in practical sensing applications [53]. As a consequence, what we should to do next is to ascertain the concrete electromagnetic response of metasurfaces to different temperatures. The thermal expansion and thermo-optical coefficients are two critical parameters, occupying a vital position in this process, and should be paid significant attention. Proceeding from the practical situation, the thermal expansion coefficient [54,55] of the designed metasurface with a small size could be negligible, so it is reasonable and scientific that the dependence of the refractive index on temperature is expressed as, n (T) = n (T0) + η (T − T0) [48], where T is the target temperature, T0 is the room temperature, and η is the thermo-optic coefficient. As before, the Si and SiO2 are adopted as the materials of the designed metasurface. Generally speaking, it is assumed that the room temperature is T0 = 20 °C, the refractive index of Si and SiO2 are n1 (T) = n1 (T0) + η1 (T − T0) and n2 (T) = n2 (T0) + η1 (T − T0), respectively, where n1 (T0) = 3.42, n2 (T0) = 2, η1 = 1.84 × 10−4/K [56], and η1 = 2.45 × 10−4/K [57]. The metasurface is covered with water of a different temperature to the surrounding material, whose refractive index is n3 (T) = n3 (T0) + η3 (T − T0), where n3 (T0) = 1.33, η3 = −1.02 × 10−4/K [58]. As shown in Figure 6a, the transmittance spectra of resonance vary with temperature. It can be revealed that the chiral quasi-BIC III has an incredible resonance, exhibiting a very narrow peak and significant blueshift with the temperature increasing. When the incident light illuminates from the top perpendicularly, the Q-factor can reach 99,873, which reveals its fabulous performance for temperature sensing. Figure 6b exhibits a linear fit of the frequency position shift corresponding to temperature, and the sensitivity for temperature can reach    S ( T ) = Δ   λ / Δ T = 13.5   nm  / ° C  . As a consequence, the results show that the innovative dielectric metasurface can measure temperature accurately. To exhibit our novelty in temperature sensing compared with other sophisticated structures, we summarize the sensing performance in Table 1.



As Table 1 shows, this work has a high temperature-sensing degree and outstanding sensing performance, which can be used for high-precision temperature sensing.



It is demonstrated that chiral BICs with infinite Q-factor exhibit excellent resonances in an all-dielectric metasurface from the above research. The high Q-factor of resonance chiral quasi-BIC III (in Figure 6) enable the designed metasurface to be a promising sensing candidate. Therefore, it is promising to apply the excellent performance of chiral quasi-BIC III in resonance to the monitoring of ambient refractive index and temperature sensing.



As can be seen from Figure 6, CDT has a redshift with increasing temperature, and the redshift of CDT always maintains a stable linear relationship with temperature.



In summary, we have numerically studied an all-dielectric chiral metasurface composed of silicon and silica. After simulation and analysis in the terahertz band, we found that it has an excellent resonance effect, which has important application value in biosensing, biological monitoring, environmental detection, and so on. In the 0.8–1 THz wavelength band, we have revealed that there is more than one BIC, realizing multiple BICs in the same structure, all of which exhibited excellent CD (the maximum value of CD is 0.8127) for reflectance and transmittance, which provide significant and unique guidance for the design of multiple sensors. It is worth noting that all of them are symmetrical protected chiral BICs with a high Q-factor (128,909), which can be transformed into a quasi-BIC by breaking the symmetry. At the same time, due to its excellent temperature sensing coefficient, the extraordinary thermo-optical coefficient of the material used in the metasurface allows the designed metasurface to be used for temperature sensing with a sensitivity of up to 13.5 nm/°C. The results obtained in this study provide a new way for optical monitoring, multiple sensors, and temperature sensing, and it is convincing that chiral quasi-BIC and multiple-BICs can be applied to photonic applications, improving advanced optical imaging, chiral sensors with high frequency and strong spectral resolution, optical monitoring of environmental water quality, improvement of multiple sensors, and biosensing.
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Figure 1. Aerial view of the unit cell structure of metasurface consisting of H-shaped unit cells with simultaneously broken mirror symmetries and in-plane inversion and its chioptical responses. The silicon rod is supported by a silicon dioxide plate. The incident light illuminates from the top perpendicularly, and the structural parameters are as follows: The thickness t1 = 135 μm, t2 = 72 μm, the width and lengths of structure are w1 = 34.75 μm, w2 = 53 μm, l1 = L − 2α, l2 = L + 2α, l3 = L − α, l4 = L + α, l5 = 36 μm, where L = 56.25 μm, α = 18 μm, respectively. The lattice constants along the x and y directions are lx = ly = 225 μm, respectively. 
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Figure 2. (a,b,d,e) Transmittance (T) and reflectance (R) spectra for RCP and LCP incidences as the functions of asymmetry parameter α (chiral BICs I, II, III, IV). The magnitudes of CD are shown for both (c) CDT and (f) CDR (chiral BICs I, II, III, IV), respectively. The other structural and material parameters are the same as in Figure 1. 
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Figure 3. (a,b) CD for transmittance and reflectance for different structural parameters of H-shaped meta-atom (chiral BICs I, II, III, IV). (c,d) CD for transmittance and reflectance for different structural parameters of H-shaped meta-atom (chiral BIC II). The other structural and material parameters are the same as in Figure 1. 
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Figure 4. The reflectance spectra R and transmittance T are exhibited in (a,b). RCP and LCP represent the incident waves with right- and left-handed circular polarizations, α = 18 μm. In (c), the magnitudes of CD are shown for transmitted (T) and reflected waves (R). The distribution of intensity enhancement |E/E0| for incident waves with (d) RCP and (e) LCP at the mid-thickness of the silicon meta-atoms in the frequency of 0.9232 THz and the distribution of intensity enhancement |H/H0| for incident waves with (f) RCP and (g) LCP at the mid-thickness of the silicon meta-atoms in the frequency of 0.9232 THz. 
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Figure 5. (a) The frequency corresponding to eigenfrequency as a function of α. In (b,c), the magnitudes of Q-factor of the excited modes and circular dichroism CD of the waves transmitted and reflected from the metasurface at resonant frequencies are shown as a function of α. The other structural and material parameters are the same as in Figure 1. 
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Figure 6. (a) Transmittance spectra of the chiral BIC III for different temperatures of the same metasurface. (b) Frequency shifts of the chiral BIC III with different temperatures of the same metasurface. (c) CDT of the chiral BIC III for different temperatures of the same metasurface. (d) CDT shifts of the chiral BIC III with different temperatures of the same metasurface. 
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Table 1. Comparison of sensitivity and FOM of published works and the current study.
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	Reference
	Structure
	Sensitivity (Refraction)
	Sensitivity (Temperature)
	FOM (RIU)





	[59] 2017
	Cantilever
	——
	0.19 dB/°C
	——



	[60] 2018
	Nanobar Paris
	370 nm/RIU
	——
	2846



	[61] 2018
	Glass-shaped
	433.05 nm/RIU
	——
	116.7



	[62] 2020
	Elliptical ring-disks
	544 nm/RIU
	——
	2409



	[63] 2021
	multilayer waveguide
	462 nm/RIU
	——
	5250



	[49] 2022
	vertical-square-split-ring
	1.0 THz/RIU
	——
	19.05



	[64] 2022
	Minor-cross-shaped
	——
	0.37 GHz K−1
	——



	[48] 2023
	Split-disk
	746 nm/RIU
	54 pm/°C
	18,650



	[65] 2023
	LPEG
	——
	3.8 nm/°C
	——



	This work
	H-shaped
	132.373 μm/RIU
	13.5 nm/°C
	1303
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