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Controlling the polarization state is an efficient way to enhance the functionalities in sensing, imaging, and communication systems in the microwave and terahertz (THz) spectrum. This study proposed an anisotropic metasurface and numerically explained it as a highly efficient polarization conversion using far-infrared frequency. Structural design, optimization, and results examination of the metasurface are performed using the CST microwave studio electromagnetic simulator. The metasurface was developed surrounding the two individual arrow-shaped metal resonators with two bar resonators on the opposite angular side of the arrow. Aluminum (Al) was used as a metallic resonator, while gallium arsenide (GaAs) was as the substrate. The interference theory was used to describe the co-polarized and cross-polarized reflectance coefficients, where two different mediums and interference layers were considered along with the reflected and transmitted wave. The polarization conversion efficiency yielded over 90% from 282.9 to 302.3 µm (0.987–1.062 THz) and 558.78 to 676.7 µm (0.442–0.537 THz) indicating multiple resonances at 286.7, 298.25, 586.1, and 689.55 µm. In conclusion, the performances and diverse characteristics of the designed metasurface demonstrated potential applications in the far-infrared spectrum as an efficient polarization converter application.
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INTRODUCTION
The development of metasurfaces has attracted significant attention among researchers as they possess unusual properties that could be useful in artificial composite structures and future innovations for its lightweight, simplified structure, and easy integration with other devices [1]. Comparatively, natural materials do not possess such characteristics. Although microwave and terahertz (THz) metamaterials have a wide range of applications [2–6], 3D metamaterials frequently suffer from drawbacks such as narrow bandwidth, low efficiency, and bulky size [7]. The superior polarization manipulation capabilities of a 2D metasurface, on the other hand, overcome these constraints [8]. Polarization is an essential characteristic in the field of electromagnetic waves, as it plays a fundamental role in many communication systems (antenna, satellite, optical fiber, etc.), contrast imaging microscopy, optical sensing, molecular biotechnology, and controlling, by manipulating the polarization states of electromagnetic waves. Thus, achieving arbitrary control of electromagnetic wave polarization state remains a key problem in microwave and TH) engineering. Some are always being used, such as the optical action of crystals, the Faraday effect, gases, or solutions of chiral molecules (e.g., sugars), helical secondary structure proteins, and chiral liquid crystals [9]. The major drawbacks of these methods are that they result in bulky volumes, narrow bandwidth, and an incidence-angle-dependent response that limits their use in practical applications [10, 11]. Hence, metasurfaces are being emphasized to overcome these limitations due to their light profile nature, polarization-insensitiveness, and higher efficiency [12, 13]. Metasurfaces are widely used in beam splitting [14], radar cross-section reduction [15], flat lensing [16], real-time holograms [17], absorbers [18], etc. Additionally, the miniaturized polarization converters and various metasurface design schemes were proposed to extend the operating bandwidth or realize multiband and multiple resonances to enhance its practical applicability [19, 20]. Feng et al. developed a polarization rotator using a high impedance surface (HIS) over polarization conversion ratio (PCR) efficiency of 56% from 2 to 3.5 GHz. Their geometrical structure of 20.2 × 18.2 mm2 was comparatively bigger in terms of only 56% efficiency [21]. Chen et al. developed a polarization conversion metasurface using an arrow-type resonator structure in a microwave where the bandwidth was enhanced through the generation of electric and magnetic resonances [22]. Zhang et al. designed a metasurface with a metallic oval ring resonator with a PCR of 68.6% between 8 and 18 GHz [23]. Meanwhile, the Flame Retardant-4 (FR4) is a highly lossy substrate over 10 GHz in the real-life experiment. The dielectric value changes with increasing frequency, hence resulting in deviations from the simulated results.
