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Introduction: Guided mode resonance is generated by coupling wave diffractions with the waveguided mode. The guided mode resonances provide narrow-linewidth and resonance intensity for high quality factor (Q-factor) optical resonators.
Methods: we demonstrate the high-Q guided mode resonances propagating on a low-loss, terahertz guided-mode magnetic resonance system, which are periodic square lattices of U-shaped split ring resonators (SRRs) on quartz substrates.
Results: By choosing a judicious array period, two distinct frequency guided mode resonances and a magnetic dipole resonance with high Q-factor are observed. The interaction of the two resonances at similar frequencies produces a total transmission peak.
Discussion: The dependences of the magnetic dipole resonance on the lattice period and structural parameters are investigated and discussed. The frequency difference between these two guided mode resonances widens with increasing Lattice period. The sharp spectral feature of each resonance results in the abrupt degradation of the spectral edge transmission. The proposed scheme is promising for efficient THz sensing, THz switching, and slow-light devices.
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1 INTRODUCTION
Terahertz (THz) radiation has received great attentions owing to its potential advantages in many frontier fields, such as medical diagnosis, broadband communication, security, national defense, and biomolecular noninvasive sensing [1–4]. As a transition band between electronics and photonics, THz radiation has always been one of the important subjects across different branches of physics such as optics, electromagnetics, and nanophotonics [5–10]. THz technology has achieved significant progress, particularly in THz radiation sources, detectors and application research in sensing and imaging. However, various THz functional devices and physical phenomena are still need to be developed diligently. Especially in THz regime, the realization of the strong field-matter interaction has been in the exploratory stage and is urgent.
Guided mode resonances, arises from the coherent coupling of the grating diffraction field and waveguide modes under the conditions of the phase matching [11–14], which can be used to achieve THz resonant metasurfaces with high quality factors and frequency selective responses. Guided mode resonances with high quality-factor (Q-factor) plays an important role for ultra-sensitive label-free sensing. Recently, a variety of guided mode resonances have been presented to operate in the THz band [15–29], contributing greatly to the development of THz high-Q resonance. However, most reported works about THz high Q-factor guided-mode resonances focused on conventional electrical gratings [16–29], and few studies have reported guided-mode resonances in guided mode-magnetic resonance system. Moreover, it is still challenging to achieve both guided-mode resonance and magnetic resonance with ultrahigh-Q and large modulation depth in a resonant system, because the magnetic contribution is negligible in light-matter interactions, since because the effect of light on the magnetic permeability is much weaker than on the electric permittivity [30].
In the paper, we propose a guided-mode magnetic resonance system to produce extremely high Q-factor Fano guided-mode resonance in THz regime. High-Q guided mode resonances and magnetic dipole resonance with ultrahigh-Q and large modulation depth in a resonant system can be achieved in a low-loss, THz guided-mode magnetic resonance system, which are periodic square lattices of U-shaped SRRs on quartz substrates. The effects of lattice period and structural parameters on the magnetic dipole resonance are discussed. Choosing a judicious array period, two distinct different frequency guided mode resonances are observed. The interaction of the two resonances at similar frequencies produces a total transmission peak. The frequency difference between these two guided mode resonances widens with increasing Lattice period. The sharp spectral feature of each resonance results in the abrupt degradation at the spectral edge transmission. The proposed scheme holds great promise for practical applications for ultra-narrow THz filters.
2 METASURFACE DESIGN AND SIMULATION
The proposed THz plasmonic metasurface resonator is depicted in Figure 1, with a sketch of unit cell, the relevant dimensional parameters and the polarization configuration (the electric (E) and magnetic (H) fields of the incident wave). The geometric center of the SRR is placed on orthocenter of the unit cell, as shown by the white dashed line. In contrast to plasmonic based guided-mode resonance devices, the advantage of the proposed structure is that the simple U-shaped SRRs simultaneously acts as low-loss magnetic resonator and a diffraction grating, supporting in the formation of THz guided-mode resonance and enabling distinct properties for transmission. In addition, the proposed structure has the characteristics of simplicity, better homogeneity, and easy processing.17,18 The optimized geometric parameters of the SRRs involve the super cell lattice constants of Px = Py = p = 160 μm, the two arms Lx = 30 μm, the backbone Ly = 50 μm, the split gap s = 40 μm, the width w = 5 μm, and the thickness of metal SRRs is 200 nm. The thickness of the quartz substrate is 300 μm.
[image: Figure 1]FIGURE 1 | Structural schematic of the proposed THz plasmonic metasurfaces, with a unit cell and metal SRR zoomed in. The unit cell includes the relevant dimensional parameters and the polarization configuration.
