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Fano resonances in metamaterial are important due to their low-loss subradiant behavior that allows excitation of high quality (Q) factor resonances extending from the microwave to the optical bands. Fano resonances have recently showed their great potential in the areas of modulation, filtering, and sensing for their extremely narrow linewidths. However, the Fano resonances in a metamaterial system arise from the interaction of all that form the structure, limiting the tunability of the resonances. Besides, sensing trace analytes using Fano resonances are still challenging. In the present work, we demonstrate the excitation of Fano resonances in metamaterial consisting of a period array of two concentric double-split-ring resonators with symmetry breaking (position asymmetry and gaps asymmetry). The tunability and sensing of Fano resonances are both studied in detail. Introducing position asymmetry in the metamaterial leads to one Fano resonance located at 0.50 THz, while introducing gaps asymmetry results in two Fano resonances located at 0.35 THz and 0.50 THz. The transmittance, position, and linewidth of the three Fano resonances can be easily tuned by varying the asymmetry deviations. The Q factor and figure of merit (FoM) of Fano resonances with different asymmetry deviations are calculated for performance optimization. The Fano resonances having the highest FoM are used for the sensing of analytes at different refractive indices, and the Fano resonance performing the best in refractive index sensing is further applied to detect the analyte thickness. The results demonstrate that the tunable Fano resonances show tremendous potential in sensing applications, offering an approach to engineering highly efficient modulators and sensors.
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INTRODUCTION
Terahertz (THz) waves ranging from 0.1 to 10 THz show huge potential for application in communication [1], imaging [2, 3], biomedicine [4–8], and chemistry [9–12]. The great prospects of THz technology inevitably stimulate further research on the cost-effective devices to manipulate the emission, propagation, modulation, and sensing of THz waves. Metamaterial (MM) devices comprising artificially designed structures have been widely applied in THz technology, which has greatly changed conventional approaches for manipulating THz waves. MM structures possess unique electromagnetic properties that are different from natural materials; such extraordinary features provide them the ability to effectively control the THz waves. The electromagnetic properties of MM depend on the layout, orientation, and geometry of subwavelength resonators in each unit cell, as well as the coupling between the unit cells. These findings have facilitated exquisite research and acquired exciting advancements such as superlenses [13], communication [14], absorbers [15–18], cloaks [19], and sensors [20–25] in the field of THz waves. Split-ring resonator (SRR) array on a high transmittance substrate is the most popular MM structure in the aforementioned application area. SRR-based MM can exhibit inductive-capacitive resonance as the polarization of the incident THz waves is parallel to the gap of SRR. However, the dipole resonance can be excited when the polarization of incident THz waves is perpendicular to the gap of SRR. Both resonances have a relatively broad linewidth as well as a quality (Q) factor below 10 [26]. The low Q factor of these resonances is due to the radiative and nonradiative loss mechanisms in the MM [27]. At THz frequencies, the Drude metals, such as gold, copper, and aluminum, have extremely high conductivity that eliminates most of the nonradiative losses [28]. Thus, the radiative losses play a dominant role in the THz MM structure. It has been found that the dominant radiative losses can be controlled by optimizing the geometry of the metallic subwavelength structure to excite sharp asymmetric resonance with high Q factor. Such resonance is termed as Fano resonance and exhibits a very high Q factor even up to 75 [29]. Fano resonance arises from the plasmonic hybridization between narrow discrete resonance (dark mode) and a broad spectral line or continuum (bright mode). It is found that Fano resonance shows asymmetric and sharp spectral lines with narrow linewidth and has strongly confined electromagnetic fields. Because of these excellent features, Fano resonances have great potential to be applied to the design of THz high Q devices. An ultrahigh Q factor of 227 could be observed for the lowest asymmetry case in an asymmetric SRR-based MM structure [30]. However, the resonance intensity in this structure was extremely weak, and thus, the figure of merit (FoM) is lower than 47. For practical applications, a sharp resonance feature as well as strong resonance intensity is typically desired. Therefore, a SRR-based MM with Fano resonance having both ultrahigh Q factor and high FoM has been proposed [31]. The Q factor up to 394.5 and a high FoM up to 371.9 under the normal incidence of linear polarized light could be achieved by the displacement asymmetry. Among the emergent functionalities, the tunability of Fano resonance in a MM structure plays a crucial role in controlling the resonance characteristics including the position and the intensity of the resonance. Nonetheless, the accurate control of Fano resonances in coupling resonators is still difficult to achieve, which greatly hinders the development of Fano resonance-based MM devices for diverse THz applications.
