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Abstract

:

In this work, the Ag-SiO2-Ag metamaterial with elliptical nano-slits was proposed to investigate the multi-band polarization-dependent perfect absorber. It was found that multi-band perfect absorptions can be induced under TE and TM-polarized illuminations. Simulation results showed that the absorption peaks for TE-polarized wave appeared at 337.6 THz and 360.0 THz with 98.5% and 97.6% absorbance, respectively. Conversely, the absorption peaks for TM-polarized wave appeared at 325.7 THz and 366.1 THz with 96.3% and 97.9% absorbance, respectively. As a result, the elliptical metamaterial presented polarization-selectivity property for perfect absorption, and so, the metamaterial can filter out different frequencies of TE- and TM-reflected waves, i.e., the elliptical metamaterial can be used as a reflecting filter. In addition, this work studied the sensing performance of the elliptical metamaterial and showed that the dual-band sensing performances were different at low and high frequencies. The sensitivities (S) to the refractive index reached up to 151.1 THz/RIU and 120.8 THz/RIU for the TE and TM-polarized waves around 337.6 THz and 325.7 THz, which provide promising potential in near-infrared photoelectric sensor and detector. However, both the absorption frequency and intensity of TM-polarized wave were insensitive to the refractive index of the medium around 366.1 THz, and so, the study provides a theoretical basis for infrared stealth of different media.
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1. Introduction


Metamaterials, composed of artificial subwavelength structures, could reshape the effective electric permittivity ε (ω) and magnetic permeability µ (ω) by freely adjusting the shape, size, and arrangement of the structures, and then, the electromagnetic waves can be flexibly controlled to achieve a novel physical effect inexistent in natural materials [1,2]. In recent years, different kinds of metamaterials configuration were proposed, including substrate-metallic materials [3], substrate-tunable dielectric materials [4,5,6], and metal-substrate-tunable dielectric materials [7]. In addition, various subwavelength structures, such as split-ring resonators [8], Fabry–Perot-like resonators [9], four cross resonators [10,11], and L-shaped metallic antennas [12,13], were designed. So, the exotic and unusual physical effects, such as polarization conversion, negative refraction, electromagnetically induced transparency, and perfect absorption, were realized [14,15,16]. As a result, there are many applications of metamaterials; for example, metamaterials were used in the antenna-senor antenna [17], beamsteering [18], transmit array [19], sensing effects in environments [20], and spatial filters [21].



