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Editorial on the Research Topic 
Tunable and Reconfigurable Optical Metamaterials

Metamaterials and 2D metasurfaces [1–8] show promising and novel methods for the manipulation of optical waves in the terahertz, infrared, and visible regimes. Their performance has been demonstrated in high-resolution imaging, nonlinear optics, radiation control, holography, and optical communications. However, their practical applications are limited by the narrow operation wavelength range resulting from the resonant nature of the constitutive microstructures.
Materials with changeable properties or reconfigurable structures are being incorporated to achieve tunable optical properties, i.e. to extend the operation bandwidth or parameter space of metamaterials [9–14]. For example, graphene and related 2D materials, semiconductors, phase changing materials like VO2 and Ge2Sb2Te5, liquid crystals, and MEMS-structured metamaterials are emerging for advanced optics and photonics spanning from terahertz to visible frequencies. These developments are important for both fundamental optical physics and possible applications in nonlinear nanophotonics and super-resolution imaging.
This research topic on Tunable Metamaterial/Metasurface includes some remarkable examples. From the theoretical side, Xu et al. reported a study on the tunable optical scattering properties of a kind of plasmonic nanoantenna which is composed of metal-dielectric-metal metamaterial embedded with PT-symmetric layers designed for unidirectional scattering functionality. Yang et al. exploited the radiation characteristics of an ultrathin Pt layer and impedance matching to design a wavelength-selective absorber based on planarized platinum/silicon (Pt/Si) multilayer film for infrared stealth. The absorber effectively suppresses thermal radiation in two atmospheric windows and enhances thermal radiation in the nonatmospheric window. Lu et al. proposed a magneto-controlled method to manipulate the transmittance properties of a graphene-based THz metasurface comprised of graphene cut-wire arrays. It is found that the introduced vertical electrostatic field deflects the carriers in graphene and changes the transmittance characteristics of the metasurface. Hu et al. demonstrated the anomalous launching and vortices generation of surface plasmons in a THz near-field metasurface platform by tuning the orientation as well as the geometric phase of the surface unit structure. By introducing nanofins made by phase change VO2 material into the metasurface, Song et al. proposed a temperature-controllable multifunctional metasurface lens based on phase transition material. The metasurface based lens can be switched among dual focus, single focus, and no focus at any position. For the similar focusing functionality, Yan et al. employed phase discontinuity of the three-layer square element based reflective metasurface for a high focusing efficiency of 82%. Sun et al. further demonstrated a metasurface with three-layer aperture structures to achieve a beam deflection to the desired angle of high efficiency.
From the experimental side, various mechanisms for realizing tunable metasurface can be employed to create intelligent wave control devices. Wei et al. and Wei et al. proposed the switch transparency, reflection, and absorption of metasurfaces by loading PIN diodes in the structure. They experimentally demonstrated high power transmission modulation in the frequency range 8–12 GHz and an active metasurface with a continuous changing absorption peak between 8.5 and 9.1 GHz. Xu et al. presented a review on the experimental progress of tunable metamaterials based on nematic liquid crystals. They showed that liquid crystal-based metamaterials are promising for the remarkable improvement of the bandwidth and may facilitate related applications at terahertz or even optical regimes.
This Research Topic provides an interesting overview of the different metamaterials and metasurfaces that incorporate tunable or reconfigurable mechanisms for breaking the limitation of narrow-operation wavelengths. These new results demonstrate recent progress in tunable metamaterials and their potential usefulness in various aspects, both experimentally and theoretically. We expect that more and more metamaterials/metasurfaces will be demonstrated for fundamental wave control phenomena in physics and that novel functional meta-devices with smart properties will soon emerge.
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Parity-time (PT) symmetric photonic systems have attracted much attention due to their intriguing properties and asymmetric behaviors. In this paper, we propose a plasmonic nanoantenna with PT-symmetric potential for unidirectional scattering functionality. The studied plasmonic nanoantenna is comprised of three metallic layers separated by two dielectric layers. Such kind of system, with the same coefficient κ of loss and gain in each of the two dielectric layers, holds the characteristic of PT symmetry. We show that the unidirectional scattering is obtained for the passive structure (i.e., κ = 0), and the switching between forward and backward directionality can be achieved with a single structure by changing the excitation wavelength, when the induced electric dipole (ED) and magnetic dipole (MD) modes satisfy the first or second Kerker conditions, respectively. In addition, we find that the forward-to-backward ratio spectra can be strongly affected by the non-Hermiticity parameter κ. In particular, it is possible to reverse the radiation direction at the same wavelength in a wide spectra band by adjusting κ. Moreover, putting the nanoantennas in an array of transverse configuration can efficiently narrow the main lobe angular beam width to be <6°. These results contribute to the basic understanding of the optical properties of active-passive finite nanostructures with potential applications, and provide new ideas for the design of novel nanostructures displaying asymmetric and tunable responses.

Keywords: optical nanoantenna, unidirectional scattering, metallic and dielectric hybrid, parity-time symmetric, Kerker condition, tunable


INTRODUCTION

Surface plasmon polaritons (SPPs) refer to collective oscillations of conductive electrons at metal and dielectric interface [1]. With metallic nanostructures at the interface, these excitations couple strongly with light, giving rise to large interaction cross-sections, and enhanced near-fields [2, 3]. When the optical field couples with the SPPs in plasmonic nanostructures, some fascinating features, and applications arise, such as photo-thermal cancer therapy [4], ultra-sensitive bio-sensing [5], and improved solar energy harvesting [6], etc. However, it is well known that the intrinsic absorption of plasmonic nanostructures is usually high, especially at optical frequency, resulting in low performance efficiency [7]. Intrinsic absorption of the metallic nanostructures [8–11] can be substantially reduced with the assistance of active materials such as dye molecules, rare earth ions, or semiconductor crystals [3]. This is because the active materials can give rise to lasing or field amplification under external pumping, and transfer energy to compensate the losses of the SPPs [12–15]. Consequently, active materials enable the development of novel light-emitting devices [16, 17], such as spasers [18–20] or, more generally, plasmonic nanolasers [21–27]. It is also important to note that tuning the level of gain shall pave a path to dynamically control the response of these systems [3, 28, 29].

Recently, a new wave of interest in active materials appears in the realm of PT-symmetric systems [3, 30]. A system with PT-symmetry is comprised of active and absorptive elements which are in appropriate spatial distribution, such that the system presents a balanced gain and loss. PT-symmetry condition is directly translated into a requirement for the dielectric function of the system, ε(r) = ε*(−r), which can be achieved using active elements [3, 31, 32]. In other words, to achieve a PT-symmetric optical potential, the real part of the permittivity shall be an even function of position while its imaginary part must be an odd one. The interest in PT-symmetry of photonic systems relies on the exotic properties including, to cite some [3], asymmetric propagation [33, 34], reflection [35], scattering [36], unidirectional invisibility [37, 38], switching [39, 40], and extraordinary non-linear behaviors [41, 42]. These intriguing phenomena have been already observed in dielectric waveguides [43] and cavities [44] or photonic lattices [45, 46], among other realizations [3].

In this regard, plasmonic nanostructures with PT-symmetry have been attracting increased attention. A pioneer study has shown that the strong interaction of surface plasmons with light can be exploited to enhance the extraordinary properties arising from the PT-symmetry [3, 47]. Successive works demonstrate asymmetric behaviors in waveguides [48] and metamaterials [49, 50], transition from absorption to amplification in cavities [51] and waveguides [52], unidirectional cloaking [53], switching [54], multiplexing [55], anisotropic emission in hybrid nanoparticles [56], and giant near-field radiative heat transfer [3, 57].

In this paper, we investigate asymmetric optical response of a plasmonic nanoantenna that operates near the PT-symmetry condition. The nanoantenna is stacked with three metallic blocks and two dielectric blocks. Each of the two dielectric blocks, sandwiched by metallic ones, is either absorptive or active, respectively, with the same value of κ but in opposite sign. With such a PT-symmetric configuration, the antenna supports a highly tunable magnetic dipole (MD) that spectrally overlaps an electric dipole (ED) mode. And the tunability is primarily dependent on the variation of κ. It is also interesting to note that the interference between the MD and ED modes gives rise to superior unidirectional scattering. The side lobe level, of forward and backward radiation, can be suppressed in the cases provided that the Kerker conditions are well-satisfied. Furthermore, we show that the scattering direction of the nanoantenna strongly depends on the non-Hermiticity parameter κ. In particular, it is feasible to switch the scattering direction of the antenna at the same wavelength in a wide spectra band by adjusting κ. We also find that the beam-width of the scattered light can be further narrowed when the antenna multilayers are arranged in a chain.



MATERIALS AND METHODS

For The scattered far-field for homogeneous and substrate environments can be written as [58],

[image: image]

where ω is the angular frequency, r is the spatial coordinate vector, μ0 = 4π·10−7 H/m is the vacuum permeability, vd = c(εd)−1/2, c is the speed of light in vacuum, εd is the relative permittivity of dielectric surrounding, r = |r| and n = r/r is the unit vector in the direction of observation, p (m) is the electric (magnetic) dipole moment, Qe (Qm) is the electric (magnetic) quadrupole tensor, and T is the tensor of the toroidal dipole moment [59].

The multipole decompositions are accomplished in both the Cartesian basis (source-representation) and the spherical basis (field-representation). The irreducible Cartesian mutipole moments are evaluated by [58].
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where α, β = x, y, z, the electric current density is obtained by using Jω (r) = -iωε0(εr - εd) Eω(r), where ε0 = 8.845·10−12 F/m is the permittivity of free space, εr is the relative permittivity of particle, Eω (r) is electric field distribution. Multipole contributions show that the resonance peaks correspond to the overlap of several different multipole decomposition of the scattered field [59].

The scattering cross sections Csca are defined from far-field scattered power (I) by normalizing to the energy flux of the incident wave (Iinc). The total scattering power can be obtained by summing the energy fluxes of multipoles which are integrations of the Poynting vector over the total solid angle,
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Here, ω is the angular frequency, c is the speed of light in a vacuum, the more high-order multipoles are not shown [59].

Figure 1A shows schematic of the multi-layered metal-dielectric-metal (MDM) nanoantenna. The nanoantenna is comprised of three identical gold strips, and two dielectric strips sandwiched by gold strips. Each strip has the same lengths l = 100 nm, different thicknesses (i.e., a thickness of gold strip d = 20nm and a thickness of dielectric strip t = 15 nm). The refractive index of the passive and active dielectric strip is n + iκ and n − iκ, respectively. Here the real parts of the refractive index are fixed as n = 1.44 while the non-Hermiticity parameter κ in imaginary parts is varied for different simulations. Note that regardless of the value of κ, loss and gain are always balanced in the system. The permittivity of gold is taken from Johnson and Christy [60]. For simplicity, the whole structure is assumed to be freestanding in air (ε0 = 1) [61].


[image: Figure 1]
FIGURE 1. Optical response of the plasmonic antenna. (A) Schematic of the five layered plasmonic nanoantenna, composed of planar metallic strips separated by loss (n + iκ) and gain (n − iκ) materials. (B) Extinction cross section as a function of κ and the wavelengthλ. (C) Extinction (blue curves), scattering (red curves), and absorption (black curves) cross-sections for the same antenna of panel by calculated for three different κ: κ = 0 (top), κ = 0.25 (middle), and κ = 0.4 (bottom).




RESULTS AND DISCUSSION

Figure 1B shows the extinction cross-section of the antenna, as a function of κ and λ. The incident plane wave, polarized in the y axis, is propagating along the x axis (see Figure 1A). All numerical calculations are performed with the finite element method (FEM) by COMSOL Multiphysics [62]. For a passive structure (i.e., κ = 0), the extinction cross-section shows two peaks corresponding to the excitations of plasmon ED and MD at shorter and longer wavelength, respectively [61]. With the increase of κ, the gain starts to compensate the loss of the system. One interesting feature is that the ED peak remains at the same wavelength of about 623 nm. Moreover, at a certain critical value (κ = 0.25 for this system), a region with negative extinction cross-section appears (see green area in Figure 1B). Beyond this critical point, the MD peak disappears and the extinction cross-section at the longer wavelength vanishes. The above behaviors are explored and demonstrated in details in Figure 1C, where the extinction (blue curves), scattering (red curves), and absorption (black curves) cross sections of the structure are plotted for three different values of κ. As anticipated, when κ = 0 (top panel), we observe two resonances that correspond to the ED and MD modes, respectively. Close to the critical point, κ = 0.25 (middle panel), the absorption cross-section (ACS) and extinction cross-section (ECS) becomes negative and predominant at the longer wavelength. With the amount of loss and gain increasing in the system, we observe the splitting of the MD. It suggests that one of the eigenmodes that is dark and not excited in the case of the passive system becomes bright when bringing loss and gain in the system. As κ is increased to 0.4 (bottom panel), the gain partially mitigates absorption losses, thus yielding a zero extinction at MD resonance. From the evolution of the MD and ED spectra based upon different κ in Figure 2, we can see that the MD mode shows strong dependence on κ, whereas the ED mode is almost unchanged. The sharp changes, occurring in the optical response of the antenna as κ approaches to the critical point, are a typical signature of a PT-symmetric system [42]. Therefore, associated with that behavior, we expect the system to exhibit an anisotropic response [3].


[image: Figure 2]
FIGURE 2. Evolution of the multiple moments spectra for different κ of the antenna with (A) κ = 0, (B) κ = 0.25, and (C) κ = 0.4.


To clarify the contributions of different modes, multipole decomposition including the electric dipole moment P, magnetic dipole moment M, electric quadrupole (EQ) moment Qe, and magnetic quadrupole (MQ) moment Qm can be obtained according to Khandekar et al. [57]. The radiated power of all the multipole moments sums over their contributions as:

[image: image]

In Figure 2, we show the multiple scattering spectra for κ = 0, κ = 0.25, and κ = 0.4. It is seen that the contributions from the induced ED and MD are significantly larger than those of EQ and MQ. Therefore, it is reasonable to neglect the high order multipole moments (EQ and MQ) that have negligible effects on the SCS for the three cases [61]. Clearly, it is seen that when κ = 0.4 the radiation from MD vanishes. Moreover, the green solid line in Figure 2 is the summation of the SCSs of the ED, MD, EQ, and MQ, which shows good agreement with the total SCS (black solid lines) obtained from the FEM simulation for the three cases, further confirming negligible contributions from other higher order modes [63].

To gain clearly understanding of the resonant dipole modes, we plot the surface charge distributions for two wavelength peak position of the SCS spectra when κ = 0 in Figure 3. Our previous work has shown that the first peak (i.e., λ = 610 nm) in this system corresponds to an electric dipole resonance in which the induced currents on the three plasmonic strips oscillate in phase [61], and the corresponding surface charge distribution is plotted in Figure 3A. The ED is induced by the metallic strips and it remains almost unchanged when varying κ, this can be confirmed in Figure 2 [58]. In order to better understand how the MD mode can be excited, the charge distribution of the other mode at λ = 778 nm is shown in Figure 3B, we can see that the forming strong circulating displacement currents in the both left two and right two metallicstrips induced the strong cavity magnetic dipole resonance mode. This kind of cavity mode is strongly affected by the material of dielectric layers (see Figure 2) [61]. Furthermore, as shown in Figures 2A,B, we can see that the ED and MD modes spectrally overlap in the spectrum and may have different radiation interferences that can shape the scattering pattern. The differential directionality (measured in decibels) of an antenna reads as follows [61, 63]:
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FIGURE 3. Surface charge distributions for the two resonant peaks [610 nm (A) and 778 nm (B)] when κ = 0 in Figure 2A.


Where θ and φ are spherical angles, and S(θ, φ) is the radiated power in the given direction θ and φ. Here, we are primarily interested in the forward-backward (FB) ratio G = DF-DB = 10 × log 10(SF/SB), where SF and SB are the far-field radiated powers in the forward and backward directions, respectively. The forward-backward ratio G allows a rough assessment of the directionality of the antennas [61]. The FB ratio G is plotted in Figure 4 as a function of wavelength λ and non-Hermiticity parameter κ. For a passive structure (i.e., κ = 0), we can see that G reaches about −30 dB at λ = 747 nm and nearly 34 dB at λ = 813 nm. Notice that positive(negative) G means that forward(backward) scattering dominates [61]. As κ increases, the gain starts to compensate the loss of the system, while both the peak and dip of Gare red-shifted and become broader. Interestingly, in the wavelength range from 807 to 885 nm, we can change the sign of Gat the same wavelength by tuning κ. Here we give two cases for λ = 835 nm and λ = 870 nm in Figures 4B,C, respectively. It is seen that for λ = 835 nm, G reaches the peak (dip) of +41 dB (−47 dB) when κ = 0.14 (κ = 0.34). Similarity, it is seen that for λ = 870 nm, G reaches the peak (dip) of +49 dB (−51 dB) when κ = 0.21 (κ = 0.3).


[image: Figure 4]
FIGURE 4. Unidrectional scattering produced by the PT-symmeric structures. (A) The forward to backward ratio G as a function of κ and the wavelength. (B) G as a function of κ at λ = 835nm. (C) G as a function of κ at λ = 870nm.


The scattered electric farfield resulting from the combination of such p and m are as follows:

[image: image]

Where p(m) is the dipole moment of the ED (MD), kis the wave vector, n = k/|k|is the unit vector in the emission direction, and r is the coordinate vector. According to Equation (10), zero forward or backward scattering requires (1) the two dipoles (ED and MD) are orthogonal to each other, (2) their radiated powers are nearly identical, and (3) the phase difference Δφ = φp − φm = 0 (forward scattering) or Δφ = ±π (backward scattering), where φp and φm are the relative phase of the induced p and m in the nanoantenna. In our case, when Δφ = φp−φm = 0 is fulfilled (i.e., the first Kerker condition) [64], most radiated power is directed to the left half space (+xdirection). Likewise, when Δφ = φp−φm = ±π (i.e., the second Kerker condition) is nearly fulfilled, scattering to the right half space (−xdirection) dominates [61]. In our system, it is reasonable to assume the ED and MD to be oriented along the corresponding vectors of the incident field. It means that the induced electric and magnetic dipole moments of the antenna in Figure 1A should be p = (0, py, 0) and m = (0, 0, mz), respectively. To demonstrate the first and second Kerker conditions can be switched at the same wavelength by adjusting κ, we take the case shown in Figure 4C (i.e., λ = 870 nm) as the example. Figure 5 shows the normalized radiated powers (left axis) and the phase difference (right axis) of the induced dipole moments py and mz as a function of the non-Hermiticity parameter κ. It is seen that at κ = 0.21 the radiated powers of py and mz have comparable amplitudes (see the dashed curve in Figure 5) and relatively small phase difference Δφ = 0.09π (see the green solid curve in Figure 5), thus the first Kerker condition is approximately reached. In a similar way, the second Kerker condition is nearly met at κ = 0.3 with Δφ = 0.94π. We note that the first (second) Kerker condition can be achieved at all the peaks (dips) of G which corresponding to the red (blue) area in Figure 4A (results not shown here).


[image: Figure 5]
FIGURE 5. The normalized radiated powers of ED and MD moment and their relative phase difference Δφ for λ = 870nm.


In Figures 6A,B, we plot the 2D far-field scattering patterns in xoz plane at λ = 835 nm for κ = 0.14 and κ = 0.34, respectively. It shows that an almost complete cancellation of the radiation toward the left-half space (+x direction) and a predominated radiation toward to the right-half space (−x direction) for κ = 0.14 (see Figure 6A). In sharp contrast, for κ = 0.34, the radiated power scatters almost completely toward the −x direction (see Figure 6B) [61]. Similar features can be seen for κ = 0.21 and κ = 0.3 when λ = 870 nm as shown in Figures 6C,D. To better characterize the directivity of the scattering, we also label the main lobe angular beam-width α which corresponds to the angle for the full width at half-maximum of the differential scattering intensity [63], as shown in Figure 6. It is seen that for λ = 835 nm α is 62° when κ = 0.14 and 63° when κ = 0.34. For λ = 870 nm shown in Figures 6C,D, α is 88° when κ = 0.21 and 91° when κ = 0.3. Figure 6 further shows that the scattering direction of the antenna at a fixed wavelength can be reversed by adjusting κ.