Numerical simulations were carried out by utilizing commercially full-wave simulation software package COMSOL Multiphysics based on the finite element method (FEM). Periodic boundary conditions in both x and y directions along with perfectly matched layer is the z direction are applied to the metamaterial unit cell. Theoretical simulation techniques can be supported in recent papers [21, 22, 31]. The filtering properties of the resonator can occur normally when an infinite metasurface is fabricated into a finite sample [21, 22, 31]. The relative permittivity of gold is calculated by the Drude model as ε = 1-ωp2/(ω2+iγcω) in the THz regime, with plasma frequency ωp = 1.37 × 1016 rad/s and damping rate γc = 4.08 × 1013 rad/s [22, 32, 33]. The metals have excellent conductivity at THz frequencies, the ohmic losses of most metallic metamaterials are relatively quite low. The quartz substrate is taken as a lossless dielectric with relative electrical permittivity of 2.14 [31]. The plane waves are incident normally to the unit cell along the z direction with the x-polarization (perpendicular to the gap of SRRs). The transmittance coefficient is obtained by calculating the S-parameter.
3 RESULTS AND DISCUSSIONS
The transmission spectra with x-polarization incidence is shown in Figure 2A. It can be observed that when the lattice period is 160 μm (shown by the red line), a broadband dipolar resonance and two abrupt ultra-sharp Fano resonances with distinct narrow linewidth are excited at f1 = 0.886 THz, f2 = 0.931 THz and f3 = 0.940 THz with Δf of in the simulated transmission spectra, respectively. The Q-factor is defined as Q = 2πf0PS/PL = f0/Δf [22], where f0 is the resonant frequency, PS and PL are stored energy and dissipated energy, and Δf is the full width at half maximum. Thus, the Q-factor of the dipole resonance mode f1 is about 32. Intriguingly, it can also be observed that two abrupt ultrasharp resonances feature with ultrahigh Q-factor as high as 651 and 97 occur at f2 = 0.931 THz and f3 = 0.940 THz in the transmission spectra, as shows in Figure 2. Note that the energy radiation loss is generally large in SRRs magnetic resonant systems. The Q-factor of resonance in various THz magnetic systems is often difficult to break the limit of 15 experimentally, and the theoretical Q-factor is less than about 102 [31]. In such cases, the Q-factors of the order of 103 can be considered as high. The simulated modulation depth [(Tmax-Tmin)/(Tmax + Tmin) × 100%] for the three resonances are 90.6%, 95.2%, and 95.3%, respectively. Interestingly, as indicated by the green dot, the interaction of the two resonances at similar frequencies produces a total transmission peak. Interestingly, the THz guided-mode magnetic resonance system exhibits three total transmission peaks in the 0.8 to 1 THz range, which is appropriate for practical application to ultra-narrow multi-band filters.
[image: Figure 2]FIGURE 2 | (A) The transmission of U-type arrays versus inverse lattice period; (B) The evolutions of resonant frequency of the three modes versus inverse lattice constant.
When the lattice period increases from 150 to 170 μm, all three resonance modes appear distinctly redshift, which is attributed to the reduction of the effective dielectric permittivity of the resonance response due to the geometric scale effect. The magnetic dipole mode becomes sharper, while the f2 mode and f3 mode appear the opposite behavior, accompanied by gradually increasing linewidth. When the lattice period is equal to 150 and 160 μm, the resonator exhibits high-Q full-transmittance at the green dot. As the lattice period increases, the peak transmission at the dot shows a gradual decrease, even when the period is equal to 170 μm, the transmission at the green dot can still be maintained at 80%. Figure 2B shows the resonant frequency for each mode as a function of the lattice period P of unit resonator. As seen in the plot, all three modes exhibit a noticeable red shift with increasing lattice constant. The resonant frequencies can be found to shift linearly as the lattice constant changed.
In order to deeply understand the fundamental nature and physical mechanism of these spectral resonances, when the lattice period is 160 μm, the surface current and magnetic field distributions at the three resonant frequencies (f1, f2, and f3) are calculated are given in Figure 3. The induced surface currents on the SRR are schematically illustrated by white arrows. For the resonance f1, from the Figure 3A, it can be a circular surface currents loop in the SRR are excited. The SRRs allow the formation of the fundamental-order magnetic dipole resonance at 0.886 THz with a circulating current. The fundamental-order magnetic dipole mode can be excited with a high Q-factor, and the physical mechanism is the coherent coupling of the purely magnetic dipole mode and the first-order (0,1) in-plane lattice surface mode [19]. As reported in our previous work [31], the strong coherent coupling between the magnetic dipole mode and the lattice mode enhances the Q-factor. However, in the previous work, for the fundamental-order magnetic dipole mode, we only characterized an experiment without specifically studying the dependence of transmission resonances on the structural parameters or other factors. In the present work, the high-Q transmission properties of the fundamental-order magnetic dipole mode are more theoretically studied and discussed.
