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Active control of electromagnetically induced transparency (EIT) using metasurfaces has attracted growing interests in recent years, especially the ones that have multiple EIT windows. Here, we give out a metallic metasurface design that can achieve dual EIT (D-EIT) in the terahertz (THz) regime, and propose a strategy to individually and simultaneously control the two windows by integrating graphene structures into the design. The near-field simulations indicate that the physical mechanism lies in the composite effect of conductive graphene. The theoretical analysis reveals that the active modulation is attributed to the changes in the damping rates of the dark modes and the coupling coefficients between bright mode and dark modes. The proposed graphene-metal hybrid metasurfaces provide a way for designing compact dual-band slow-light and modulation devices, which may find potential applications in dual-frequency-channel THz wireless communications.
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INTRODUCTION
Metasurfaces are two-dimensional version of metamaterials, which are composed of planar subwavelength artificial structures at the interface. They have ultra-high degree of freedom in designing the propagations of electromagnetic waves, and have attracted enormous research interest over the whole electromagnetic field (Glybovski et al., 2016; Sun et al., 2019). The internal working mechanism of metasurfaces is to use the local resonance-determined phase, amplitude and polarization manipulation ability of the composed meta-atoms to control the spectral responses and wavefronts of the output waves (Wang et al., 2015; Meng et al., 2019; Han and Chen, 2020; Sun et al., 2020; Venkatesh et al., 2020; He et al., 2021; Kim et al., 2021). Among them, one potential application of metasurfaces is to mimic the quantum phenomena as it offers a smart route to achieve corresponding optical modulations in a classical way.
Recently, analogues of quantum phenomenon of electromagnetically induced transparency (EIT) behavior using metasurfaces have attracted enormous attention (Gu et al., 2012; Xiao et al., 2018; Li et al., 2020). Various artificial structures have been adopted, such as bar structures, multi-layer fish scale structures, cut wire plus split ring resonator (SRR) combinations, and Fano resonators, etc. The typical way to realize these analogues is to construct coupled bright and dark resonators. A reasonable combination of them can realize destructive interference in the bright mode and thus form an EIT window. However, the combination of one bright mode and one dark mode can only generate a single EIT window. To meet more complex application requirements, it is eager to achieve the EIT effect with multiple transparency windows and endow it with tunable features at the same time (Liu et al., 2018a; Gao et al., 2019; Liu et al., 2021; Jiang et al., 2022; Zhuo et al., 2022).
Graphene, composed of single-layer carbon atom structures, has emerged as an attractive functional two-dimensional material. It has been widely applied to integrate with metasurfaces and tune their responses, as its conductivity is directly determined by its Fermi energy which can be freely controlled through chemical, optical, and electrical doping methods. So far, various graphene-based active metasurfaces have been successfully demonstrated, such as modulators (Li et al., 2015; Zhang et al., 2022a), absorbers (Chen et al., 2020; Cheng et al., 2020), lenses (Wang et al., 2021a; Zhu et al., 2022a; Zhu et al., 2022b), polarization controllers (Cheng et al., 2021; Zhang et al., 2022b), as well as EIT analogues we focus here (Kim et al., 2018; Xiao et al., 2020; Zhang et al., 2021). Among the reported active EIT metasurfaces, there are only a few works on the control of dual EIT (D-EIT) windows using graphene (Ge et al., 2020; Zhang et al., 2020; Mei et al., 2021). They can be roughly divided into three categories: 1) Apply graphene to compose the structure (Liu et al., 2019a; Liu et al., 2019b; Gao et al., 2019), which requires very high-quality graphene that can hardly be achieved in real cases. 2) Hybrid a whole monolayer graphene onto metallic structures (Liu et al., 2018b), which can ensure the modulation of resonance but will bring additional background transmission loss in the off-resonance range (Li et al., 2015). 3) Pattern graphene into structures and integrate them at particular places of the metal structures (Wu et al., 2021a), which can overcome the above limitations simultaneously.
In this work, we theoretically propose an active D-EIT device using hybrid graphene-metal metasurfaces in the terahertz regime. The unit cell of the metal part consists of a bright mode resonator composed of a cut-wire resonator (CWR), and two dark mode resonators composed of a double-split ring resonator (DSRR) and a double-U resonator (DUR), respectively. Such a design allows generation of D-EIT windows. By integrating graphene structures separately and simultaneously into the two dark mode resonators, active and selective modulations of the two EIT windows are achieved. Near-field simulations and theoretical fittings reveal that such modulations are caused by the shorting effects of the graphene structures to the capacitive gaps of the dark mode resonators, which modify their resonance damping rates and coupling coefficients to the bright mode resonator. Our approach could have potential applications in designing a variety of future photonic devices.
