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A bilayer metamaterial to realize the broadband transmission in a terahertz (THz) filter was proposed, whose periodic unit structure consists of two rectangular apertures. The broadband consisting of three transmission peaks has a 3dB transmission range of 0.75 THz, which is 1.6 times that of the monolayer structure. Different from the traditional narrow band excitation mode, two additional transmission peaks are produced by the bilayer metamaterials. Sweeping frequency analysis has illustrated that the spacing between two layers of metamaterials has an influence on these additional transmission peaks. The bandwidth ranges can be regulated by adjusting the spacing at a proportional height. In particular, the experimental results show that the proposed filter has an excellent frequency selective performance with a bandwidth of 0.7 THz from 0.79 THz to 1.49 THz. This design of broadband filtering by introducing the bilayer metamaterial supplies a new approach with potential application in the THz broadband filter.
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INTRODUCTION
Terahertz (THz) radiation (0.1–10 THz) has drawn tremendous interest due to its incredible features, which have got extensive application in object imaging, non-destructive testing, satellite communication, medical diagnosis, and biosensing [1–6]. In recent years, owing to the ability to control electromagnetic waves in a unique manner, metamaterials (typically referring to surface plasmon polaritons, SPPs) have become essential core components in various THz functional devices [7–10], but the usage of metamaterial is relatively less employed in broadband modulation, especially in THz metamaterial bandpass filters. Traditional metamaterials THz filters are usually based on a single-layer metal structure designed with subwavelength periodic patterns [11–13]. As the THz wave in a certain frequency band travels through the subwavelength structure with periodicity, the free electrons respond collectively by oscillating in resonance with the light wave. An intense confined electromagnetic field is supported by this resonance to promote light–matter interactions and derive dramatic spectral characteristics [14, 15]. However, the resonance depending on the specific structure only corresponds to a sharp transmission peak with the enormous enhancement of the amplitude in the spectrum. The existing transmission mode based on the single structure cannot adequately meet the practical application of broadband THz filters.
Recently, substantial valid approaches have been conducted to fulfill the requirement for broadband filters. The most direct method is designing a complex construction or stacking multilayer structures without two-dimensional (2D) materials, such as a free-standing and a polarization insensitive terahertz filter composed of cross and rectangular apertures in a monolayer metamaterial [16], a set of H-shaped resonators with different sizes in a regular array [17], a broadband terahertz metamaterial filter and its complementary metasurface electromagnetically induced transparency structure [18], a second-order frequency selective surface (FSS) composed of two layers of metallic arrays separated from each other by a polymer dielectric spacer [19], and a tunable terahertz metamaterial by using three-dimensional double split-ring resonators [20]. In these ways, different parts of the metal patterns enable the incoming THz waves in adjacent frequencies to inspire SPPs. All sharp transmission peaks induced by the SPP mode will be combined to keep continuous high transmittance in the spectrum, which explains the formation of broadband transmission. Then, the other method is to stack multilayer structures with 2D materials [21]. By regulating the surface conductivity of 2D materials, such as chemical doping, optical pumping, or bias voltage, the broadband bandpass with a large range can be reached [22–25]. However, most of the THz metamaterial filters mentioned earlier are too complex to restrict their processing, and the range of bandwidth generated by superimposing resonance is limited because it is difficult to stack an infinite number of sandwich structures decorated with cyclical designs in a nanoscale space.
In this article, a bilayer bandpass filter with a double rectangular hole periodic array structure is proposed and experimentally demonstrated. Femtosecond laser direct writing technology is utilized to fabricate the metamaterial filters on the aluminum foil. After that, the transmission curves corresponding to different structures have been compared to verify the broadband filtering performance using experiment and simulation. Meanwhile, the mechanism of excitation for wideband transmission was analyzed by FEM calculation. Different from the excited mode of the narrow band, the bilayer metamaterial produces more resonance peaks with high transmittance, and some of them will form a broadband at the specific spacing. Therefore, a thorough exploration on the variation of resonance frequencies was conducted using simulation and numerical analyses. Finally, the experimental consequence was measured by THz time-domain spectroscopy (THz-TDS) to prove the previous analysis.
STRUCTURE DESIGN AND SIMULATION METHOD
Figure 1A shows the schematic diagram of the bandpass metamaterial filter which is composed of two layers of aluminum foil with a thickness of h = 10 μm. The tunable spacing between two monolayer samples was set as g. The period of the unit cell along the x (Px) and y (Py) directions are both 180 μm. Each subwavelength periodic structure has the same dimensions, which are as follows: the length and width of rectangular holes are l = 150 μm and w = 30 μm, and the center distance is d = 45 μm. The applicable structural parameters are acquired by using the eigenmode solver of commercial CST Microwave Studio software before manufacturing. Periodic boundary conditions are employed both in the x and y directions with an open (add space) boundary in the z direction. As for the settings of the incident wave, the incoming port is automatically added in the z direction, which is perpendicular to the metallic surface. The electric field of the incident wave is polarized in the x direction.