Numerous molecular vibrations including molecular rotations, low frequency bond vibrations, and crystalline phonon vibrations are all present in THz region, enabling the identification and detection of molecules using THz technology. Besides, due to the advantages of low energy and high penetration, the performance of THz waves is excellent in nondestructive testing. Recently, THz technology has showed great potential in the fields of biomedicine and chemistry. However, the sensing of analytes with high sensitivity is still challenging. The strong electric field of Fano resonances can greatly enhance the interaction between the light and matters, which leads to high sensitivity in sensing applications. Therefore, Fano resonance-based MM has been used in THz technology for improving the detection sensitivity. The low-loss Fano resonances with ultra-sharp feature enable measuring the minute spectral shift due to the small change in the refractive index of the surrounding media. A simulated sensitivity level of 5.7 × 104 nm/RIU was achieved, and the sensitivity could be further enhanced by using thinner substrates [32]. The combination of Fano resonance and microfluidic chip could realize the detection of trace liquid samples with a concentration of 1.4 fmol in a volume of 128 pL. Compared with the symmetric structure, the sensitivity of the asymmetric structure based on Fano resonance was increased by an order of magnitude [33]. In these studies, it is noted that MM working at THz frequencies could be easily fabricated by using the photolithograph process, which is of low cost and low requirement for accuracy compared with the fabrication of the MM working at other frequencies. Therefore, the research on the THz sensing using Fano resonance-based MM will provide an effective approach for highly sensitive sensing and promote the application and development of THz technology. In our present study, the tunability and application of the Fano resonances in MM structure arising due to the symmetric breaking are demonstrated. Different from the previous reports [32, 34, 35], our MM structure comprises a period array of two concentric SRRs. Introducing position asymmetry and gaps asymmetry can change the coupling between the two concentric SRRs and lead to the excitation of three Fano resonances (multiple Fano resonance). These resonances can be tuned by varying the asymmetry deviation. The Q factor and FoM are calculated to estimate the performances of the asymmetric MM structures at different asymmetry deviations. The best-performing Fano resonances with the highest FoM are used for sensing application by coating an analyte layer on the surface of MM structure. The sensitivities of Fano resonances are studied to evaluate the ability of these resonances in the detection of refractive index. The sensing of analyte with different thicknesses is also investigated to demonstrate the capability of Fano resonance for thickness sensing.
STRUCTURE DESIGN
Figure 1A shows the schematic of the MM structure being excited by normally incident THz wave. The coordinates of electric field (E), magnetic field (H), and wave vector (k) of incident THz wave are also indicated. The MM structure consists of a periodic array of two copper concentric SRRs, the inner SRR and the outer SRR, on a high-resistivity silicon substrate. Figure 1B shows the unit cell of the MM-1 structure on the xy plane, which is symmetric along x-axis and y-axis. Structural symmetry of the unit cell was broken forming asymmetric MM to study the coupling between these two concentric SRRs. For MM-2, see Figure 1C; the position of inner SRR is off the center, and it moves rightwards by d = 2.4 μm along x-axis to form a position asymmetric MM structure. Meanwhile, for MM-3, the lower gaps of the two SRRs deviate from y-axis, and they both move rightwards by s = 6 μm along x-axis, creating a gap asymmetric MM structure. All three structures have the same dimension parameters: l1 = 84 μm, l2 = 60 μm, w = 6 μm, g = 3 μm, Px = Py = 100 μm, the copper thickness t1 = 0.2 μm, and the silicon substrate thickness t2 = 500 μm. The simulations were carried out using the commercially available CST Microwave Studio. The frequency domain solver was adopted with the periodic boundary conditions in the x direction and y direction, while the z direction was open to free space. The THz wave with an electric field linearly polarized along x-axis was vertically incident on the surface of MM structure. The conductivity of copper was set to σdc = 5.76 × 107 S/m, and the permittivity of silicon was ε = 11.9.
