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Abstract

:

In this paper, we propose a combined metasurface consisting of an aluminum substrate and an array of TiO2 blocks to achieve a wideband terahertz absorber. We incorporated several similar dielectric blocks with different side length into each unit cell. Each dielectric block could cause magnetic-resonance-inducing absorption effect with different peak wavelengths. Thus, our combined metasurface could achieve wider absorption frequency band than the traditional design when these dielectric blocks were properly designed. The absorption bandwidth could be widened nearly 2.5 times and 5 times compared to a single block case when there were four and nine blocks, respectively, andcouldbe further improved by increasing the number of combinations in structures (variable parameters included number, spacing, dimensions etc.). For both TE00 (the electric fields of the light polarized along the y-axis) and TM00 (the electric fields of the light polarized along the x-axis) polarization states, the absorption bandwidth could be widened effectively; even when the incident angle was 45°, the absorption rate could still reach about 75%. This structure is simple and easy to fabricate, and this design concept can also be used in various other application fields.
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1. Introduction


The use of absorbers can reduce or eliminate the interference of complex electromagnetic environment on wireless communications. Furthermore, the research on absorbers also plays an important role in solar cells [1,2], photodetectors [3], military stealth, and radar detection [4,5]. There have been a number of designs for absorbers, such as multilayer gratings [6] and double-cavity photonic crystal [7], among others.



Many applications based on metasurfaces [8,9,10,11] have been realized, such as polarization conversion [12], antireflection coating [13], ultralens [14], etc. Absorbers based on metasurface are also an interesting application and has attracted the attention of many scholars [15,16,17]. The working range of the metamaterial absorbers can be designed in the visible [15,16], near-infrared [18,19], mid-infrared [20], terahertz [21], and microwave bands [19,22]. A good absorber not only requires high absorption but also a relatively wide operating bandwidth. The insensitivities of absorbers to the polarization and incident angle of incident light are desired characteristics as well. Traditional metamaterial absorbers are based on the electromagnetic dipole of the resonator, which limits the working frequency band of the absorber. Current metamaterial absorbers mostly use a multilayer structure to achieve a wide absorption bandwidth or multiband tunable absorption [23]. Metasurface absorbers based on Salisbury Screen [22] have also been reported. However, these thick and bulky multilayered structures make it difficult for the absorbers to integrate with commercial technologies, and the manufacturing process is usually expensive. Synthetic fractals inherently carry spatially encoded frequency information, thus becoming ideal candidates for broadband optical structures. Many metasurface absorbers based on fractals have been proposed recently [24,25]. Mitchell Kenney et al. [24] proposed a structure where self-similar shapes were scaled down in size and added onto the original shape, thus increasing the effective perimeter of the element and achieving a resonance frequency shift. Similarly, M. R. I. Faruque et al. [26] proposed a leaf vein shaped structure. In this case, only the filling factor had changed and the overall size changed very little. Therefore, fractal provides a new degree of freedom—independent of the traditional resonator scale rule—to realize the change of resonant frequency. However, the increase in fractal order will inevitably lead to complexity and the need for precision of the cell structure, which requires advanced manufacturing process. The major disadvantages of fractals are the complicated design and fabrication processes.



As far as we know, although the idea of combining different structures into one unit cell has appeared in other fields, we rarely see reports that widen the absorption bandwidth based on this scheme. In this paper, we propose a wideband terahertz metasurface absorber based on a simple structure that combines resonators of the same shape and different sizes in one unit cell to broaden the absorption bandwidth of the metamaterial absorber. Our metasurface effectively broadened the absorption bandwidth of conventional Mie resonance absorbers. The absorption bandwidth could still be widened when the polarization of the incident light changed; when the incident angle was 45°, the absorption rate could still reach about 75%.