[image: Figure 3]FIGURE 3 | (A-C) surface current and (D-F) magnetic field distributions at the three resonance frequencies on the transmission spectra. The simulation results of current and field intensity are in arbitrary units (color coded). Notice the current and electric field intensities of guided-mode resonance f2 are much larger than f3. The color bar represents intensity distribution.
In contrast, as for the resonance f2 of 0.931 THz and the resonance f3 of 0.940 THz, from Figures 3B, C, it can be seen that the surface current remains a circular surface current loop. The excitation of standing-wave guided-mode make the probing field strongly confined in a gap cavity is observed, as shown in Figures 3E, F. From the electric field distribution in Figure 3D, it can be concluded that the first resonance f1 among the multiple resonances in Figure 2 originates from the magnetic dipole resonance of the metal ring, and the second resonance f2 and the third resonance f3 both exhibit the characteristics of the guided-mode resonances. Unlike the previous guided-mode resonances based on the metal pattern resonators [23–28], the metal ring also exhibits strong field distribution. In Figure 3E, the field distribution in the SRRs is similar to that in Figure 3D, which indicates that the magnetic dipoles are involved in the coupling. In Figure 3F, the field distribution at the middle of the metal is obviously different from that in Figures 3D, E, the metal SRR acts as a diffraction grating at resonant frequency f3. When the incident light impinges on the grating, the in-plane-wavevector-frequency relations of diffraction modes satisfy the dispersion relations of guided-mode resonances, the guided-mode resonance can be launched [34]. The second resonance originates from the Fano-type interference between the guided-mode resonance f3 and the magnetic dipole, accompanied by the significant electric field enhancement in the substrate layer. The results imply that the photon energy could be strongly confined into the substrate through diffraction coupling, which dramatically increases the energy stored (PS) by the subwavelength resonators. Resulting in low radiation loss and high Q factor. This implies that the low absorption and radiation losses occurring at resonance make a great contribution to ultra-narrow bandwidths, consequently producing ultrahigh Q-factors of 651 in f2 mode and 97 in f3 mode.
With the periodic lattice produced by the SRRs sitting on the substrate, guided-modes are generated in the substrate. The eigenvalue equation of guided-modes is obtained by [35–37].
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Where [image: image], [image: image], m is an integer, d is the thickness of the substrate layer, and β is the resonance wavenumbers, which can be described as
[image: image]
ky is the y-component of the incident wavevector, and Pg is the grating period. The theoretical derivations clearly show that for a guided-mode resonance, the resonance characteristics are strongly dependent on the grating period. Thus, the high-Q resonance response accompanied by a large modulation depth can be modulated and manipulated by changing the lattice period or structural size of the SRRs.
Table 1 summarizes the comparison of the proposed structure and dielectric metasurfaces. The proposed structures can be classified as plasmonic metasurfaces according to the material type, which are composed in metallic unit structures whose optical responses are driven by plasmon resonances supported by metallic particles [38]. For dielectric metasurfaces, the unit structure is composed of high refractive index dielectric resonators, including silicon, germanium or tellurium, where electric and magnetic dipole responses based on Mie resonances can be excited [38, 39].
TABLE 1 | The comparison of the proposed metasurfaces and dielectric metasurfaces.
[image: Table 1]In terms of high-Q resonance, the disadvantage of plasmonic metasurfaces is that the losses of the structure are usually higher, as metals tend to suffer from ohmic losses. The advantages of the proposed metasurfaces is that the structure is simpleand the processing technology is relatively conventional. However, dielectric metasurfaces have a great advantage for achieving high-Q resonances because the small loss of the structure is related to the intrinsic properties of dielectric particles. The structure volume of the dielectric supersurface is relatively large and have relatively high requirements of processing technology.