DESIGN OF THE DUAL ELECTROMAGNETICALLY INDUCED TRANSPARENCY METASURFACE
The unit cell of the designed D-EIT metasurface is schematically illustrated in Figure 1. A metal structure that consists of a CWR, a DSRR, and a DUR made from 200 nm-thick aluminum is placed on a 550 μm-thick silicon substrate. The two split ring resonators (SRRs) in the DSRR and the two U-shaped resonators in the DUR are symmetrically placed on the left and right sides of the CWR with distances of d and s, respectively. The corresponding specific geometric parameters are: L = 65 μm,W = 5 μm, a = 25 μm, b = 23 μm, g = 1 μm, h = 8.5 μm, d = 1 μm, s = 1 μm, and P = 100 μm. To characterize its transmission response, numerical simulations based on finite-element time-domain (FDTD) method are carried out, in which the aluminum is set with a constant conductivity of σ = 3.56 × 107 S/m, the substrate is modeled as a lossless dielectric with ε = 11.9, the boundary conditions are periodic along x and y directions while open along z directions, and a plane wave is set as the terahertz source which normally illuminates onto the metasurface along the +z direction.
[image: Figure 1]FIGURE 1 | The unit cell of the proposed D-EIT metasurface with incident plane wave.
Under y-polarized incidence, the CWR can be strongly excited and functions as the bright mode, whereas the DSRR and DUR cannot and thus function as the dark modes (Gu et al., 2012; Liu et al., 2012; Xiao et al., 2018; Li et al., 2020; Shu and Mei, 2022). Their coupling effects would give birth to EIT effects, as indicated by the transmission spectra in Figure 2. When there are only the CWR and DSRR (CWR + DSRR, see Figure 2D), a single EIT peak at 0.753 THz is emerged, as shown in Figure 2A. When there are only the CWR and DUR (CWR + DUR, see Figure 2E), a similar phenomenon happens but the EIT peak appears at a higher frequency of 0.849 THz (see Figure 2B). The most interesting thing happens when the three resonators all exist (CWR + DSRR + DUR, see Figure 2F), D-EIT effect occurs with two EIT peaks respectively appearing at 0.696 THz (peak 1) and 0.954 THz (peak 2).
[image: Figure 2]FIGURE 2 | Simulated amplitude transmission spectra of (A) “CWR + DSRR”, (B) “CWR + DUR”, and (C) D-EIT metasurfaces under the y-polarized incidences. (D–F) Schematics of the unit cells corresponding to (A–C), respectively.
Further evidences of the above EIT effects can be seen in the simulated surface current distributions at the corresponding EIT peak frequencies in Figure 3, where the resonances of the bright mode resonator are all strongly suppressed by the near-field coupling effects whereas the resonances of the dark mode resonator become dominate. Specifically, they show that the two EIT peaks at the lower and higher frequencies in the D-EIT case are separately caused by the couplings from the DSRR and DUR. The whole physical process can be expressed as follows: under y-polarized incidence, the electric dipole resonance of the CWR is directly excited; it then generates electric coupling fields at its two ends while magnetic coupling fields at its center, these coupling fields could excite the magnetic dipole resonances of the DSRR and DUR when they are placed around the CWR; after that, the resonance fields of the DSRR and DUR couple back to the CWR and suppress its resonance due to the interference cancellation effect; finally, at the frequencies that the cancellations happen, EIT windows occur. It should be noted that the magnetic resonance frequencies of the DSRR and DUR are different here, so their corresponding EIT windows locate at different frequencies, forming the D-EIT effect.
[image: Figure 3]FIGURE 3 | Surface current distributions of the (A) “CWR + DSRR” at the transparency peak of 0.753 THz, (B) “CWR + DUR” at the transparency peak of 0.849 THz, (C) D-EIT at the transparency peak 1 at 0.696 THz, (D) D-EIT at the transparency peak 2 at 0.954 THz, under the y-polarized incidences.
