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Abstract

:

We demonstrate a dual-band, polarization-insensitive, ultrathin and flexible metamaterial absorber (MA), based on high-order magnetic resonance. By exploiting a flexible polyimide substrate, the thickness of MA came to be 1/148 of the working wavelength. The absorption performance of the proposed structure was investigated for both planar and bending models. In the case of the planar model, a single peak was achieved at a frequency of 4.3 GHz, with an absorption of 98%. Furthermore, additional high-order absorption peaks were obtained by the bending structure on a cylindrical surface, while the fundamental peak with a high absorption was maintained well. Our work might be useful for the realization and the development of future devices, such as emitters, detectors, sensors, and energy converters.
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1. Introduction


Metamaterial absorbers (MAs) have gained much attention because of their potential applications in sensing [1,2,3,4], imaging [5,6], and energy harvesting [7,8]. The first MA was introduced by Landy et al. in 2008, and consisted of two metallic elements on two sides of a dielectric layer [9]. Since then, MAs have become a hot topic and have been demonstrated in various frequency regions ranging from MHz [10,11] to optical frequencies [12,13]. Studies on MAs have been carried out in order to achieve the characteristic performances, such as high absorption [14], polarization-insensitive and wide-incidence-angle broadband [15,16,17,18], and multi-band [19]. Recently, flexibility has been one of the most important characteristics of MA [15,20,21,22,23].



MAs are generally constructed with a three-layer structure, in which a periodically-arranged metallic pattern is placed on a hard dielectric spacer, such as FR-4 [9,24] or vanadium oxide [18,25,26]. Although these MAs have a great absorption performance, they are limited in practical applications, especially in the case of rough surfaces because of their inflexibility. To overcome this disadvantage, flexible MAs have been proposed by using flexible substrates instead of hard ones, such as polyimide, polymer, or paper substrates [20,21,27].



Generally, multi-band absorption can be achieved by combining differently-shaped resonators in a unit cell, using a multilayer structure and the high-order resonance. For example, Yang et al. introduced a multi-band MA in which the electric ring resonator was rotated by 90° to form the symmetrical structure. In this model, the electromagnetic absorption at two frequencies was caused mainly by the electric resonance [28]. Zhao et al. demonstrated theoretically a twelve-band infrared MA by employing together the dipole, quadrupole, and octapole plasmon-resonance modes of four different ring-strip resonators [29]. Wang et al. designed and fabricated a triple-band THz MA with three concentric square-ring metallic resonators [30]. Recently, the methods to excite the high-order electric or magnetic resonances for the multi-band absorption in metamaterials have been reported by many researchers. Jung et al. showed that more than four absorption peaks were formed by only a single meta-atom, based on the odd-order magnetic and electric resonance [31]. Huang et al. investigated numerically an ultrathin triple-band MA working in the THz range, in which the high absorption peaks came from the high-order electromagnetic resonances (the electric quadrupolar, magnetic 2nd-harmonic, and magnetic 3rd-harmonic resonance) [32]. Khuyen et al. investigated the establishment of dual-band and high-order behavior in an ultrathin MA by controlling the oblique incidence of an electromagnetic wave in which the excited 3rd-harmonic resonance resulted in the appearance of high-order peaks [33]. Hien et al. proposed a triple-band MA, resulting from the third- and fifth-order magnetic resonances using ring-shaped structures [34]. In the discussion above, the high-order absorption was generated mainly by the excitation of odd-order magnetic resonances, while the even-order magnetic resonances are rare, owing to the dark-mode nature.



In this work, we present an ultrathin flexible multi-band MA, based on the fundamental and high-order oscillation model. In addition to the fundamental resonance, our results reveal that, when the proposed structure is bent on a cylindrical surface with a radius of 20 mm, the second-order resonance is excited. In the bending configuration, additional absorption peaks are developed while the fundamental one is maintained well with the near-unity absorption. Our obtained results contribute a way to create the second-order absorption mode in a simple metamaterial structure by bending the metamaterial absorber. This work might be useful to future work related to the exploitation of the even-order mode in MAs.