2. Structure Design and Simulation


The schematic diagram of our combined Mie resonance metasurface is shown in Figure 1a, and the enlarged view of one unit cell (circled by a yellow box) is shown in Figure 1b. The dielectric blocks were arranged periodically on the aluminum reflective layer. Here, nine dielectric blocks were incorporated into one unit cell. The virtual yellow dashed line in Figure 1b (this is for illustration only and was not in the structure) divides the unit cell into nine spaces—similar to the Sudoku. The nine blocks were located at the center of each of these spaces. The side lengths of the square blocks in the x-y plane (   a 1  ~  a 9   ) were from 31 μm to 35 μm, with a step of 0.5 μm. The periods in both x and y directions were maintained to be    p x  =  p y  =   120 μm. The thickness of the blocks were all t = 30 μm, and the thickness of the metallic layer for reflection was 0.5 μm. As metal is a perfect electrical conductor in the terahertz band as their properties are similar, we could have used any kind of metal. At the same time, the material of the structure is not limited to titanium dioxide, and other dielectric with high refractive index, such as silicon or barium strontium titanate (BST), are also feasible. We chose TiO2 in this paper to get larger frequency interval between the fundamental mode and the higher-order mode so that it would be convenient for our analysis. In manufacturing, the substrate under the metal reflective layer can be a quartz substrate or a silicon wafer; this only plays a role as support because there will be no transmission through the metal layer. The dielectric blocks that act as resonators were constructed from titanium oxide (TiO2) with a relatively large permittivity of 114 and a loss tangent of 0.01 at terahertz frequencies [27]. The spectra of the absorbers were numerically calculated using the commercial simulation software CST Microwave Studio (CST Studio Suite 2014, CST Company, Darmstadt, Germany) with the finite-element frequency-domain solver. The calculation procedure was similar to what other people in our research group had previously done in their papers [28,29]. Periodic boundary conditions were used in both x- and y- directions, while open boundary condition was used in  ± z direction. Both normal-incident TE00 (the electric fields of the light polarized along the y-axis) and TM00 (the electric fields of the light polarized along the x-axis) modes were defined at the receiving ports to ensure that any polarization conversion was accounted for. At least four mesh steps per wavelength were used to ensure the accuracy of the calculated results. The absorption was obtained by subtracting the transmission and reflection from 1. As for the transmission and reflection, they could be directly obtained in the S-parameters, which were calculated by the software. We assumed the plane wave, with a wave vector of k, propagated along the opposite direction of the z-axis. The magnetic and electric fields of the light were polarized along the x and y axes, respectively.



Figure 2 shows the absorption (black curve), transmission (red curve), and reflection (blue curve) spectra of our combined Mie resonance metasurface. The transmission could be negligible to zero because of the metal layer. The reflection and absorption added up to 1. The absorption was stable at a high level with a few fluctuations within a certain frequency range, while the spectra of traditional dielectric resonators usually had the Gaussian shape, as shown in Figure 3. Three absorption peaks and two absorption valleys were labeled as “P1”, “P2”, “P3”, “V1”, and “V2”, respectively, and are pointed with green arrows in Figure 2.



In order to better analyze this phenomenon, we then simulated the traditional Mie resonance-based metasurface. The schematic diagram is shown in Figure 3a. The dielectric blocks were arranged evenly and periodically on the aluminum substrate, with constant periods of both    p x  =  p y  =  40 μm. Each unit cell contained a single dielectric square block, whose sizes were a = 33 μm, t = 30 μm. The simulation setup was the same as previously mentioned. Figure 3b exhibits the absorption (black curve), transmission (red curve), and reflection (blue curve) spectra of the Mie resonance-based metasurface absorber with a single dielectric resonator in the unit cell. We can see that there was a reflection dip lower than 0.1 and an absorption peak of about 0.9 at around 0.869 THz, and the transmission was zero. We also simulated the electric field (E-field) and magnetic field (H-field) distributions of the single dielectric resonator at the frequency of the absorption peak. Cross-sectional H-field distribution in the x-z plane is shown in Figure 3c, and the cross-sectional E-field distribution in the y-z plane is shown in Figure 3d. At the frequency of 0.869 THz, the H-field was almost linearly parallel to the x-axis, and the vortical E-field was obviously distributed inside the dielectric block. This showed that a magnetic resonance occurred in the dielectric resonator at this frequency, illustrating that the absorption of this metasurface was related to the magnetic resonance.



As for our combined metasurface absorber, the electromagnetic field distribution at the frequencies of three absorption peaks (the frequencies of peaks 1, 2, 3 were 0.85 THz, 0.867 THz, and 0.883 THz, respectively); these are shown in Figure 4a–c. Each part of Figure 4 displays the cross-sectional magnetic field distribution in the x-z plane with y = 40 μm, 0 μm, −40 μm and cross-sectional electric field distribution in the y-z plane with x = −40 μm, 0 μm, 40 μm for our combined metasurface absorber at different frequencies. At the absorption peaks 1, 2, 3, there were magnetic resonances, which were the same as the phenomenon inside the single block existing inside the third, second, and first row of squares, respectively. The magnetic resonance occurring in a smaller block corresponded to an absorption peak with a higher frequency. We also simulated the electromagnetic field distribution at the absorption dips between peaks 1 and 2 and peaks 2 and 3, as shown in Figure 5. We could observe that although there were linear magnetic field and vortical electric field inside the blocks, the phenomenon was different. In Figure 5a, it can be seen that the strongest H-field was located at the second row of blocks, while the third row of blocks had the strongest E-field. In Figure 5b, it can be seen that the strongest H-field in the first row corresponded to the strongest electric field in the second row. This phenomenon indicates that there was a strong coupling between blocks at these two frequencies. All in all, the magnetic resonances occurring inside blocks of different sizes caused absorption peaks at different frequencies, while the special resonance caused by the near-field coupling between blocks led to relatively weaker absorption valleys between absorption peaks. Therefore, incorporating similar structures of different sizes into each unit cell could broaden the absorption bandwidth.