PASSIVE CONTROL OF THE ELECTROMAGNETICALLY INDUCED TRANSPARENCY PEAKS
For the purpose of showing the modulation ability of the D-EIT, three sets of unit cells are proposed and characterized by changing d or (and) s, as illustrated in Figure 4. As d gradually increases from 1 to 9 μm, see the right column of Figure 4A, the two SRRs in the DSRR get away from the CWR, resulting in reduced coupling strength between the DSRR and the CWR. Therefore, the amplitude of peak 1 gradually shrinks until completely disappears, see the left column of Figure 4A. Specifically, the amplitude of peak 1 changes from 1 to 0.61, corresponding to a modulation depth of ∆T1 = 39%. Here the modulation depth is defined as ∆Ti = |(T0 − Tg)/T0| × 100% with T0 and Tg being the maximum and minimum values of the amplitude of the EIT peak, and the subscript i representing peak i (i = 1, 2). Since the coupling between the DUR and the CWR remains, the amplitude of peak 2 keeps unchanged. A similar phenomenon can also be observed for the case of gradually increasing s from 1 to 9 μm, where the amplitude of peak 2 undergoes a significant decrease from 1 to 0.67 with a modulation depth of ∆T2 = 33%, while that of peak 1 nearly unchanged, see Figure 4B. Such modulation behaviors indicate that peak 1 and peak 2 can be separately modulated. Meanwhile, this also indicates that the two peaks can be simultaneously modulated by changing d and s at the same time. As illustrated in Figure 4C, the amplitudes of both peaks decrease as d and s simultaneously increase from 1 to 9 μm. The corresponding amplitudes change from 1 to 0.86 (peak 1) and 1 to 0.83 (peak 2), whereas the modulation depths are ∆T1 = 14% and ∆T2 = 17%, respectively.
[image: Figure 4]FIGURE 4 | Simulated amplitude transmission spectra (left column) and schematics of the unit cells (right column) with (A) d varied from 1 to 9 μm with an interval of 2 μm and s fixed at 1 μm, (B) s varied from 1 to 9 μm with an interval of 2 μm and d fixed at 1 μm, (C) d and s simultaneously varied from 1 to 9 μm with an interval of 2 μm.
ACTIVE CONTROL OF THE ELECTROMAGNETICALLY INDUCED TRANSPARENCY PEAKS
To achieve active control of the transmission peaks, another three sets of unit cells are further designed by integrating monolayer graphene structures into the gaps of the DSRR, the DUR, and between the DSRR and the DUR, see Figures 5A–C. We denote them as D-EIT-g1, D-EIT-g2 and D-EIT-g12, respectively. To simulate their responses, the Kubo formula is used to model the complex optical conductivity of graphene σ(ω) = σintra(ω) + σinter(ω) (Chen and Alù, 2011; Zhang et al., 2015):
[image: image]
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[image: Figure 5]FIGURE 5 | Schematics of the unit cells of (A) D-EIT-g1, (B) D-EIT-g2, (C) D-EIT-g12.
where σintra(ω) and σinter(ω) respectively represent the contributions from the intraband electron-photon scattering and the direct interband electron transition, e is the electron charge, KB is the Boltzmann constant, T is the temperature, [image: image] is the reduced Planck’s constant, EF is the Fermi energy, τ is the momentum relaxation time. In the terahertz band, owing to the small photon energy, the conductivity of graphene is dominated by the intraband process, i.e., σ(ω) = σintra(ω) (Chen and Alù, 2011; Cheng et al., 2020). When τ is fixed, the conductivity would increase as EF increases (Chen and Alù, 2011; Zhang et al., 2015; Wang et al., 2021a). Here, we set τ as a constant of 25 fs to be consistent with the range of measured results (Lee et al., 2012; Liu et al., 2015; Li et al., 2019). In simulation, graphene is modeled as a two-dimensional conductive sheet with zero thickness (Liu et al., 2019b; Wang et al., 2021b), since the thickness becomes not essential as long as it is extremely small compared to the wavelength of interest (Vakil and Engheta, 2011).