2. Metamaterial Structure and Methods


The structural model of a unit cell of the proposed MA is shown in Figure 1. This includes three layers which are a periodic ring-shaped structure on the top, a dielectric spacer at the middle, and a continuous metallic plane at the bottom. It is well-known that the properties of metamaterial are derived by the designed structure, rather than the chemical composition. Therefore, one can optimize the geometrical parameters in order to obtain the desired performance. Here, the geometrical parameters of the designed structure are the thickness of dielectric layer t, the width of ring w, and the size of unit cell a. Before optimizing these parameters, their values were set up to simulate the absorption behavior of the structure. For the case of polyimide substrate, a dielectric constant of 3.5 and a loss tangent of 0.0027 were employed. The top and bottom copper layers, with a thickness tm = 0.035 mm, were considered to have an electric conductivity of 5.96 × 107 S/m. After the initial simulation, the geometrical parameters were optimized to be a = 16 mm, t = 0.4 mm, w = 1 mm, and the outer radius (R1) and inner radius (R2) of the ring were 7 and 6 mm, respectively.



Our simulation was performed by using the commercial Computer Simulation Technology (CST) Microwave Studio [35], in which the boundary conditions were set to be the unit cells for x- and y-directions and open for the z-direction. The absorption was calculated by   A  ( ω )  = 1 − R  ( ω )  − T  ( ω )   , where   R  ( ω )  =    |   S  11    |   2    and   T  ( ω )  =    |   S  21    |   2    are the reflection and transmission, respectively. Because the metallic film was located at the bottom of MA structure, the transmission was vanished, so the absorption came to be   A  ( ω )  = 1 − R  ( ω )   .



The proposed MA sample was fabricated with a polyimide board coated with copper, by the traditional lithography technique. A multilayer board of copper metal–polyimide dielectric–copper metal was used with a thickness of polyimide and copper of 0.4 and 0.035 mm, respectively. A photoresist layer was already covered on the top of the board. Firstly, a mask, which contains the structure of MA, was put on the board, and the board with the mask was exposed with light. After that, the exposed parts of the photoresist layer were removed in a developing solution. Then, the board was put in an etching solution to produce the metallic structure of MA. Finally, the etched board was exposed to light again, and the remaining photoresist was removed by the developing solution, revealing the fabricated sample of designed MA.



Then, the electromagnetic response of the fabricated sample was measured by employing a vector network analyzer R&S ZNB20. The analyzer was connected to two horn antennas, which acted as a transmitter and a receiver. For the reflection measurement configuration, the antennas were placed on the same side, above the sample plane. To ensure the measured reflection is nearly identical to the reflection at the normal incidence, the incident angle was set to be as small as possible, which was approximately 10 degrees. In the reflection measurement, a copper plane with the same size of MA sample was used for the calibration process, which acted as a perfectly-reflected screen.




3. Results and Discussion


Firstly, we simulated the absorption of the proposed MA for the transverse-electric (TE) normal incidence in the planar configuration. The simulated result is illustrated in Figure 2a. It is clear that there is a single peak with an absorption of 98% at a frequency at 4.3 GHz. The observed phenomenon is similar to previous works, which have shown that, in general, one resonant pattern provided only a single absorption peak [31].



It is noted that the condition to achieve no reflection is the impedance matching between the structure and the free space. Thus, we also calculated the effective impedance of our MA from S parameters as follows [36]:


  Z  ( ω )  =    ( 1 +  S 11  ( ω )  ) 2  -   S 21  2  ( ω )   ( 1 -  S 11  ( ω )  ) 2  -   S 21  2  ( ω )    .  