Several researchers proposed and developed reflectance-based metasurface for polarization conversion. Cheng et al. proposed a dual-band asymmetric transmission-based multi-layered anisotropic metamaterial working from 0.1 to 0.9 THz [24]. Jiang et al. investigated a reflective linear to circular polarization converter. The unit cell was made of multiple phosphorene layers over a dielectric layer and a gold mirror [25]. At the same time, Zhu et al. proposed a sinusoidally structured graphene-based metasurface that can be tuned using the Fermi energies of the graphene. The metasurface presented polarization conversion from 1.28 to 2.13 THz with a PCR over 85% [26]. Wen et al. developed a polyimide dielectric substrate base metasurface where gold was used as the metasurface resonator array. They claimed a near-unity efficiency from 0.44 to 0.76 THz [27]. On the other hand, Cheng et al. proposed a bilayer chiral metamaterial for linear to circular polarization where incident x-polarized light propagated on the back surface, while y-polarized light was emitted at a frequency range of 2.19–2.147 THz [28]. Ako et al. developed a tri-layered linear polarization converter utilizing the cyclin olefin copolymer (dielectric medium) and gold as a resonator pattern that works between 0.22 and 1.02 THz frequency range with over 80% conversion efficiency [29]. Due to the high demand for THz applications, more investigations are being conducted to develop a polarization converter with higher conversion performance and wider bandwidth in the microwave and THz frequency spectrum [30–32]. In recent years, THz wavefront modulation research is gaining much interest among researchers [33, 34], and THz technology has penetrated the field of biomedical applications such as microfluidic biosensors [35], DNA characterization [36], protein synthesis [37], diagnosis of cancer tissues [38], imaging [39], etc. Thus, a metasurface with highly efficient polarization conversion is still in demand. Research is ongoing to develop a highly efficient metasurface that is of low cost and can be produced using available conventional materials to make a compact-sized single-layered structure for easy fabrication.
This study aimed to design a metasurface structure with significant bandwidth and high polarization conversion efficiency. To serve this purpose, an anisotropic metasurface with a size of 120 × 120 μm2 was designed and numerically demonstrated from 0.3 to 1.2 THz. Aluminum (Al) was used as a metallic resonator (front and ground), while gallium arsenide (GaAs) was used as a substrate medium. The metasurface yielded a cross-polarization conversion efficiency of up to 90% from 282.9 to 302.3 µm (0.987–1.062 THz) and 558.78–676.7 µm (0.442–0.537 THz) with multiple resonance frequencies at 286.7 µm (1.046 THz), 298.25 µm (1.0055 THz), 586.1 µm (0.5115 THz), and 689.55 µm (0.4554 THz). The single-layered structure makes the design more compact to be used in the THz regime. Thus, the metasurface device is highly suitable for the applications of THz detectors, sensing, biomedical imaging, and potential THz-based devices. A meta lens-based holographic imaging system using the polarization conversion metasurface is one kind of illustration to show the image of the object at suitable distances [40].
METASURFACE DESIGN
The metasurface was designed following a series of optimization to yield better results. The final metasurface structure was designed using two individual arrow-shaped metal resonators surrounded by two bar resonators on the opposite angular sides of the arrow (Figure 1). The overall size of the metasurface was 120 × 120 μm2 with aluminum (Al) as a metallic element (thickness = 11 µm and conductivity = 3.56 × 107 S/m). The Al layers were etched on the front and back of the Gallium Arsenide (GaAs) substrate. The GaAs have a relative permittivity of 12.94 and a loss tangent of 0.0004. The GaAs substrate has some distinct advantages such as higher efficiency, heat and moisture resistance, superior flexibility, etc. In addition, electrons travel faster through its crystalline structure than through silicon. Both the dielectric and metallic lossy mediums were used to ensure the outcomes would match the actual prototype. Inductance (L) was produced by the metal strips of the resonators, whereas capacitance (C) from the splits or gaps of the resonators. The coupling of the inductance and capacitance helps to create resonance frequency. Thus, the resonance frequency comes from [41],
[image: image]
[image: Figure 1]FIGURE 1 | Schematic prototype of the proposed metasurface polarization converter with the front and side views of the unit cell in the inset figure. The dark green and yellow parts represent GaAs and Al, respectively.
