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Abstract

:

In this article, an ultrathin terahertz dual band metamaterial absorber made up of patterned asymmetrical double-split rings and a continuous metal layer separated by a thin FR-4 layer is designed. Simulation results show that two almost identical strong absorption peaks appear in the terahertz band. When the incident electric field is perpendicular to the ring gaps located at 11 μm asymmetrically, the absorptivity of 98.6% at 4.48 THz and 98.5% at 4.76 THz can be obtained. The absorption frequency and the absorptivity of the absorber can be modulated by the asymmetric distribution of the gaps. The perfect metamaterial absorber is expected to provide important reference for the design of terahertz modulator, filters, absorbers, and polarizers.
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1. Introduction


Metamaterials have aroused considerable research interests in the past decades, owing to their unique properties that cannot be found in nature materials [1]. Since their unusual properties were demonstrated theoretically and experimentally [2,3], metamaterials have greatly improved many novel inventions, taking the place of classical devices such as surperlenses [4,5], antennas [6,7], filters [8], sensors, and other devices [9,10].



Landy et al. provided the first experimental demonstration of metamaterial perfect absorbers in 2008 [11]. Since then metamaterials have been used extensively to make absorbers because of their unique characteristics that are different from the conventional ones. For example, we can modulate the absorption frequencies and absorptivity by changing the parameters of the unit cell. It is generally known that absorbing characteristics of the conventional absorbers are determined by natural properties of the bulk materials [12]. Based on these benefits, many metamaterial perfect absorbers have been widely studied and successfully used, such as bolometers [13], chemical and biomedical sensing [14], photodetector [15], photothermal conversion [16], and so on.



Terahertz multi-band metamaterial resonators made up of different split ring resonators (SRRs) or crosses have been proposed [17,18,19,20,21,22,23]. Magnetic or electric resonance responses appear at the terahertz frequency in sub-wavelength SRRs [24,25]. Some asymmetric metamaterials with different shapes demonstrated different characteristics from that of symmetric metamaterials, which can be used to develop novel devices working in the terahertz band, such as filtering, modulating, and switching the electromagnetic signal [26,27]. Tao H. et al. reported a dual-band metamaterial absorber, there are two absorption peaks, but one of these two absorption peaks is strong and the other is weak [28]. Wen et al. improved the structure to get two distinct and strong absorption peaks, they used a complex symmetric structure [29]. Yang et al. studied the propagation properties of a planar asymmetric metamaterial composed of double split-ring resonators, they discovered a giant amplitude modulation as the symmetry of the unit cell resonator is broken by changing the two gaps position asymmetrically [30]. A terahertz wave perfect absorber with the identical strong dual band absorption is urgently needed, but as far as we know it is still lacking to date.



In this work, we report on an enhanced ultrathin perfect absorber that has the following crucial advantages. First, our designed absorber is of ultrathin structure, which is simple and is formed by only a patterned double-split ring with two gaps displaced asymmetrically in opposite directions and a spacer FR-4 layer on top of a continuous metal layer. Secondly, there are two almost equal strong absorption peaks. When the incident electric field vector is perpendicular to the ring gaps located at 11 μm asymmetrically, the absorptivity of 98.6% at 4.48 THz and 98.5% at 4.76 THz can be obtained. Lastly, we can achieve modulating of the absorption frequency and the absorptivity by changing the parameters of the unit cell. The asymmetric metamaterial absorber is expected to be used as a cloaking material and filter devices in the THz range.




2. Design and Simulation


The absorber is designed and its properties are simulated by the software CST Microwave Studio (2016, Computer Simulation Technology GmbH). It is crucial that the SRRs and the free space can maintain the same impedance by adjusting the parameters of the unit cell in order to get the lowest reflectivity. Therefore the structure is simulated and optimized using the simulation software. The optimal parameters of the designed absorber are obtained by changing and scanning all the proposed parameters.



Figure 1 shows the schematic of the designed absorber. We can see from Figure 1a,b that the proposed absorber is made up of three layers: a continuous metal layer on the bottom, a dielectric spacer layer, and finally a metal patterned layer with double split-ring unit cells periodically arranged on the top. We use a continuous metallic copper layer as the bottom layer, as the bottom continuous copper layer has a thickness much larger than the skin depth of the incident terahertz wave. The wave is totally reflected by the continuous metallic copper layer, the transmission amplitude should be zero in the THz frequency range [31]. The thickness of the metal copper on the top and bottom layers with a conductivity of 4.58 × 107 S/m is 0.036 μm and the thickness of the FR-4 layer with a real permittivity of 4.3 and a loss tangent of 0.025 is optimized to 7 μm.



