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S.1. Electric field distributions
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	Figure S1. Electric field distributions of a metallic film perforated with square hole array on silicon substrate with (a) infinite and (b) finite thickness at EOT frequencies (). The first and second order SPP modes blue shifts to 585 and 650 GHz as the substrate thickness gets finite. 



Figure S1(a) illustrates a canonical model of a holey metal film sandwiched by two semi-infinite media, i.e., air and silicon. The width, height, and lattice period of the square holes are 80, 0.3, and 150 μm, respectively. Terahertz wave normally incidents along the Z-axis from the air side with its electric fields polarized in the X-direction, and excites two surface plasmon (SP) modes for extraordinary optical transmissions (EOTs). The electric field distributions of the two classic EOTs at 575 and 605 GHz are illustrated in Figure S1(a), revealing standing-wave properties and a diffraction angle of 90º. Figure S1(b) depicts a practical model with a finite substrate thickness of 200 μm. The subwavelength thickness blues shifts the first and second order SPP modes to 585 and 650 GHz, whose electric field distributions remain the same. A novel hybrid bound state consisting of one Fabry–Pérot (F-P) cavity and one SP mode can be found at 518 GHz, which shows EOT properties well below the plasma frequency. It can be seen that the hybrid state has similar field distributions as the classic EOT and shows better field confinement in the X- and Y-directions. However, the mode profiles are different in the Z-direction.

























S.2. F-P interference effect
Typically, a dielectric reflector induces zero phase shift for the reflected waves, and a metallic reflector induces 180º phase shift for the reflected waves. In our F-P cavity with a dielectric reflector and a metallic reflector, the resonant wavelength is depicted asS-(1)
S-(1)
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	Figure S2. Transmittances with and without the effect of F-P interference. The red line is the transmittance of the classic model in Figure S1(a) without F-P interference, and the blue line is the calculated transmittance considering the F-P interference. The F-P cavity slightly enhances the transmittance below the first order plasma frequency.


where h is the substrate thickness, n is an integer, and  is the effective permittivity of the substrate. The reflectance of the holey metal film () can be found as the blue line of Figure 1(a) in the main manuscript, and the reflectance of the silicon-air interface is S-(2)


Considering the F-P interference, the total transmittance of a holey metal film on a 200-μm thick silicon substrate can be calculated using the following equation 

The calculated data are plotted as the blue dashed line in Figure S2, which is slightly larger than the transmittance without F-P interference below the first order plasma frequency. However, the transmittance with the effect of F-P interference is much weaker than the cavity-induced EOT below the first order plasma frequency. Taking 519 GHz for instance, the transmittance with F-P interference is merely 0.18, and the transmittance of the hybrid state is as high as 0.4. S-(3)




















S.3. SP properties of the enhanced transmission modes
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	(c)
	(d)

	Figure S3. (a) Enhanced transmission modes with various orders on a silicon substrate with different thicknesses. (b) Dependence of the Q-factor on h. (c) Resonant frequency of these modes as a function of substrate thickness. As the substrate gets thinner, the resonant frequency is truncated at the first order plasma frequency. (d) Phase item induced by SPs on the holey metallic film as a function of frequency.  ramps fast near the plasma frequency. 



Figure S3(a) depicts the enhanced transmission modes with various F-P resonant orders on a silicon substrate with different thickness. The mode transmittance enlarges as the frequency approaches the first order SP EOT mode due to the enhancement of the SPs. The modes with a transmittance larger than the hole area ratio lie above 471 GHz, which can be classified as EOT by definition. In this case, EOT phenomenon has been pushed deep into the sub-wavelength region by a factor of as large as 20%. These EOTs are induced by a novel hybrid bound surface state comprising the F-P resonant mode and the SPs on the metal film, see Figure S1(b). The Q-factor of this hybrid state as a function of substrate thickness h is illustrated in Figure S3(b). For each order F-P cavity mode, the Q-factor of the hybrid mode decreases as h increases. The resonant frequency of the hybrid state gradually stops at the plasma frequency due to the enhanced slow-wave effect of the SPs. This phenomenon can be explained by using the phase term  in Equation (1), whose variation at different frequencies is depicted in Figure S3(d).  induced by the slow-wave effect ramps quickly near the first order plasma frequency. As the frequency of the enhanced transmission mode gets far away from the first order plasma frequency, the holey metal induces a phase shift of 180°as the classic metal reflector.














S.4. Transmission enhanced with ion gel
	[image: 屏幕上有字

描述已自动生成]
	[image: 图形用户界面

描述已自动生成]

	(a)
	(b)
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	(c)
	(d)

	Figure S4. (a) SEM image of the spin-coated ion gel with a thickness of 70 μm. Transmittance enhanced by the spin-coated ion gel with a substrate thickness h of (b) 200 μm and (c) 290 μm. (d) periodic peaks below the first order plasma frequency (h = 3 mm).


Garcia-Vidal et al. reported filling the hole with a dielectric with its permittivity larger than unity enhances the magnitude of EOTs.S1 We found the same phenomenon for the hybrid state in our simulation with ion gel. The spin-coated ion gel layer has a thickness of 70 μm, as illustrated in Figure S4(a), and a relative permittivity of around 3,S2 which significantly enhances the hybrid state and the first order SP EOT simultaneously in Figure S4(b). The former increases to 0.896 at 510 GHz, and the latter increases to 0.863 at 580 GHz. The corresponding transmission efficiencies are as high as 3.15 and 3.03, respectively. A wide band from 475 to 588 GHz shows a transmission efficiency larger than unity, revealing a broadband EOT phenomenon with a bandwidth of 22%. Furthermore, adding a dielectric layer on the top of the holey metal film can further push the EOTs deep in the sub-wavelength region, such as 366 GHz in Figure S4(c), which corresponds to a red-shift factor of 38%. In this case, thick substrate induces periodic transmission peaks below the first order plasma frequency, as illustrated in Figure S4(d). 


