[image: Figure 1]FIGURE 1 | Schematic diagram (A) of the bilayer THz metamaterial filter with a period of p = 180 μm, rectangular hole length of l = 150 μm, width of w = 30 μm, central distance of d = 45 μm, thickness of h = 10 μm, and spacing of g = 130 μm. Optical microscopy imaging (B) of the fabricated metamaterial and partial enlarged drawing.
According to the optimized physical dimensions, the proposed THz metamaterial filter is fabricated on aluminum foils with a conductivity of 3.56 × 107 S/m using an ultrafast high-intensity laser technology. The chosen femtosecond laser has 45 fs pulse width, 800 nm wavelength, and 1 kHz repetition rate. First, the aluminum foil with a thickness of 10 μm is affixed on a hollow square plate as a free-standing sample for processing and experiment. The square plate size is 5 × 5 cm2. Before the actual processing, we performed a trial cut on the corner area of the aluminum foil to make sure that the foil is flat and well affixed on the square plate. The sample is placed on a computer-controlled three-axis machining platform. Then, the laser with 10 μm spot size and 200 μm/s moving speed is employed to fabricate the arrayed aperture. At the same time, an objective lens is used to focus the femtosecond laser on the surface. The entire process can be monitored in real-time by using a CCD imaging system and displayed on the computer screen. The aluminum foil is periodically patterned with rectangular apertures with a total area of 9 × 9 mm2. The microscopic imaging of the fabricated structure and its partially enlarged drawing are depicted in Figure 1B. It can be seen that the aperture edge is smooth and straight, and the similarity of each unit is high, indicating a good processing quality. Unlike micro-nano manufacturing methods, such as the conventional photolithography technology, femtosecond laser ablation has the advantage of a simple machining process, low cost, and high efficiency, which is appropriate for the fabrication of the periodic aperture structure [26, 27].
RESULTS AND DISCUSSION
Figure 2 illustrates the transmission spectra of the monolayer structure (the blue dash line) and those of the bilayer structure (the red solid line) in the case that the spacing is g = 130 μm. The monolayer structure produces a transmission curve that possesses a transmission peak of transmittance (T) = 98.41% at 1.178 THz with a 3 dB transmission range of 0.47 THz. The periodical apertures can be regarded as the subwavelength structure to induce SPPs [28, 29] whose resonance frequency is directly associated with the geometrical parameters of the apertures, which can be calculated by the following formula [30]:
[image: image]
[image: Figure 2]FIGURE 2 | Simulated transmission spectra of the monolayer structure (the blue dash line) and bilayer structure (the red solid line). Three transmission peaks are 0.89, 1.19, and 1.54 THz, respectively.
Under the circumstance of the bilayer structure, there is no longer one central frequency but three transmission peaks occur at f1 (0.89 THz), f2 (1.19 THz), and f3 (1.54 THz). The transmission values we obtained for the three peaks are 94.75, 96.97, and 97.3%, respectively. The curvilinear path of the transmission peak at f2 (1.19 THz) is almost identical to that in the single-layer filter. This means that the SPP mode supported on the bilayer structure resembles that of the monolayer structure. The resonance frequency can also be calculated by formula [1]. Two additional peaks with a transmittance over 0.9 appeared at f1 and f3, resulting from the near-field coupling of two plasmonic structures with the same dimension [31–33]. More importantly, three peaks are sufficiently close to each other, which allow the non-destructive overlap of the transmission spectra to realize a 3dB broadband transmission with the range of 0.75 THz, accompanied by a slight drop between each peak. Moreover, the broadband edges display superior frequency selective characteristics due to the steeper roll-off rate and higher out-of-band values.