[image: Figure 6]
FIGURE 6. 2D radiation patterns in the xoz plane. (A,B) Scattering pattern with κ = 0.14 and κ = 0.34 at λ = 835nm, respectively. (C,D) Scattering pattern with κ = 0.21 and κ = 0.3 at λ = 870nm, respectively.


In order to explore more scattering properties of the PT-symmetric systems, we investigated a series of five-layer plasmonic nanoantennas. First, a five-layer plasmonic nanoantenna, composed of planar metallic strips separated by two materials with different amount of gains, n-iκ1 and n-iκ2, is simulated as shown in Supplementary Figure 1. There is no positive and negative change of unidirectivity in this system. The unidirectivity keeps positive at all values of κ1 and κ2. Secondly, a five-layer plasmonic nanoantenna, composed of planar metallic strips separated by two materials with different amount of losses, n + iκ1 and n + iκ2, is simulated as shown in Supplementary Figure 2. Similarly, there is no positive and negative change of unidirectivity and the unidirectivity keeps positive at all values of κ1 and κ2. Finally, the previous constructed PT-symmetric structure is also calculated with different loss (n + iκ1) and gain (n–iκ2) materials, as shown in Supplementary Figure 3. In the results, it is shown that the unidirectivity could switch between positive and negative with the change of κ1 and κ2. When κ1 = κ2 = κ, the results are coincident with the previous results in Figure 4. In order to investigate the presence of critical point, we describe state coalescence and power flow along the waveguide, as shown in Supplementary Figure 4.

We also studied the opposite incidence (-x direction, from right to left) in the PT-symmetric system, as shown in Supplementary Figure 5. The forward-backward ratio G results are smaller than the positive incidence results in Figure 4. The transmission and reflection properties of the PT-symmetric structure are simulated in plane wave incidence at λ = 835 nm and λ = 870 nm (see Supplementary Figure 6). The peaks(dips) of transmissivity/reflectivity ratio basically correspond to the peaks(dips) of G in Figure 4C. It is demonstrated that the positive and negative unidirectivities are related to transmission and reflection enhancements.

In Figures 7B,C, we show the scattering patterns in xoz plane by putting the antennas in a chain along y axis. The operating wavelength is λ = 870 nm and the inter-particle distance is fixed at d0 = 300 nm. Significant reduction in α is obtained with increasing number of antennas N due to the constructive far-field interferences, which is quite similar to previously reported study in high-index dielectric particle chain of longitudinal configuration [63]. The operating wavelength of λ = 870 nm can offer the best directionality with the narrowest α of 5.6° for κ = 0.21 and 5.8° for κ = 0.3 when N = 6 [63]. As a result, arranging the antennas into an array can achieve needle-like radiation [65].


[image: Figure 7]
FIGURE 7. (A) Chain of the PT-symmetric structure with inter-particle distance d. (B,C) Scattering patterns in xoz plane by a chain such particles with N = 1, 2, 4, and 6 for κ = 0.21 and κ = 0.3 at λ = 870nm, respectively.


Considering low values of non-Hermiticity parameter, we also redesigned a five-layer plasmonic nanoantenna with the geometric parameters (l1 = 30 nm, d1 = 8 nm, t1 = 6 nm), as shown in Supplementary Figure 7. For an available gain material with the κ ≤ 0.2, the tunable unidirectivity could also be realized in designed structure. In addition, the structure parameters could be further optimized to obtain excellent performance, and we will research more about it in the following work.



CONCLUSIONS

In conclusion, we have studied the scattering properties of a multi-layered MDM plasmonic nanoantena with balanced gain and loss in the dielectric layers. We showed that the non-Hermiticity parameter has strong influences on the total cross sections and the scattering directionality of the antenna. In particular, the antenna exhibits unidirectional scattering which can be tuned by changing the non-Hermiticity parameter κ. These interesting scattering features of the antenna can be understood by the phase shifts between the electric and magnetic dipole moments induced in the asymmetric material composition. Our results are useful in designing unidirectional plasmonic nanoantennas with active materials.
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Metasurface was presented to be the two-dimensional analogs of metamaterials that regulate the beam by adjusting the phase and amplitude of the wavefront. By properly designing and arranging the metasurface elements to form an array, the singularity of the metasurface to the propagation direction of the electromagnetic wave beam can be controlled; such unique electromagnetic properties offer additional opportunities to innovate new antennas. In this paper, we present the design and numerical simulation of the multi-layered microwave metasurface. The structure is designed to control the phase change of the transmission wave by changing the size of the multi-layered transparent microwave metasurface unit. Numerical simulation results show that the specific degree deflection of the electromagnetic wave is achieved in the microwave band. The design expands the application of phase gradient metasurface in the microwave field and provides a new method for metasurface electromagnetic beam steering.

Keywords: metasurface, multi-layer, beam steering, lens, microwave, wavefront control


INTRODUCTION

In fundamental physics, free space, and integrated photonics applications, it is important to regulate the deflection angle of electromagnetic waves [1]. Fermat's principle points out that the wavefront of a light beam can be modified by controlling the phase of light wave [2]. Conventional optical components rely on the design of complex dielectric constant distributions. These components also use wave plates made of natural birefringent crystals [3] and sub-wavelength gratings to achieve conversion between different deflection angles to gradually modulate the phase of the light waves for controlling of propagation path in bulk materials. However, due to the limited birefringence (△ n, typically <0.3) limitation [4], large device thicknesses are required to accumulate phase differences. In contrast, metamaterials exhibit peculiar optical properties in controlling electromagnetic waves [5, 6], providing an unprecedented method for precise control of electromagnetic waves with controllable amplitude [7], phase [8], and polarization [9] at sub-wavelength scales [10].

The mechanism of metasurface [11]-regulated electromagnetic waves is to introduce a catastrophic phase at the interface, so that the scattered electromagnetic waves have different phase differences at different positions and finally cause changes in the surface of constant phase, thereby changing the propagation direction of the electromagnetic waves [12]. A plurality of sub-wavelength unit structures are organized to form an array structure, and beam steering is realized by setting a transmission phase or a reflection phase of each unit. Therefore, the metasurface is required to adjust the phase of transmission or reflection by combining phase gradient and coding sequence [13] or specific unit [14]. In order to increase the overall transmission efficiency of the antenna array, and better control beam shaping and beam steering, the phase change of the reflection or transmission of the local unit structure should be [0, 2π] range [12, 15]. Another important indicator for judging performance is reflectivity and transmittance. In recent years, bi-layer transmissive metasurfaces with high efficiency have appeared. Zhang et al. proposed and experimentally demonstrated a light sword metasurface lens with multiple functionalities [16]; Wang et al. proposed a circular-polarized vortex beam reflector antenna [17]; Akram with his team controlled beam using photon spin Hall effect [18, 19]. Most metasurface structures utilize resonance to get efficient phase tuning, and to cover a 2pi phase shift range, two kinds of resonance are needed. High reflectivity and transmittance mean high transmission efficiency, but the conventional single layer [16, 20] for beam steering cannot meet high transmission efficiency, and the operating frequency is mainly concentrated in microwave [15] or the terahertz band; the frequency is either too high or too low, and little research has been done on metasurface beam steering in the millimeter band.

In this paper, we present the design and simulation of multi-layered transparent microwave metasurface with six and eight elements phased patch array that can simultaneously control electromagnetic waves at a frequency of 32 GHz. The far fields and electric fields of different angles are discussed in detail. Numerical simulation of multi-layer beam control metasurface is done using electromagnetic solution based on finite integral technique (FIT)–CST Microwave Studio [21, 22]. The unit cell proposed by us has a certain working bandwidth from 30 to 34 GHz; in this paper, the beam wavefront control of the operating frequency at 32 GHz is mainly explained. An efficiency of 86% and a deflection angle of 22.99° and an efficiency of 83% and a deflection angle of 31.88° are verified by measuring the far-field radiation and electric field pattern. Due to the high transmission and flexible phase control in the range of frequency, the proposed element surface can refract the incident beam at a predetermined deflection angle under arbitrary polarization.



PRINCIPLE AND ANALYSIS

Fermat's principle is also called the shortest time theorem. It means that a beam of light always propagates from one point to another along the path with the shortest time. That is, the propagation of light waves between two points A and B is the path along the optical path [image: image],where n is the refractive index of the medium. The generalized Snell's law is derived from the Fermat principle [23]. In general, Fermat's principle can be understood in the optical path as the phase change takes the extreme value, that is, when a phase change Φ(rs) is introduced at the junction, the total phase change of the light wave in different paths is [image: image], where rs indicates the position on the interface, the first term represents the amount of phase abrupt change, and the second term represents the phase change corresponding to the optical path.

As shown in the Figure 1, the light wave irradiates the interface at the incident angle, and the x-axis represents the interface. There are two points A and B on both sides of the interface.

[image: image]

Then, the phase difference between ADB and AEB is 0 and Snell refraction law can be obtained. θt is the refraction angle, ni and nt are the dielectric constants on both sides of the interface, dx is the distance difference between two beams at the interface, and Φ and Φ+dΦ are the phase mutation of two beams passing through the interface.


[image: Figure 1]
FIGURE 1. Refraction with the phase difference.


If the phase change rate [image: image] is constant, the transmission phase change is continuous. Generalized Snell's law consider the formula (1, 2).

[image: image]



METASURFACE DESIGN

In this paper, the basic structure with a multilayer transparent microwave element surface is presented. The designed structure unit is schematically depicted in Figures 2A,B, and the corresponding parameters are given. The ring aperture structure, three-layer perfect electronic conductors (PEC), and two-layer dielectric layers were selected for the unit structure design. The PEC thickness was 0.035 mm, the dielectric layer thickness was d = 0.8 mm, and the dielectric constant was 2.0. The unit structure is square in size and p = 3 mm in length and width. The PEC layer is composed of two rings, the outer ring has an outer radius of 1.5 mm, and the inner radius “a” varies uniformly from 0.4 to 1.4 mm. The outer radius of the inner ring b (b = 0.5 a) varies uniformly from 0.2 to 0.7 mm, and the inner radius is 0.1 mm. The element is analyzed using CST Microwave Studio by applying unit cell boundaries in both x- and y-directions. In order to tune the phase variation efficiently, only the length of the inner radius “a” is adjusted and optimized while fixing d = 0.8 mm and p = 3 mm.


[image: Figure 2]
FIGURE 2. The proposed PGMS element and its simulated setup. (A) Perspective view. (B) Top view.


As shown in Figure 3A, a continuous curve phase shift in the range of [−157°, 158°] can be achieved by changing the radius of the metallic patch layers. The black line marked with triangle and the red marked with square represent the transmission phase of six-element and eight-element, respectively; the blue line marked with circle and the yellow marked with triangle represent the transmission amplitude of six-element and eight-element, respectively. The maximum range of the phase shift at 32 GHz can reach 315°, which is close to a full cycle and sufficient for the intended operation of transmission while maintaining the amplitude of the transparent microwave. The transmission amplitude of six-element and eight-element both decreases and are inversely proportional to a, but they are all larger than 0.7, and the maximum is 0.91 and 0.93, respectively. It means our model can deflect the transmission beam in good condition. In this model, the operational frequency is 32 GHz and the focal length is 5 mm. In the structure, we get the desired phase shift by just changing the inner radius parameter of the metallic patch. The phase from −157° to 158° can be realized with the phase change of the transmission coefficient along with the inner diameter, which is beneficial to realize the composition of the transmission phase gradient changing on the deflection surface. Figure 3B shows the transmission amplitude and the transmission phase. It can be seen that the transmission amplitude is 0.91 and between 31 and 32.6 GHz, the transmission phase is inversely proportional to the frequency. Due to the symmetry of the closed ring structure, when electromagnetic wave is incident into metasurface ring structure, electromagnetic resonance will be generated at a certain frequency. As shown in Figure 3B, the dotted black line and red line indicate the transmission amplitude of the six-element and eight-element array, respectively; the black line and red line represent the transmission phase of the six-element and eight-element array, respectively. When the array is six-element, at 32.6 GHz, the electromagnetic wave frequency approaches the plasma frequency of the metasurface, resulting in an absorption peak of 0.48 based on the Drude model. At the same time, from 32.5 to 32.7 GHz, the phase changed fastest at 32.6 GHz. When the array is eight-element, it can be approximated as a straight line with the transmission amplitude of 0.93 from 31 to 33 GHz. This component can be used for a hyperbolic lens antenna with good performance, which has been verified by previous work.


[image: Figure 3]
FIGURE 3. (A) The transmission phase and magnitude of the 6-element and 8-element array varies with the inner diameter. (B) Parameters of the transmission varies with the frequency.


By choosing the appropriate value of an, the transmission intensity and phase difference spectrum provide enough information for the design of the transmitter. As Figure 4 shows, we select six elements (see Figure 4A) and eight elements (see Figure 4C), respectively, along the x-axis. The rules are to ensure the π/3 and π/4 phase increment at two adjacent units along the x-axis. Figures 4B,D represent the current distribution of the six-element and eight-element, respectively. As the radius of the ring increases, so does the current density on each element's surface. It shows that the deflection phase of transmission beam and the intensity of resonance also increases, following the generalized Snell's law for refraction [11, 14].


[image: Figure 4]
FIGURE 4. (A) The π/3 phase increment at two adjacent units along the x-axis. (B) The current distribution of the six-element. (C) The π/4 phase increment at two adjacent unit along the x-axis. (D) The current distribution of the six-element and eight-element.


According to the generalized Snell's law, when the incident beam is vertical, the relationship between the deflection angle of the transmitted wave and the transmission phase gradient of the interface conforms to Equation (3), and ni = nt = 1. Deflection beam steering of transmitted waves can be achieved by designing gradient changes in the transmission phase of a multilayer transparent microwave metasurface [20, 21].

[image: image]

where ϕ is the phase discontinuities at a local point brought by the metasurface and λ is wavelength. Assume that the phase difference between adjacent elements is π/4, for the calculation consider Equation (3).

[image: image]

At this point, the deflection array can achieve 22.99° angular deflection. If π/3 is chosen as the difference of phase between adjacent elements, [image: image]. Theoretically, the deflection array can achieve a beam deflection of 22.99° and 31.88°. Tables 1, 2 show the inner radii an of the proposed model, where an1 is the radii of the six elements while an2 is the radii of the eight elements, N1 and N2 are serial numbers.


Table 1. Deflection 22.92° array unit selection.

[image: Table 1]


Table 2. Deflection 31.88° array unit selection.

[image: Table 2]



RESULTS AND DISCUSSION

The theoretical predictions are validated by simulation software CST. The boundary condition is unit cell, and the incident wave direction is positive along the z-axis. Based on the above theoretical analysis [22, 23], six transmission phases are selected along the x-axis to increase π/4 in turn. Designing the metasurface according to the data in Table 1, the phase difference of the first unit is also π/4. The structure can deflect the transmitted beam by 22.99°. The simulation software CST is used for full-wave simulation and the periodic structure simulation [24–28] is used for calculation, the distribution of electric field is shown in Figures 5A,B shows the far-field 3D distribution map at 32 GHz; we can see that the vertical incident electromagnetic wave deflects by 22.99°, which is consistent with the theoretical results. When the center frequency is 30 and 34 GHz, the simulation results are shown in Figures 5E,F,I,J, and the deflection angles are all close to the theoretical calculation. The data are shown in Table 3. Then, we replace the lossless dielectric materials [29] with the typically lossy polyimide with the lossy tangent angle [30–33], 0.0571. As shown as Figures 5C,D,G,H,K,L, the beam deflection can also be realized with lossy materials and the deflection angle is smaller than that of the pure lossless materials in a reasonable error range. Besides, according to the value of S21 = 0.91, the transmission efficiency is calculated to be 86%.


[image: Figure 5]
FIGURE 5. Electric field and far-field 3D distribution of hypersurface array at 32 GHz (A–D), 30 GHz (E–H), and 34 GHz (I–L) of six-element, respectively, where (A,B,E,F,I,J) indicate the results of lossless material, and (C,D,G,H,K,L) indicate the results of lossy material.



Table 3. The deflection angles of six elements with a lossless and lossy at different frequencies.

[image: Table 3]

According to Table 2, eight transmission phases with an adjacent phase difference are selected along the x-axis to form the metasurface. According to Equation (3), the theoretical deflection angle is 31.88°. Figures 6A,B,E,F,I,J show the simulation results with pure lossless materials and Figures 6C,D,G,H,K,L indicate the results with lossy polyimide at 32, 30, and 34 GHz, respectively. Figure 6A shows the electric field Ex-distribution and (b) shows the far-field distribution map at 32 GHz. Due to the coupling effect between the adjacent elements of the array, the radiation of a single element will change the effective excitation of the adjacent elements. Meanwhile, because of the limited number of elements in the array, the coupling effect between the elements of the array is obvious, resulting in strong sidelopes. It can be seen that the beam deflection is 31.88° when the vertical incident electromagnetic wave passes through the metasurface, which is consistent with the theoretical calculation results. The S21 = 0.93, which means the transmission efficiency is approximately 83%. Figures 6C–F show the electric field Ex-distribution and the far-field distribution map at 30 and 34 GHz.


[image: Figure 6]
FIGURE 6. Electric field and far-field 3D distribution of hypersurface array at 32 GHz (A–D), 30 GHz (E–H), and 34 GHz (I–L) of eight-element, respectively, where (A,B,E,F,I,J) indicate the results of lossless material, and (C,D,G,H,K,L) indicate the results of lossy material.


Tables 3, 4 show the theoretical deflection angles and the simulation results at different frequencies and compare lossless material with lossy material. It can be seen from the data that the error is the smallest when working at 32 GHz in the frequency range from 30 to 34 GHz. Lossy material and lossless material effect is consistent.


Table 4. The deflection angles of eight elements with a lossless and lossy at different frequencies.

[image: Table 4]



CONCLUSION

It is proved by simulation results that the multilayer transparent microwave metasurface designed in this paper has a good beam control effect. In order to reduce the influence of evanescent wave coupling, we choose a three-layer aperture structure with high stability and transmission type to design a multi-layer metasurface, which can flexibly control discontinuous phases in [−π,π]. The phase difference between adjacent elements can be changed by making the beam reach a specific deflection angle; in this paper, we chose π/4 and π/3 as phase difference of adjacent elements, respectively. In the calculation, the periodic structure simulation is used. The results show that the transmittance is higher than 80% with the change of inner diameter, which realizes the efficient transmission of a transmission wave. At the same time, the model with lossy materials can also achieve the purpose of beam deflection and are more widely used in practical production. The purpose of controlling the beam deflection to the desired angle can be achieved according to changing the phase difference. Since the structure has a good beam steering effect, it can be applied to an antenna array arrangement that produces a focusing effect. In addition, due to the common media materials used, in actual manufacturing, the whole structure can be realized with printed circuit boards. The structure is simpler and easier to manufacture.
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This study proposes a three-layer focusing gradient metasurface for wavefront processing. The structure works in the frequency range of 15–25 GHz and has a central frequency of 19.6 GHz. The metasurface unit is organized in a square and has high-impedance elements that reflect the full range of phase shifts. When the microwave beam is incident on this metasurface, the high-impedance elements modulate the beam according to the gradient arrangement, to realize the focusing effect of the lens, and the efficiency reaches 82%. The simulation results are consistent with the theoretical results.

Keywords: metasurface, reflective, focus, wavefront, simulation


INTRODUCTION

The acquisition of new materials with new optical properties has become an important research field [1]. People acquire new materials by chemical synthesis [2], and they manipulate the optical properties by artificially designing dielectric constants and magnetic permeability [3, 4]. The degree of freedom and maneuverability of the artificial optical structure is higher than that of chemical synthesis methods [5]. From 2000 to 2010, the use of metamaterials to design new optical devices and achieve unique optical functions has received significant attention. Examples of these include negative refraction, metalenses, optical stealth cloaks, and artificial chirality [6, 7].

Fermat's principle [8] points out that the wavefront of a light beam can be modified by controlling the phase of the light wave [9, 10]. A metasurface exhibits peculiar optical properties in controlling electromagnetic waves [11, 12]; it is also widely used in the terahertz band [13]. Traditional metal-based metasurfaces can effectively reduce losses during electromagnetic wave propagation [14, 15], but the interaction intensity decreases as the distance between the metasurface and the electromagnetic beam increases [16, 17]. The metal—medium—metal structure [18] provides an effective way to achieve efficient control of light wave amplitude, phase, and polarization [19]. In this study, we propose and validate a new type of focusing lens based on a three-layer square gradient metasurface reflector array, which can approximate and the reflection phase in the range of 2π by controlling the metasurface unit.