We compared the absorption spectra of the metasurface absorber with single dielectric resonator—four or nine dielectric resonators in one unit cell—as shown in Figure 6a. Bandwidth when absorption rate over 0.8 is also marked out. The size of this single dielectric resonator was 33 × 33 × 30 μm3. These four resonators of the combined metasurface absorber were 32.1 × 32.1 × 30 μm3, 32.7 × 32.7 × 30 μm3, 33.3 × 33.3 × 30 μm3, and 33.9 × 33.9 × 30 μm3. The combined metasurface absorber with nine resonators was the same as mentioned above. As we can see, as the number of different resonators increased in each unit cell, the frequency domain of absorption also widened significantly. The bandwidth of absorption rate above 0.8 was 0.012 THz, 0.024 THz, and 0.047 THz. Figure 6b shows the absorption spectra of the single resonator metasurface with different side lengths (from 31 μm to 35 μm). Comparing Figure 6a and Figure 6b, we can see that the absorption bandwidth of the metasurface combining nine resonators was comparable with the bandwidth covered by nine adjacent absorption spectra (Figure 6b), which was the same as the four blocks combined. Moreover, according to Figure 6, we can also observe that the greater the number of combined structures (or the larger the range of the structure size), the wider was the absorption frequency range of this combined metasurface absorber.



It is well known that the dielectric resonator can restrict the electromagnetic field into its structure, which is also the basis of silicon-based waveguides. In this design, when the size of the block (the proportion of the block in the unit cell) is slightly reduced, the electromagnetic energy will be limited to a smaller area, and the resonance inside the structure will be stronger due to higher energy density. We checked the electromagnetic field of different sizes and found that the maximum magnetic field amplitude of the smaller structure would be larger. For example, the maximums of the magnetic field distribution were 40,491 A/m, 38,070 A/m, and 36,051 A/m when the side lengths of the single block structure were 31 μm, 33 μm, and 35 μm, respectively. This absorber was based on the magnetic resonance of the dielectric structure and was mainly affected by the magnetic field energy. Thus, the smaller size corresponded to higher absorption rate, and there was a slope in the absorption level for different sizes. It is worth noting that this phenomenon is based on the premise that structural changes do not break the resonance.




3. Further Investigation on Different Incident Angles and Polarization States


Next, we explored the influence of the polarization state and the incident angle of incident light on the performance of our combined metasurface absorber. Figure 7a is the schematic diagram of the irradiation of incident polarized light. The three red arrows represent the x-axis, the y-axis, and the z-axis, while the two green arrows represent the polarization direction of the magnetic field and the direction of the incident light.  φ  is the angle between the polarization direction of the magnetic field and the x-axis, while  θ  is the angle between the direction of the incident light and the opposite direction of the z-axis in the x-z plane. Figure 7b displays the absorption spectra at different polarization of normally incident light. When   φ = 0  °, our combined metasurface absorber had the widest absorption bandwidth. However, as  φ  became larger, the absorption bandwidth of the wave absorber became narrower. The bandwidths at 80% absorption for the combined metasurface were 0.047, 0.045, 0.038, 0.022, and 0.018 THz when  φ  equaled 0°, 22.5°,45°, 67.5°, 90°, respectively. The appearance of this phenomenon may be related to the fact that this metasurface absorber is based on magnetic resonance. When the magnetic field was along the y direction (the direction in which the side lengths of the resonators increase jumpingly, for example,    a 1  −  a 4  −  a 7   ), the absorption bandwidth was reduced to 40%. Despite this, the narrowest absorption bandwidth of our combined metasurface absorber was still nearly twice that of a single resonator. This proves that our combined metasurface absorber can effectively broaden the absorption bandwidth regardless of the polarization of the incident light. Figure 7c shows the absorption spectra at different incident angle of the incident light when   φ = 0  °. When the light was normally incident, the absorption effect was the best. As the incident light gradually became tilted, the absorption rate slightly decreased, while the absorption bandwidth was almost constant. Even when the light was incident at a 45° angle, the absorption rate could still reach more than 75%. This shows that our combined metasurface absorber can still work well within a certain range of oblique incident angles.



We can see that in Figure 7b, there are two little absorption peaks around 0.91 THz and 0.923 THz. We simulated the electromagnetic field distributions at these two frequencies, as shown in Figure 8 and Figure 9. In Figure 8, it can be seen that vortical E-fields were mainly distributed inside the dielectric blocks of a2–a6, while the H-fields inside the blocks of a1, a7~a9 were almost linearly parallel to the y axis. In Figure 9, vortical E-fields were mainly distributed inside the dielectric blocks of a1–a3, while the H-fields inside the blocks of a4–a9 were almost linearly parallel to the y-axis. At these two frequencies, there was a common feature that the linearly magnetic fields in some blocks excited the vortical electric field in other blocks. If you look at these nine pieces as a whole, this phenomenon is somewhat similar to higher-order mode. This special mode—due to near-field coupling—leads to additional small absorption peaks.