The left columns in Figure 6 illustrate the corresponding simulated amplitude transmission spectra. It can be seen that the EIT peaks can be actively modulated as EF gradually changes. In the case of D-EIT-g1, the amplitude of peak 1 can be switched from 0.88 to 0.67 as EF slightly increases from 0.06 to 0.24 eV, corresponding to a modulation depth of ∆T1 = 24%, whereas that of peak 2 almost unchanged, see the left column of Figure 6A. In the case of D-EIT-g2, it is found that the amplitude of peak 1 only changes a little, while that of peak 2 undergoes an obvious modulation from 0.94 to 0.81 as EF increases from 0.2 to 0.8 eV, corresponding to a modulation depth of ∆T2 = 14%, see left column of Figure 6B. In the case of D-EIT-g12, the response combines those of the former two cases, where the amplitudes of both peaks decrease as EF increases from 0.15 to 0.6 eV, see left column of Figure 6C. In particular, when EF reaches 0.6 eV, peak 1 disappears while peak 2 leaves a small hill. Specifically, the amplitude of peak 1 (2) reduces from 0.88 (0.95) to 0.69 (0.81), corresponding to a modulation depth of ∆T1 = 22% (∆T2 = 15%). Although these modulation depths are not as high as those of previous works (Wu et al., 2021a), we here can realize the on-to-off EIT peak modulation with a lower EF, for example, 0.24 eV. The above results also indicate that the gap in the DSRR is more sensitive to the graphene conductivity than that in DUR.
[image: Figure 6]FIGURE 6 | Simulated (left column) and calculated (right column) amplitude transmission spectra of (A) D-EIT-g1, (B) D-EIT-g2, (C) D-EIT-g12 at various EF.
To understand the above modulation behavior, a qualitative analysis based on simulated surface current distributions at the EIT peaks is proposed, as shown in Figure 7. It is clearly seen that as EF increases, the surface currents on the DSRR or (and) DUR decrease. The circulating surface currents in the DSRR and DUR imply large carrier aggregation at the gaps. Therefore, the graphene in the gaps can short their surface currents. The larger EF is, the larger the graphene conductivity becomes, and the stronger shorting effect occurs. Thus, as EF increases, the coupling excited resonances become weaker, leading to reduced suppressed fields to the CWR. Therefore, the amplitudes of the EIT peaks decrease. Since the gaps in the DSRR structure are smaller than that of DUR, the surface currents can be more easily shorted, thus the amplitude modulation on peak 1 is stronger, whereas the amplitude modulation on peak 2 is mild due to the wider gap in DUR.
[image: Figure 7]FIGURE 7 | Surface current distributions of (A) D-EIT-g1 at the peak 1 frequency with EF varied from 0.06 to 0.24 eV, (B) D-EIT-g2 at the peak 2 frequency with EF varied from 0.2 to 0.8 eV, (C) D-EIT-g12 at the peak 1 frequency with EF varied from 0.15 to 0.6 eV, (D) D-EIT-g12 at the peak 2 frequency with EF varied from 0.15 to 0.6 eV.
In order to further elucidate the inner physical mechanism of the above active modulation behaviors, a coupled oscillator model is applied to quantitatively describe the near field coupling between the CWR and the DSRR and the DUR (Su et al., 2015; Jiang et al., 2022):
[image: image]
where x1, x2, x3, γ1, γ2, γ3, ω1, ω2 and ω3 represent the resonance amplitudes, the damping rates, and the resonance frequencies of the resonance modes of CWR, DSRR and DUR, respectively; κ12, κ13 and κ23 represent the coupling coefficients between the resonances of CWR and DSRR, CWR and DUR, DSRR and DUR, respectively; g is the geometric parameter describing the coupling strength of the CWR with the incident field E. By solving Eq. 3, x1, x2 and x3 can be obtained. Then, the transmission can be calculated by:
[image: image]
where c is the light velocity in vacuum, nsub is the refractive index of the substrate, χe is the susceptibility of the D-EIT structure which is proportional to the bright mode x1 (Zhang et al., 2008; Gu et al., 2012; Su et al., 2015). The corresponding fitting results are illustrated in the right columns of Figure 6, whose varying features are in good agreement with the simulated results. The discrepancies between the simulation and theoretical results can be attributed to the complex interaction process in the proposed coupling system, where our coupling model of Eq. 3 cannot fully describe the interaction details (Gao et al., 2022). The fitting parameters with respect to EF are plotted in Figure 8. It is observed that the values of γ1 are much higher than those of γ2 and γ3 for all cases, which change mildly since the graphene structures have little effect on the resonances of the CWR, whereas γ2 increases obviously in D-EIT-g1, γ3 gently rises in D-EIT-g2, and both γ2 and γ3 undergo a rise in D-EIT-g12 as EF increases. The above variation trends in γ2 and γ3 verify that the DSRRs are more sensitive to the graphene conductivity and thus peak 1 has a larger modulation depth. These behaviors verify the above-mentioned shorting effects of the graphene structures on the gaps of the DSRR and DUR. As for the coupling coefficients, κ12 decreases and κ13 increases in D-EIT-g1, while both κ12 and κ13 decrease in D-EIT-g2 and D-EIT-g12. Thus, it can be obtained that the active modulation of the EIT peaks is arisen from the changes in the damping rates of the dark modes (DSRR and DUR) and coupling coefficients between the bright mode and dark modes.