(1)







In the case of single absorption at the normal incidence, as shown in Figure 2b, the calculated effective impedance has an imaginary part of zero and a real part of 0.96 at 4.3 GHz, which is nearly equal to the air impedance. Consequently, there is no reflection signal, and the incoming wave is absorbed into the MA at 4.3 GHz.



To analyze the nature of perfect absorption, the distribution of surface current on the metallic layers of MA was simulated for the case of TE polarization at an absorption frequency of 4.3 GHz, as in Figure 2c. It can be observed that the top and bottom surface currents are anti-parallel to each other. This means that the magnetic resonance is excited, yielding the perfect absorption at 4.3 GHz [37,38]. The power-loss density for the TE-polarized wave under the normal incidence at the resonant frequency is illustrated in Figure 2d. It is found that the high-power loss is focused mainly at the edges of the copper rings and is divided into two parts. The power-loss distribution is consistent with the charge accumulation of induced surface currents.



Figure 3a shows the simulated absorption at polarization angles varying from 0 to 80 degrees for the normal incidence. One can see that the absorption does not change when the polarization angle is varied. This demonstrates that our MPA is polarization-independent.



The influence of incidence angle on the MA performance for both TE and transverse-magnetic (TM) polarizations was studied. Figure 3b illustrates the results for TE polarization. As the incident angle increases from 0 to 60 degrees, the absorption remains higher than 90% at a frequency of 4.3 GHz. Furthermore, there is a high-order absorption occurring at 8.6 GHz and, when the oblique incidence increases to 60 degrees, the absorption reaches 63%. The appearance of this peak can be explained by the phase retardation caused by the oblique incidence [33]. When the incoming wave is not normal to the MA surface, the MA is considered to be asymmetric under the oblique incidence. The field distribution is not in phase on the whole surface. Therefore, the asymmetry of MA might lead to the excitation of a high-order dark mode at 8.6 GHz. The results for TM polarization are also presented in Figure 3c. Similar to the case of TE polarization, the fundamental peak at a frequency of 4.3 GHz is maintained well, with an absorption higher than 96% up to 60 degrees. Furthermore, the absorption of the second peak at 8.7 GHz reaches 98%. In addition, it is noteworthy that the whole thickness of the proposed structure is 0.47 mm, which is very small in respect to the absorption wavelengths, λ/148 at 4.3 GHz and λ/74 at 8.6 GHz, respectively, where λ is the corresponding operational wavelength.



To investigate the interaction mechanism of magnetic and electric components with resonators, we gave the surface-current distributions at distinct absorption frequencies for an oblique incidence of 60 degrees in the TE and TM polarization. Figure 4a,c shows the surface-current distributions at 4.3 GHz for the TE and TM polarization, respectively. Obviously, at 4.3 GHz, the front and back surface currents are anti-parallel to each other, which confirms that the absorption mechanism is affected by the magnetic resonance. The surface-current distributions at a high-order absorption frequency are shown in Figure 4b,d for the TE and TM polarization, respectively. It is observed that the current directions on the front and the back layers are still anti-parallel, indicating that the absorption is also caused by the magnetic resonance. Particularly, on both the front and back layers, the surface currents are divided into four different regions, but the currents on adjacent regions are opposite. Furthermore, the high-order absorption frequency is nearly twice the fundamental one. Therefore, it can be concluded that the higher resonance frequency is due to the second-order magnetic resonance [32,39]. The second-order magnetic resonance is generally a dark mode in the symmetric configuration. Our proposed MA structure can induce this mode because the asymmetry is developed at the oblique incidence.