MODEL DESIGN

As shown in Figure 1A, an element of the metasurface array has three layers, and the metal layers use a perfect electrical conductor (PEC). Metals behave like PEC in the microwave band and a reflectarray built using elements of variable dimensions can reflect the incident waves with high efficiency. As shown in Figure 1B, the top metallic patch layer is a square that is hollowed from the inside to the outside. Figure 1C shows the element parameters. The thickness of each metal layer and the dielectric are t = 0.035 mm and h = 1.60 mm, respectively, and the dielectric constant is 2.60. The lattice constant is x = 10 mm. The width of the metallic patch is the only adjustable parameter, and it has a significant influence on the reflection phase. By changing the value of the parameter, it is possible to control the incident beam and make it converge at one point.


[image: Figure 1]
FIGURE 1. (A) Side view of the three-layer square element, (B) top view, and (C) element parameters.


Compared with other focusing structures [20, 21], the thickness of the proposed design only is 1.67 mm, which is much smaller than the operational wavelength. It is easy to manufacture. The phase (ϕ) distribution of the focusing gradient metasurfaces usually follows Equation (1) [22].

[image: image]

Where f is the focal length, and λ0 is the free-space wavelength [23, 24].

A continuous curve of phase shift in the range of −168.5° to 170.8°, as shown in Figure 2, can be achieved by changing the width of the metallic patch layer. The maximum range of the phase shift can reach 339°, which is close to a full cycle and sufficient for the intended operation of a reflectarray while maintaining the amplitude of the reflected wave above 0.82. The focal length is 150 mm. As shown in Figure 3, the three-layer metasurface array consisted of 13 ×13 square elements. The desired phase shift is obtained by just changing the inner radius parameter of the metallic patch. The radii of the patches in the eight parts are 0.1, 0.37, 0.62, 0.74, 0.80, 0.92, 1.36, and 4.9 mm, respectively. The element can be used for a metasurface lens with good performance. The reflection phases of the eight concentric parts fulfill Equation (1).


[image: Figure 2]
FIGURE 2. The amplitudes (red triangle dots) and reflection phase shift (black square dots) of a metasurface with different side lengths at 19.6 GHz frequency.



[image: Figure 3]
FIGURE 3. Schematic diagram of a gradient high-impedance metasurface reflectarray with M × N elements consisting of square elements of different sizes.




RESULTS AND DISCUSSION

The CST Microwave Studio software was used to solve the reflection spectra of the metasurface structure. The plane wave propagated in the negative z direction and linearly polarized along the direction of incidence of the beam. The simulation results are shown in Figure 4. Figure 4A shows the reflected electric-field intensity distribution in the x–y plane, where the focal length f is ~146 mm. Figure 4B shows the reflection intensity distribution in the x–y plane at z = 146 mm, z = 150 mm, and z = 170 mm, respectively. One can see that the energy is the strongest, the light spot is the smallest, and the focusing effect is the best at z = 146 mm. Figure 4C shows the 3D radiation pattern at 19.6 GHz, and Figure 4D shows the electric-field energy density distribution in the x–z plane. Focus conversion efficiency was ~82%. The calculation method is the ratio of focus energy of the focal spot to the total energy of the incident wave. Owing to the good focusing performance, the proposed array can achieve a pencil-shaped radiation pattern.


[image: Figure 4]
FIGURE 4. (A) The electric-field energy density distribution in the x–z plane. (B) The electric-field energy density distribution in the x–y plane at z = 146 mm, z = 150 mm, and z = 170 mm, respectively. (C) 3D radiation pattern at 19.6 GHz (D). The reflected electric-field intensity distribution in the x–y plane and at the focus (z = 146 mm).


It is reasonable to infer that the high-efficiency focusing has a broadband characteristic. As shown in Figure 5, the results of near-field distribution at 18, 19, and 20 GHz show a high focusing efficiency over a wide frequency range. Figures 5B,E,H and Figures 5C,F,I show that the focal length increases and the far-field radiation decreases with the decrease of working frequency. Specifically, the focal length is 150 mm at 18 GHz, the far-field value is 13.7 dB, the focal length is 110 mm at 19 GHz, the far-field value is 14.5 dB, the focal length is 90 mm at 20 GHz, and the far-field value is 14.7 dB. The simulation results verify the hypothesis and show a wide broadband of operation, and the demonstrated high efficiency and broadband wavefront steering can be applied in imaging and high-directional antennas.


[image: Figure 5]
FIGURE 5. The field intensity, distribution in the y–z plane, x–y plane, and 3D radiation pattern at 20 GHz (A–C), 19 GHz (D–F), and 18 GHz (G–I), respectively.




CONCLUSION

A three-layer square reflective array was simulated based on a focused gradient metasurface. In the microwave frequency band, the reflection phase of a single element to electromagnetic waves varies only with the width of the metallic patch layer. The phase discontinuity on the metasurface depends only on the precise control of the three-layer square elements in a subwavelength dimension, in which the size of the square metasurface has a linear relationship with the phase discontinuity. The proposed gradient metasurface can be used for the realization of approximately full range reflection phase shift modulation, and the simulation results show that the three-layer gradient metasurface reflection array has a good focusing efficiency of 82%. In addition, because of the simple structure of the components, the three layers can be made of common materials, which makes the device convenient to design and manufacture. It provides a new method for the design of passive-reflection focusing arrays, which improves the guiding efficiency of electromagnetic beams.
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Electromagnetic metasurface is a kind of artificial electromagnetic structure, which can control the transmission, reflection, polarization and beam of electromagnetic wave within sub-wavelength thickness. Efficiency, bandwidth and dynamic control are very important in the application of metasurface. The bandwidth of electromagnetic transparency can be broadened by interlayer coupling of local resonance modes of the stacked layers. In this paper, we propose that the electromagnetic wave could be switched on or off in a broadband frequency range by metasurface which consists of three layers of metal microstructures with PIN diodes. When the diodes are biased with forward voltage, the switching diodes are in the on state, and the slab reflects electromagnetic wave completely, just like a perfect metal. When the diodes are biased with backward voltage, the switching diodes are equivalent to a capacitor, and all the electromagnetic wave energy passes through the sample. The simulation results show that the transmissivity is <1% when the sample is loaded with forward voltage in the frequency range of 8–12 GHz, while the transmittance is more than 96% when the sample is loaded with reverse bias. We have fabricated the corresponding samples and measured the reflection and transmission in the waveguide. The measurements verify the properties of broadband highly efficient electromagnetic transparency and perfect reflection.

Keywords: metasurface, switchable, broadband, high efficiency, PIN diode


INTRODUCTION

Manipulating the amplitude and phase of the electromagnetic waves in a desired manner has broad applicability in areas such as imaging, sensing, and communication [1]. In practical applications, full control of transmitted wave with high efficiency covering a wide frequency range is of great importance [2, 3]. In recent years, metasurfaces with subwavelength thickness of artificial structures have attracted great interest and yielded ground-breaking electromagnetic and photonic phenomena [4–13]. Among them, active devices have attracted much attention for their key role in communication and imaging systems in recently years [14–24]. Phase change materials (GST and VO2), graphene and PIN diodes are proposed to realize tunable metamaterials [25–28]. However, due to the resonant feature of artificial structures, it is very difficult to manipulate the electromagnetic wave in a broadband frequency range, and metasurfaces only exhibit fascinating physical properties at specific frequencies [29–33]. Such a narrowband feature dramatically restricts the application of the metastructures in versatile areas.

The resonant tunneling of surface plasmon polaritons (SPPs) can effectively enhance the transmissivity of metal slab perforated with an array of subwavelength-sized holes, which has been widely studied as a phenomenon of extraordinary optical transmission (EOT) [34–38]. It is reported that, in the EOT of metallic films, perfect transparency only occurs at a single or a set of discrete frequencies, and is sensitive to the incident angle of the electromagnetic wave. Then it is further revealed that, local resonance modes of specific hole arrays also lead to EOT phenomena which are robust to the incident angle [39, 40] And the bandwidth of EOT passband was broadened by the evanescent coupling of the local resonance modes of the cascaded multi-layer system that is perforated with an array of coaxial annular apertures [41–46].

In this paper, a cascaded design is proposed to realize electrically switchable metasurface with high efficiency over a continuous frequency range from 8 to 12GHz. The electromagnetic metasurface exhibits tunable transmission and reflection properties which can be freely controlled by changing the state of the loaded PIN diodes. The simulation of finite-difference-time-domain (FDTD) method indicates that the incident wave perfectly transmits through the multilayer when the PIN diodes are switched off, and the transmission efficiency is above 96% within the whole frequency range. When the PIN diodes are loaded with forward bias voltage, the transmission is suppressed below 1%, while the reflectivity reaches 88%. It can be observed from the field distributions that the electromagnetic transparency comes from the near-field coupling of the magnetic resonance modes [23, 47–51]. We fabricated the corresponding samples in the microwave frequency regime, and measured the transmissivity and reflectivity for different states in the waveguide. The experimental results are in good agreement with the simulations. This research is expected to have a good application prospect in imaging, communication and other fields.



MODEL DESCRIPTION

As schematically shown in Figure 1A, the broadband metasurface for electromagnetic manipulation is composed of three layers of metallic structure (colored in yellow) separated by two layers of dielectric medium (colored in blue). The thickness of dielectric layers and metallic layers is h = 1.575 mm and t = 0.035 mm, respectively. Figure 1B presents the top view of the metallic structure in upper surface, which is the same as that in bottom surface. They are periodically arranged gratings with a period of p = g + b = 2.1 mm, and a gap width of g = 1.5 mm. Lumped PIN diodes are loaded on the gratings to switch the state of the metasurface by changing the DC bias. The structure in the middle layer is metallic mesh with periods of px = 7.62 mm in x direction and py = 4.98 mm in y direction, as shown in Figure 1C, and the width of metallic wire is wm = 0.7 mm.


[image: Figure 1]
FIGURE 1. (A) Schematic of the switchable metasurface with three metallic layers and two dielectric layers. Top views of (B) the upper layer and the bottom layer, (C) the middle layer. (D) The photo of our sample with the waveguide.




SIMULATIONS AND MEASUREMENTS OF HIGHLY EFFICIENT SWITCHABLE METASURFACE

The state switch of the metasurface is achieved by changing the voltage loaded on the PIN diodes. The diodes are conductive when loaded with forward bias voltage (On-State) that the gratings behave as metallic mesh. Therefor the metasurface is equivalent to three-layered meshes with cutoff frequency much higher than the operational frequency, so that the electromagnetic incidence is strongly reflected. In contrast, the diodes work as capacitors while they are not biased or loaded with reverse bias voltage (Off-State). In this instance, the gratings together with the metallic mesh in the middle layer form a kind of magnetic resonant structure. Although the working frequency is below the cutoff frequency of the mesh in the middle layer that the incident wave cannot directly pass through the structure, near-field coupling between the magnetic modes leads to electromagnetic wave tunneling, similar to the electronic tunneling effect. Therefore, we achieved transmittance manipulation through the control of bias voltage.

FDTD method is employed to calculate the transmission of the metasurface for both states. In the simulation, perfect electric conductor (PEC) boundaries are set at the x and y directions, and absorbing boundary is set at negative z direction. Waveguide port excitation is imposed at positive z direction with the incident wave propagating along z-direction. Figure 2 shows the calculated transmissivity and reflectivity of the metasurface for the two states. When the diode is loaded with forward bias, it is replaced by a resistor with a resistance of 4.2 Ω in the simulation model. As shown in Figure 2A that, for on-state, the transmissivity is <1% and the reflectivity is more than 88%, implying that the electromagnetic wave is almost completely reflected back in a broad frequency band from 8 to 12 GHz. Due to the thermal effect of resistance, there is about 10% absorption loss in the on-state. Figure 2B presents the spectrum for off-state when no bias voltage is applied. The diode is replaced by a capacitor with a capacitance of 0.02 pF in simulation. It is observed that the metasurface is perfectly transparent with transmissivity >96% and reflectivity <4% within the band.


[image: Figure 2]
FIGURE 2. The simulated transmission (blue ring dot lines) and reflection (red square dot lines) spectra of the switchable metasurface when the loaded PIN diodes are (A) on-state and (B) off-state.


In order to verify the proposed switchable metasurface for wide-band electromagnetic manipulation, we fabricate the microwave samples by printed circuit board (PCB) technology, as shown in Figure 1D. Taconic TLX-6 is used with a dielectric constant of 2.65, and the geometric parameters of the sample is kept the same as those of simulation model. Then 24 PIN diodes are loaded on the gratings in upper and bottom surfaces. We adopt Aluminum Gallium Arsenide(AlGaAs) flip-chip PIN diodes(MA4AGP907) because of their small geometry and junction capacitance. When applied with forward bias voltage, the diode is equivalent to a resistor with a resistance of 4.2 Ω at 10 GHz, otherwise it behaves as a capacitor with a capacitance of 0.02 pF. The electrodes are leaded from gratings to impose the bias voltage (shown in Figure 1B). The metasurface is placed in standard waveguide with a length of 22.86 mm and a width of 10.16 mm. Then the waveguide is connected to the vector network analyzer (PNA52224) with a coaxial-to-waveguide converter. By measuring the S parameters, we extract the transmissivity and reflectivity of the sample. Figure 3 shows the experimental results for the two states which are in good agreement with the simulation results, confirming the wide-band control of electromagnetic transparency from the metasurface.


[image: Figure 3]
FIGURE 3. The measured transmission (blue ring dot lines) and reflection (red square dot lines) spectra of the switchable metasurface when the loaded PIN diodes are (A) on-state and (B) off-state.


The bandwidth and efficiency are key points to the electromagnetic wave control. It has been proved that the working bandwidth can be broadened by near-field coupling of resonance modes between adjacent layers [41]. Due to the mutual coupling [44, 52, 53] of magnetic resonance modes, the transmission peak of the metasurface extends to a transmission band as shown in Figures 2B, 3B. The simulated power transmission is above 96% in the frequency range of 8–12 GHz, ant the reflectivity reaches minimum at two resonant frequencies at f = 8.2 and f = 11.1 GHz, while the simulation transmission is above 80% in the frequency range of 8.4–12 GHz, and the reflectivity reaches minimum at two resonant frequencies at f = 8.6 and f = 11.0 GHz. The calculated field distributions provide further insight into the cause of wide-band transparency. Figure 4 shows the spatial distributions of the electric field in the yz plane at the two resonant frequencies. Arrows in the field distributions represent the direction of the electric field vector, with their size and color indicating the scale of the field. It can be read from the color bar that the near-field electric field is magnified six times at these two frequencies of perfect transparency, while the magnitude of plane wave incidence is set as unit. It also can be seen from the field distributions that the y component of electric field is symmetric about the y = 0 plane at 8.2 GHz and is antisymmetric at 11.1 GHz. Considering the symmetry of these two modes, we can draw the conclusion that the perfect transparency peaks result from the inter-layer coupling of the magnetic resonance modes.


[image: Figure 4]
FIGURE 4. The electric field distribution of (A) the symmetric mode at the perfect transparency frequency 8.2 GHz and (B) the anti-symmetric mode at the perfect transparency frequency 11.1 GHz.


As the bandwidth of transparent state can be broadened by the near-field coupling of the resonance modes in the metasurface, the coupling coefficient can be adjusted by metallic mesh in the middle layer. Inspired by tight binding theory, the weaker the coupling is, the smaller is the energy difference between symmetric and antisymmetric states, vice versa, the stronger the coupling is, the larger is the energy difference. Therefore, it provides a way to control the bandwidth of electromagnetic transparency by adjusting the mesh size in the middle layer. For demonstration, the transmission spectra of wm = 0.5, 0.7, 1.0 mm are calculated and shown in Figure 5. As the value of wm increases, the transparency bandwidth becomes narrower, which agrees well with the theoretical prediction.


[image: Figure 5]
FIGURE 5. The simulated transmission and reflection spectra of the switchable metasurface when the loaded PIN diodes are off-state. The bandwidth of the transparency can be tuned by the coupling coefficient of the magnetic modes.