[image: Figure 8]FIGURE 8 | Theoretical fitting values of the electromagnetic parameters γ1, γ2, γ3, κ12, κ13, and κ23 under different EF for (A) D-EIT-g1, (B) D-EIT-g2, (C) D-EIT-g12.
Next, the modulation effects on the slow-light behavior of our designs are investigated by calculating the corresponding group delay τg as (Li et al., 2020; Wu et al., 2021a):
[image: image]
where dφ/dω and the dφ0/dω are the group delays of the D-EIT metasurface and the vacuum with the same thickness, respectively. Figure 9 shows that the group delays of peak 1 and peak 2 achieve 5.4 and 5.3 ps with the absence of graphene, which is comparable with the previous D-EIT works (Wu et al., 2021a; Wu et al., 2021b; Mei et al., 2021). When graphene is integrated into the unit cell of structure, active modulation of the group delay is observed. In D-EIT-g1, the group delay at peak 1 decreases dramatically from 5.4 to 4.4 ps as EF increases from 0.06 to 0.24 eV, while that at peak 2 reduces slightly, as shown in Figure 9A. In D-EIT-g2, the group delay at peak 2 gradually decreases from 5.3 to 4.9 ps as EF increases from 0.2 to 0.8 eV, while that at peak 1 decreases slightly, as shown in Figure 9B. In D-EIT-g12, the group delays at both peaks decrease dramatically from 5.4 to 4.4 ps (peak 1) and from 5.3 to 4.6 ps (peak 2) as EF increases from 0.15 to 0.6 eV, as shown in Figure 9C. Consequently, active modulation of slow-light effects in D-EIT windows can be accomplished using our method.
[image: Figure 9]FIGURE 9 | Group delay spectra as a function of EF for (A) D-EIT-g1, (B) D-EIT-g2, (C) D-EIT-g12.
DISCUSSION
Although the above design and analysis are mainly carried out in theory, the potential experiments are possibly carried out (Wang et al., 2019). For the sample fabrication, the aluminum structures could be fabricated onto a silicon substrate using traditional photolithography and metal evaporation methods, while the graphene structures could be obtained by firstly transferring a large-area chemical vapor deposition (CVD) graphene onto the structures and then shaping into desired patterns using photolithography and oxygen plasma etching methods. For the sample characterization, a terahertz time-domain spectroscopy system could be applied to measure the transmission spectra. In order to tune the conductivity of graphene, optical pump or chemical doping could be applied (Novoselov et al., 2012; Weis et al., 2012). If electric doping is adopted, the graphene patches can be extended to graphene ribbons along the direction perpendicular to the CWR to allow external voltage bias, where our further simulations show the transmission features almost remain (not presented) as it nearly does not interact with the incident field as compared to most of the previous D-EIT works (Zhang et al., 2020; Wu et al., 2021a).
CONCLUSION
In conclusion, we theoretically demonstrated a D-EIT metasurface design which can simultaneously generate two EIT windows by engineering the couplings between one bright mode and two dark modes in the terahertz regime. By controlling the relative distances between the bright and dark modes, the two EIT peaks can be individually and simultaneously switched in a passive way. More important, by integrating graphene structures into the gaps of the dark modes to form metal-graphene hybrid metasurfaces, the two EIT peaks can also be individually and simultaneously modulated in an active way by tuning EF of the graphene. A coupled oscillator model is also proposed which can well describe the simulated transmission responses. The group delays reach 5.4 and 5.3 ps at the two EIT peaks, which is comparable with those in previous D-EIT works. Thanks to the advantages of the structure where the dark mode resonators are symmetrically placed at the two sides of the CWR, electrical control is possible by extending the graphene patches to graphene ribbons along the direction perpendicular to the CWR which can help avoid extra resonance loss. Our method provides an effective way to generate and modulate D-EIT peaks for various related applications.
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