The optimized dimensions were A1 = 61.05 µm, A2 = 68.45 µm, G1 = 7.85 µm, G2 = 7.15 µm, G3 = 2.2 µm, Ws = 120 μm, and Ls = 120 μm; the thickness of GaAs was 20 µm (hs), while the thickness of the metallic resonator was 11 µm (hr, hg).
THEORETICAL ANALYSIS AND SIMULATION METHODOLOGY
Interference theory [42] clarifies the co-polarized and cross-polarized reflectance coefficients. Interference theory can be applied when there is an interface between the metallic resonators and the dielectric substrate medium. The theory for the proposed metasurface polarization converter is depicted in Figure 2A. When a y-polarized wave is an incident on interface layer 1, then the polarized wave is transmitted to medium 2 from medium 1. However, some portion of the wave is reflected in medium 1. Since interface layer 1 is the interconnection of the metallic resonator and dielectric medium, it functions as a polarization converter. Thus, the transmitted and reflected waves will yield two components, y to y and y to x components denoting y-polarized and x-polarized waves, respectively. As the second interface layer 2 is grounded, it also serves as an interface layer of the metallic resonator and dielectric medium. Thus, when the transmitted wave is incident, some components will be reflected in the same medium 2 with negative unity, i.e., [image: image] The reflected waves will propagate in medium 2 in a backward direction. When they are incident on interface layer 1, some portion of the waves will be transmitted to medium 1 and some will be reflected into medium 2. Thus, the reflected portions between interface layers 1 and 2 will undergo multiple reflectances and multiple transmissions to medium 2. The reflected [image: image] and transmitted ([image: image]) portions of the waves contain co-polarized and cross-polarized components of both x-polarized and y-polarized waves. Hence, the reflectance coefficient for the y to y is
[image: image]
and the reflectance co-efficient for y to x is
[image: image]
[image: Figure 2]FIGURE 2 | (A) Reflectance and transmission of waves based on interference theoretical model and (B) schematic description of simulation.
Similarly, the same occurs when an x-polarized wave incident on interface layer 1. For the x-polarized wave, the reflectance coefficient for x to x is
[image: image]
and the reflectance co-efficient for x to y is
[image: image]
Equations (1)–(4) were simplified for the clarification of the model where higher-order multiple reflected components are neglected [43, 44]. The terms [image: image] and [image: image] refer to the co-polarized reflectance coefficient and cross-polarized reflectance coefficient exhibited from the metasurface array resonator, respectively. The other terms represent the reflectance that was produced through the superposition of multiple reflectances between interface layers 1 and 2. When destructive interferences occur continuously in the co-polarized reflectance and other multiple reflectances, the reflectance for y to y and x to x becomes so small, i.e., [image: image]. Therefore, this phenomenon successfully achieved polarization conversation.
To control the polarization state of the electromagnetic waves through the metasurface, it is necessary to accurately simulate the metasurface structure. In this regard, the finite integration technique (FIT)-based CST microwave electromagnetic simulator (CST Studio Suite 2019) was used for the design, numerical calculations, and characteristic analysis. During the simulation, the proposed metasurface was placed in the x- and y-direction, where the unit cell boundary conditions were imposed so that infinite unit cells were assumed to make the simulation more accurate. The positive z-direction was set as an open space boundary condition with the applied floquet port, while for the negative z-axis, the perfect electric conductor boundary was used to ensure the occurrences of reflectance only. The boundary condition of the proposed metasurface is depicted in Figure 2B. The numerical simulation was performed between 250 and 850 µm wavelength. Adaptive tetrahedral mesh refinement was also applied to get the results more accurately. Moreover, transverse electric (TE) and transverse magnetic (TM) waves have been utilized for the y-polarized and x-polarized wave simulation, respectively.