As we know, the real part of the effective electric permittivity ε (ω) and magnetic permeability µ (ω) play an important role in negative refraction and many other electromagnetic effects. However, the imaginaries of µ (ω) and ε (ω) attracted much attention, attributed to the vital function of perfect absorption [2]. Perfect absorption here means a complete absorbance without transmittance and reflectance when the light incident into a material. Traditionally, the femtosecond fabrication method was used to organize absorption; however, the samples were generally large [22]. In order to obtain the subwavelength perfect absorber, the metamaterials were considered. In 2008, Landy et al. proposed a perfect metamaterial absorber for the first time in the microwave range. In the same year, Tao et al. realized the narrow-band perfect absorption at 1.12 THz with a maximum value of 98%. Recently, the narrow-band response was used to increase the Q-factor, the figure of merit (FOM), and sensitivity; as a result, the perfect absorber could be used in sensing [11,23]. Here, perfect metamaterial absorbers are weight light, size small, and controllable in absorbance and frequencies, which provide potential applications in detectors, sensors, and energy collectors [24,25,26]. Therefore, the studies of perfect absorbers have extended to a dual-band, multi-band, and broad-band covering microwave, THz, infrared, and visible regions. In 2010, a dual-band absorber consisting of a metallic plane, a dielectric middle layer, and two split-ring resonators was designed firstly by Tao et al. The absorption was 85% and 94% at 1.8 and 2.97 THz, respectively [27]. Then, Zhou et al. realized the dual-band perfect absorber in the microwave range with the absorption of 97% and 94% [28]. Subsequently, the dual-band infrared and visible perfect absorber based on metal-dielectric-metal (sandwich) structures were studied by Yi et al. and the absorption was increased to more than 99% [29,30]. Compared with the single narrow-band and dual-band absorption, multiple frequency resonances could develop multi-band absorption. Therefore, combining more resonators and stacking multi-layer structures was demonstrated to realize the multi-band perfect absorber [31,32,33]. In 2013, Lee et al. proposed a triple- and quad-band perfect absorber in the microwave region, based on the arrangement of donut-type resonators [34]. In addition, the triple-band metamaterial absorber based on three resonators was studied in THz by Li et al. [35]. To reduce the number of metallic resonators and maintain the multi-band perfect absorption effect, cross-shaped resonators were proposed [36,37]. More importantly, different kinds of metals and mediums, such as nickel, GST, Al-doped ZnO, or graphene, were considered to enhance the absorption efficiency, broaden the band of perfect absorption, and simplify the structures [38,39,40,41,42,43]. In addition, filtering and sensing are important applications of the perfect absorbers. In 2020, sensing property was studied by Chen et al., and the results showed that the sensitivities were 25.3, 41.3, and 31.9 THz/RIU for the triple-band, which were significantly less than the single narrow band perfect absorbers when the refractive index of surroundings were changed [29]. Therefore, it is necessary to enhance the sensitivity of sensing performance for multi-band perfect absorbers. In addition, polarization is an important part of electromagnetic waves, and the study of polarization increased in popularity [44,45]. In recent years, a wideband frequency-selective surface bandpass filter for TE and TM polarizations was realized based on all-metal metamaterial [46]. However, for perfect absorbers, many works paid attention to increasing the symmetry of the metamaterial to obtain the polarization-insensitive absorbers [47,48,49]. So, the polarization selection effect was limited and, as a result, the filtering effect for different polarizations could not be realized by the symmetry-perfect absorbers.



In this work, we present a multi-band perfect absorber with the polarization-selective character, which was composed of an Ag-dielectric (SiO2)-Ag triple-layer film with periodic elliptical air gaps embedding in the top Ag layer. Simulation results demonstrated that quad-band perfect absorption was achieved when TE- and TM-polarized waves illuminated normally. Coincidentally, the polarization-selective character can be used as a reflecting filter. More importantly, we studied the sensing property of the multi-band perfect absorber, and the result showed that the sensitivities were 151.1 THz/RIU and 120.8 THz/RIU for TE- and TM-polarized waves, respectively. Finally, the elliptical perfect absorber had good geometric parameters tolerance, which facilitates sample fabrication and provides more potential in the application of sensors and filters.




2. Structure Design and Method


Figure 1a presents the schematic diagram of the multi-band polarization-sensitive perfect absorber with periodic elliptical nano-slits arranged as p = 750 nm. Here, the nano-slits were induced by embedding an elliptical air gap into the top silver (Ag) thin film with the thickness t = 90 nm. The anisotropic design of nano-slits can excite different localized surface plasmon (LSP) resonant modes for TE- and TM-polarized waves illuminating along –z direction. Additionally, the bottom layer was to reflect waves by an Ag plane (t1 = 150 nm) without nanostructures. Then, a SiO2 (   ε s       io  2    = 2.1  ) spacer with d = 200 nm was set in the middle layer to connect the top and the bottom Ag layer. Figure 1b shows the perspective view of the unit cell with Ag-SiO2-Ag configuration. The inner radius and width of the elliptical nano-slit were a = 43 nm, b = 86 nm, and w = 50 nm [Figure 1c]. The perfect absorption can be simulated by the Frequency Domain Solver based on CST Microwave Studio. In the simulation, the boundary conditions were periodic in   ± x   and   ± y   directions, while an open boundary was used in the   ± z   direction. Here, the minimum edge length was 2.67 nm, the maximum edge length was 158.53 nm, and the number of mesh cells was 66,322. All the designs guaranteed the accuracy of simulation results.



The top and bottom Ag layers were considered as Drude-type dispersion:


  ε ( ω ) =  ε ∞  −    ω p 2    (  ω 2  + i ω γ )    











Here, the high-frequency permittivity, plasma frequency, and collision frequency were    ε ∞  = 6.0  ,    ω p  = 1.37 ×   10   16    s  − 1    , and   γ = 7.73 ×   10   13    s  − 1    , respectively [3].