[image: Figure 1]FIGURE 1 | (A) Three-dimensional schematic of the MM structure being excited by a normally incident THz pulse. Two-dimensional schematic of unit cell for (B) symmetric MM structure (MM-1), (C) position asymmetric MM structure (MM-2), and (D) gaps asymmetric MM structure (MM-3) with all dimensions at a micron scale. In (C), the position of inner SRR moves rightwards by d along x-axis. In (D), the lower gaps of two SRRs move rightwards by s along x-axis. All three structures have the same dimension parameters: l1 = 84 μm, l2 = 60 μm, g = 3 μm, w = 6 μm, and Px = Py = 100 μm. The thicknesses of metallic layer and substrate layer are 0.2 and 40 μm, respectively.
The tuning of the Fano resonances in MM structure arising from the symmetric breaking was investigated by varying the position asymmetric deviation d and gap asymmetric deviation s. The transmittance spectra and the electromagnetic field distribution at resonances for different asymmetric deviations were simulated to analyze the coupling between the concentric SRRs within the unit cell. The Q factor and the FoM were also calculated. In order to confirm the sensing ability of the tunable Fano resonances, the detection of refractive index, as well as the sensing of analyte thickness, was investigated, and the sensitivities were calculated to evaluate the sensing performance.
RESULTS AND DISCUSSIONS
The transmittance spectra of MM-1, MM-2, and MM-3 are shown in Figure 2A. MM-1 has two obvious transmission dips located at 0.40 THz and 0.68 THz (black line). For the dip at 0.40 THz, it can be seen from Figure 2B that the surface currents are mainly distributed in the left arm and right arm of the outer SRR, and they run parallel in these two arms. The electric field is mainly located in the upper and lower components of the outer SRR in this case. As for 0.68 THz, see Figure 2C, the parallel surface currents are mainly located in the left arm and right arm of the inner SRR. In this case, the electric field is concentrated in the upper and lower components of the inner SRR. Therefore, these two resonances are classified as dipole resonance and labeled as DD1 and DD2. After introducing the position asymmetry (d = 2.4 μm), one more transmission dip at 0.50 THz appears for MM-2 besides DD1 and DD2 (red line). As shown in Figure 2D, for 0.50 THz, the coupling of two SRRs leads to the concentration of electric field in the two gaps of the inner SRR, and the surface currents in the two SRRs are antiparallel, indicating that this resonance is attributed to the Fano mode. Thus, the resonance of 0.50 THz in MM-2 is termed as Fano resonance and marked as FD1. By introducing the gap asymmetry (s = 6 μm), there are two more transmission dips at 0.35 THz and 0.50 THz for MM-3 (blue line). Figure 2E shows that the electric field is concentrated in the gaps of the outer SRR at the resonance of 0.35 THz. The antiparallel surface currents in this case are mainly distributed in the left arm and right arm of the outer SRR, and the currents in the left arm are much stronger than those in the right arm. For the dip of 0.5 THz, similar to FD1, the coupling of the two SRRs causes antiparallel surface currents in the two SRRs with stronger currents distributed in their left arms and results in strong electric field located in the gaps of the inner SRR; see Figure 2F. The distributions of surface currents and electric field indicate that the excitations of dips in MM-3 at 0.35 THz and 0.50 THz origin from the Fano modes. Therefore, they are termed as Fano resonances and marked as FD2 and FD3. Note that DD1 and DD2 appear in all three structures, and their resonant frequencies remain almost unchanged.