RESULTS AND DISCUSSION
Based on the extant literature, in a common phenomenon, the intensity of the co-polarized reflectance coefficient should be lower than −3 dB (i.e., Rxx < −3 dB and Ryy < −3 dB) and the cross-polarized reflectance coefficient should be opposite of that of the co-polarized reflectance coefficient (i.e., Ryx ≥ -3 dB and Rxy ≥ -3 dB), resulting in a cross-polarization conversion performance of 70%. However, if the intensity of co-polarized reflective coefficient falls below -10 dB (i.e., Rxx < −10 dB and Ryy < −10 dB) or the cross-polarized reflectance is higher than -2 dB (i.e., Ryx ≥ −2 dB and Rxy ≥ −2 dB), the cross polarizer is deemed to be highly efficient. In this situation, the cross-polarization performance reaches 90% and more [45]. The metasurface achieved dual bandwidth operation because of the multi-resonance characteristics. Multiple resonances were recorded at 286.7 µm (1.046 THz), 298.25 µm (1.0055 THz), 586.1 µm (0.5115 THz), and 689.55 µm (0.4554 THz). In this study, the developed metasurface performed as a polarization plane converter at an efficiency rate of 90%. The co-polarized and cross-polarized reflectance coefficients for both the x-polarized and y-polarized waves are presented in Figures 3A,B, respectively.
[image: Figure 3]FIGURE 3 | Simulated co- and cross-polarized reflectance coefficients for (A) y-polarized and (B) x-polarized waves.
Based on Figure 3, the co-polarized reflectance coefficients for both the x-polarized and y-polarized waves remained almost the same, i.e., less than −10 dB, whereas the cross-polarized reflectance coefficients for both the x-polarized and y-polarized waves were above −2 dB. Thus, the cross-polarization conversion was achieved from 282.9 to 302.3 µm (0.987–1.062 THz) and 558.78 to 676.7 µm (0.442–0.537 THz), signifying the conversions of the x-polarized wave into the y-polarized wave, and the y-polarized wave into the x-polarized wave, respectively. The cross-polarization efficiency was measured using PCR. The PCR for both the y-polarized and x-polarized waves was calculated as follows:
[image: image]
The magnitudes of PCR for the x- and y-polarized waves were plotted versus frequency spectrum as illustrated in Figure 4. The developed metasurface yielded above 90% polarization conversion efficiency from 282.9 to 302.3 µm and 558.78 to 676.7 µm. This result indicated that the developed metasurface could be used as an efficient polarization converter at a far-infrared range (0.3–1.2 THz).
[image: Figure 4]FIGURE 4 | Computed PCR for x- and y-polarized waves.
To describe the multi resonance behavior of the metasurface for further clarification, the electric field distribution and surface current circulation for both the y- and x-polarized waves were assessed (Figure 5). At a higher frequency [i.e., 1.0055 THz (298.25 µm)], the electric charge is concentrated inside the splits of the array resonators. However, at the moderate resonance frequency [0.5115 THz (586.1 µm)], the charge concentration was more spread and concentrated at the corners of the resonators. As the frequency reduced, the electric charge concentration was spread to the corners and gaps [0.4554 THz (689.55 µm)]. However, some portions of resonators were weak in electric charge concentration, indicating decoupling characteristics at those regions. On the other hand, the black circle marks (O) represent the strong electric field, which leads to excellent electromagnetic coupling that defeats the decoupling portions to perform better. The electric charge concentration of the surface current distribution also justified the electric surface current distribution of the metasurface at different frequencies.
[image: Figure 5]FIGURE 5 | (A–C) Electric field distributions and surface current circulations for (D–F) y-polarized wave and (G–I) x-polarized wave at 298.25, 586.1, and 689.55 µm, respectively.