The fabrication of our combined metasurface absorber is underway. Firstly, a 500 nm thick aluminum with a 10 nm thick chromium adhesion layer will be deposited on a quartz substrate by the electron-beam evaporator. Subsequently, samples will be coated again with a 10 nm of chromium via electron beam evaporation to avoid charging effects during the writing process. Then, referring to the method in Reference [30], a layer of titanium dioxide will be deposited on the sample by the atomic layer deposition (ALD) method. The deposition of the TiO2 can also be realized by utilizing chemical vapor deposition (CVD) [31]. The deposition rate is about 100 nm/s. Finally, a sequential process of lithography, mask deposition, lift-off, and reactive ion etching (RIE) can be utilized to obtain the desired structure. On the other hand, the material of the structure is not limited to titanium dioxide, other dielectric with high refractive index is also feasible to deposit on the metal film.




4. Conclusions


In summary, we propose a combined metasurface consisting of an aluminum substrate and an array of TiO2 blocks to achieve a wideband terahertz absorber. During our experiments, we found that the absorption bandwidth with this design was nearly 2.5 times and 5 times wider than a traditional single block when combining four and nine blocks, respectively. The widening multiple could be further improved by increasing the number of combinations in structures (variable parameters included number, spacing, dimensions etc.). We also investigated the effect of the incident angle and polarization on the performance of the absorber. The absorption bandwidth could be widened effectively in any polarization; when the incident angle was 45°, the absorption rate could still reach 75% or more.
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Figure 1. (a) Schematic diagram of our combined metasurface absorber and (b) an enlarged view of one unit cell (circled by a yellow box in Figure 1a). 
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Figure 2. Simulated absorption/transmission/reflection spectra of our proposed wideband Mie resonance-based metasurface absorber. The absorption peaks 1, 2, and 3 at frequencies of 0.85 THz, 0.867 THz, and 0.883 THz are marked with green arrows and labels “P1”, “P2”, and “P3”, respectively. The absorption valley 1 and valley 2 at frequencies of 0.857 THz and 0.875 THz are marked with green arrows and labels “V1” and “V2”, respectively. 
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Figure 3. (a) Schematic diagram. (b) Simulated absorption/transmission/reflection spectra of the traditional metasurface with a single dielectric resonator in each unit cell. (c) The cross-sectional electric field distribution in the y-z plane and (d) the cross-sectional magnetic field distribution in the x-z plane for the unit cell of the traditional metasurface with a single dielectric resonator in each unit cell. 
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Figure 4. The cross-sectional magnetic field distribution in the x-z plane with y = 40 μm, 0 μm, −40 μm and cross-sectional electric field distribution in the y-z plane with x = −40 μm, 0 μm, 40 μm for our combined metasurface absorber at the frequency of (a) 0.85 THz; (b) 0.867 THz, and (c) 0.883 THz, respectively. 
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Figure 5. The cross-sectional magnetic field distribution in the x-z plane with y = 40 μm, 0 μm, −40 μm and the cross-sectional electric field distribution in the y-z plane with x = −40 μm, 0 μm, 40 μm for our combined metasurface absorber at the frequency of (a) 0.857 THz and (b) 0.875 THz. 
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Figure 6. (a) Absorption spectra of the Mie resonance-based metasurface absorber with one, four, and nine dielectric resonator in one unit cell. (b) Absorption spectra of the traditional metasurface absorber with single dielectric resonator (side lengths from 31 μm to 35 μm) in one unit cell. 
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Figure 7. (a) Schematic diagram and absorption spectra of our wideband metasurface absorber consisting of nine dielectric resonators with different side lengths in one unit cell, (b) at different polarization angle, and (c) at different incident angle of the incident light. 
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Figure 8. (a) The cross-sectional electric field distributions in the x-z plane with y = 40 μm, 0 μm, −40 μm and (b) the cross-sectional magnetic field distribution in the y-z plane with x = −40 μm, 0 μm, 40 μm for our combined metasurface absorber at the frequency of 0.91 THz. The electromagnetic field distributions in the x-y plane at the height of z = 20 μm are also shown below the color bar. 
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Figure 9. (a) The cross-sectional electric field distribution in the x-z plane with y = 40 μm, 0 μm, −40 μm and (b) the cross-sectional magnetic field distribution in the y-z plane with x = −40 μm, 0 μm, 40 μm for our combined metasurface absorber at frequency of 0.923 THz. The electromagnetic field distributions in the x-y plane at the height of z = 20 μm are also shown below the color bar. 
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