CONCLUSION

In this paper, we have proposed a general scheme to design broadband active metasurface, which switches the transparency and reflection electromagnetic properties by controlling the loaded PIN diodes in the upper surface and bottom surface. The origin of the broadband property is studied in detail, and electric field distributions are presented for the explanation of perfect transparency occurring in the structure. The broadband nature of dynamic manipulation of the transmission and reflection states in the proposed structure is verified both numerically and experimentally. The simulated insertion loss of the metasurface on the transparency state is <0.5 dB within the frequency range 8–12 GHz, which is benefit from evanescent coupling and hybridization of the magnetic resonate modes. The simulated transmission of the metasurface on the reflection state is < -15 dB. The proposed structure is suitable for microwave communication, sensing systems.
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Surface plasmons (SPs) are expected to have a wide range of applications in many fields, so they have recently attracted much attention. However, most of the previous studies achieved the manipulation of SPs through designing the structure of the individual meta-atom. When developing the next generation of integrated photonic devices and components, it is essential to seek out new methods of software control, which enable more diverse modulation and higher efficiency. Here, the tunable emission of SPs with metasurfaces is systematically studied. SPs are a source of on-chip plasmonic vortices (PVs). To verify the controllability of the directional excitation of SPs, we designed beam deflectors with different angles of surface waves (SWs). Furthermore, PVs with different topological charges were generated by arranging spatially varied microslits. The proposed control strategy provides a common platform for various promising applications, such as on-chip generation of the propagation control of SPs and PVs.
Keywords: surface plasmons, metasurfaces, geometric phases, plasmonic vortices, beam deflectors
INTRODUCTION
Surface plasmons (SPs) are bound electromagnetic waves that propagate along the metal-dielectric interface and decay exponentially in the direction perpendicular to the interface [1], They promise unique applications ranging from sub-wavelength lasing, biological sensing, near-field imaging, holography, and sensing, to plasmonic circuitry [2–12]. It is worth noting that an on-chip plasmonic device, which is much smaller than similar products in free space, has attracted widespread attention [13, 14]. Although it is challenging to control the wavefront of SPs, this is necessary in order to enable various functional SP devices [15]. Investigations into SPs initially focused on far-infrared and visible frequencies, and were then extended to terahertz and microwave regimes. In the early years, prisms, periodic ripples, and topological defects were the most common methods of emitting SWs. However, prism coupling requires a large volume, which is impractical for integration into a compact micro-SW device. There is a growing demand for simplifying the design and manufacture of integrated plasma devices, and thus for plasma technology research, and so exploring new methods for manipulating SPs during launch has become an intriguing research topic.
A metasurface [16, 17] is a two-dimensional (2D) metamaterial [18–20], which has excellent maneuver ability when forming the wavefront of the outgoing electromagnetic wave. The key feature of the metasurface platform is the ability to construct a local abrupt phase [21–24], amplitude [25, 26], and polarization [27–31]. Metasurfaces are also applicable to the field of SPs, and SP couplers [32–35], SP wavefront control, and SP holography [36–38] have been implemented. In addition, the terahertz (THz) range of the electromagnetic spectrum contains absorption lines of various rotating and vibrating molecules, so it has attracted attention as a fingerprint region for many spectroscopy and sensing applications. Metasurfaces designed with appropriate sub-wavelength sub-atoms and arranged in a prescribed spatial distribution have become an ideal tool for the fine control of SPs. In particular, the sub-wavelength metal slot resonator is one of the most commonly used unit elements when designing metasurfaces for SP manipulation. Metasurfaces composed of metal slits have excellent flexibility, and the wavefront of the coupled SP can be controlled arbitrarily, using iterative algorithms [39], holographic principles [40], Pancharatnam-Berry phase (PB phase) concepts [33], or coupled mode theory [41]. They can pave the way for future research if the SPs can be controlled in the THz regime.
In the 1990s, it was found that phase vortex beams by Allen at al. [42], which have a phase term that can be described by [image: image], have an orbital angular momentum of light (OAM) of [image: image] per photon, where l is the topological charge, θ is the azimuthal angle, and [image: image] is Planck's constant h divided by [image: image]. OAM is the angular momentum component of the beam, which depends on the spatial distribution of the light field. Unlike the spin angular momentum (SAM) associated with the spin of a photon, OAM is infinite, so more degrees of freedom can be used. Similar to optical vortices, SPs with orbital angular momentum are defined as SVs. The SPs propagate along the interface.
In this article, we used the commercial electromagnetic software CST to demonstrate the manipulation of SPs, emitted by metasurfaces composed of metallic microslits. Phase control is achieved by interference between a pair of slits on the metal surface. The spatial spacing and direction of the paired microslits can be adjusted to give almost any phase distribution, thereby allowing abnormal SP emission. The proposed metasurface can match the momentum difference between free-space light and SPs, can be used as an effective SP element coupler, and can also support the propagation of coupled SPs, showing higher efficiency in a large excitation range. This is because evanescent waves such as ordinary SPP will quickly dampen or decay, but metamaterials are a good medium that can greatly improve its efficiency. More importantly, the phase of the coupled SP can be continuously controlled by carefully changing the rotation angle of the microslits, which can provide great flexibility in the manipulation of SP emissions. Furthermore, for verifying the demonstration, we proposed a PV generator which consists of spatially varying microslits arranged in a ring carved in aluminum film. In this way, the PV generator can generate any combination of spin-dependent OAMs for the SP on the metal/dielectric interface. The proposed methodology illustrates the powerful function of combining the Pancharatnam-Berry phase with the complex SP startup, and it may provide a novel method for designing various SP devices.
EXPERIMENT, RESULTS, AND DISCUSSION
As shown in Figure 1A, the sub-wavelength metallic microslit structure was highly effective due to its ability to confine electric fields. This function is very different from the well-known bar structure, which can be explained by Babinet's principle. The unit cell had a length of L = 200 μm, a width of W = 50 μm, and a unit cell length of p = 300 μm. The metallic microslit was made on a 200 nm thick aluminum film on a modified polyimide (MPI) substrate. Figure 1B shows the SP radiation pattern (Ez component) of the microslit design, which acts as an in-plane magnetic dipole with a resonance wavelength of [image: image]. In order to prove the correctness of the design strategy, the CST Microwave Studio basic finite integration technique was used to simulate the field distribution of SPs. The SP propagating along the metal surface is usually referred to as surface plasmon polarons under visible light and infrared. However, at the THz frequency, an SP is called a Zenneck terahertz surface wave (ZTSW). Its field strength is not tightly bound to the metal surface, and the resonance wavelength of [image: image] is almost equal to the vacuum wavelength of [image: image] [43, 44]. This can be attributed to the fact that at terahertz frequencies metals behave as perfect electrical conductors and do not allow waves to penetrate. In the simulations, the slit pairs were carved on a 200 nm thick aluminum layer ([image: image]) which was deposited on a 50 µm thick MPI substrate with a relative permittivity of [image: image] and a loss tangent of [image: image] at 1.0 THz.
[image: Figure 1]FIGURE 1 | (A) The unit cell schematic of the proposed metasurface. The geometric parameters of the microslit were L = 200 μm, W = 50 μm, and p = 300 μm. (B) The simulated SP radiation pattern was excited by a narrow sub-wavelength microslit on the aluminum film under the incidence of a normal plane wave. (C) A schematic diagram of a pair of microslit resonators. They were used to derive the SP emission field at point A at a distance S from the center of the pair of microslits. D is the distance between the centers of the microslits.
The coupling of the microslit pair, as shown in Figure 1C, is excited by the plane wave and the electric field [image: image] at normal incidence, so the field at point A [image: image] is the superposition of the SP field in the two microslits [45]:
[image: image]
where I represents the field amplitude of SP; [image: image] and [image: image] are incident polarization components along [image: image] and [image: image], where [image: image] and [image: image] are unit vectors perpendicular to the two microslits respectively; [image: image] and [image: image] represent the angles of [image: image] and [image: image] with respect to the x-axis, respectively, while [image: image];  [image: image] is the unit vector in the positive x direction; [image: image] is the SP wave number; [image: image] is the unit vector given by [image: image], where [image: image] is the vacuum wave number and [image: image] is the vacuum wave number. If the incident wave is circularly polarized by [image: image], where [image: image] represents left-hand circular polarization (LCP) and right-hand circular polarization (RCP), respectively, and if it represents [image: image], then Eq. (1) can be simplified to
[image: image]
It can be easily obtained from Eq. (2) that the amplitude of the SP field at A is fixed, while the phase is freely controllable with a sign determined by the circular-polarization handedness and shift by the orientation angle. This shows that circular polarization can be used to switch the sign of the phase, thereby controlling the shape of the SP wavefront while maintaining the SP amplitude constant. In addition, a nearly arbitrary phase profile could be achieved even using a single straight column of microslit resonators because the phase shift enables the cover of whole [image: image] range. Simultaneously, as shown in the inset of Figure 1C, the simulated amplitude of [image: image] reaches the maximum value under the designed geometry.
From the generalized Snell law, the SP coupling can be realized through constructing the phase of the microslits to satisfy [image: image]. In this way, each row of microslits satisfying the coupling phase condition [image: image] can be regarded as the source of the secondary output SP. However, although the output SPs are in phase with each other and together produce a normal wavefront, they can be transmitted in only the x direction. In this case, the introduction of the phase gradient along the y direction [image: image] is a non-negligible factor in achieving the arbitrary modulation of launching SPs. The Pancharatnam-Berry phase enables the accurate control of the phase of the electromagnetic wave due to the double relationship between the angle of geometric rotation and the angle of the output SPs. As shown in Figure 2A, the phase of the proposed microslit structure can cover the entire [image: image] range by rotating the angle between the microslits. At the same time, the amplitude of the wave is close to 50%. Based on this, the spatial distribution of the phase discontinuity at the interface between the two media can be freely constructed, where the abnormal refraction angle can be expressed as [image: image].
[image: Figure 2]FIGURE 2 | Simulated [image: image] -field distributions of the ZTSW from a linear-phase-profile structure under normal incidences of LCP with a (B) 7.2°, (C) 14.6°, and (D) 30.3° deflected angle. The corresponding [image: image] -field distributions of the ZTSW under normal incidences of RCP with a (E) 7.2°, (F) 14.6°, and (G) 30.3° deflected angle while the geometry and rotation of the microslits were fixed. (G) Simulated amplitude and phase shift of microslits shown at 0.49 THz.
To demonstrate the proposed scheme, we numerically demonstrated three types of metasurface with different phase gradients in the y direction. Figures 2B,E show different SP launches when the incident THz waves are LCP and RCP, respectively. The angle shift between two adjacent microslits is 22.5° in the y direction, which means that the metasurface can complete the shape of the wavefront within 8 unit cells. The anomalous angle of SP launch can be calculated easily as [image: image]. Increasing the phase shift between adjacent microslits will increase the anomalous angle of SP launch and so achieve 2π modulation at a shorter distance. The angle shift between the two adjacent microslits was increased to 45° and 90°, and the anomalous angles of SP launch became [image: image] and [image: image], respectively. The simulated corresponding real part of the [image: image] -field distributions is shown in Figures 2C,D,F,G. It can be seen that the sign of the anomalous refracted angle was reversed due to the different chirality of incidence. In simple terms, manipulation of the SP launch was realized by precisely designing the phase shift between the adjacent microslits in the y direction.
The reason SP launching can be accurately and continuously manipulated is the proper relationship between adjacent microslit structures. And the distance D between the adjacent microslits played a vital role in achieving the launch of high efficiency SPs. The calculated field distributions at distance D of 200–400 μm, with a step of 50 μm, while keeping [image: image] under LCP incidence at 0.496 THz, is shown in Figure 3. The mismatch spacing significantly affected the coupling between the microslits, which prevented the wavefront of SPs from being modulated effectively. It can be seen that the field distribution changed dramatically with varying D, which shows that the SP launch was sensitive to the spacing of the microslits. The rugged wavefronts at [image: image] indicate that an additional SP launching order occurs. There is no doubt that similar results will also be found under RCP incidence. It is worth noting that, as D gets larger, the overall area of simulation needs to grow, in order to ensure that the number of structures is consistent.
[image: Figure 3]FIGURE 3 | Calculated [image: image] -field distributions of ZTSW under normal incidence of LCP at 0.496 THz with a distance D of (A) 200 μm, (B) 250 μm, (C) 350 μm, and (D) 400 μm. The top panel is a schematic of the structures.
To verify the controllability of launching SPs, a configuration was set up for generating a phase distribution by changing the orientation angle of each microslit (Figure 4). First, the microslits were distributed uniformly around a circle. Their orientation angles [image: image] were changed by [image: image] clockwise around the circumference. The orientation of [image: image] can be easily obtained due to the fixed difference between the [image: image] and [image: image]. More importantly, the SP launched by each microslit had a different initial rotation, which was dependent on its orientation angle [image: image]. We observed the distributions of the [image: image] -fields. The overall phase shift of SPs propagating toward the center across a whole turn equals to [image: image], which can be acknowledged by observing the relationship between the number of the topological charges carried by structures and the arrangement of the microslits. It can be understood as the contribution of two parts: one is the phase shift caused by the change in the orientation angle, which can be represented by [image: image]. The other is the phase shift associated with the reverse mode, given by [image: image]. Obviously, the latter is caused by a fixed change in the azimuth of the antenna position, which is completely independent of l. In this way, the topological charges of the PVs can be expressed as [image: image], which can be flexibly modulated by varying n.
[image: Figure 4]FIGURE 4 | When the incident is LCP, the [image: image] -field phase distribution on the PV generator is calculated and the topological charges are 0 (A), 1 (C), 2 (E), 3 (G), and 4 (I), respectively. And the [image: image] -field phase distribution of the PV generator are shown in (B), (D), (F), (H), and (J) when the incident is RCP.
Figures 4A,B show the phase distribution of the [image: image] -field for LCP and RCP, respectively. The phase distribution in the center of the structure clearly shows that the topological charge is 0 because there is no spiral phase. The structure also shows no difference between the responses to LCP and RCP incidence. However, Figures 4C,D show a clear difference in response to LCP and RCP. Figures 4C,D illustrate the corresponding simulated SP field distributions, where the phase evolution along the intensity distribution of the “doughnut” is equal to 2π, corresponding to a topological charge of 1 plasmon vortex. The direction of the phase change is closely related to the polarization of the incident wave. It is important to note that the direction of the SV phase change was reversed when the sign of the incidence changed. Figures 4E–J show the distributions of the [image: image] -field with different topological charges carried by PVs. It can be seen that the direction of the phase change was unchanged with the increase of the topological charges under the same polarized incidence. Although the vertices of phase were not connected when the topological charge n was greater than 2, it can be seen clearly that the phase had occurred during the change of [image: image]. Therefore, the proposed structures were able to effect multi-channel information communication by varying the parameter n.
CONCLUSION
In conclusion, anomalous launching and PV generators of SPs are theoretically demonstrated in a THz near-field metasurface platform by geometric phase. It should be noted that the diameter of the sub-wavelength metal microslit was less than [image: image]. Through the simple arrangement of the microslits, arbitrary phase distribution could be realized under any excitation mode. In addition, compared with conventional SP launching manipulation with phase discontinuities, the structure we proposed enabled continuous phase change. A PV with a topological charge of 1 \ 2 \ 3 \ 4 was discussed, and the design scheme could be applied to PV with any charge only by introducing the geometric phase. These findings illustrate the importance of phase control in the SP launch process, which suggests promising THz imaging and sensing applications. Combining the SPs activated by the metasurface can open a gateway to electrically reconfigurable applications, including capturing particles and communicating on-chip information.
EXPERIMENTAL SECTION
Simulations were carried out by using the commercially available software package CST Microwave Studio. An open boundary condition was applied to the x and z directions to prevent reflections from the boundaries. For the deflector structure, a periodic boundary condition was used on the y direction with a 3,500 um × 3,500 um simulation area, but as the distance D changed, the simulation range changed accordingly; while for the OAM generator structure, an open boundary condition was applied to the y direction with a 6,500 um × 6,500 um simulation area. A normally incident circularly-polarized plane wave at 0.49 THz excited ZTSW on the substrate side and field distribution was observed from the air side.
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Graphene is a promising platform for configurable terahertz (THz) devices due to its reconfigurability, but most researches focus on its electrical tunability. Here, we propose a graphene-based THz metasurface comprised of graphene cut-wire arrays for magnetic manipulation of the THz wave. With the external magnetostatic field applied, the resonant currents of the graphene cut-wire can be effectively affected by the Lorentz force, leading to an evident tuning of the response of the metasurface. The simulated results fully demonstrate that the resonance frequencies of the graphene THz metasurface can be efficiently modulated under a vertical magnetostatic field bias, resulting in the manipulation of the transmittance and phase of the THz wave. As a new method of the tunable THz metasurface, our structure shows promising applications in the THz regime, including the ultracompact THz modulators and magnetic field sensors.
Keywords: graphene, magnetostatic field, dynamically tunable, terahertz metasurface, Lorentz force
INTRODUCTION
The terahertz (THz) band lies in the frequency gap between the infrared and microwaves and possesses the characteristics of both photonics and electronics [1], making the THz wave of great perspective in material characterization [2], biomedical sciences [3], and wireless communication [4–7]. In the development of THz technology, effective manipulation of THz waves is particularly important, which still remains challenging in practical application. The emergence of metamaterial provides an approach to surmount this dilemma. Metamaterials are composed of periodic or aperiodic subwavelength scale artificial unit structures, exhibiting extraordinary electromagnetic properties [8–12]. The electromagnetic response of the incident waves can be flexibly customized to satisfy the application needs [13]. As a two-dimensional metamaterial, metasurfaces have been widely applied in THz modulators, switchers, phase shifters, and sensors [14–17] due to their advantages of ultrathin and easy to implement.
Early studies on the THz metasurface mainly rely on changing the structural parameters to meet the required electromagnetic characteristics. Although excellent functions can be achieved, once the devices are prepared, their electromagnetic response characteristics are fixed and cannot be tuned, which limits the practical applications of metasurfaces. The tunable THz metasurface can simplify device design [17], and can effectively reduce cost [17], and make it multifunctional. On the other hand, graphene has the intriguing properties of high mobility, strong light-matter interaction, and excellent chemical stability [18]. Although there are still many challenges, graphene with ultra-high mobility and ultra-thin thickness may produce transistors with higher speed and shorter channel length [19], which might have the potential to replace conventional silicon-based semiconductors as the next generation of mainstream semiconductor materials. Some recent work has demonstrated that graphene can be utilized to realize tunable THz metasurface by changing the Fermi level by electrical bias [20–24]. Besides that, the unique responses of graphene to the light, heat, and force also allow one to actively tune the metasurface with various physical fields [23, 25, 26]. Using this feature, many active tunable graphene devices with excellent performance have been designed and verified by simulation [27–29] or/and experiments [30, 31]. These results indicate that the graphene platform can play an important role in the design of actively tunable THz metasurfaces. Among them, however, the modulation characteristics of the graphene metasurface by the magnetostatic field seems less investigated. It is a well-known fact that when a magnetostatic field is applied in the vertical direction of a two-dimensional conductor, the carrier’s motion in which will be deflected due to the Lorentz force [32]. We postulate that when the magnetostatic field is applied perpendicularly to a patterned graphene metasurface, the resonance properties of which under the irradiation of THz waves would be apparently modulated due to the deflection of the direction of the carrier’s oscillation in graphene.
In this work, we suggest a magneto-controlled method to manipulate the transmittance properties of the incident THz wave, and proposed a graphene-based THz metasurface comprised of graphene cut-wire arrays for proof-of-principle demonstration. By applying different values of magnetic flux density, the transmittance related parameters of the proposed metasurface can be dynamically controlled. We show that the transmittance properties of graphene THz metasurface can be dynamically controlled by applying an external magnetostatic field perpendicular to the metasurface.
STRUCTURE DESIGN AND PHYSICAL MECHANISM
Figure 1A shows the schematic diagram of the proposed tunable graphene metasurface on top of a SiO2 substrate. The graphene pattern, cut-wire resonators, are periodically arranged in the x–y plane and the structural parameters are denoted. The proposed graphene metasurface is excited by the electric field of a normally incident THz plane wave propagating in the z-axis direction.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the proposed terahertz metasurface consisting of periodically arranged graphene cut-wire resonators. The structural parameters: Px = 250 μm, Py = 500 μm, l = 450 μm, w = 210 μm, and the SiO2 substrate has thickness h = 50 μm. Conceptual schematic diagram of the oscillation of the electrons in the unit cell (B) without or (C) with the external magnetostatic field applied. When the magnetostatic field bias is applied, the electron oscillation path along the y-axis in the unit cell is deflected at a certain angle.
When electromagnetic waves irradiate perpendicularly to planar graphene, plasmonic oscillation will occur on the surface of the graphene, and the direction of carrier oscillation is along the electric field, as shown in Figure 1B. In this case, if the magnetostatic field is applied vertically to the planar graphene, the oscillation direction of the carriers will no longer follow the direction of the electric field and would be deflected at a certain angle, as shown in Figure 1C. The angle is related to the value of the applied magnetic flux density. If the graphene layer is patterned, different angle corresponds to different oscillation environments, the changes of carriers’ oscillation will lead to the changes of transmittance properties and result in the resonance frequency shifts and the transmittance shifts.
As a two-dimensional (2D) material, graphene can be described by surface conductivity. In our case, the photonic energy of the terahertz frequency is far below the double Fermi level of graphene, and only the intra-band conductivity of graphene is considered, which can be described as [33]:
[image: image]
where e is the electron charge, kB is the Boltzmann’s constant, T is the environmental temperature, ħ is the reduced Planck’s constant, and ω is the angular frequency of incident THz, τ is the relaxation time, EF is the Fermi energy away from the Dirac point. To achieve the evident resonance of the metamaterial, the Fermi level of the graphene should satisfy EF >> kBT, the graphene surface conductivity is further simplified to
[image: image]
As we referred previously, when the magnetostatic field is applied in the direction perpendicular to the planar graphene, the oscillation direction of the carriers will be deflected. In our proposed configuration, the carriers’ motion would be deflected by the Lorentz force. Accordingly, the graphene surface conductivity should include the presence of the magnetic field. Then, in the configuration of Figures 1A,C, the new graphene surface conductivity can be described by an anisotropic conductivity tensor [32, 34]:
[image: image]
where [image: image]. and [image: image]. are the optical conductivity and mobility at frequency ω, respectively. [image: image] and [image: image] are dc conductivity and mobility, respectively.
The modeling and simulation of the designed terahertz tunable graphene metasurface were performed by COMSOL Multiphysics package, using a lossless dielectric constant ε = 3.5 for the SiO2 substrate and Fermi level EF = 0.35 eV for the graphene. The complex surface conductivity of the graphene patterns in the model is calculated by the anisotropic conductivity tensor described in Eq. 3. Periodic boundary conditions are used in the x-y plane and the y-polarized terahertz wave is normally incident from the top. The magnetostatics fields are set along the z-axis. In this scheme, although all graphene patches are separated from each other, it is still feasible to control the Fermi level of the whole graphene metasurface in practice. Possible approaches include electrostatic bias and chemical doping. For electrostatic bias, a sandwich structure of ion gel/graphene patterns/ITO configuration [35] could be designed and the electrical bias could be applied at both ends to achieve the modulation of Fermi level. For chemical doping, the graphene patterns could be exposed to nitric acid vapor or nitrogen dioxide [36]. By adjusting the doping and baking time to obtain different doping concentrations, the desired Fermi level could be obtained.
RESULTS AND DISCUSSIONS
We calculated the transmittance spectra of patterned graphene metasurface on SiO2 substrates with different uniform magnetic flux densities. The wave vector of the planar THz wave is parallel to the z-axis and the electric field is along the y-axis. Figure 2A shows the transmittance spectra of the patterned graphene THz metasurface under different external uniform magnetic flux densities applied. It is found that there is an evident resonance dip existing around 0.218 THz without the external magnetostatic field applied (the value of the applied magnetic flux density is 0, black curve). The resonance dip of the metasurface redshifts continuously from 0.218 to 0.044 THz with the increase of the values of magnetic flux density of the applied magnetostatic field from 0 to 6 T, as shown in Figure 2A. The resonance frequency shift (Δfr), defined as the offset between the resonance frequencies with and without the external magnetostatic field is applied, as a function of the values of the applied magnetic flux density is revealed in Figure 2B. The effect of frequency modulation is mainly represented by the frequency modulation index [37], here we show the connection of the frequency modulation index and the applied external magnetostatic field. The frequency modulation index was defined as the ratio of the maximum frequency absolute deviation to the operating frequency
[image: image]
where f0 is the resonance frequency when the external magnetostatics field is not applied, and Δfr is the resonance frequency shift induced by the applied external magnetostatics field. The frequency modulation index Mf is also a function of the values of the applied magnetic flux density, as shown in Figure 2B. To accurately understand the physical principles behind this phenomenon, we study the magnetic field Hz and surface currents distributions of the cut-wire resonator at resonant frequencies under corresponding magnetostatic fields. Figures 2C,D give the field distributions at 0.218 THz under 0 T magnetic flux density and at 0.118 THz under 2 T magnetic flux density, respectively.
[image: Figure 2]FIGURE 2 | (A) The transmittance spectra of the graphene THz metasurface under different external uniform magnetic flux densities applied. (B) The resonance frequency shifts and the frequency modulation index Mf as functions of the values of applied magnetic flux density. The normalized magnetic field Hz/H0 (H0 is the magnetic field amplitude of the incident THz wave) and surface currents distributions of the cut-wire resonator at resonant frequencies (C) without (B0 = 0 T) or (D) with (B0 = 2 T) the magnetostatic field applied in the direction perpendicular to the graphene THz metasurface.
The resonance that occurred at 0.218 THz is obvious a fundamental electric dipolar mode [28], in which the surface currents oscillate straightly along the axial direction driven by the electric field of the incident THz wave, as shown in Figure 2C. The introduction of the magnetic field provides the transverse component of the currents and causes the apparent currents deflection due to the Lorentz force on the charge carriers in the graphene cut-wire resonator, Figure 2D. Due to the restriction from the pattern, the change of carrier oscillation direction would lead to the change of the field distribution in the cut-wire resonator, resulting in the shift of the resonance frequency. Therefore, the resonance frequency shift in Figure 2B and the simulated field distribution at the resonance frequency given in Figure 3D well supported our hypothesis.
[image: Figure 3]FIGURE 3 | (A) The difference between the transmittance curves of B0 = 2 T/4 T/6 T and the transmittance curve of B0 = 0 T. (B) The maximum of transmittance shift as a function of the values of the magnetic flux density applied.
To now, we have clarified the physics of the metasurface proposed and directly given the numerical proof of carrier deflection under the bias of the external magnetostatic field. The frequency shifts and the changes of the field distribution show that we can control the resonance frequency of the patterned metasurface through an external magnetostatic field. By introducing different values of the magnetic flux density, dynamic control of the resonance characteristics of the metasurface is achieved.
Besides the resonance frequency shifts, we also investigated the transmittance and the transmitted phase characteristics of graphene THz metasurface. It is found that the transmittance changes significantly when different magnetostatic fields are applied, and the transmitted phase was sensitive to the external magnetostatic field. The change in the transmittance shift was defined as [38].
[image: image]
where Ton (dB) is the transmittance of the graphene metasurface when a magnetostatic field is applied; Toff (dB) is the transmittance of the graphene metasurface without magnetostatic field (or B0 = 0 T) applied. Taking the transmittance curve of B0 = 0 T (black curve in Figure 2A) as a reference, the difference between the transmittance curve of B0 = 2 T/4 T/6T and the transmittance curves of B0 = 0 T are shown in Figure 3A. It can be seen easily in Figure 3B that the maximum values of the transmittance shifts increase with the increase of applied flux density.
Figure 4A plots the transmitted phase spectra for different values of magnetic flux density applied. It is shown that the transmitted phase response of the metasurface varies greatly under different magnetostatic fields applied. Additionally, we notice that the increase in the values of magnetic flux density applied leads to a clear increase variation of the transmitted phase. To better analyze the variation of transmitted phases, we take the transmitted phase curve of B0 = 0 T (black curve in Figure 4A) as a reference, the difference between the transmitted phase curves of B0 = 2 T/4 T/6T and the transmittance curve of B0 = 0 T are shown in Figure 4B. We can perceive that the transmitted phase changes significantly when different magnetic flux density is applied to the graphene metasurface and caused different phase shifts. Similar to the transmittance shifts, the maximum value of the phase shifts increases with the applied flux density, shown in Figure 4C.
[image: Figure 4]FIGURE 4 | (A) The transmitted phase spectra of the graphene THz metasurface under different external uniform magnetic flux densities applied. (B) The difference between the transmitted phase curves of B0 = 2 T/4 T/6 T and the transmitted phase curve of B0 = 0 T. (C) The maximum of phase shift as a function of the values of the magnetic flux density applied.
Starting with an easy-to-understand physical phenomenon, we postulate that the carrier's motion in the two-dimensional graphene surface will be deflected under the vertical magnetostatic field applied. If graphene is patterned as a THz metasurface, its resonance properties are closely related to the oscillation direction of the carriers in the pattern. When a magnetostatic field is applied, the oscillation deflection of the carriers causes a significant change in the transmittance properties of the graphene metasurface. Therefore, the external magnetostatic field can be used to control the transmittance characteristics of graphene metasurface and could be used to realize a dynamically tunable THz graphene metasurface. The postulation is confirmed by a simply designed metasurface. Parameters such as resonance frequency, transmittance, and transmitted phase of the metasurface are numerically studied. It is shown that these parameters are obviously changed when different magnetostatic fields are applied, and the shifts of these parameters are increasing with the increase of the applied magnetostatic field. Therefore, this study demonstrates that the magnetostatic field can be used as an effective magneto-controlled method for the design of dynamically tunable metasurfaces in the THz regime.
It should be noted that the conventional electrostatic-controlled method [39] mainly regulates the Fermi level of graphene through electrical bias to control the properties of graphene metasurface, while our magneto-controlled one regulates the oscillating current of the carriers to control the transmittance properties of graphene metasurface. There are essential differences between the two. Compared with the conventional method, one advantage of the magneto-controlled method is that when the magnetic bias is used for control, it is not necessary to connect all the graphene patterns, as this will severely limit the flexibility of metasurface design. Although the magneto-controlled mechanism also depends on adjusting the Fermi level of graphene to an appropriate value, it essentially adds a new degree of tunable freedom. The combination of the magneto-controlled method and other control methods may give new opportunities for dynamically controlled graphene metasurface.
Finally, since the main purpose of this work is to demonstrate our new method of dynamically controlling the transmittance characteristics of the patterned graphene metasurface using a magnetostatic field, our focus is on the analysis and numerical verification of its working principle. Therefore, we have designed an intuitive and simple cut-wire structure to facilitate our interpretation of the principle. In recent years, several important local field enhancement mechanisms in the field of electromagnetic metasurface research, such as bound states in the continuum (BIC) [40], anople [41, 42], and Fano [43, 44], may indicate the direction for further improvement of the efficiency of the magneto-controlled metasurface. The introduction of one or more of the above mechanisms into the magneto-controlled metasurface would increase the response sensitivity while reducing the value of excitation magnetic field intensity.
CONCLUSION
In conclusion, we proposed a magneto-controlled method to manipulate the transmittance properties of the incident THz wave. To confirm this idea, a graphene-based THz metasurface comprised of graphene cut-wire arrays was investigated for proof-of-principle demonstration. The introduced vertical electrostatic field deflects the carriers in graphene and changes the transmittance characteristics of the metasurface. By adjusting the value of the applied magnetic flux density, the transmittance characteristics related parameters can be dynamically controlled, and the dynamically tunable metasurface is realized. Our results provide a new dimension for the design of graphene-based dynamically tunable THz metasurfaces.
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In recent years, active metasurfaces have induced more interests, which provides great freedom of wave manipulation and gives rise to many novel phenomena. High impedance metasurfaces are a kind of artificial structures characterized by the in-phase reflection at the resonant frequency. It works as a magnetic mirror and can be applied in subwavelength cavity, low profile reflector antenna, etc. When introduce in tunable components, it possesses versatile functionalities and broader application. In this paper, we proposed an active high impedance metasurface which exhibits highly efficient absorption to the electromagnetic incidence. As an array of diodes are loaded between the gap of periodic gratings and applied with positive bias, the absorption frequency can be dynamically controlled by the level of bias voltage. At the resonant frequency, the reflection from the metasurface can be less than 1%, implying that most of the incidence is absorbed by the magnetic resonance of high impedance metasurface. When the bias voltage is tuned from 0 to +1.33 V (the forward voltage), the resonant peak rises from 8.5 to 9.1 GHz, providing a flexible control of electromagnetic wave absorption in X band.
Keywords: high-impedance, metasurface, dynamic control, eqivalent circuit model, magnetic resonance, absorption
INTRODUCTION
Recently, metasurfaces [1] have attracted a great deal of attention due to their ability to freely manipulate electromagnetic waves within the sub-wavelength thickness, obtaining desirable electromagnetic properties that are not available in nature [2–5]. They have great potential for applications in microwave communication, integrated circuits, antennas, and so on [4, 6–9]. When combined with tunable mechanism, metasurfaces present variable electromagnetic properties with respect to the external condition and provide dynamic control of the incident waves [10, 11]. Metasurfaces based on tunable mechanisms such as optical [12, 13], thermal [14], electrical [15–19], and MEMS [20, 21] have been proposed to enable the dynamic control of electromagnetic waves.
High impedance surface (HIS) [22, 23]is a kind of sandwich structures comprised of periodical metallic patterns, dielectric spacer and metallic ground plane. They behave as a highly efficient magnetic conductor (PMC) to the incident wave at resonant frequency with high surface impedance, giving zero phase shift to the reflected wave [24, 25]. HIS is widely investigated and found to be an electromagnetic band gap (EBG) material which suppresses the propagation of surface waves. These properties can be utilized for low-profile antenna, and back lobe suppression, etc [26, 27]. Meanwhile, it is worth noting that the local field is enhanced by several orders around the resonant frequency. HIS can also be used as an electromagnetic absorber when appropriate loss is introduced. It works with small loss factor and electrically thin thickness, while gives high absorption efficiency [28–30]. In 2019, Liu et al. introduced PIN diode into a HIS, making a reconfigurable metasurface with multiple applications [31].
In this paper, we have designed and measured for the first time the highly efficient absorption effect of an active high-impedance metasurface. we fabricated a HIS which consists of a metallic grating and a ground plane, with a dielectric substrate sandwiched between them. Then a diode and a passive resistor are loaded on each gap of the grating. Highly efficient electromagnetic absorption can be achieved by dedicated design of the resistance of passive resistor; and the absorption frequency can be dynamically changed with the tunable characteristics of the diode. It is observed with finite-difference time-domain (FDTD) simulations that, the absorption efficiency is 99% at 8.5 GHz without the DC bias; while applied with positive bias voltage, the series resistance of the diode decreases, resulting in a higher resonant frequency of HIS; and at the forward voltage +1.33 V of the diode, the absorption frequency increases to 9.7 GHz. Reflection from the sample is measured with microwave experiments. The tuning range is from 8.5 to 9.1 GHz with a minimum reflection of −30 dB observed during the measurements, which agrees well with the theoretical predictions. This work can make good contributions to instrument protection, electromagnetic wave shielding and other areas.
STRUCTURE AND SIMULATIONS
The proposed active HIS is a three-layered periodic structure as schematically shown in Figure 1. A metallic grating is on the top surface with a period of px = 12.2 mm and a gap of g = 3 mm, so that the width of the grating is w = 9.2 mm. Then a diode and a passive resistor are loaded in series across each gap and periodically arrayed along y direction with an interval of py = 12 mm. We adopted Aluminum Gallium Arsenide (AlGaAs) flip-chip PIN diodes (MA4AGP907) with a small junction capacitance of 0.025 pF, and the resistance of the passive resistor is R = 100 Ω. On the bottom layer is a metallic ground plane. The thickness of the dielectric layer is h = 0.78 mm, and that of each metallic layer is t = 0.017 mm, giving rise to a total thickness of 0.814 mm of the sample. The dielectric constant of the substrate is [image: image].
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of the metasurface (top view). The purple part is dielectric, the yellow part is metal, the orange part represents diodes, and the blue part represents passive resistors. (B) 3D view of the metasurface. (C) side view of the metasurface.
According to the equivalent circuit model theory [23], a HIS can be modeled as a parallel RLC resonant circuit. The gap of grating behaves as a capacitor and the resonant loop forming among the top and the bottom layer provides an equivalent inductance, giving rise to a constant resonant frequency determined by the structural geometry. When the gap is loaded with a diode and a passive resistor, it turns into an active HIS with equivalent circuit model as shown in Figure 2. The diode forms a parallel RC circuit with the junction capacitance [image: image] and a variable resistance [image: image], in series with the passive resistor [image: image], integrated into the HIS circuit. The variable resistance of diode changes from infinite to [image: image], while the bias voltage increases positively from 0 to +1.33 V, resulting in an observable shift of the resonant frequency. The value of the passive resistor [image: image] is carefully optimized for impedance matching, and highly efficient absorbing the incident power, thanks to the field enhancement on resonant state. FDTD simulations are employed to calculate the reflection for both cases, [image: image] (on-state) and [image: image] (off-state). In the simulation, periodical boundary conditions are imposed along x axis and y axis. The incident wave propagates along [image: image] direction and is ensured with no reflection at [image: image] boundary by UPML boundary condition. The excitation in time domain is a Gauss pulse. The diode is simulated using passive components with CD = 0.025 pF, and [image: image] (on-state) or [image: image] (off-state). z component of Poynting vector is probed at 5 mm above the sample by setting a probe plane. Calculated reflection spectrum is shown in Figure 3. For on-state, highly efficient absorption happens at 8.5 GHz with a reflection coefficient of −26.5 dB, while the electromagnetic incidence is mostly reflected back with a reflection coefficient of −1.8 dB at 9.7 GHz. For off-state, the absorption peak is blue shifted to 9.7 GHz with a low reflection level of −11 dB, while the reflection rises to −3 dB at 8.5 GHz. At this point, the dynamic control of resonant absorption peak, that is the switch between absorption and reflection state at 8.5 GHz and 9.7 GHz, can be achieved by using the on-state and off-state of the diode.
[image: Figure 2]FIGURE 2 | Equivalent circuit model of the active high impedance metasurface.
[image: Figure 3]FIGURE 3 | The simulated reflection spectra of the active high impedance metasurface when the loaded PIN diodes are on-state (black line) and off-state (red line).
EXPERIMENTS AND DISCUSSIONS
For verification, a HIS sample is fabricated with printed circuit board (Taconic TLX-8) with a lateral size of 180 × 180 mm, as shown in Figure 4. 224 chip diodes and an equal number of chip resistors are surface mounted with gold silk bonding technology on the top layer of the sample. By alternatively applying positive and negative DC voltage on adjacent gratings, the diode is biased with tuneable voltage level.
[image: Figure 4]FIGURE 4 | (A) The photo of experimental setup of the reflection measurement, (B) schematic experimental setup, and (C) the close-up photo of the sample.
The reflection is measured in a microwave anechoic chamber, with the sample placed on a foam and two standard gain horn antennas placed in front of it. The main lobe of horn antennas is perpendicularly incident on the sample surface, as schematically shown in Figure 4B. The horn emitter and the horn receiver are connected to an Agilent PNA52224 vector network analyzer to measure the S parameter S21. At first, a metal plate with the same size as the sample is measured to record the calibration field intensity. When the sample is under test, we get the reflected field intensity. Then the reflection coefficient is derived from the difference between these data.
We measured the reflection spectra for 0 V and +1.33 V bias voltage, corresponding to the off-state and on-state of diode respectively. Figure 5 shows the normalized reflection coefficient for both states from measurements. It can be observed that, when the bias is not loaded (0 V), the resonant absorption peak appears at 8.5 GHz with a reflection minimum of −24 dB. While applied with +1.33 V bias voltage, the absorption peak shifts to a higher frequency of 9.1 GHz, which agrees well with the theoretical calculation.
[image: Figure 5]FIGURE 5 | The measured reflection spectra of the active high impedance metasurface when the PIN diodes are loaded with +1.33 V bias voltage (red line) and in open-circuit state (black line).
In addition to the on-state and off-state, the resistance of the diode will continuously vary during the increase of positive bias voltage from 0 V to +1.33 V. The reflection of the sample is measured at several intermediate levels of bias voltage as shown in Figure 6. It is proved that the resonant absorption peak can be dynamically tuned between 8.5 and 9.1 GHz, by adjusting the bias voltage. The reflection of the sample is low than −18 dB during the whole range. When +1 V bias voltage is applied, the reflection coefficient drops below −30 dB, implying a wonderful absorption of incidence.
[image: Figure 6]FIGURE 6 | The measured reflection spectra when bias voltage varies from 0 to +1.33 V.
CONCLUSION
In conclusion, we have designed an active HIS to achieve dynamic control of the electromagnetic absorption. The impedance matching between the HIS and the incident wave is met by introducing a passive series resistor on the top surface of the HIS. By adjusting the positive bias voltage of the diode, the resistance of the diode can be tuned in a range to achieve dynamic control of the highly efficient electromagnetic absorption. Experimental samples are fabricated and measured to verify this phenomenon for the first time. Both theoretical simulations and experimental measurements demonstrate that the active HIS can achieve electromagnetic absorption with an absorption efficiency greater than 99% at resonant frequencies. By changing the diode from off-state to on-state, a dynamic switch between the electromagnetic absorption and reflection is observed at 8.5 and 9.1 GHz in experiments. Furthermore, continuous changing of the absorption peak between 8.5 and 9.1 GHz can be achieved by gradually varying the positive bias voltage of the diode. This work has great potential in electromagnetic wave stealth, shielding, and electromagnetic compatibility.
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In this paper, a similar Fabry-Perot cavity structure utilizing a multilayer film structure consisting of an ultrathin metal film is demonstrated for absorbing the infrared ray. This structure has low emissivity in the atmospheric window (3–5 and 8–14 μm) and high emissivity in the nonatmospheric window (5–8 μm). These properties improved the stealth performance which causes the high emissivity in 5–8 μm to radiate more energy to reduce its temperature. Based on this, the periodic microstructures were added to the surface of the materials that enhanced the absorption of terahertz wave (0.1–2.7 THz). The absorber based on multilayer film has a simple structure and low manufacturing cost. This work may provide a new strategy for infrared and terahertz compatible stealth technology.
Keywords: wavelength-selective, compatible absorber, infrared, terahertz, multilayer, microstructure
INTRODUCTION
Materials with wavelength-selective absorption capacity have application potential in selective thermal radiation [1–6], thermal photovoltaic systems [7–12], infrared stealth [13–18], etc., which attracted the attention of many scholars. Radiation cooling is to achieve cooling effect by radiating its own heat to outer space in the form of electromagnetic waves. According to Kirchhoff’s law, the emissivity of an object is equal to its absorptivity in thermal equilibrium. To improve efficiency, the materials should have a high emissivity in 8–14 μm and have a low emissivity in nonatmospheric window to reduce the absorption of radiation from other objects in the environment. In the field of thermal photovoltaics, the spectral selective absorption coating is the core component, which directly determines the light-to-heat conversion efficiency of the entire system. The wavelength-selective absorber needs to have high emissivity in the visible-near infrared band (0.3–2.5 μm) and the lowest possible emissivity in the mid-and-far infrared band (2.5–25 μm), where the thermal radiation at its own working temperature is located. This property plays the role of restraining energy loss caused by radiation heat dissipation while absorbing the energy of sunlight.
In the field of infrared stealth, the performance requirements for wavelength-selective absorption materials are opposite to that of radiation cooling. The materials need to have low emissivity in the two atmospheric windows (3–5 and 8–14 μm) to reduce the possibility of being detected by the detection equipment. According to Stephen-Boltzmann’s law, the radiation energy of an object, defined as the radiant exitance W, W = εσT4, where σ is Stephen-Boltzmann’s constant and ε and T are the emissivity and absolute temperature of the object, respectively. Therefore, reducing object radiation can be achieved by cooling or reducing emissivity. The main means to achieve stealth is to reduce the emissivity which causes the cost of cooling to be high [19]. There is a serious problem that the low emissivity of the whole band will affect the heat exchange process, making it difficult for heat to diffuse out in time. This may cause heat accumulation and increase the temperature of the target, thus increasing the radiation energy of the object and weakening the stealth performance. Materials with wavelength-selective absorption capabilities also have great application potential in infrared stealth technology. Specifically, the material needs to have a low emissivity in 3–5 and 8–14 μm to reduce detectability, while having a high emissivity in 5–8 μm outside the atmospheric window, which can diffuse the heat in time and lower its temperature to realize better infrared stealth. Most of the existing materials do not have such characteristics, so it is difficult to achieve the selective absorption performance to meet the stealth requirement by using traditional material systems.