To realize the physical phenomena of the polarization conversion, the surface current distributions for the periodic resonator layer at the resonance frequencies were presented in Figure 5. Figures 5D–F and Figures 5G–I present the instantaneously induced current distributions at resonance frequencies of 298.25 µm (1.0055 THz), 586.1 µm (0.5115 THz), and 689.55 µm (0.4554 THz) for both the y- and x-polarized waves, respectively. As depicted in Figure 5D, when the y-polarized wave propagated through the metasurface structure, where an anti-clockwise current circulation occurred as indicated by the black sign at a resonance frequency of 298.25 µm. The current circulation can also be termed as anti-parallel current circulation. The anti-parallel current circulation could lead to magnetic dipole moments. The y-components of the induced magnetic field, which were also parallel to the incident electric field, led to the cross-coupling formation between the electric field and magnetic field. Subsequently, cross-polarization conversion from the y- to x-polarized state occurred. This cross-coupling effect was also produced for the resonance frequencies at 586.1 and 689.55 µm, as depicted in Figures 5E,F, because the y-polarized wave propagated and cross-polarization conversion occurred from the y- to x-polarized state [46]. When the x-polarized wave propagated through the metasurface, the current flowed in a clockwise direction (Figure 5G). The x-components of the induced magnetic field, which were perpendicular with the incident electric field, could not initiate cross-polarization conversion because the incident magnetic field was also in the same direction. However, the y-components of the induced magnetic field remained parallel with the incident electric field. Hence, it can induce the x-components perpendicular to the y-components of the electric field. Consequently, the induced x-components of the electric field led to polarization conversion. These phenomena occurred at 586.1 and 689.55 µm resonance frequencies, as depicted in Figures 5H,I, as the x-polarized wave was propagating.
The PCR performance of the metasurface was also examined under an increasingly oblique angle from 0 to 45° for the x- and y-polarized waves, as represented in Figures 6A,B, respectively. Based on the figures, the performance of the metasurface remained stable for bandwidths 556–679.9 µm (0.441 THz to 0.539 THz), despite the negligible changes. However, higher bandwidth affected the oblique incidence of the wave. The increase in the oblique incident angle (θ) also changed the magnitudes of the PCR due to the increase in the incident angle that greatly affected the reflected wave. The decrease in the cross-polarization component caused this reaction, whereby the bandwidth becomes narrower. However, in this study, angle stability was examined up to 45°, where 90% polarization efficiency was still achievable up to 30°, while the polarization efficiency dropped to 80% up to 45°.
[image: Figure 6]FIGURE 6 | Computed PCR from 0 to 45-degree oblique incidence for (A) y-polarized wave and (B) x-polarized wave.
For the proper justification of the metasurface structure, the characteristics of the co-polarized and cross-polarized reflectance coefficients were analyzed against three critical parameters of the metasurface, namely, substrate thickness, split length (spotted at the middle of the two orthogonal arrows joining), and splits of the arrow shape of the square-shaped resonator (Figures 7A–F). To achieve the best characteristics of the co- and cross-polarized reflectance coefficients of the metasurface, the dielectric substrate thickness is considered an important parameter. Figures 7A,B displayed the co- and cross-polarized reflectance coefficients using the dielectric substrate at different thicknesses. According to the scale invariance of Maxwell, the substrate thickness and resonant frequency are inversely related. At higher frequencies, the substrate must have a minimum thickness for the unit cell to resonate. To achieve cross-polarization conversion over 90%, after a series of optimization processes, the thickness of the substrate was set at 20 µm. Increasing the thickness of the substrate, decrease the dB values of the co-polarized reflectance as well as the cross-polarized reflectance also tend to decrease higher than −2 dB. In those cases, the cross-polarization conversion could not be achieved, which is our main goal. On the other hand, the co-polarized reflectance coefficient lost its resonance at a higher frequency when the thickness of the substrate was reduced.