3. Result and Discussion


Figure 2 displays the simulated transmittance, reflectance, and absorbance spectra. From Figure 2a, we observed that two resonant dips appeared at 337.6 THz and 360.0 THz, with the reflectance (R) of about 1.5% and 2.4%, according to the TE-polarized wave. Variously, the resonances occurred at 325.7 THz and 366.1 THz with the reflectance of about 3.7% and 2.1%, according to the TM-polarized wave. Owing to the skin depth of electromagnetic waves, the transmission distances in Ag film were less than 150 nm for the high-frequency TE- and TM-polarized waves. As a result, the transmittances (T) were zero for TE- and TM-polarized waves [Figure 2a]. Figure 2b shows the absorbance (A) defined by: A = 1 − R − T [1,30]. The maximum values of absorbance achieved 98.5% and 97.6% for TE-polarized waves at 337.6 THz and 360.0 THz, respectively. In addition, the maximum values of absorbance achieved 96.3 % and 97.9% for TM-polarized waves at 325.7 THz and 366.1 THz, respectively. As a result, our proposed elliptical metamaterial acted as a perfect absorber both for TE- and TM-polarized waves. Here, the anisotropy of the elliptical nano-slits resulted in selective absorption of TE- and TM-polarized, and then the reflectances were also selective. In addition, the TE-polarized wave was mostly reflected at 325.7 and 366.1 THz, while the TM-polarized wave was mostly reflected at 337.6 and 360.0 THz. As a result, the perfect absorber can also be used as a reflecting filter.



To analyze the physical mechanism of the dual-band perfect absorption, we prepared electric field monitors at 337.6 THz, 360.5 THz, 326 THz, and 366 THz, respectively. Then, the three-dimensional electric field vectors could be stored. To better analyze the electric field distribution on elliptical nano-slits, we projected the electric field distribution onto the xoy plane [Figure 3]. Figure 3a–b show that the normalized electric field mainly distributed in the y-direction for TE-polarized wave. The resonant mode at f = 337.6 THz indicated that the electric field distributed at the outside edge of the elliptical air silt and the elliptical disk along the y-direction, resulting in the surface resonant mode I [Figure 3a]. Additionally, the electric fields were located in the elliptical air silt and elliptical disk, resulting in the localized resonant mode III along the y-direction at 360.5 THz [Figure 3b]. As a result, the TE-wave was trapped in the y-direction by the elliptic ring at 337.6 and 360.5 THz, thus realizing perfect absorption at the two different frequencies. Figure 3c–d show that the normalized electric field mainly distributed in the x-direction for the TM-polarized wave. Similar to the TE-polarized wave, here, the surface resonant mode II achieved at f = 326.0 THz with the electric fields distributed at the outside edge of the elliptical air silt and the elliptical disk along the x-direction, resulting in perfect absorption at f = 326.0 THz [Figure 3c]. However, the resonance at high frequency was different from the TE-polarized mode. Figure 3d presents a localized resonant mode IV with electric-field distribution in the elliptical air slit and at the outside edge of the elliptical ring along the x-direction, generating the perfect absorption at f = 366.0 THz. In our design, the elliptical nano-slit was anisotropic in x- and y- directions, which was beneficial for developing different resonant modes at different frequencies with TE- and TM-polarized wave illumination. So, perfect absorption and filtering were much more evident than in previous works [30,36,37].



To explore the perfect absorption further, we prepared frequency monitors of power loss density (PLD) for normal incident TE- and TM-polarized waves at f = 337.6/360.5 THz and f = 326.0/366.0 THz, which could take into account any kind of dispersive materials, and then, the sum of the electric and magnetic power dissipated inside these materials could be recorded. Evidently, the power of incident light was confined more in the Ag-SiO2-Ag metamaterial, when the PLD was high. As a result, we obtained a higher absorption efficiency. After a comparison of the four PLD results in Figure 4a–d, we observed that the elliptical slit lead to the maximal PLD at the low resonant frequencies for TE- and TM-polarized waves; as a result, the PLD mainly distributed in the top silver surface in the elliptical slit [Figure 4a,c]. Figure 4b–d show that the interaction between the top and bottom layers was strong at high frequencies, so the PLD distributed not only in the elliptical slit, but also on the surface of the top and bottom layers. Depending on the discussion above, the surface resonant modes I and II resulted in the PLD at low frequencies, and then, the perfect absorption at 337.6 and 326.0 THz originated. However, the localized resonant modes III and IV localized in elliptical slits and resonant couplings between the top and bottom Ag layer lead to the PLD at high frequencies originating with perfect absorption at 360.5 and 366.0 THz.