S.5. Active modulation simulation
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	(a)
	(b)
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	[bookmark: _Hlk150769191]Figure S5. Simulation of active modulation. (a) 3-D model of the unit with graphene and ion gel in periodic boundary. (b) Transmittance modulation with various chemical potentials. (c) Transmittance with various gaps for graphene at EF=0 eV (d) Transmittance with various gaps for graphene at EF=1000 meV.



The active modulation of the hybrid state is investigated with finite element method simulation in Ansys HFSS. Figure S5(a) depicts the 3-D model in periodic boundary, where a resistive sheet with dispersive impedance calculated from Kubo formula represents the CVD graphene. The sheet conductivity can be obtained from the intra-band term of the Kubo formula S-(4)


where e is the electron charge,  is the angular frequency,  is the reduced Planck’s constant,  is the chemical potential of graphene, and  is the phenomenological scattering rate for CVD graphene.S3 The simulated modulation of the transmittance is illustrated in Figure S5(b). The hybrid state is modulated from 0.51 to 0.24, and the SPP EOT is modulated from 0.25 to 0.14 with a chemical potential sweeping from 0 to 1 eV. Compared to the data in Figure S4(b), the first order SP EOT shows much stronger attenuation than the hybrid state due to the strongly localized field at the plasma frequency.
[bookmark: _Hlk150780551]Simulation was carried out to optimize the position and shape of the graphene structures on the top surface, as shown in Figure S5(c)(d). According to the simulation result, a larger active modulation range can be acquired with larger graphene areas. However, graphene transferred on silicon substrate has an inevitable fundamental doping level (from air absorption and photoresist residue doping), which will significantly influence the maximum transmittance if graphene covers all the metal hole area. Consequently, etched graphene with g = 5 μm was chosen to perform the active modulation of the hybrid mode.










S.6. Graphene resistance
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	(c)
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	Figure S6. (a) Biasing set-up configuration for the PSSNa ion-gel gating device. (b) Cross-section illustration of the silicon gating device. (d) Cross-section illustration of the silicon gating device. (c) Resistance-voltage response of a graphene transistor top-gated by PSSNa on the same silicon substrate. The blue triangles represent the peak values of the transmittances at 500 GHz at various bias. (d) Resistance-voltage response of a graphene transistor biased by the same silicon substrate. The blue triangles represent the peak values of the transmittances at 580 GHz at various bias. 



[bookmark: _Hlk150781426]The electric biasing setup for the two active modulation approaches is illustrated in Figure S6 (a)(b). To reveal the electronic properties and modulation capability of the F-P mode dominant case (loosely coupled hybrid mode), graphene layer was fabricated and gated by solution-processed poly (styrenesulfonic acid sodium salt) (PSSNa) on the same silicon substrate using a co-planar gate. And, silicon gating for carefully patterned graphene was to demonstrate the modulation of the ‘effective SP’ mode dominant case (tightly coupled hybrid mode). The DC current-voltage responses were characterized at room temperature, and the extracted resistance-voltage curve is illustrated in Figure S6 (c)(d). For ion-gel gated structure, the sheet resistance varies from 2300 to 200 Ω/□, revealing a large modulation range over one order. The Dirac point is at -0.3 V, where both the sheet resistance and the transmittance reach peak values. For the silicon gate with 100 nm SiO2 has much smaller dielectric capacitance compared with ion-gel coplanar electric double layer capacitances (EDLCs), the Dirac point of silicon-gated graphene shifts to 25 V. Additional reasons for the shift can be attributed to the higher level of the air absorption doping. The silicon gated modulation is mainly for the spoof SPP mode as the graphene is placed on the surface. However, the hybrid mode can exist below the effective plasma frequency (), which can be significantly modulated at 500 GHz by using graphene with respect to the spoof SPP mode at 583 GHz, as shown in Fig. 3d.











S.7. Comparison table

The comparison of this work and other active metamaterials modulated by using graphene is shown in Table I. Notably, the applied bias of this work could be the lowest, and the modulation range of this work could be the best, which is even higher than the ideal simulation data.TABLE I
Comparison of Active Metamaterials Modulated with Graphene
Ref.
Frequency
Structure
Graphene shape
Bias range
Absolute T/R range





18
1.5~3 THz
SP EOT
Graphene ring
none
<30% (Simulated T)





19
35~45 THz
SP EOT
Graphene strip
0~150 V
<4% (T)





22
0.5~2 THz
Metamaterials
Graphene layer
0~600 V
<13% (T)





23
2~4 THz
Graphene Plasmonics
Graphene strip
-2.2~-0.5 V
<12% (T)





S4
150~300 THz
F-P cavity
Graphene layer
-3~1 V
<7% (R)





S5
0.4~0.6 THz
EOT with reflector
Graphene layer
-2~2 V
<22% (R)





S6
8~12 GHz
SP EOT
Graphene layer
0~4 V
<23% (Simulated T)





S7
0.3~0.6 THz
SP EOT
Graphene layer
-20~20 V
<25% (T)





S8
2.2~2.9 THz
Chiral metamaterials
Graphene layer
0~5 V
<10% (T)





This Work
0.4~0.6 THz
Hybrid state
Graphene layer
-0.3~0.5 V
-25-25 V
<25% (T)
<38% (T)





T/R denotes transmittance/reflectance. 
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