The unit cell consists of two same connecting half split-ring resonators (SRRs) with the two gaps displayed asymmetrically in opposite directions, as shown in Figure 1c. The dimensions of the SRRs are optimized as L = 36 μm, the linewidth of the side arms W1 = 2 μm, the linewidth of the middle arm W2 = 4 μm, the width of the gaps g = 2 μm and the periodicity of SRRs is 40 μm in the x and y axis, as shown in Figure 1d.



The appropriate boundary condition is adopted, such as the periodic condition in both the x and y axis and the open (add space) boundary condition in the z axis. The incident wave propagating along the z axis is set to be polarized in the x axis and the wave ports are automatically added.




3. Results and Discussions


A calculation of the absorptivity of the absorber is performed. The absorptivity A can be obtained by A = 1 − T − R, where T denotes the transmissivity and R denotes the reflectivity. However, in this design, the transmissivity T should be zero, as previously described: A is simplified as A = 1 − R. Therefore, the absorptivity is only related to the reflectivity. In order to achieve the minimum reflectivity, the impedance of the absorb should be matched to that of free space (  Z ≈  Z 0  ≈ 377   Ω  ).



The asymmetric double split-ring array is designed to observe asymmetric effects by breaking the symmetry. Asymmetry in the double split-ring unit cell is introduced by locating the gaps in the opposite direction, keeping the same distance from the center at   Δ x   = 0, 9, 11, 15 μm, respectively, as shown in Figure 2, where   Δ x   represents the gaps displacement parameter. The results show that the absorption frequency and the peak value varying with the gaps position distributed asymmetrically in the 4.0–5.2 THz range.



We compare the results when the gaps are displayed in the opposite direction at   Δ x   = 0, 9, 11, 15 μm. It can be seen from Figure 2 that the calculated absorptivity is 85.8% at the low-frequency and 32.1% at the high-frequency, when   Δ x   = 0, respectively. The interval between the two absorption frequencies is reduced when   Δ x   = 9 μm, which is similar to the literature [32]. It is no wonder that when   Δ x   = 11 μm, there are two separated absorption peaks with high absorption (98.5% at the low-frequency 4.48 THz and 98.6% at the high-frequency 4.76 THz). The two absorption peaks are almost equal only when the gaps were located at 11 μm asymmetrically. The absorption bandwidth, usually defined as full width at half maximum (FWHM), is 0.06 at the lower-frequency. In contrast, FWHM broadens significantly at a high-frequency, increasing from 0.06 at 4.48 THz to 0.18 at 4.76 THz. The corresponding quality factor Q (the ratio of the resonance frequency and the FWHM) is 75 and 26, respectively. The quality factor Q is a very important parameter, an excessively high Q indicates a strong frequency selectivity, due to the narrow absorption bandwidth.



We analyze the change of the absorption frequency and the absorption peak at low-frequency with the varying of the gaps position. Figure 3a shows the varying of the absorption frequency at low-frequency as a function of the gaps position with different distances away from the center. This indicates that the absorption frequency increases with   Δ x   increasing and then decreases after reaching its maximum value 4.61 THz at   Δ x   = 7.5 μm. The absorption peak changes with the gaps position varying, and the absorption peak reaches its minimum at   Δ x   = 7.5 μm, as can be seen from Figure 3b. Another important result is produced when   Δ x   = 7.5 μm, there is only one absorption peak, as can be seen from Figure 4. As for the comparison, if the absorption spectrum of a single SRR is observed, the two conclusions are in good agreement. However, the change of the resonance frequency and absorptivity as a function of the gaps position at a high frequency is more complex because of the coupling between the SRRs.



In order to comprehend the absorption characteristics of the perfect absorption deeply at low-frequency and high-frequency with the gaps displaced at different place away from the center, Figure 5 shows the schematic: the absorber can be treated as an inductor-capacitor circuit according to the equivalent theory. The resonant frequency of the single LC circuit is calculated by Equation (1)


  f =  1  2 π   L C        



(1)