[image: Figure 2]FIGURE 2 | (A) Transmittance spectra of MM-1 (black line), MM-2 (red line), and MM-3 (blue line). Surface current (top) and electric field distribution (bottom) at (B) DD1 of MM-1, (C) DD2 of MM-1, (D) FD1 of MM-2, (E) FD2 of MM-3, and (F) FD3 of MM-3 on the xy plane.
These Fano resonances (FD1, FD2, and FD3) arise due to the symmetry breaking, and they can be tuned by varying the asymmetric deviation. To study the dependence of tunable resonances on the asymmetric deviation, a fine simulation for THz transmittance of MM-2 as a function of frequency and asymmetric deviation d and of MM-3 as a function of frequency and asymmetric deviation s was performed, and the results are displayed in Figure 3. The asymmetric deviation d increases from 0.6 to 3 μm with a simulated step of 0.25 μm, while the asymmetric deviation s increases from 3 to 22.5 μm with a simulated step of 0.50 μm. It is found that as the asymmetric deviation d increases gradually, FD1 of MM-2 arises, and its resonance position remains almost unchanged, as shown in Figure 3A. However, the transmittance of FD1 slightly decreases, and its linewidth is becoming wider with d increasing. For MM-3, FD2 and FD3 appear with decreasing transmittance when the asymmetric deviation s increases, see Figure 3B. Continuing to increasing s, FD2 shows a slight red-shift. In this case, however, the position of FD3 is almost fixed at 0.5 THz, and its linewidth is getting wider. These results demonstrate that the resonance characteristics of these resonances, including the transmittance, position, and linewidth, can be tuned by changing the asymmetric deviations; such tunability has potential applications in the design of filters, modulators, switches, and sensors devices.
[image: Figure 3]FIGURE 3 | Two-dimensional diagram of transmittance as a function of frequency and asymmetric deviation for (A) FD1 of MM-2 and (B) FD2 and FD3 of MM-3.
Next, the performances of the two asymmetric MM structures (MM-2 and MM-3) vs. the asymmetric deviations d and s are evaluated in terms of Q factor and FoM. Here, the Q factor is defined as Q = f0/FWHM, where f0 is the frequency of the resonance and FWHM is the full width at half maximum. The FoM is defined as FoM = Q × ΔI, where ΔI is the resonance intensity [28]. Figure 4 depicts the responses of Q factor and FoM when the asymmetric deviation changes. The black spheres and red spheres depict the Q factor and FoM at different asymmetric deviations, respectively. It can be seen from Figure 4A that the Q factor of FD1 is 93 when the asymmetric deviation d is 0.6 μm. Then, it decreases as the asymmetric deviation d increases. In this case, the FoM increases with the increase of the asymmetric deviation d and reaches the saturated value of 13 when d = 1.8 μm. As for FD2, see Figure 4B; the change in Q factor is similar to that of FD1. When s = 3 μm, the maximum of Q factor is about 78, and then it keeps decreasing as the asymmetric deviation s increases, while the FoM grows rapidly to a maximum of 6 at s = 9 μm and decreases slowly after that. For FD3, the Q factor and FoM both show similar curve shapes to those of FD2, as shown in Figure 4C. The Q factor has a maximum of 82 at s = 3 μm, and the FoM peaks its maximum of 15 at about s = 6 μm. The higher the FoM is, the better the resonance performs. Therefore, the best performances of FD1, FD2, and FD3 are at the asymmetric deviation of 2.4, 9, and 6 μm, respectively.
[image: Figure 4]FIGURE 4 | Q factor (black spheres) and FoM (red spheres) vs. asymmetric parameter for (A) FD1 in MM-2, (B) FD2 in MM-3, and (C) FD3 in MM-3.