For further investigating the underlying mechanism of the transmission response for the bilayer filter, the electric field distributions of the upper metal surface at three transmission peaks are plotted in Figure 3A–C. As it can be seen, two rectangular apertures have the same electric field distribution, which is concentrated around the hole. Due to the SPPs on the metal surface, the free electrons respond collectively on the long side of rectangular apertures by oscillating in resonance with the light wave [34]. Meanwhile, there is no difference in electric field distribution between each peak except for a slight rise in the response intensity. To better distinguish the differences between each electric field, the corresponding electric field diagram on the side of the structure was plotted. As seen from Figure 3D–F, the SPP wave is excited so that the electric field is strongly confined in the metal aperture as expected, and the upper metal has the same electric field distribution as the lower metal. Specifically, an unusual distribution with a weaker electromagnetic response is filled with all interspace, as depicted in Figure 3D. By comparison, there is no electric field enhancement in the spacing in Figure 3E, indicating that no additional coupling occurs at this frequency. Moreover, it can be observed from Figure 3F that the motivated field only takes up a fraction at the gap, which may originate from higher-order resonance using the bilayer metamaterial [35, 36]. The electric field of a single layer is plotted in Figure 3G–I to distinguish the difference of the coupling effect in each transmission peak. Figure 3H shows that the electric field at 1.19 THz for the single layer is the same as the double layer plotted in Figure 3B. As can be seen from Figures 3G,I, the electric field strength is much lower than that of the double layer. It can be concluded from the aforementioned electric field analysis that the coupling intensity of the SPP mode can be improved by introducing a bilayer metamaterial.
[image: Figure 3]FIGURE 3 | Electric field distributions of the upper metal surface at transmission peaks (A) 0.89 THz, (B) 1.19 THz, and (C) 1.54 THz, respectively. The electric field distributions on the side of the double-layer structure at transmission peaks (D) 0.89 THz, (E) 1.19 THz, and (F) 1.54 THz, respectively. The electric field distributions of the single layer at transmission peaks (G) 0.89 THz, (H) 1.19 THz, and (I) 1.54 THz, respectively.
We further depicted the magnetic field distribution in Figure 4. It is observed that the magnetic fields are all excited on the short side of the rectangular apertures. By making a comparison with the single and double layers corresponding to Figure 4A and Figure 4B, the field intensity in the double layer at f1 (0.89 THz) or f3 (1.54 THz) is stronger than that in the single layer. It means that the resonance intensity can be enhanced by the near-field interaction between two plasmonic structures.
[image: Figure 4]FIGURE 4 | Magnetic field distributions of (A) double layer and (B) single layer for three transmission peaks at 0.89, 1.19, and 1.54 THz, respectively.
The variation law of high transmittance peaks is performed using rigorous simulations by varying the spacing between two layers of metal. The variation trend of T for different frequencies and spacings are calculated by FEM calculation with CST Microwave Studio software (the spacing g is from 1 to 1,000 μm, step length is 10 μm, and the frequency sweep range is from 0.2 to 2 THz). As can be seen from Figure 5, a pronounced high transmission area is concentrated around the nearby region of 1.19 THz highlighted by the vertical black dash dot line. It suggests that the central frequency based on FSS will be invariant until the fixed construction changes. Meanwhile, the rest transmission peaks will redshift as the spacing length increases gradually and eventually form a red airfoil-like stripe on both sides of the central frequency without any consecutive constructive and destructive interferences. When the spacing augments to a certain value, there will be a new transmission peak arising in the high-frequency region, which attributes to the coupling of the higher-order resonance mode. Moreover, the slope of the redshift curve for the single-resonant frequency increases gradually, and the movement trend of each peak is astonishingly consistent. Thus, these interesting phenomena demonstrate that the spacing between the two layers of metamaterials is a key to control the peak number and resonance intensity. The bilayer structure in a specific spacing may be used in exciting more resonance frequencies with high transmittance.
[image: Figure 5]FIGURE 5 | Contour map of the transmittance with changing spacing from 0 to 1,000 μm at a THz range from 0.2 to 1.8 THz. The vertical highlighted line is at f2 = 1.19 THz.
To obtain the largest bandwidth for a bilayer metamaterial filter, three transmission curves corresponding to different intervals are plotted in Figure 6. All of them can produce a wideband by coupling three transmission peaks. The transmission peaks increase, and the distance between each resonance peak becomes shorter as the spacing increases. The transmittance diminishes as the peak shifts further and further away from the central frequency. Owing to the non-destructive superimposed effect, the loss between each peak is in decline. By comparing the broadband range in each curve, the broadband range reaches a maximum value of 0.65 THz in the case of the spacing equal to 130 μm (the scope is distinguished by pink). The simulation result demonstrates that this bilayer filter can acquire different broadband ranges by regulating the spacing and has significant design portability.
[image: Figure 6]FIGURE 6 | Transmission spectra of the bilayer structure at 130 μm, 260 μm, and 390 μm, respectively. f2 is the central frequency at 1.19 THz.