In Equation (1) the parameters L and C represent the effective inductance and the effective capacitance respectively. Ideally, the parameter L is related to the area and geometry of the metal arm and the parameter C is related to the geometry of the split gap. M denotes the coupling parameter, for M = 0, there is no coupling between the two SRRs. As an example, when   Δ x   = 7.5 μm, there is only one absorption frequency; it has almost the same absorptivity and resonance center frequency as the single SRR, shown in Figure 4. When M departs from zero, the coupling effect on the overall response is most drastic. The mutual coupling leads to absorption frequency splitting and changing absorption peaks. In order to better understand the physical mechanism of the resonances occurring, the surface current distribution is studied numerically. Figure 6a,c depict the surface induction current of the SRRs, it is found that there are strong current oscillations at the low-frequency directly excited by the incident terahertz field whether it is in a symmetric or asymmetric case. The current direction is the same on both sides of the SRR gap in the symmetric case and opposite in the asymmetric case. The current length is different when   Δ x   is different, which relates to the resonance frequency and the absorption peak. While the surface current on the all vertical arms is small at the high-frequency in asymmetric case shown in Figure 6b,d. The excited fields from one of the SRRs induce an opposite direction surface current in another SRR, thus leading to the suppressed currents in the SRRs [33]. The induced current in all the arms will lead to a variety of magnetic responses in the system, which cause the splitting and shifting of the LC resonance frequency and variety of the absorption amplitude. The overlapping of the two fundamental LC resonances and the mutual coupling of the dipolar lead to the two strong absorption peaks. At the same time, with increasing asymmetry, the incident linear polarized beam was converted into an elliptically polarized beam at the LC resonance. The component of the incident electric field along the x and y axis is different, which leads to different resonance peak values. The larger the parameter Δx, the more x-polarized the field converting into the y-component [34]. When the polarization of the incident wave is along the x axis, there is only one absorption peak. And as the incident angle changes, the absorption frequency and absorption peak will also change. Thus the polarization and incident angle depending on one another can be a drawback on the application. However, the polarization and incident angle not depending on one another may be achieved by reasonable arrangement of the asymmetry structure to the symmetrical structure [35].




4. The Effects of the Width of the Gaps and the Middle Arm


We study the absorptivity varying with the different gaps width (g). We carry out simulations for different gaps width parameters with gaps located at 11 μm away from the center respectively. Figure 7 shows a clear blue-shift from 4.73 to 4.86 THz for the high-frequency with the increasing width of the gaps from 1 to 5 μm in the asymmetric case, whereas there is little movement for the low-frequency. The shift can be well explained using the LC resonance of the SRRs. According to Equation (1), L and C determine the resonance frequency in the SRRs, the capacitance C will decrease when the width of the gaps increase and the frequency will increase accordingly. The coupling between the two SRRs plays a key role and enlarges the result and leads to an obvious shift at the high-frequency. We find that we can modulate the resonance frequency at high-frequency by changing the width of the gaps. In order to investigate the effect of the middle arm on the metamaterial resonances while varying the width of middle arm, we carry out a series of simulations varying the width of middle arm from 1 to 5 μm with the gaps located at 11 μm away from the center. Figure 8 shows representative absorption spectra for the different widths of the middle arm in the asymmetric case, increasing the middle arm width leads to a red shift of the resonance frequency at the low-frequency, which has almost no effect on the frequency shift at the high-frequency. It is obvious that the low-frequency resonant excitation is mainly derived from the middle arm. When the width is 4 μm, two times of the side arm of the SRRs, the resonance peak is equal at the two resonance frequencies. When the width is smaller than that of the frame of the SRRs, the resonance peak is smaller at the low-frequency than at the high- frequency. The change of the width of the middle arm effects the coupling between the SRRs; we can modulate the resonance frequency and the absorption peak by changing the width of the middle arm.




5. Conclusions


In summary, we propose an ultrathin terahertz dual band metamaterial absorber made up of asymmetric double SRRs that has two strong absorptions, 98.6% at 4.48 THz and 98.5% at 4.76 THz, respectively. The changing of the resonant frequency and the absorptivity is demonstrated numerically and is theoretically explained. The resonant frequency and the absorptivity are related to the LC resonance of the metamaterial and are affected by the mutual coupling. The absorption frequency and the absorptivity can be modulated by optimizing the corresponding width of the gaps and the width of the middle arm in the asymmetric case. The advantage of the design can be used to provide improved device functions such as modulator, filters, absorbers, and polarizers in the terahertz band and other frequency bands as well.
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Figure 1. Ultrathin terahertz dual band metamaterial absorber. (a) Side view of the unit cell structure with t1 = 7 μm, t = 0.036 μm; (b) Perspective view of the absorber; (c) The front view of the the unit cell with optimized parameters of L = 36 μm, W1 = 2 μm, W2 = 4 μm, g = 2 μm; (d) Periodic structure of the unit cell with Px = Py = 40 μm. 
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Figure 2. Simulated absorptivity for the split ring resonators (SRRs) with various distance of the gaps away from the center. 
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Figure 3. The resonance frequency (a) and the absorption peak (b) as a function of gaps position at low-frequency. 
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Figure 4. Absorptivity of the single SRR and the double SRRs with   Δ x   = 7.5 μm, respectively. 
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Figure 5. Equivalent circuit representation for the SRRs. 
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Figure 6. Simulated surface induction current at (a)   Δ x   = 0; (c)   Δ x   = 11 μm at low-frequency and (b)   Δ x   = 0 μm; (d)   Δ x   = 11 μm at high-frequency respectively. 
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Figure 7. Simulated absorptivity as a function of the frequency for the various width of the gaps, with the gaps displaced 11 μm asymmetrically. 
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Figure 8. Simulated absorptivity as a function of frequency for various widths of the middle arm with the gaps displaced 11 μm asymmetrically. 
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