In sensing applications, a sharp resonance feature and strong resonance intensity are both typically desired to detect a minute frequency shift that arises due to the small change in analyte. As mentioned earlier, the FoM that describes the Q factor and the resonance intensity peaks at d = 2.4 μm for FD1, s = 9 μm for FD2, and s = 6 μm for FD3, and these asymmetric deviations are chosen for asymmetric MM structures to investigate the sensing performances of these tunable resonances. Figure 5 shows the transmittance at around FD1, FD2, and FD3 for the asymmetric MM structures coated with different refractive index (n) of analyte. The thickness of analyte is fixed at 4 μm. It is found that all three dips show a red-shift and slight increasing transmittance as the refractive index of analyte increases. When the refractive index increases from 1.0 to 1.2, FD1 shifts with a value of 6.87 GHz. In this case, the frequency shifts for FD2 and FD3 are 3.86 and 7.03 GHz, respectively. With a further increase in the refractive index to 2.0, FD1, FD2, and FD3 have a frequency shift of 34.3, 27.9, and 38.4 GHz, respectively. For a more clear display of the relationship between the frequency shift and the refractive index, the frequency shifts vs. refractive index for the all three resonances and the corresponding linear fittings (dashed lines) are plotted in Figure 6A. The linear fitting of FD3 has the biggest slope, followed by FD1, while FD2 has the smallest slope. The sensitivity is applied to evaluate the sensing performances of these resonances. Here, the sensitivity is defined as S = Δf/Δn, where Δf is the frequency shift and Δn is the change in refractive index of analyte. In this way, the sensitivities of FD1, FD2, and FD3 are calculated to be 34.3 GHz/RIU, 27.9 GHz/RIU, and 38.4 GHz/RIU, respectively. Thus, FD3 performs the best in the sensing of refractive index. The difference in sensitivity of the three resonances can be attributed to the difference in electric field intensity located at the gaps [36]. Stronger electric field will provide a stronger interaction between the electromagnetic wave and the analyte, which results in higher sensitivity [37]. Further study of the thickness sensing using FD3 was also conducted, and the results are shown in Figure 6B. The refractive index of analyte is 1.6, while the analyte thickness is changed from 0 μm (without analyte) to 16 μm. The results show that the frequency shift of FD3 sharply increases when the analyte thickness increases from 0 to 5 μm, and it increases slowly as the analyte thickness varies from 5 to 12.5 μm. When the thickness of the analyte is 12.5 μm, the frequency shift reaches a saturated value of 16 GHz. These results show that the proposed structure is more suitable for sensing the thickness of thin layer analyte.
[image: Figure 5]FIGURE 5 | Transmittance in the vicinity of (A) FD1, (B) FD2, and (C) FD3 for the asymmetric MM structures coated with a different refractive index of analyte. The thickness of analyte is set to 4 μm, the asymmetric deviation d for FD1 is 2.4 μm, and the asymmetric deviations s for FD2 and FD3 are 9 and 6 μm, respectively.
[image: Figure 6]FIGURE 6 | (A) Frequency shift of FD1 (black spheres), FD2 (red spheres), and FD3 (blue spheres) vs. refractive index. (B) Frequency shift of FD3 vs. analyte thickness.
CONCLUSION
In summary, we have demonstrated that Fano resonances can be excited by introducing asymmetry (position asymmetry and gaps asymmetry) in the MM formed by a period array of two concentric SRRs. One Fano resonance (FD1) appears when the inner SRR is off the center, and two resonances (FD2 and FD3) can be observed as the lower gaps of the two SRRs deviate from the y-axis. These phenomena are attributed to the coupling and the interaction between the two concentric SRRs. Variations in the asymmetric deviations can modulate the Fano resonances. The FoMs for FD1, FD2, and FD3 can reach 13, 6, and 15, respectively. The sensitivities of FD1, FD2, and FD3 used for refractive index sensing are 34.3 GHz/RIU, 27.9 GHz/RIU, and 38.4 GHz/RIU, respectively. The sensing of analyte thickness using FD3 shows that the frequency shift greatly increases when the analyte thickness increases from 0 to 5 μm and then slowly increases and reaches a saturated value at 12.5 μm, demonstrating that it is better suited to detect the thickness of thin layer analyte. The proposed asymmetric MM structures with tunable Fano resonances show potential applications as modulators, attenuators, filters, and sensors and can be readily applied in the THz band.
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