The effect of the thickness of substrate d on the three resonances is also investigated. As shown in Figure 4A, as the thickness of substrate increases from 220 to 300 μm, high-Q resonance transmission of three modes can be observed. The Q-factor of the fundamental-order magnetic dipole resonance is essentially constant, even though changing the substrate leads to a change in the line shape of the spectra. It’s different from that the spectra linewidth of the two guided-mode resonances exhibits a decreasing and then increasing feature, and the modulation depth also shows a decreasing and then increasing feature. This may be mainly related to the change of the phase matching conditions of the guided-modes due to the change of the substrate thickness [36]. Figure 4B shows the resonant frequency for each mode as a function of the substrate thickness d. The resonance frequency of the fundamental-order magnetic dipole resonance remains unchangeable, due to the fact that the magnetic resonance of the metal SRRs is mainly determined by the ring current. It can be seen that two guided-modes exhibit a distinct redshift towards low frequencies due to the reduction of the effective dielectric permittivity when the thickness of substrate d increases.
[image: Figure 4]FIGURE 4 | (A) Transmission spectra of the proposed scheme as a function of the substrate thickness d; (B) The evolutions of resonant frequency of the three modes when changing the substrate thickness d.
To highlight evolution of the three resonant modes, the lattice period is of great importance to the electromagnetic response of the proposed THz plasmonic metasurfaces. Here the influence of the lattice period P on the spectral response behavior is investigated. The Q-factors and modulation depths are plotted as functions of lattice constant P.
As shown in Figure 5A, when the period increases from 150 to 170 μm, the Q-factor exhibits an interesting exponential growth behavior versus the lattice period P. The dependence of the Q-factor of the f1 mode on the lattice period P is summarized as Qf1 = Q0 + A1exp [(P + D1)/B1], where the coefficients retrieved from numerical fitting are A1 = 3.12844, B1 = 6.30738, D1 = −150.826, respectively, and the fitting R-square is 0.9996, which is very close to unity. The modulation depth of f1 mode decreases from 93.7% to 81.7%, and the resonance response still maintains a large modulation depth. As shown in Figures 5B, C, when the period increases from 150 μm to 170 μm, the Q-factor of two Fano guided-mode resonances exhibits an exponential decreasing behavior versus the lattice period P. The dependence of the Q-factor of the f2 mode on the lattice period P is summarized as Qf2 = Q2 + A2exp (P/B1), where the fitting coefficients are: A2 = 7.91 × 1013, B2 = −5.84, Q2 = 565.76, respectively, and the fitting R-square is 0.995. The large modulation depth of f1 mode decreases from 95.7% to 86.3%. The dependence of the Q-factor of the f3 mode on the lattice period P is expressed as Qf3 = Q3+A3exp (P/B3), where the fitting coefficients are: A3 = 2.91×1014, B3 = −5.48, Q3 = 38.4, respectively, and the fitting R-square is 0.999. The modulation depth of f1 mode decreases from 95.2% to 90.9%. The exponentially increasing Q-factor rapidly because the cancellation of dipole moment in the U-SRRs is enhanced along with relatively lower radiative loss. However, the Q-factor of two Fano guided-mode resonances decreases exponentially with increasing lattice constant as a consequence of the fact that the diffraction guide mode effect will become weaker, resulting in relatively high radiative loss. It can be seen that the magnetic dipole mode and the Fano guided-mode resonances with extremely high Q-factor and large modulation depth mostly depends on the suitable lattice period.
[image: Figure 5]FIGURE 5 | (A–C) The evolutions of Q-factors and modulation depth of the three modes versus inverse lattice period, respectively.
To further investigate transmission characteristics of high-Q resonances of THz plasmonic metasurfaces, we performed key parametric study of the effect of the arm Lx, the backbone Ly and split gap s on the behavior of the spectral responses. The simulated transmission spectra as a function of geometric parameters and resonance frequency each in a color map is shown in Figures 6A–C, respectively. Figures 6D–F are the variations of the Q-factor with the change of geometric parameters. As shown in Figure 6A, with the increase of the arm Lx, the transmission spectra of the ω1 mode and the ω3 mode exhibit a distinct redshift, while the ω2 mode exists a slight redshift, and its resonance frequency remains basically unchanged. Interestingly, with the increase of Lx from 15 μm to 35 μm, the resonance linewidth of the ω1 mode gradually increases, the resonance linewidth of the ω2 mode shows a slight increase first and then decreases, while the ω3 mode manifests a clear increase first and then decrease. This is because the loss mechanisms of the three resonances are obviously different. The corresponding Q-factor is shown in Figure 6D, as the Lx of the resonator gradually increases, the resonance linewidth changes differently, and the loss of the resonator is different. The Q-factor of the ω1 mode gradually decreases from 2400 to 96, and finally in a saturated state, the Q-factor of the ω2 mode first decreases and then increases from about 4200 to about 900, and the Q-factor of the ω3 mode also decreases first and then increases from about 400 to about 400.