Then, we investigated how the different geometric parameters including the short radius (a), period (p), top Ag layer thickness (t), and elliptical slit gap (g) affected our dual-band polarization-sensitive perfect absorption; the simulated results of TE- and TM-polarized wave are shown in Figure 5 and Figure 6, respectively. Here, we changed only one geometric parameter and kept others invariable. Figure 5a shows the absorbance spectra with different short radii (a) for TE-polarized waves. The two resonance absorbance peaks were sensitive to the geometric parameters a. The maximum absorbance values appeared at a = 43 nm, while the two resonance absorbance peaks decreased to zero with a = 0 nm, i.e., an elliptical nanohole could not induce any absorbance for TE-polarized wave. By contrast, Figure 6a shows the absorbance spectra with different short radii (a) for TM-polarized waves. Additionally, the two resonance absorbance peaks increased to the maximum values of 98.60% and 99.96% at 335.1 THz and 372.8 THz with a = 0 nm, i.e., the nanohole was much superior in perfect absorption for TM-polarized waves. At the same time, the elliptical nanohole is much more convenient for sample fabrication in future experiments. So, the elliptical design provides more application possibilities than the proposed nanoring grooves design [2,30].



Figure 5b shows the relationship between the absorbance spectra and the period p of the elliptical slit for the TE-polarized wave. Firstly, a red-shift of the absorbance spectra with changing p from 700 nm to 850 nm by the step of 50 nm was observed. Secondly, the resonance absorbance peaks I and III presented the opposite relationship with the p changing, i.e., with the increase in the period p, resonance mode I decreased, but resonance mode III increased; as a result, the two resonance modes played maximum values at p = 750 nm. For the TM-polarized wave, the elliptical metamaterial played robust perfect absorption with changing p. Here, the two values of perfect absorption were nearly maintained at more than 90% and the absorbance spectra showed a red-shift with changing p from 700 to 850 nm [Figure 6b].



As presented in Figure 5c, the intensity of the absorption peak remained roughly the same both for TE- and TM-polarized waves by changing the thickness t of the top Ag layer from 30 nm to 120 nm. However, the absorbance spectra shifted to the high frequencies, i.e., the frequencies of absorbance peaks I and III appeared blue-shift. Fortunately, the TM-polarized wave provided the same property as the TE-polarized wave when the thickness t changed [Figure 6c]. By contrast, the absorption peaks shifted from 337 THz to 301 THz for TE-polarized waves, when the a increased from 43 nm to 83nm (see Figure 5d and Figure 6d). Meanwhile, the absorption peaks shifted from 337 THz to 301 THz, when the a increased from 0 nm to 83 nm. To conclude, we can broaden the absorption effect by stacking elliptic nanoslit metal layers with different a, i.e., the bandwidth covered from 301 THz to 337 THz. Moreover, it was also found that, by changing the bottom Ag layer thickness t1, the values and frequencies of perfect absorption roughly remained for TE- and TM-polarized waves (not shown in the figures). Finally, it is worth exploring the influences of the elliptical slit gap g on perfect absorption. As shown in Figure 5d, as the gap gradually increased from 45 nm to 75 nm by the step of 10 nm, the values and frequencies of perfect absorption remained insensitive to the gap g for the TE-polarized wave. For the TM-polarized wave, only the absorbance peak III showed a slight decrease, with g increasing from 45 nm to 75, while the values of perfect absorption remained at 80%, with g = 75 nm [Figure 6d]. Compared with the work reported earlier, the slit gap of our work was bigger, and the perfect absorption was robust, and so, the fault tolerance could potentially be bigger in future sample fabrications [2].