Metamaterials or photonic crystals can be used to modulate the spectral absorption characteristics [20–22], so they have application prospects in the field of wavelength-selective absorption. The existence of the photonic bandgap in the photonic crystal makes it attract attention, and its absorption spectrum can be controlled through structural design. Similarly, the plasmonic structure has attracted attention due to its excellent electromagnetic response performance [23–25] and usually consists of a top patterned metal layer, a middle dielectric spacer, and a reflective metal substrate. Adjusting the absorptivity of these structures is mainly through electromagnetic resonance, which can tune the resonant frequency according to the reasonable structure design and even expand or move the resonance region. Due to the high manufacturing cost and the difficulty in realizing the excitation of ultrawideband resonance mode, the practical application of these materials is still limited.
In recent years, the researches of metamaterial functional devices in the terahertz band have made great progress, such as terahertz perfect absorbers [26], filters [27], stealth devices [28–30], and EIT devices [31]. As the improvement of related research about terahertz radar, the development of stealth devices has received a lot of attention. The metamaterials currently used for stealth in the terahertz band are mainly designed through microstructures, utilizing subwavelength structure arrays to control conductivity and magnetic permeability, thereby generating strong absorption at specific frequencies. Because of the contradiction between terahertz and infrared stealth requirements for material (low reflection and high absorption in terahertz; high reflection and low absorption in infrared), there are many problems in stealth materials compatible with the two wavebands.
In this work, the radiation characteristics of ultrathin Pt layer and impedance matching were utilized to design a wavelength-selective absorber based on planarized platinum/silicon (Pt/Si) multilayer film for infrared stealth. This absorber can effectively suppress thermal radiation in two atmospheric windows and enhance thermal radiation in the nonatmospheric window. Meanwhile, the absorber has the advantages of simple structure and easy to mass manufacturing. The overall resonance frequency of the structure was tuned by changing the thickness of the film. Also, microstructures were added to the surface to meet the requirements to enhance the absorption of terahertz waves. This research may provide a new strategy for stealth materials compatible with infrared and terahertz.
RESULT AND DISCUSSION
The Wavelength-Selective Absorber in Infrared Band
The wavelength-selective absorber used for infrared stealth in 3–14 μm consists of four layers, including one ultrathin Pt layer, one bottom reflective Pt layer, and two Si dielectric spacers, shown in Figure 1A. For the unique radiation characteristics of metals, the ultrathin Pt layer plays an important role as the main radiation layer. The silicon used in this research is crystalline silicon. The two Si layers tuned the characteristics of wavelength-selective absorption through impedance matching. The thickness of each layer was calculated by COMSOL; finally, the whole structure met the requirements of infrared stealth, shown in Figure 1B. The absorber has low absorptivity in the two atmospheric windows (3–5 and 8–14 μm), and high absorptivity in the nonatmospheric window (5–8 μm). Meanwhile, the manufacturing method of the designed structure is relatively simple; large-scale manufacturing could be realized through electron beam evaporation and magnetron sputtering.
[image: Figure 1]FIGURE 1 | (A) Schematic of wavelength‐selective absorber in infrared and added microstructure in terahertz; (B) calculated and ideal absorptivity of the absorber in infrared; (C) absorptivity in terahertz (added microstructure).
The enhancement of thermal radiation in 5–8 μm is quite distinct from the traditional metal-based absorber (plasmonic resonance in metamaterials); this work utilized the radiation characteristics of the ultrathin Pt layer. The Pt has a large extinction coefficient and a high density of free electrons in the infrared band. Because the ultrathin Pt layer cannot shield the fluctuating current from radiating to free space due to the tunneling effect, this layer has a higher absorptivity in the infrared band [32]. But the bulk metal can screen the fluctuating current, so the bottom Pt layer played a role in reflecting the infrared wave. Therefore, the ultrathin Pt layer is essential for increasing the absorptivity.
However, a single ultrathin Pt layer cannot achieve the requirements of wavelength-selective absorption in the infrared band. The overall absorption characteristics are adjusted through the dielectric Si to meet the design requirements. In this work, the root-mean-square deviation (RMSD) is used for quantification of the wavelength-selective absorptivity between the calculated and ideal absorber as Eq. 1.
[image: image]
where εcal,λ and εideal,λ are the absorptivity of calculated and ideal absorber within 3–14 μm and N is the number of wavelengths.
The thickness of the top and middle Si layers was obtained when the value of RMSD between calculated and ideal absorber reached the minimum as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Root‐mean‐square deviation (RMSD) of the absorptivity relative to the ideal absorber with thickness changes. (A) in the top Si spacer; (B) in the middle Si space.
The wavelength-selective absorptivity requirements of infrared stealth could be met when the top Si layer is 333 nm and the middle Si layer is 623 nm. Because the bottom Pt layer is used for reflecting the infrared wave, the thickness should not be less than 50 nm. In this research, the thickness of the bottom Pt layer is 100 nm. Meanwhile, the ultrathin Pt layer is 15 nm, considering the film-forming property and the radiation performance. The absorptivity of the material was shown in Figure 1B. Based on the impedance matching principle, the addition of Si dielectric spacer adjusted the wavelength-selective absorptivity. Within a certain spectral range, the impedance of a structure matches the impedance of air (the real part of impedance close to 1 and imaginary part close to 0); the incident electromagnetic waves can enter the structure instead of being reflected on the surface. The impedance can be calculated by Eq. 2.
[image: image]
where S11 and S21 are the S-parameters of the wavelength-selective absorber. The results showed that the similarity of the impedance of absorber to the impedance of air (quantified by RMSD) in the high absorptivity region (5–8 μm) is 1.6 + 0.9i, while the value of the similarity in atmospheric windows is 3.01 + 3.06i (3–5 μm) and 1.38 + 2.26i (8–14 μm). The calculation results are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Calculated parameters of the Pt/Si multilayer based wavelength-selective absorber in 3–14 μm. (A) S11; (B) S21; (C) impedance.
According to the result of impedance calculation, in the high absorptivity band, the impedance of the absorber is closer to the impedance of air than in the low absorptivity band. Therefore, the incident electromagnetic wave can reach the ultrathin Pt layer in 5–8 μm band, causing a higher absorptivity, while most of the electromagnetic waves are reflected by the surface in atmospheric windows, resulting in a low absorptivity. Consequently, based on the impedance matching principle, the absorption characteristics of the absorber can be tuned by changing the thickness of Si layers. The four-layer structure can be prepared on substrates like stainless steel, polylactic acid (PLA), and other materials. Platinum can be deposited by magnetron sputtering or electron beam evaporation to control the thickness accurately, and silicon will be fabricated through electron beam evaporation for large-scale manufacturing.
The Wavelength-Selective Absorber in Terahertz Band (Compatible With Infrared)
Because the wavelength of electromagnetic waves in 0.1–2.7 THz is different from the infrared band, the designed wavelength-selective absorber above is not applicable. It is necessary to make some adjustments to the structure to maintain the selective absorption characteristics in the infrared band while improving the absorption performance of terahertz waves by constructing a certain microstructure on the surface.
Since the material has a structure similar to the Fabry-Perot cavity, the absorption performance requirements can be met by adjusting the thickness of the two Si dielectric spacers, while keeping the thickness of the ultrathin metal Pt layer and the bottom reflective Pt layer unchanged. For the reason of the wavelength of the terahertz band, the middle Si layer should be about 2000 nm thick to meet the absorption requirements. The RMSD between the calculated and ideal absorber is shown in Figure 4, as the thickness of the top and middle Si layer changed.
[image: Figure 4]FIGURE 4 | (A) Absorptivity of wavelength‐selective absorber. Root‐mean‐square deviation (RMSD) of the absorptivity relative to the ideal absorber with thickness changes. (B) in the middle Si spacer; (C) in the top Si spacer.
According to Figure 4, the thickness of the middle Si layer is 2055 nm and the thickness of the top Si layer is 1,263 nm which can relatively well achieve the wavelength-selective absorption that meets the requirements of infrared stealth. The thickness of the bottom Pt layer and the middle ultrathin Pt layer is 100 nm and 15 nm, respectively. At the same time, this structure can provide a foundation for the compatible absorption of terahertz waves.
Considering the convenience of processing and good absorption for both TE and TM waves, the surface microstructure should be designed as simple as possible with high symmetry. It was finally decided to select the surface microstructure as a periodic array of cylinders. Based on the Pt/Si four-multilayer structure, add a periodic array of Pt cylinders to the surface of the top Si layer to improve the absorption of the terahertz wave. Fix the height of cylinders to 0.2 μm, and calculate the absorptivity of the material at 0.1–2.7 THz while changing the radius of the cylinders; the curve of absorptivity is shown in Figure 5A.
[image: Figure 5]FIGURE 5 | The absorptivity of material with parameters of cylinders changing in 0.1–2.7 THz. (A) radius; (C) height; (B) the area of absorptivity curves enclosed with X axis when radius of cylinders changing; (D) the root‐mean‐square deviation of absorptivity between structure with and without cylinders in infrared band when there are changes in the height of cylinders.
It can be seen that the position of the absorption peak in the terahertz band changes with the change of the radius of cylinders. In order to make the material absorb more electromagnetic waves in the target band, the area of absorptivity curves enclosed with the X-axis should be as large as possible. According to Figure 5B, when the radius of cylinders is 9.3 μm, the material has the best absorptive capacity. In 1–2.4 THz, the absorptivity of the material is all over 0.4.
Then adjust the height of cylinders and calculate the absorptivity curves of the material in 0.1–2.7 THz, shown in Figure 5C. At the same time, it is necessary to consider that the addition of microstructures should not have much influence on the absorptivity in the infrared band. Finally, the height of cylinders is determined to be 0.8 μm. It can be seen that the absorptivity curve has an absorption peak in 1.9–2.2 THz and the numerical value of the absorption peak is over 0.7. The absorptivity of the material in terahertz is shown in Figure 1C.
For the processing of the microstructure on the surface, it can use laser to process the array of cylinders, because platinum is not very hard to process. In order to improve the absorptivity of terahertz further, cylinders with different radius in a period could be used. As the radius of cylinder determines the position of the absorption peak, the superposition of several absorption peaks can broaden the absorption bandwidth that improves the absorption performance. This work proved that, by utilizing multilayer films and metamaterials, we can achieve compatible stealth in infrared and terahertz bands.
CONCLUSION
In conclusion, this research proposed a material with a simple structure and could be mass manufacturing based on multilayer film. The material has the ability of wavelength-selective absorption that meets the requirements of infrared stealth. By structural design, the calculated wavelength-selective absorber has low absorptivity in the two atmospheric windows (3–5 and 8–14 μm) and high absorptivity in the nonatmospheric window (5–8 μm), which has excellent stealth performance in the infrared band. Moreover, with the addition of a periodic array of Pt cylinders on the surface, the absorption capacity of the material in terahertz is significantly enhanced. Meanwhile, the material can still meet the performance requirements of stealth in an infrared band. This work may provide a new strategy for the compatible stealth in infrared and terahertz bands.
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The performance of metamaterial is limited to a designed narrow band due to its resonant nature, it is highly desirable to incorporate active inclusions in metamaterials to extend the operation bandwidth. This review summarizes the development in realizing the tunability of electromagnetic response in metamaterials incorporated with nematic liquid crystal (LC). From rigorous comparison, it is found that the anisotropic property of nematic LC is essential in predicting the influence of LC molecular director orientation on the resonant frequency of metamaterials. By carefully designing the metamaterials and properly infiltrating LC, the operation frequency of single/double negative parameters of metamaterials can be dynamically modulated with remarkable red/blue-shift, depending on the LC molecular orientation angle. Moreover, the recent liquid crystal-based developments and novel applications are investigated and highlighted.
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1 INTRODUCTION
In most cases, the electromagnetic parameters of natural materials are positive and larger than unity, while the materials whose optical parameters are less than unity or even negative are only investigated in specific hypotheses. Recently, metamaterials with customizable performance have attracted a great deal of attention in the fields of optics, electronics, physics, and materials, since their optical properties can be arbitrarily tailored by rationally designing their micro/nanostructures. Theoretically, the electromagnetic parameters of metamaterials (including the permittivity, permeability, and refractive index) can be designed with any desired values (even to negative), which provides an ideal platform for the free manipulation of electromagnetic waves.
In 1968, Veselago theoretically proposed a medium with both negative permittivity and permeability for the first time [1]. According to a rigorous analytical investigation, such a medium can exhibit various intriguing properties such as negative index, reversed Doppler effects, and perfect lens, etc. [2–5]. In natural materials, ferrite can exhibit negative permeability around its resonant frequencies, while metal can exhibit negative permittivity below its electron plasmon frequency [6]. However, research related to negative electromagnetic parameters has seldom been reported for a long time since natural materials rarely exhibit such special properties. To broaden the design strategies of material parameters, in 1996, Pendry proposed a kind of artificial structure with periodic split ring resonators (SRR), to significantly enhance the magnetic resonance and realize negative effective permeability [7]. Moreover, Pendry also designed a thin wire array to lower the plasma frequency and obtain a limited negative permittivity in a microwave frequency band [8]. Inspired by Pendry’s works, D. R. Smith combined periodic metallic SRR and a wire array together to promote simultaneous negative permittivity and permeability in a certain frequency band, and thus realized a negative refractive index for the first time in experiment [9]. They found that periodic SRR exhibited an effective negative permeability, and the wire array alone exhibited a negative permittivity below its effective plasma frequency, while with the SRR and wire array together, a passband would appear when both permittivity and permeability were negative. The experimental demonstration of negative index along with a serial confirmation of extraordinary behaviors has attracted increased interest for studies on metamaterials [10–12]. During the last few decades, metamaterials with various different structural designs including Omega [13], S type [14], and fishnet [15, 16], have been proposed. The rapid development of metamaterials has also stimulated many promising applications such as diffraction-unlimited imaging [17–19], invisible cloaks [20, 21], subwavelength high-Q cavities [22–25], polarization manipulation [26], and electromagnetic absorbers [27–30]. It is significant that the freely designable electromagnetic parameters of metamaterials are important for the implementation of such devices.
Metamaterials have shown exterior capability to manipulate electromagnetic waves, but there are still some problems hindering their development toward practical applications. As for traditional metamaterials, once the structural units are determined, they can only work well at a certain frequency range, which greatly limits their applications in practical engineering. The ever-increasing demand on designing versatile photonic devices inspires the rapid development of tunable metamaterials [31–35]. Several methods have been proposed to broaden their operation bandwidth with the incorporation of active inclusions, such as varactor diodes [36–38], semiconductors [39–41], ferroelectric [42], phase change materials [43], graphene [44–46], and anisotropic materials [47–50].
Liquid crystal (LC) has emerged as a promising candidate for the manipulation of light waves since its director axis and optical properties are strongly dependent on the surface effect and ambient temperature, and its optical properties are very sensitive to the variation of external fields (such as the electric field, magnetic field, light field, sound field, etc.) [51, 52]. The anisotropy of LC covers a wide frequency range from ultraviolet to microwave. Moreover, LC-based devices have many advantages such as small size, light weight, low cost, simple process, and continuous tunability. Therefore, as an excellent tunable functional material, LC is widely used in the optoelectronic fields. Recently, tunable metamaterials incorporated with liquid crystals have been widely reported in microwave, terahertz (THz), and even infrared bands. LC-based tunable metamaterials taking advantage of a large birefringence that can be dynamically controlled by applying external fields, have shown great potential to actively modulate the electromagnetic waves over a broad spectrum [15, 16, 47, 49, 50, 53–60].
Tunable LC metamaterials were first demonstrated in a microwave regime by applying external voltage [53, 59]. The reorientation of the nematic crystals takes a response time of 300 ms to obtain a frequency shift of 360 MHz with the voltage changing from 0 V to 100 V [59]. Khoo et al. theoretically reported an analysis on tunable metamaterials based on core-shell nanospheres randomly dispersed in LC [47]. Werner et al. presented a reconfigurable metamaterial by sandwiching a nematic LC as a substrate into the conventional negative index metamaterial [50]. Wang et al. numerically investigated the tunability of metamaterials using a rigorous treatment for the LC director reorientation [49]. Compared to the control of microwaves, the manipulation of THz waves can be realized under a lower applied voltage with faster response speed due to the smaller required thickness of LCs. LC metamaterials with real-time control functions, such as polarization controllers [61], absorbers [62], and spatial light modulators [63] are employed in THz communications, imaging, sensing, detection, and other fields [64–69]. In 2013, Padilla et al. designed and implemented an LC-based tunable metamaterial absorber in the THz regime for the first time [70]. Subsequently, they also designed a THz spatial light modulation which could be independently controlled by a single pixel, and the overall modulation depth of the device reached 75% [71]. In 2017, Yang et al. used liquid crystals to achieve tunable THz metamaterial-like electromagnetically induced transparency and electromagnetically induced absorption, with modulation depths of 18.3 dB and 10.5 dB, respectively [72]. Vasić et al. realized an electrically adjustable liquid crystal THz metamaterial polarization converter based on a metal dielectric metal cavity structure [61]. Shen and others designed and implemented a multi-functional THz metamaterial device integrated with liquid crystal, which further expanded the application of liquid crystal metamaterial devices in the THz regime [73].
In this context, we will give a brief review for the development of tunable metamaterials incorporating liquid crystals. In Section 2, we will discuss the analytical approach for liquid crystals inside metamaterials in detail. Section 3 presents tunable electromagnetic parameter metamaterials based on liquid crystals. A survey of the recent novel liquid crystal-based developments and application is conducted in Section 4. Finally, we will discuss some of the major limitations of LCs and envision a promising future of tunable metamaterials incorporating liquid crystals. Hopefully this review can promote the research on tunable and reconfigurable metamaterials with various active inclusions for the improvement of the operation bandwidth and smart electromagnetic responses.
2 ANALYTICAL APPROACH FOR LIQUID CRYSTALS INSIDE METAMATERIALS
During previous analysis for LCs incorporated into an artificial microstructure, an isotropic treatment was found to be effective provided that the EM fields exhibited isotropic field distributions as is the case for most of the 2D photonic crystals. This means that only consideration of the effective permittivity change of anisotropic LC along the incident electric field axis is required. For metamaterial, such an assumption is more doubtful and clearly the anisotropic distribution has to be taken into account.
In this section, we present a comparison of anisotropic and isotropic treatments for a C-type metamaterial. As shown in Figure 1, the SRR design used in the present work is composed of double C-shaped strips with a back-to-back direction (Figure 1A) to avoid a magneto-electric response. The metal patterns are printed onto the surface of fiberglass slabs made by Teflon with voids, and then permeated with nematic LC [54]. It is assumed that the electric field of the incident beam is polarized along the x direction and the magnetic field of the incident beam is polarized along the y direction to illuminate the structure along z.
[image: Figure 1]FIGURE 1 | Tunable broadside-coupled SRR metamaterial based on anisotropic LC (A) 3D view (B) top view of the basic unit cell, and (C) front view of SRR (D) Schematic diagram of director. A 5 C B nematic LC is considered in this manuscript ([image: image] = 1.50 and [image: image] = 1.68). The transmission spectra of the basic unit cell as a function of reorientation angle of LC molecules when the isotropic (E) and anisotropic treatments (F) of LC are employed (G) Localized electric field distribution of SRR in the x-y plane when it is resonated (A)–(G) Reproduced with permission. Copyright 2008, AIP Publishing [54].
The LC layer is treated as a homogenous isotropic material during the first analysis. For aligned nematic liquid crystal, the electric field of the incident beam is polarized along the x direction (Figure 1), and its dielectric constant is approximately given as [56]:
[image: image]
Where [image: image] and [image: image] represent the respective permittivities for the polarized beam perpendicular and parallel to the director axis n, [image: image] denotes the rotation angle of the molecular director with respect to the x axis.
On the other hand, a rigorous tensor description for LC is introduced for the anisotropic permittivity of LC. For the LC plate with the initial vector of the molecules in the x direction, the director axis n can take all values [image: image] by applying a magneto/electric field based on the Fréedericksz effect. LC permittivity is described as follows [49, 55]:
[image: image]
Where [image: image]
Figure 1 shows the frequency dependence of the metamaterial transport response on the liquid crystal reorientation angle. For the isotropic treatment (Figure 1E), when the LC orients from 0° to 90°, the resonance frequency of SRR increases gradually from 10.9 to 11.4 GHz whose change is 0.8 GHz. On the contrary, for an anisotropic treatment as shown in Figure 1F, the resonance frequency of SRR shifts toward a lower frequency with the increase of the liquid crystal orientation angle. Figure 1G shows the electric field distribution in the x-y plane when the SRR is resonated. It is observed that the localized electric field around SRR is mostly concentrated on the space between two C strips and parallel to the y-direction, instead of being polarized along the x-direction where the incident beam is polarized. Therefore, isotropic treatment is no longer so valid for the tunability analysis for the metamaterial [55]. As a matter of fact, the capacitance of the SRR depends on the permittivity component of [image: image], [image: image], and [image: image], of which [image: image] dominates as shown in Figure 1C. When an external field orientates the liquid crystal director from paralleling x to paralleling y, [image: image] will grow from [image: image] to [image: image], resulting in an increase in the capacitance and a decrease in the resonance frequency.
3 TUNABLE ELECTROMAGNETIC PARAMETER METAMATERIALS BASED ON LIQUID CRYSTALS
3.1 Tunable Negative Permeability Metamaterial
In this section, we will introduce two types of negative permeability metamaterial with frequency tunability via LC reorientation. In Figure 1, a typical broadside coupling SRR incorporates an LC layer between two reversed C-type metallic patterns. The prototype sample was prepared using printed circuit board technology, as shown in the inset of Figure 2A [54]. The transfer rate of the tunable SRR archetype is measured in the following three conditions; i) the SRR without magnets (in this case the average permittivity is [image: image], ii) applying the magnetic field along x [image: image], and iii) along y [image: image]. The calculated results and experimental shown in Figure 2A indicate that a noticeable decrease occurs at 10.9 GHz for the instance without the external magnetic field. The resonance frequency increases to 11.0 and 10.7 GHz when the magnetic field is then applied parallel to the x and y axes, respectively. It can be seen that the dependency of the resonance frequency to the liquid crystal director reorientation corresponds to the calculating results that involve the description of the permittivity tensor of the nematic substance.
[image: Figure 2]FIGURE 2 | (A) Demonstration of magnetically tunable SRR metamaterial. Inset is the view for the SRR prototype prepared for the infiltration of LC (B) Tunable short-wire pair-type of negative permeability metamaterial based on anisotropic LC (C) Experimental transmission magnitude for short-wire pair metamaterial as a function of external DC bias voltage (D) Numerical prediction of transmission spectra versus LC reorientation angle (A) Reproduced with permission. Copyright 2012, AIP Publishing [54] (B)-(D) Reproduced with permission. Copyright 2008, AIP Publishing [59].