[image: Figure 7]FIGURE 7 | Co- and cross-polarized reflectance responses based on varying (A,B) substrate thickness, (C,D) split length, and (E,F) split gap at the corner of the square-shaped resonator.
The split at the middle of the two orthogonal arrows joining is responsible for the metasurface response at higher frequency (i.e., the resonance at 286.7 and 298.25 µm occurred due to the split creation). The split also leads to an increased capacitance of the inside resonator and yields higher frequency resonances. After a series of optimization processes, the split width in this study was set at 55 µm. Moreover, there is an inverse relationship between capacitance and resonant frequency. As depicted in Figures 7C,D, we discovered better co-polarized reflectance characteristics with resonance dip at higher frequencies that were valuable in medical imaging applications. The splits at the corner of the square-shaped resonator were also an important factor in creating an arrow-shaped structure. Figures 7E,F display the co- and cross-polarized reflectance coefficients for varying gaps of splits. Following numerous analyses, the optimum value for the splits of the corner was set as 0.2 µm. Increasing the gap deteriorates the resonance frequencies due to the decrease in capacitance and gap that reduces the bandwidth.
Table 1 summarizes the analytical results of the crucial parameters of the designed structure. When the substrate thickness changes, the resonance frequencies and bandwidth also changed. The split in the middle, which is responsible for the first two low resonance frequencies, changed with different split lengths, except for two other resonance peaks that were almost stable regardless of the changes. Then, the splits in the two corners, which are responsible for the two upper resonance frequencies, are changing with changes of the split length, and for this case, the lower two frequencies saw minor shifting. Overall, the combination of 0.2 µm substrate thickness, 0.55 µm split at the middle, and 0.2 µm splits at two corners demonstrated that the proposed metasurface yielded the best results for polarization conversion.
TABLE 1 | Summary of the parametric analysis of the proposed metasurface.
[image: Table 1]Due to the inadequate facilities, the metasurface device could not be fabricated. However, the metasurface polarization converter can be fabricated using ultraviolet (UV) lithography and lift-off process [47, 48]. The steps are given below:
1) At first, a supporting substrate (Si or Ti) needs to fabricate by the e-beam evaporation process so that the whole structure of the metasurface can be fabricated onto it.
2) Second, the ground metallic layers, which was Al, can be evaporated evenly on the skin of the supporting substrate.
3) After that, with the technologies of spin-coating, the middle dielectric layer can be consistently coated over the surface of the Al layer.
4) At last, the top metallic array pattern (Al) can be fabricated by utilizing conventional lithography and lift-off processes of micro-fabrication.
By following these steps, the proposed metasurface device can be fabricated and experimentally measured utilizing the fiber-coupled THz time-domain spectrometer (THz-TDS) system.
Table 2 summarizes and compares the findings from the reported literature with the proposed design. Based on the results, every metasurface that was designed for polarization conversion either involved cross-polarization or linear to circular polarization conversion. Comparatively, previous studies which utilized double-layered or multi-layered designs were complicated to fabricate and were costly as they used materials such as graphene and gold. Thus, the need for a single layer, low-cost, and compact metasurface was still in demand. The proposed work is a suitable candidate for the metasurface resonator array pattern.
TABLE 2 | Comparison of the proposed work with the existing literature.
[image: Table 2]CONCLUSION
A proposed metasurface was numerically described for efficient polarization conversion in this study. The interference theory was used to discuss the model. Exhibiting the anisotropy of the metasurface structure, the metasurface yielded a 90% polarization converter from x- to y-polarization, and vice versa from 282.9 to 302.3 µm and 558.78 to 676.7 µm. The metasurface structure was also angle independent up to 30°. The metasurface was examined using different parameters to assess its potentiality as an efficient polarization converter. Finally, the compact size, angular stability performance, and numerous features make the proposed single-layered metasurface a potential candidate for advanced THz applications, including THz detectors, sensing, and many other THz-based devices.
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