The equivalent LC circuit model for the fundamental and second-order magnetic resonances are presented in Figure 4e,f. From the geometry of ring structure, one can calculate the inductance of ring L, as below:


      L =   ∫   −  (  t + 2  t m   )  / 2    (  t + 2  t m   )  / 2   d z  [    ∫   − R 1   − R 2    μ  2    R 1 2  −  y 2      d y +   ∫   − R 2   R 2     μ    R 1 2  −  y 2      2  (   R 1  −  R 2   )   R 1    d y +   ∫   R 2   R 1    μ  2    R 1 2  −  y 2      d y  ]        =  (  t + 2  t m   )  μ  [   π 2  − arcsin    R 2     R 1    +    R 1     R 1  −  R 2     (   1 2  arcsin    R 2     R 1    +  1 2     R 2     R 1         R 1 2  −  R 2 2     R 1 2       )   ]  ,      



(2)




where µ is the free-space permeability. Then, the fundamental magnetic resonance frequency f1 can be calculated as follows:


   L m  =  L 2  =  1 2   (  t + 2  t m   )  μ  [   π 2  − arcsin    R 2     R 1    +    R 1     R 1  −  R 2     (   1 2  arcsin    R 2     R 1    +  1 2     R 2     R 1         R 1 2  −  R 2 2     R 1 2       )   ]   



(3)






   C m  =  ε 0  ε  c 1   S t  =  ε 0  ε  c 1    π (  R 1 2  −  R 2 2  )  t   



(4)






   f 1  =  1  2 π    L m   C m      ,  



(5)




where c1 is a geometrical factor of 0.2 ≤ c1 ≤ 0.3 [38], s is the area of ring, ε0 is the free-space permittivity, and ε is the polyimide permittivity.



For the second-order magnetic resonance, the distribution of surface currents on the ring is divided into two symmetric parts. Therefore, the inductance in this case is reduced as below:


       L ′  =   ∫   −    (  t + 2  t m   )   2      t + 2  t m   2    d z  [    ∫   R 2   R 1    μ  2    R 1 2  −  y 2      d y +   ∫  0  R 2     μ    R 1 2  −  y 2      2  (   R 1  −  R 2   )   R 1    d y  ]        =  1 2   (  t + 2  t m   )  μ  [   π 2  − arcsin    R 2     R 1    +    R 1     R 1  −  R 2     (   1 2  arcsin    R 2     R 1    +  1 2     R 2     R 1         R 1 2  −  R 2 2     R 1 2       )   ]  ,      



(6)




and then the inductance, capacitance and resonance frequency at the second-order peak f2 can be calculated as follows:


    L ′  m  =    L ′   2  =  1 4   (  t + 2  t m   )  μ  [   π 2  − arcsin    R 2     R 1    +    R 1     R 1  −  R 2     (   1 2  arcsin    R 2     R 1    +  1 2     R 2     R 1         R 1 2  −  R 2 2     R 1 2       )   ]  ,  



(7)






    C ′  m  =  ε 0  ε  c 1     S ′   t  =  ε 0  ε  c 1    π (  R 1 2  −  R 2 2  ) / 2  t   



(8)






   f 2  =  1  2 π     L ′  m    C ′  m       



(9)







Based on these aforementioned equations, the calculated fundamental and second-order magnetic resonance frequencies are f1 = 4.3 and f2 = 8.7 GHz, respectively, which are in good agreement with the absorption frequencies observed in the simulation.



In our MA, the dielectric layer is made of polyimide, which has a great flexibility. It can be bent and attached on a cylindrical surface. In this work, we simulated and measured the absorption of a designed MA when it is bent with a bending radius of 20 mm, as shown in Figure 5. Here, for the simulation, a full structure of MA was constructed instead of the unit cell structure with unit-cell boundary. The plane-wave propagation was still directed along the z direction. For the TE-polarized wave, the electric and magnetic fields were set to be along the y and x direction, respectively. For the TM one, the conditions were reversed, with the magnetic and electric fields being in the y and x direction, respectively. For the TE polarization, three new absorption peaks appear at around 3.6, 8.5, and 8.7 GHz, with an absorption of 88%, 47%, and 62%, respectively, while the absorption of original peak at 4.3 GHz reaches 99.9%. In the case of the TM polarization, there are also three new absorption peaks at 4.2, 8.6, and 8.8 GHz, with an absorption of 30%, 99%, and 58%, respectively. The absorption of peak at 4.3 GHz reaches 99%. It can be understood that the structure becomes asymmetric by bending the MA. Therefore, both fundamental and second-order modes are excited. Differently from the effect of oblique incidence, bending the MA turns out to be extremely asymmetric, which induces four resonance peaks instead of two. For the TM mode, the bent MA is less affected. The separation between split resonances is smaller than that for the TE mode. The observed experiment results are in agreement with the simulated ones.