Unlike an SRR operating under grazing incidence with magnetic field perpendicular to its surface, Figure 2B shows an electrically tunable short-wire pair-type of negative permeability metamaterial which can work under normal excitation of electromagnetic waves [59]. The unit cell of tunable metamaterial is made up of a couple of short wires put on the surface of fiberglass slabs made from Teflon with voids in between which were infiltrated with a nematic compound. And by adding an extra couple of narrower in-plane bars to connect neighbor unit cells. It can be assessed that such interconnecting bars do not change the magnetic resonance behavior of a short-wire pair. To give a preliminary orientation of LC, on the surface of the Teflon substrate and copper element is covered with a thin layer of polyimide (PI) to compel the nematic liquid crystal parallel to the short-wire surface in an alignment state [57, 59].
The transmission spectra for the short-wire metamaterial as a bias voltage function are given in Figure 2C. For zero-bias voltage, an obvious decrease takes place at 9.91 GHz, around that the effective permeability is anticipated to be negative. And the resonant frequency falls to 9.55 GHz as bias voltage gradually grows from 0 to 100 V. Then the saturation was adjusted and even the bias voltage was increased further. Therefore, the total frequency shift of 360 MHz can be achieved experimentally. From the full wave numerical calculation for the transmission spectra as a function of the LC molecular reorientation angle, as shown in Figure 2D, it is obvious that when the director of LC is redirected from 0° to 90°, magnetic resonance frequency of the short-wire pair gradually reduces to 9.45 GHz, which results in a 0.42 GHz variation. A slightly narrow frequency variation is most probably due to the existence of a pre-tilted angle of liquid crystal via the PI surface. This means actual LC reorientation will be less than 90°, resulting in less permittivity alteration as well as the changes of resonance frequency.
3.2 Negative Index Metamaterial
On the basis of the successful demonstration of a frequency tunable metamaterial with a single negative parameter, we will present a double negative metamaterial with a dynamically varied left-handed passband. The idea is to add negative permittivity via a wire array to the original negative components. In view of tunability requirements, it is necessary to employ unit cells with a combination of negative permittivity and negative permeability parts. Figure 3 shows a tunable omega metamaterial sample with a broadside coupling SRR connected with infinite wire [58]. By utilizing external magnets, it is able to orientate the LC molecular director angle with respect to the x axis from 0° to 90°.
[image: Figure 3]FIGURE 3 | (A) Schematic of the basic unit cell of the tunable negative index metamaterial as well as the reorientation of the LC molecule in the x-y plane (B) Close-up view of the mid-plane of the sample with the other part removed to clarify the configuration of the voids (C) The experimental and simulation transmission responses of the metamaterial with infiltration by LC under different molecules orientations: θ = 0° (solid black line) and 90° (dashed red line), respectively (D) The measured phase shift for the tunable metamaterial when the LC molecules are reorientated from θ = 0°–90°. The inset shows the phase delays for the metamaterial under different reorientations of LC (A)–(D) Reproduced with permission. Copyright 2008, OSA Publishing [58].
Figure 3C shows the experimental transmission spectra of the metamaterial. When applying the magnetic field along the x axis [image: image], the omega array shows a clear transfer passband, and it has a negative index of refraction as expected, of which the peak is located at 11.72 GHz, whereas a redshift of the passband can be observed with the peak shifts at 11.50 GHz under an orthogonal magnetic field excitation [image: image]. Although this passband deviation of 210 MHz is not wide, it is clearly perceptible with the comparatively broad bandwidth. The frequency shift is in accordance with numerical results calculated using the full tensor description for LC permittivity, as shown in Figure 3C. Experimental broader bandwidth is mainly due to a slight variation of the voids interspacing since the Teflon fiberglass is not so rigid, resulting in different magnetic resonances between layers, causing multi conjoined passbands and consequently a wider transmission window. Figure 3D plots the phase shift for the omega sample with different LC direction angles. From the variation of phase shift, it can be seen that phase difference increases around 10.6 GHz and reaches a peak of 174.5° at 10.93 GHz, corresponding to an approximate index variation of 0.25 for a 5.4-cm-long sample along the propagation path.
Figure 4 shows the schematic view of the fishnet type of negative index metamaterial [60]. Due to the intrinsic structural characteristic, one layer of unit cells was connected to the other, therefore designing extra connecting bars for bias voltage is not required. Figure 4 gives the transmission spectra variation of the fishnet sample. As shown in Figure 4B, toward the initial target of liquid crystal director parallel to the fishnet surface, there is a well-resolved and high strength transfer summit around 9.01 GHz. The liquid crystal director redirecting from 0° to 90° shows that the ground transfer summit moves downward to 8.60 GHz. Figure 4C demonstrates the fishnet array’s measured transmission spectra under different bias voltages. For zero-bias voltage, the fishnet structure displays a transfer passband around 9.14 GHz and another higher passband starting at 10.60 GHz with a smaller decrease in the gap. Quantitatively, as the bias voltage grows up to 60 V, the first transfer summit moves from 9.14 GHz downward to 8.80 GHz, accounting for a frequency shift of 340 MHz. The frequency shift for the passband is saturated beyond 60 V, indicating that the LC director is nearly perpendicular to the surface of the fishnet pattern.
[image: Figure 4]FIGURE 4 | (A) Tunable fishnet type of NIM based on nematic LC. Side view, 3D view of four elementary cells and photograph of metamaterial sample (B) Simulated transmission of tunable fishnet metamaterial when the LC director was reorientated. The inset is the schematic view of LC molecular reorientation in the x-z plane (C) Experimental transmission magnitude of the fishnet metamaterial as a function of external DC bias voltage (A)–(C) Reproduced with permission. Copyright 2008, OSA Publishing [60].
4 RECENT DEVELOPMENT AND APPLICATIONS
4.1 Tunable Metamaterials With Liquid Crystals
Liquid crystals have the dual properties of crystals and fiuids. As mentioned in Section 3, LC reorientations would result in a dramatic change in the refractive index of LC, which in turn, would further change the response to electromagnetic waves. In nematic LCs, the crystal is in a rod-shape and the external stimulations such as thermal heating, pressure, and the magnetic and electric field, can control its directional order, resulting in good refractive index tunability [42, 59, 74–91]. Therefore, LCs are extensive used as the liquid background of solid metamaterials [51, 52, 92]. The manipulations on the LC background metamaterial are first protested against in the microwave regime. The resonant frequency of the metamaterial is shifted under a DC voltage [93–97]. Compared to the operation under microwave conditions, the control of the THz wave can be obtained with a much faster response at a lower electrical voltage since the needed thickness of LC is much smaller [69, 98, 99]. For liquid crystals in a particular phase such as NLC, it is necessary to discuss their collective crystal responses. The timescale of collective crystal response is usually in the order of milliseconds–microseconds. The thickness of the liquid crystal will influence its response speed. To achieve certain modulations requires a very thick LC layer, leading to several disadvantages such as high operating voltage, slow response, and poor pre-alignment. A large birefringent liquid crystal material can reduce the thickness of the liquid crystal device, ensure the good orientation of the liquid crystal, and improve the response speed of the device. For a liquid crystal layer of the same thickness, it can increase the modulation range of the liquid crystal device. Compared with the thermal and UV irradiation-induced tunability of optical metamaterials, which have been experimentally tested, showing a slow temporal response, electrical tuning has a faster time response, which is the most attractive due to its easy integration and high reliability.
Recently, a nematic liquid crystal-based tunable terahertz metamaterial which has large modulation depth and low insertion loss was designed [82]. The structure of the proposed compositive metamaterial is shown in Figure 5A, which consists of a two-layer sub-wavelength circular air loop array fabricated on a quartz glass substrate and embedded into the liquid crystal. The obtained results show that the amplitude modulation depth and insertion loss for normally incident electromagnetic waves are about 96% and 1.19 dB at 0.4212 THz, respectively, with the bias voltage varying from 0 to 16 V. Meanwhile, the transmission peak frequency gradually decreases from 0.42 to 0.38 THz. Differing from the resonant frequency shifted under a DC voltage, another literature paper about the continuously tunable and fast-response terahertz metamaterial was studied using in-plane switching (IPS) dual-frequency liquid crystal (DFLC) cells, in which dielectric anisotropy could be changed with the variation of applied voltage frequency [79]. When the frequency of an external voltage is switched, the resonance peak of the metamaterial can move to the high frequency or the low frequency, and the response times of the redshift and blueshift are 1.044 and 1.376 ms, respectively. Figure 5C shows the dual-frequency liquid crystal director orientations at the three applied voltages (voltages of 0, 80 V at 1 kHz, and 80 V at 22 kHz). More recently, a THz programmable meta-surface integrated with LC was proposed to manipulate the THz beam dynamically [69]. Figure 5E shows the 3D view of the THz programmable meta-surface. In Figure 5E, a 24-element linear array consists in the meta-surface, and a multichannel amplifier is in connection with each element. The control signal is outputted by the FPGA, and the amplified signals are utilized to control the phase of every element individually.
[image: Figure 5]FIGURE 5 | (A) 3D schematic diagram of a unit cell, top view of the metal resonance unit cell and side view of the unit cell (B) Schematic of a reconfigurable binary grating meta-surface as part of a LC cell and the binary gratings combined with nematic LC when the voltage is on and off (C) Experimental spectra of the IPS DFLC cell with the metamaterial, schematic drawing of DFLC director orientations and simulated spectra of the cell at applied voltages of 0 V, 80 V at 1 kHz, and 80 V at 22 kHz (D) Sketch of a silicon nanodisk meta-surface integrated into the LC cell. SEM image of a fabricated silicon nanodisk meta-surface. Schematic of the LC alignment for no applied voltage (“off” case) and for the case when a moderate voltage is applied between the two electrodes of the LC cell (“on” case). The red arrow indicates the polarization of the incident light (E) The schematic of the THz programmable meta-surface. The unit cell consisting of an LC layer embedded into two metallic layers is shown in the left inset (A) Reproduced with permission. Copyright 2019, OSA Publishing [82] (B) Reproduced with permission. Copyright 2016, OSA Publishing [91] (C) Reproduced with permission. Copyright 2015, OSA Publishing [79] (D) Reproduced with permission. Copyright 2017, AIP Publishing [81] (E) Reproduced with permission. Copyright 2020, AIP Publishing [69].
By further shrinking LC background metamaterials, the real-time control of IR and visible light are realized. Andrei Komar et al. presented an electrically tunable all-dielectric optical meta-surface consisting of silicon nanodisks embedded into liquid crystals, as shown at Figure 5D [81]. The reorientation of nematic liquid crystals under an external electric field can change the anisotropic permittivity tensor of the meta-surface, which in turn, alters the response to electromagnetic waves. By controlling voltage “on” and “off” to achieve reorientation of the nematic liquid crystals and obtain 75% modulation depth and a phase change of up to approximately [image: image]. Similarly, a new combination of nematic liquid crystals and a binary-grating meta-surface was presented to control the diffraction efficiency by altering the applied voltage in the visible region, as shown in Figure 5B [91].
In addition, the eﬀective tuning of the LC background metamaterial for wavefront manipulation has a wide prospect such as in tunable gradient indexed lenses [78, 94]. By introducing a voltage gradient over the fishnet metamaterial based on liquid crystals, the phase distribution over the aperture can be tuned, and thus the radiation direction can be manipulated. Thus, we can develop novel applications for wavefront manipulation based on liquid crystal metamaterials. In a recent study based on fishnet metamaterials, the unit cells of the fishnet were embedded with nematic liquid crystal which provided a continuous tuning of each column of the array [78]. The photograph of a single opened fishnet unit-cell layer is shown in Figure 6A. Figure 6B shows the simulated electric field distribution at 27.4 GHz. By using liquid crystal as a tunable dielectric layer, the authors could achieve a voltage-tunable phase gradient over the aperture array, and obtain a measured continuous maximum beam-scanning angle of 5° at 27.5 GHz, as shown in Figure 6C. The meta-surface based on liquid crystals can also be used to achieve tunable transparent displays for visible light [83]. As shown at Figure 6D, an all-dielectric meta-surface composed of silicon nanocylinders integrated into a nematic liquid crystal cell is presented. A switchable dielectric meta-surface display is achieved by varying the applied voltage from 0 V to 20 V in steps of 5 V. Figure 6E shows the real-color images of the proposed meta-surface at 0, 5, 10, and 20 V recorded in transmission. It is worth noting that the demonstrated meta-surface display uses a different operation theory than normal liquid crystal displays.
[image: Figure 6]FIGURE 6 | (A) Photograph of a single opened fishnet unit-cell layer (B) Simulated electric near-field distribution of the two-layer fishnet array with a gradient of the LC permittivity at 27.4 GHz (C) Measured normalized far-field patterns at 27.5 GHz for two tuning states (D) Electrical tuning of the LC meta-surface (E) Real color images of the meta-surface at 0, 5, 10, and 20 V recorded in transmission (A)–(C) Reproduced with permission. Copyright 2014, IEEE [78] (D)–(E) Reproduced with permission. Copyright 2019, American Chemical Society [83].
In addition to the applied voltage, temperature can be also used as an external control parameter [57, 76, 85, 100–105]. Heating of the sample over the liquid crystal transition temperature leads to the phase transition of the liquid crystal between nematic and isotropic, which can be used to realize the tunability of response to electromagnetic waves. In 2009, a thermally tunable optical metamaterial was demonstrated based on aligned nematic liquid crystals in the visible range [57]. Structure of the coupled sample is shown in Figure 7A. By changing the ambient temperature (from 20° to 50°C, which is beyond the phase transition temperature Tc, 35°C), the phase transition of nematic LCs from the ordered phase to the isotropic phase can be realized, which in turn means the magnetic response wavelength can be effectively changed, as shown in Figure 7A. Temperature control of metamaterials with liquid crystals can also work in the terahertz region. The tunability of resonant response is realized due to the orientations of liquid crystals by changing temperature [76]. The two arrangements of liquid crystals lead to different modulations to the terahertz wave. It is illustrated that the resonant frequency decreases when the liquid crystal is aligned in the x-direction, whereas it increases when the liquid crystal is aligned in the y-direction in Figure 7B. In essence, the temperature control of metamaterials with liquid crystal is due to the changes in the refractive index of the liquid crystal. In Figure 7C, the results showed that the shift of the resonance fits the form of the temperature dependence of the liquid crystals’ refractive index [102]. Furthermore, dynamic manipulation of electric and magnetic resonances can be both realized based on the temperature-dependent refractive-index tunability of the liquid crystal [100]. As shown in Figure 7D, the very different degrees of tunability of the two resonances modes allows for dynamically adjusting the spectral mode separation. In this experiment, the effect of temperature change on the refractive index of liquid crystal and the influence of phase transition on the resonant mode are both investigated. Besides the realization of dynamic tuning of the electromagnetic response of such metamaterials based on liquid crystals and the dynamic control of the light-emission properties of active liquid crystal meta-surfaces by an external control parameter were also demonstrated by Justus Bohn and coworkers [103]. Figure 7E shows the schematic of a meta-surface integrated into a liquid crystal cell. When heating the liquid crystal, its state changes from nematic to isotropic, resulting in a spectral shift of the meta-surface resonances and the enhancement of tuning of the emission.
[image: Figure 7]FIGURE 7 | (A) Structure of the coupled nanostrip sample and demonstration of a thermally tunable magnetic response in a metamaterial. (B) Experimentally measured results with the LC aligned in the x- and y-direction. (C) The shift of the resonance with temperature and the minimum transmission of the resonance as a function of temperature. The inset shows the temperature dependence of the refractive index. (D) Schematic of the silicon nanodisk meta-surface integrated into an LC cell and the temperature-dependent transmittance spectra of electric/magnetic modes. (E) Sketch of a silicon nanocylinder meta-surface integrated into a liquid crystal cell. When the liquid crystal is heated, it changes its state from nematic to isotropic, resulting in a spectral shift of the meta-surface resonances and the tuning of the emission enhancement. (A) Reproduced with permission. Copyright 2009, AIP Publishing [57]. (B) Reproduced with permission. Copyright 2013, IEEE [76]. (C) Reproduced with permission. Copyright 2017, AIP Publishing [102]. (D) Reproduced with permission. Copyright 2015, American Chemical Society [100]. (E) Reproduced with permission. Copyright 2018, American Chemical Society [103].
4.2 Liquid Crystals-Based Applications
Liquid crystals have dielectric and optical anisotropy. The directors of liquid crystal molecules can be adjusted through external fields, thereby effectively controlling the intensity, phase, and polarization of light waves and electromagnetic waves in various frequency bands, giving the liquid crystal materials a huge application potential. Using the controllability of liquid crystals and the special properties of metamaterials, meta-devices with real-time control functions can be realized, such as polarization controllers, absorbers, beam scanning, and spatial light modulators for information communication, imaging, and transmission. It can effectively solve the problems of the slow response speed of traditional liquid crystal devices, and has the advantages of small size, light weight, and easy integration.
The free control of liquid crystal orientation can promote the development of manipulability of metamaterial-based devices. Based on the tunability of the refractive index of liquid crystal, more latent applications of liquid crystal background metamaterials have been discussed such as the perfect absorber [62, 70, 106, 107], polarization converter [108, 109], and modulators [110–113]. Salvatore Savo et al. have illustrated the ability of functional liquid crystals in a metamaterial absorber array working as a spatial light modulator during THz wavelengths by experiments. The 3D artistic impression of the metamaterial array is shown in Figures 8A and 8B [110]. The narrow band frequency response of the metamaterials can be electronically controlled by the orientation of the liquid crystal molecules. Polarization converters using liquid crystal metamaterials are also demonstrated. The physical underlying principle of efficient polarization converters consists in their operation in the regime in which the radiative losses are larger than the non-radiative ones [108]. The polarization of the incident electric field is linear. Depending on the applied voltage, the linearly polarized incident light is converted to RCP, linear, and LCP light. Moreover, in a recent literature paper, an electrically switchable color tag on account of an active liquid-crystal meta-surface platform was realized [113]. The realization of the proposed active color tags utilized the ability of the tunability of nematic liquid crystal reorientations controlled by an external electric field which would rotate the polarization of incident light. Figure 8C shows the schematic view of the integrated liquid crystal meta-surface device and the working principle to rotate the polarization of incident y-polarized light. Figure 8D shows the transmission pictures of a NEO tag, without an LC layer for x-polarized incident light (ϕ = 0°) and for y-polarized incident light (ϕ = 90°). Correspondingly, Figure 8E shows the transmission image of the NEO tag, with an LC layer for ϕ = 0° and ϕ = 90°at 0, 2, and 5 V.
[image: Figure 8]FIGURE 8 | (A) Schematic of the liquid crystal metamaterial absorber spatial light modulator. (B) Camera image of the MMA spatial light modulator device coated with LC. Close-up of MMA unit cells and corresponding dimensions. (C) Schematic view of the integrated liquid crystal meta-surface device and the working principle to rotate the polarization of incident y-polarized light. (D) Transmission images of the NEO tag, without an LC layer for x-polarized incident light (ϕ = 0°) and for y-polarized incident light (ϕ = 90°). (E) Transmission image of the NEO tag, with an LC layer for ϕ = 0° and ϕ = 90° at 0, 2, and 5 V. (A) Reproduced with permission. Copyright 2014, Wiley-VCH [110]. (A), (B) Reproduced with permission. Copyright 2017, American Chemical Society [108]. (C)–(E) Reproduced with permission. Copyright 2020, Wiley-VCH [113].
5 PROSPECTIVE AND CONCLUSION
Incorporating active inclusions into metamaterial structures is of fundamental importance for increasing the operation bandwidth and dynamically manipulating electromagnetic waves. Artificially micro/nano-structured metamaterials with nematic LC provide a novel way to actively modulate the electromagnetic response. Nematic liquid crystals (NLC) dominate strong optical nonlinearities for photonics applications covering the femtoseconds to milliseconds time scales, and across a wide spectral range. The combination of the optical nonlinear behavior of liquid crystals and the peculiar physical properties of metamaterials is also one of the important advances in the field of liquid crystals. Many promising results on the tunability of metamaterials incorporated with nematic liquid crystal are reviewed, and these experimental studies have also reflected the inherent drawbacks of nematic liquid crystals as the active component. The foremost is the immobile layer in the immediate vicinity of the plasmonic structures [51]. This together with local inhomogeneous director axis alignment on the nanostructures all act to diminish the effective birefringence of the NLC for modulation/tuning effects. The theoretical tuning range due to complete realignment of the director axis with orthogonally polarized illuminating light is usually larger than the experimentally measured tuning range. This defect can be taken into account in the design of the metamaterial, and the optimization of the microstructure of the metamaterial may promote the agreement between the experimental value and the theoretical value. It is also very urgent and important to further design and fabricate liquid crystal materials with broadband, greater birefringence, smaller loss, faster response speed, and taking into account the wide liquid crystal phase temperature and other excellent characteristics. Furthermore, recent studies of another phase of chiral nematic liquid crystals, namely, blue-phase liquid crystals (BPLC) have presented promising alternatives. The second question that should be discussed is molecular anchoring. The realization of the LC tunability of metamaterials in the near infrared and optical regime is a much harder task, since the effects of molecular anchoring to the nanostructured surfaces becomes important when the dimensions of the individual meta-atoms become comparable to the size of the LC molecules, which has a significant impact on the tunability of optical metamaterials [114, 115]. For example, under hard-anchoring conditions, the LC director axis in the immediate vicinity of the alignment layer remains unchanged while the bulk undergoes reorientation by the applied field. Liquid-crystal tuning of plasmonic resonances crucially rely on the ability to reorient the LC molecules within the near-fields of the plasmonic structure. One promising way of influencing the anchoring energy of the LC and to enhance tunability is the chemical functionalization of the metamaterial surface. In a recent study, it was found that after reducing the contribution of the supporting substrate to the metamaterial surface area it became possible to minimize the anchoring forces in the resulting hybrid and engage in-plane switching of the LC director at a nanoscale dimension [89].
In this paper, we present a brief review for tunable single/double negative metamaterials based on nematic LC. And we discuss the development of the tunable behavior of metamaterials induced by liquid crystals. By utilizing an LC director controlled by applied voltage and temperature, it is possible to reversely modulate the metamaterials’ operation frequency along with the unique value of effective electromagnetic parameters. LC reorientations will result in a change of the LC refractive index, which in turn, changes the response to electromagnetic waves. The ease of incorporation and large birefringence of LC enable it to become an ideal candidate for metamaterial substrates with varied permittivity. It is worth noting that the birefringence of LC increases with frequency. It is demonstrated that LC-based metamaterials are promising for the remarkable improvement of the bandwidth and may facilitate related applications at terahertz or even optical regimes. Hopefully this review can promote research on tunable and reconfigurable metamaterials with various active inclusions for the improvement of the operation bandwidth and smart electromagnetic responses.
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Metasurfaces have powerful light field manipulation capabilities, which have been extensively studied in the past few years and have developed rapidly in various fields. At present, the focus of metasurface research has shifted to the tunable functionality. In this paper, a temperature-controllable multifunctional metasurface lens based on phase transition material is designed. First of all, by controlling the temperature of the desired working area and the polarization of the incident light, switching among multiple focus, single focus, and no focus at any position can be achieved, and the intensity and helicity of the output light can be adjusted. In addition, a polarization-sensitive intensity-tunable metalens based on the P-B phase principle is designed, when the incident light is linearly polarized light, left-handed circularly polarized light, or right-handed circularly polarized light, it has the same focal point but with different light field intensities. Therefore, the focused intensity can be tunable by the polarization state of the incident light.