EXPERIMENTAL CONFIRMATION
A photoconductive THz-TDS system (commercial terahertz detection system-TeraPulse 4000) filled with nitrogen gas was utilized to measure the actual transmission spectra for the metamaterial filter. A GaAs photoconductive antenna is irradiated by the femtosecond laser, whose central wavelength is 780 nm, the pulse width is about 100 fs, the repetition rate is 100 MHz, and the output power is greater than 65 mW, to produce and detect the THz radiation whose detection ranges from 0.1 to 4 THz. Figure 7A and Figure 7B depict the experimental time-domain waveforms for the monolayer structure. The blue dash line shows the original THz time-domain signal without matter, which is chosen as the reference signal. The red solid line demonstrates that the amplitude of the time-domain wave peaks reduces significantly due to the reflection of the metal surface for the incident wave [37]. Meanwhile, the primary dip approached flat and a new dip with the electric intensity at -1.6 appears after the peak. The transmission spectra of the metamaterial can be calculated by the following equations:
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where [image: image] and [image: image] are fast Fourier transform (FFT) of the time-domain terahertz pulses for the sample and reference, respectively, which are obtained from the THz-TDS system. As can be seen from Figures 7D, E, the experimental transmission spectra (red solid lines) from the metamaterial filter for the upper and lower layers show good agreement with the simulation results (blue dash lines). Both of them integrally reproduce all the spectral features in the spectral region of interest.
[image: Figure 7]FIGURE 7 | Experimental THz time-domain signal (red solid lines) and reference signal (blue dash lines) for the structure of upper layer (A), lower layer (B), and double layer (C). Experimental transmittance spectra of the monolayer filter (D,E) and the proposed double layer metamaterial filter (F) obtained by using simulation (blue dash lines) and experiment (red solid lines).
Meanwhile, the experimental transmission spectra from the metamaterial filter for the upper and lower layers with the same set of parameters are compared to the simulation results in Figure 8. The obtained curves of the first transmission peak for the two samples are highly consistent and match exceptionally well with simulation. In addition, the experimental spectrum in high frequencies do not develop transmission peaks as the simulation has expected due to the interference of system noise, which is not related to the scope of this study. Overall, the experimental spectra in the region of interest are in good agreement with the simulation result so that we can utilize them to build a double-layer filter to verify the broadband coupling reaction. We stacked hollow and ultra-thin polytetrafluoroethylene to control the spacing between the two layers of the metal structure. Then, the fixture was used to clamp the processed specimen to improve the experimental accuracy. Figure 7C shows the experimental results about the time-domain signal of the double-layer metamaterial filter and the reference signal. As it can be seen, the first time-domain wave peak declines even more while a new peak with a higher value is motivated, and there will be irregular fluctuations in a low amplitude behind them. These experimental results are a good validation of the previous inference that the resonance intensity can be enhanced by the bilayer metamaterial. Figure 7F depicts the simulated and experimentally transmission spectrum of the double-layer metamaterial. Although the transmittance is reduced and the spectrum redshifts in general, the experimental results are in good agreement with the simulated results. The measured bandpass filter has a wider broadband of 0.7 THz from 0.79 to 1.49 THz, with the center frequency located at 1.15 THz. The redshift of the transmission curve overall and the enlarging bandwidth may derive from the larger processing dimension caused by the unmanageable laser spot [38]. On the other hand, the propagation of incident waves is impeded by the imperfect alignment of apertures for two monolayer filters, which lead to transmission reduction [39]. To optimize the actual experimental situation, the improvement of the spot size and surface roughness in femtosecond laser processing is another important research content in the future.
[image: Figure 8]FIGURE 8 | Comparison for transmission spectra about the simulation results and two samples with the same set of parameters.
CONCLUSION
In summary, we have experimentally demonstrated a broadband THz filter made up of double-layer metal structures. In contrast to the monolayer structure, the bilayer metamaterial produces two additional peaks with high transmittance. The enhancement of the resonance intensity is attributed to the near-field interaction between two layers of metamaterials. More importantly, two transmission peaks are close to the center frequency so that a 3 dB broadband with the range from 0.84 THz to 1.59 THz is formed. The broadband edges possess better frequency selectivity due to the steeper roll-off rate. Numerical analyses show that the spacing between two layers of metamaterials have an influence on the number and amplitude of resonance frequencies. The broadband scope can be obtained by controlling the spacing at the specific values. The experimental transmission spectrum demonstrates that the bandpass filter has a broadband of 0.7 THz from 0.79 THz to 1.49 THz, positively verifying the simulation and theoretical analysis. Therefore, this coupling mode produced in the bilayer metamaterial to realize the greater broadband range with stronger resonance intensity provides a new design idea to the broadband THz filter.
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