Figure 6 depicts the surface-current distributions for the TE and TM polarization, at different absorption frequencies. The distributions at the lower frequency are shown in Figure 6a,c, and it is observed that the resonance structures interact with the incidence wave, leading to strong surface currents in the rings at the front of cylinder. The surface currents at the front and back metallic layers are anti-parallel, which confirms that a strong magnetic resonance is made.



Figure 6b,d shows the distributions of surface current at the higher frequencies for the TE and TM polarization, respectively. In the case of the TE polarization, the strong surface currents are formed in the rings, mainly at the front of cylinder. However, in the case of the TM polarization, the surface currents are mainly at the side of cylinder. Obviously, in each ring, there are two regions in which the currents are anti-parallel, similar to the aforementioned case of oblique incidence. Figure 6e illustrates the power-loss density at different frequencies for the TE and TM polarization. At any frequency, the power losses are focused mainly on the edges of rings, which is consistent with the surface-current distribution.




4. Conclusions


We demonstrated an ultrathin flexible MA in the GHz region. In the planar model, the absorption spectrum had a single peak at a frequency of 4.3 GHz, with an absorption of 98% at the normal incidence. However, at oblique incidences, the high-order absorption peaks were achieved at 8.6 and 8.7 GHz for the TE and TM mode, respectively. Furthermore, when the proposed MA was bent with a radius of 20 mm, additional high-order absorption peaks appeared, due to the severe asymmetry of bent structure. Consequently, the dual-band MA was obtained with high absorption peaks at 3.6 (88%) and 4.3 GHz (99%) for the TE mode, while the peaks were at 4.3 (99%) and 8.6 GHz (99%) for the TM mode. The mechanism was explained by the asymmetric structure caused by phase retardation, leading to the excitation of high-order resonances. The surface-current distribution at the high-order peak indicated that the nature of this absorption peak was the second-order magnetic resonance. Our work might be exploited for a new generation of tunable devices, such as filters, sensors, and detectors.
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Figure 1. (a) Schematic of the unit cell of the proposed metamaterial absorber (MA), (b) top view, (c) measurement configuration, and (d) S-parameter formation. 
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Figure 2. (a) Absorption spectrum of MA, (b) effective impedance, (c) surface-current distribution on the metallic layers of MA, and (d) power-loss density. 
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Figure 3. Simulated absorption as a function of (a) polarization angle (φ) and (b) incidence angle (θ) for the TE polarization. (c) Simulated absorption according to incidence angle for the TM polarization. 
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Figure 4. Surface currents at a frequency of (a) 4.3 and (b) 8.6 GHz in the TE mode; (c) those at a frequency of 4.3 and (d) 8.7 GHz in the TM mode. Equivalent circuit models of (e) the fundamental resonance and (f) the second-order magnetic one. 
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Figure 5. (a) Simulated and (b) measured absorption spectra of flat MA and bent MA for the TE and TM polarizations. The inset illustrates the schematic of absorption measurement when the MA is bent. 
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Figure 6. Surface-current distributions and power loss density of bent MA for the TE and TM polarization for the normal incidence and a bending radius of 20 mm at different resonance frequencies. for the TE polarization at a frequency of (a) 4.3 and (b) 8.7 GHz; surface-current distributions for the TM polarization at a frequency of (c) 4.3 and (d) 8.6 GHz. (e) Power loss density of the bent MA for the TE and TM polarization at different frequencies. 
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