[image: Figure 6]FIGURE 6 | (A–C) are the spectral transmission as a function of the operating frequency and structural parameters, respectively at the three geometric parameters of Lx, Ly and s. (D–F) represent the variation of Q-factor with geometric parameters Lx, Ly and s, respectively.
Similarly, as shown in Figure 6B, as the backbone Ly increases from 35 to 55 μm, the transmission spectra of the ω1 mode and the ω3 mode also show significant redshift, and the ω2 mode shows a slight redshift. Due to the increase of radiation damping caused by the size mismatch, all of modes still remain at high level. Figure 6C depicts the simulated transmission spectra for a sweep of the split gap s from 20 to 40 μm. Obviously, both the resonances ω1 and ω3 for the SRRs appear distinctly blue shift towards higher frequencies due to the decreased capacitive coupling in the structure when the split gap s is increased, but the resonance frequency of the ω2 mode remains unchanged. Both the ω2 and ω3 modes exhibit gradual broadening as the split gap enlarged. The Q-factor of the magnetic resonance ω1 and guided mode resonances (ω2 and ω3) as a function of split gap s has also been extracted, as shown in Figure 6F. In the ω1 mode, the Q-factor can be stably maintained during the whole operation, but show a slight floating. However, unlike resonance mode ω1, the resonance mode ω2 and ω3 show a decreasing trend. This is because the excitation principles of magnetic resonance and guided-mode resonance are different in nature.
With the increase of the gap s from 20 to 40 μm, the Q-factor of resonance mode ω2 drops from about 1700 to about 750, and the Q-factor of resonance mode ω3 is reduced from about 1400 to about 100. The results suggest that proposed THz plasmonic metasurfaces possessing magnetic resonance and double sharp guided-mode resonances with adjustable Q-factor and modulation depth could be used for versatile applications by choosing an appropriate geometric parameter. Table 2 summarizes a comparison of the performance with respect to the state-of-the-art schemes. Compared with previous typical achievements [21, 22, 26, 28], the proposed structure can easy to excite low-loss magnetic dipole mode and guided-mode resonances simultaneously, avoiding a complex patterned metal metamaterial.
TABLE 2 | A comparison of the performance with respect to the state-of-the-art schemes.
[image: Table 2]4 POTENTIAL FABRICATION PROCESS
The proposed structure can be fabricated by regular photolithography technology due to structure feature size exceeding a few micrometers [31], which can support the feasibility of the scheme for measurements. A set of the main feasible steps of the SRRs array metasurfaces production process is shown in Figure 7. In general, Au pattern layer with a thickness of t = 200 nm is deposited on a 300 µm thick quartz substrate. Au is chosen because it is stable and hardly oxidated in air.
[image: Figure 7]FIGURE 7 | Sample fabrication process. (A) Deposition of quartz substrate; (B) Spin coating of photoresist. (C) Magnetron sputtering of Cr; (D) Magnetron sputtering of Au; (E) Target graphic structure obtained by lift-off technique.
As the adhesion between Au and quartz substrate is not strong, the adhesion between Cr and quartz substrate and Au are very good, and Cr is chosen as the adhesion layer [40]. Note that the thickness of the Cr layer is so thin that it has a negligible effect on the resonance. As shown in Figure 7, Firstly, the quartz substrate is pretreated to remove surface contaminants; secondly, the spin coating of photoresist is performed on the quartz substrate [41]; Then, a 10 nm thickness of Cr is grown on the structure surface by using magnetron sputtering to enhance the adhesion of the metal layer to the substrate [42]; Subsequently, the growth of a 200 nm thick metallic film is continued by magnetron sputtering deposition, and the target coating is applied on the mask plate; Finally, the lift-off is used to obtain the target graphic structure by dissolving the photoresist or mechanically removing the metal hard mask using a stripping solution [43]. The potential challenges can arise during the manufacturing process, including the requirement of manufacturing precision and the influence of the fabrication errors on the THz response, and it is important to avoid these whenever possible.
5 CONCLUSION
To summarize, we have presented an ultra-narrow guided mode resonances and magnetic dipole resonance with an ultrahigh Q-factor and large modulation depth. The proposed structure is composed of a U-shaped SRRs array and a quartz substrate. In THz guided-mode magnetic resonance system, the cavity-enhanced interaction in resonant guided modes brings about ultra-narrowband sharp resonance of large modulation depth at an ultrahigh Q-factor. The transmission dependences of the magnetic dipole resonance and guided-mode resonances on the lattice period and structural parameters are investigated and discussed. The proposed scheme is very promising for development of ultra-narrow multi-band filters at THz frequency.
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