To explore the sensing performance of this elliptical perfect absorber, we studied the absorbance spectra by changing the refractive index of the surroundings; the results are presented in Figure 7. Figure 7a shows the absorbance spectra of TE-polarized wave, the values of absorbance peaks I could have remained over 98.5% when the refractive index n of surrounding changed from 1.0 to 1.4, while the frequencies of absorbance peaks I met with obvious red-shift. Additionally, the absorbance peaks III experienced a dramatic decrease with slight red shifting, when n changed from 1.0 to 1.4. For the absorbance peaks I, the electric field distributed on the surface of the top Ag layer; as a result, the refractive index n only influenced the resonance frequencies. On the contrary, the resonant mode II was localized in the elliptical slit and coupled to the bottom Ag layer, and so, the values of absorbance peaks were evidently influenced. Compare with the TE-polarized wave, the absorbance peaks II for the TM-polarized wave experienced obvious red-shift with n changing; meanwhile, the absorbance peaks IV provided slight value change and red-shift when n changed from 1.0 to 1.4. As we know, the sensing capability of the elliptical metamaterial can be defined by sensitivity (S) [11,37]: S = Δf/Δn, where Δf and Δn are the change of the resonance frequency and refractive index value, respectively. Compared with the reported absorber in the near-infrared region [9,10,37], our proposed elliptical metamaterial provided excellent sensing performance both for TE- and TM-polarized waves with the S of resonant modes I and II reaching up to 151.1 THz/RIU (483.3 nm/RIU) and 120.8 THz/RIU (400.2 nm/RIU), respectively [Figure 6c]. So, the elliptical metamaterial can be used in sensor fields.




4. Conclusions


In conclusion, we proposed a simple multi-band polarization-sensitive perfect absorber based on a periodic elliptical slit with good slit gap tolerance. The simulated results indicated that four absorbance peaks (f1 = 337.7 THz, f2 = 360.6 THz, f3 = 325.7 THz, and f4 = 366.1 THz) with the values of 98.5%, 97.6%, 96.3%, 97.9% were realized. Meanwhile, every absorbance peak could be increased to greater than 99% by optimizing different geometric parameters. In addition, the perfect absorption was sensitive to polarization, i.e., the perfect absorption at f1 = 337.7 THz/f2 = 360.6 THz and f3 = 325.7 THz/f4 = 366.1 THz were achieved by TE- and TM-polarized waves, respectively.
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Figure 1. (a) Schematic diagram of periodic elliptical nano-slits. (b) A perspective view of the unit cell with Ag-Sio2-Ag configuration. (c) A front view of a single elliptical nano-slit with a = 43 nm, b = 86 nm, g = 50 nm. 
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Figure 2. (a) Simulated reflectance and transmittance curves for TE- and TM-polarized waves illuminate on elliptical metamaterial, respectively. (b) The corresponding absorbance of TE- and TM-polarized waves. 
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Figure 3. Electric-field distributions at resonant frequencies in the xoz plane (z =45 nm). TE-polarized wave at (a) f = 337.6 THz and (b) f = 360.5 THz. TM-polarized wave at (c) f = 362.0 THz and (d) f = 366.0 THz. 
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Figure 4. Power loss density at resonant frequencies (a) f = 337.6 THz and (b) f = 360.5 THz in the xoz plane for TE-polarized wave. Power loss density at resonant frequencies (c) f = 326 THz and (d) f = 366 THz in yoz plane for TM-polarized wave. 
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Figure 5. Absorbance spectra depending on the radius a (a), period p (b) thickness t (c), and elliptical silt gap g (d) of perfect absorber for TE-polarized wave. 
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Figure 6. Absorbance spectra based on the radius a (a), period p (b) thickness t (c), and elliptical slit gap g (d) of perfect absorber for TM-polarized wave. 
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Figure 7. Absorbance spectra depending on different refractive indices (n) of surroundings for (a) TE-polarized wave and (b) TM-polarized wave. (c) Simulated (symbols) and linear fit (line) resonance frequencies as a function of n. 
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