Keywords: multifunctional metasurface, tunable meta-lens, phase transition material, multiple focus, polarization-sensitive


INTRODUCTION

Metasurfaces, the corresponding two-dimensional metamaterials, can flexibly control the amplitude, phase, and polarization of light through sub-wavelength units, compared with the traditional lens that relies on the modulated light beam to accumulates the phase delay during the transmission, it is smaller in size, lighter in weight, and suitable for device miniaturization and system integration. Thanks to the special properties of metasurfaces, various new applications can be realized, such as hologram [1–4], polarization measurement [5–7], vortex beam generator [8, 9], non-linear dynamics [10–12], beam shaping, etc. [13, 14].

The bifocal and multifocal lenses that can focus on different positions can be used in imaging systems [15, 16], optical communication [17, 18], and medical applications [19], etc. Previous studies have also used Pancharatnam-Berry (P-B) phase metasurface to achieve multi-focus focusing function [15, 20]. However, their work has some limitations: firstly, once the lens structure is produced, its function cannot be changed; secondly, based on the principle of P-B phase modulation, it demands higher requirements of the helicity of the incident light. Usually, the requirement is circular-polarized incident light, and polarization-independent focusing cannot be achieved.

Phase transition materials are a good choice to provide a wide range of tunable metamaterials, whose electronic properties can be tuned in real time during structural phase transitions. By using phase transition materials, the optical response of metamaterials can be significantly adjusted by external excitations [21]. Currently, the common phase transition materials used in metasurfaces are Ge2Se2Te5 [22, 23], vanadium dioxide (VO2) [24], or graphene [25], etc. In terms of thermal control materials, vanadium dioxide has the capability of insulating-metal phase transition, and its structure can change reversibly with temperature. Its phase transition temperature is TC = 68°. When temperature is below the phase transition temperature TC, it exhibits a monoclinic phase structure, in a semiconductor insulation state (I-VO2), the infrared transmittance is higher at this state; When temperature is higher than the phase transition temperature TC, it presents a rutile tetragonal phase structure, in a metallic state (M-VO2), and has a lower infrared transmittance [26–28]. In recent years, there have been many studies on metasurfaces based on vanadium dioxide, including controlling temperature or heat flux [29, 30], asymmetric transmission [31], switchable focus lens [32–34], switchable wave-plates [35], beam control [36], and the like. However, most of these designs can only achieve fixed function, or only work under a specific condition [37].

In this article, we propose a temperature-controllable metalens based on VO2 material working in the mid-infrared band. By controlling the temperature, the conversions among bifocal, single focus, and no focus can be realized, and the helicity of the focal light is changable, as shown in Figure 1. In addition, based on the principle of P-B phase, the co-focal lens which works for linear polarized light, left-handed circularly polarized light, and right-handed circularly polarized light is designed, and the intensity of the focal spot is different for different incident polarized light. Thus, a polarization sensitive lens with tunable intensity is realized.


[image: Figure 1]
FIGURE 1. Working principle diagram. The two pictures on the top show the wavefront reshaping pictures at different temperatures when LP light is incident, and the two pictures on the bottom are the wavefront reshaping pictures under LCP and RCP light incidents.


More importantly, we showed a multifunctional lens made of thermally controlled phase transition materials, and provided a new design method for adjustable multifocal lenses. As an extension, other phase transition materials and different control methods, such as electric control, can also be used to complete focus switchable, polarization independent metasurface lenses.



MATERIAL AND DESIGN THEORY

Based on the vanadium dioxide material, the conductor model parameter is used below the phase transition temperature TC (when in I-VO2), corresponding permittivity ε = 9 [38]. When temperature is higher than the phase transition temperature TC (at M-VO2), the Drude model is used to determine the parameters.

The complex permittivity of vanadium dioxide can be given by the following dispersion relation [39–41]:

[image: image]

Among them, the first item represents ultimate high frequency permittivity, ε∞ = 12; [image: image] represents the collision frequency, here m* is the optical effective mass of electrons. ωn(σ) represents electrical conductivity, which is related to plasma frequency. Because σ are directly proportional to the free carrier density; According to the reference, it can be known as [image: image].

Figure 2 shows the transmittance properties of VO2 film [40]. The two curves in Figure 2A represent the change of transmittance in the frequency range of 0.25–5eV when the temperature is 300 K and 355 K, respectively. We can get that when the temperature of the VO2 film is 300 K and 355 K, the transmittance of 0.31 eV (4 μm) incident light shows a huge contrast. The red and blue curves in Figure 2B show the transmittance of VO2 film (at 4 μm) between heating and cooling, respectively. It can be seen from the figure that there is a short temperature change interval within which the transmittance changes rapidly with temperature, and the change is reversible. Outside the corresponding temperature in the phase transition zone, the transmittance is relatively stable.


[image: Figure 2]
FIGURE 2. Transmittance properties of VO2 film (100 nm) [40]. (A) The bi-phase transmittance of VO2 film in the frequency range of 0.25 eV–5 eV. (B) Transmittance changes with temperature during cooling and heating of VO2 film at 4 μm.


In summary, the transmittance of the VO2 film at 4 μm changes drastically in the phase transition interval, and the heating and cooling process is reversible. Therefore, it can exhibit stable performance outside the phase change region.


Theory

According to the P-B phase modulation principle, The electric field generated by an incident plane wave of arbitrary polarization passing through the lens can be expressed as [42]:

[image: image]

In the formula, ηE, ηR, ηL represents the polarization level coupling efficiency, which can be expressed as:
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Among them, tx, ty, respectively, represent the real amplitude transmission coefficients perpendicular and parallel to the optical axis, and ϕ represent the phase delay between the two polarizations. Symbols 〈Ein|L〉(〈Ein|R〉) denote the dot product of the incident polarized plane wave |Ein〉 and left-handed circularly polarized plane wave |L〉 (right-handed circularly polarized plane wave |R〉).

From the above formula, we can get that the outgoing electric field contains three components. The first component maintains the original polarization and phase of the incident beam; the second term is right-handed circular polarization with 2θ(x, y) phase modulation; The last term is opposite to the previous term which is left-hand circular polarization light with a modulation phase of −2θ(x, y).

For a special case: tx = ty, ϕ = π, when the left-handed circularly polarized light is incident, the outgoing beam will undergo full polarization conversion:

[image: image]

It can be seen from the above formula that the phase modulation depends on the local orientation of the sub-wavelength grating.



Design Method

In the design of this article, glass is used as the substrate, and vanadium dioxide (VO2) is used for the structural unit. We control the changing of temperature so that it undergoes a mutual conversion from I-VO2 state to M-VO2 state. In order to achieve the purpose of lens focusing, the unit cell at different positions (x, y) need to meet the phase condition [43]:

[image: image]

Here, λin is the desired wavelength, f is the focal length, and (x0, y0) is the initial position of the focus. Based on the Equation (6), the unit cell at different positions (x, y) need to meet θ = ±φ/2 to ensure that the left-handed circularly polarized light or the right-handed circularly polarized light can pass through the structure and is converted into the opposite direction of rotation [44]. The rotation angle is:

[image: image]

Figure 3A is a schematic diagram of the structure. The lens is composed of two areas, A and B, which are a circle in the area (0, r1) and a ring in the area (r1, r2). Figure 3B is a schematic diagram of lens focusing when linearly polarized light is incident, and two focal points are formed. Figures 3C–E are perspective view, front view, and top view, respectively. We used a commercial three-dimensional (3D) finite-difference time-domain (FDTD) solver (FDTD solutions, Lumerical Inc.) to simulate the unit in the frequency domain with periodic boundary conditions in the x and y directions, and a perfectly matched layer in the z direction. By optimizing the structure, we determine that the incident wavelength λin = 4 μm, the period of each unit cell is P = 2.8 μm, and the height of the structural unit H = 3.2 μm. Scanning the phase change and transmittance of different circular polarizations light in I-VO2 and M-VO2 to determine the best choice of length and width. Figure 4A is a scan diagram of the phase delay varying with the length and width, Figures 4B,C are the schematic diagrams of the transmittance varying with the length and width in the two states of I-VO2 and M-VO2, respectively.


[image: Figure 3]
FIGURE 3. (A) Schematic diagram of the lens structure, composed of two areas A and B. (B) A schematic diagram of linearly polarized light focusing along the z direction after passing through the lens. (C) Schematic of the building block, The metalens consists of VO2 nanofins on a glass substrate. (D,E) Side and top views of the unit cell showing height H, width W, and length L of the nanofin, with unit cell dimensions P × P. The required phase is imparted by rotation of the nanofin by an angle θ, according to the geometric Pancharatnam-Berry phase.



[image: Figure 4]
FIGURE 4. (A) Phase shift corresponding to each unit with different L and W at the state of I-VO2. (B) and (C) represent the scan graph of the transmittance of each unit in the I-VO2 and M-VO2 states as a function of L and W, respectively. (D) When the unit cell rotation angle is changed from 0 to 180°, the transmittance change graph corresponding to the incidence of LCP and RCP.


We choose the appropriate length and width to make the I-VO2 nanorods in the state of a half-wave plate, that is, the phase retardation ϕ = π, tx = ty, and the transmittance is as high as possible in the I-VO2 state, on the contrary, the transmittance is as low as possible in the M-VO2 state. Through scanning optimization and data analysis, we choose the length L = 1.25 μm and the width W = 0.75 μm of the VO2 structural unit.

In order to verify the feasibility of the lens, we observe the changes in the transmittance of the corresponding I-VO2 and M-VO2 under different polarized light incidence when the rotation angle of the unit cell changes from 0 to π. It can be seen from Figure 4D that the transmittance of I-VO2 always remains at about 0.88, whether the incident light is left-handed circularly polarized light or right-handed circularly polarized light, while the transmittance of M-VO2 varies between 0 and 0.2, It is in line with the situation that the transmittance of I-VO2 is much greater than that of M-VO2.




RESULTS AND DISCUSSION


Focus Switchable Lens Controlled by Combination of Polarization and Temperature

Here, we design a kind of adjustable lens that realizes multi-focus, single-focus, and non-focus conversion by incident different polarized light (LP, LCP, RCP) and temperature control. The lens consists of two areas, (0, r1) area A, and (r1, r2) area B, respectively, focusing on the incident light of RCP and LCP, as shown in Figures 2A,B. Here, the radius of the lens are set as r1 = 50.4 μm, r2 = 92.4 μm. The conditions for the rotation angles of the structural unit in the two regions are as follows:

[image: image]
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Here, fA, fB are the focal lengths of the two areas A and B, respectively.

Without loss of generality, we set fA = 30μm, fB = 60μm as an example. When the temperature is lower than TC, the two areas A and B are both in I-VO2 state (pass state), which can maintain high transmittance. As we all know, LP can be regarded as a combination of LCP and RCP of equal amplitude. Linearly polarized light will form two focal points with focal lengths fA and fB after passing through the metalens, as shown in Figure 5A. The helicity of fA and fB is RCP and LCP, respectively, so as to realize dual focus focusing. When the temperature is higher than TC, the two regions A and B are in the M-VO2 state (close state), as shown in Figure 5B, no focus is formed at this time.


[image: Figure 5]
FIGURE 5. (A–D) The intensity profiles(y-z plane)of the metalens designed at the state of (A) for x-polarized incident light in the pass state, (B) for x-polarized incident light in the close state, (C) for LCP polarization incidence in the B pass state, (D) for RCP polarization incidence in the A pass state, (E) Normalized electric field intensity distribution along the z-axis for the two cases (A,B). (F) Corresponding to the horizontal cut of the two focal points fA and fB in (A), the width FWHM at half the maximum height is 2.53 μm and 2.15 μm. (G,H) represent the normalized electric field intensity graph under the incidence of LCP and RCP, respectively, and the corresponding FWHMs are 2.17 μm and 2.39 μm, respectively.


Figure 5E is a schematic diagram of the normalized electric field intensity along the z-axis in the above two cases. It can be seen from the figure that the intensity of the light field at the focal point in the passing state is much greater than the intensity in the closed state. In contrast, the intensity at high temperatures can be approximately ignored. The focal depth at f 2 = 60 μm is longer. This is because the NA at the two focal points are different, and the focal plane size is different, which results in different intensity distributions. Large depth of focus, has great advantages in many fields such as microscopes, endoscopes, inspection cameras, etc. [45].

In addition, we control the two regions A and B to result in different states. As for the isolation of the states of the VO2 materials in area A and area B, a thin insulating material can be added between the area A and the area B to avoid heat conduction. Both active heating and passive heating can achieve. Our cell structure is on the micron scale, and the temperature of each nanofins can be controlled by the semiconductor Partier effect. In order to maintain the optical transparency, one can select transparent semiconductor for desired wavelength to construct temperature controller. Let area A in the M-VO2 state while area B in the I-VO2 state (B pass state). At this time, when the LCP beam is incident, a focal point with a helicity of RCP will be formed, and its focal length is fB, as shown in Figure 5C. In the same way, the area A is in the I-VO2 state, and the area B is in the M-VO2 state (A pass state). At this time, the RCP beam is irradiated to form a focal point with a helicity of LCP, and its focal length is fA, as shown in Figure 5D.

Figure 5F demonstrates the normalized intensity map of the electric field corresponding to the fA and fB focal points in the Figure 5A. The FWHM is 2.53 μm and 2.15 μm, respectively. Figures 5G,H correspond to the normalized intensities figures of the focal spot shown in Figures 5C,D, respectively, and the FWHM is 2.17 μm and 2.39 μm, respectively. The focusing efficiency in the case of pass state, A pass state and B pass state are 31.53%, 32.45%, and 41.76%, respectively (focusing efficiency is defined as the ratio of the energy of the focal spot to the energy of the incident light).

We can also extend the focus to any position in space. As shown in Equation (7), the initial value (x0, y0) can be set to change the position of the horizontal plane of the focus. We assume [image: image]. Through the simulation of FDTD SOLUTIONS, we obtain the simulation figures of the focal spot in four states.

It can be seen from Figures 6A–D that the switching of dual focus, single focus, and no focus can be achieved at any position in a certain space, and the focusing effect is good. In the pass state, the FWHM corresponding to the two focal points are 2.55 μm and 2.21 μm, respectively. In A pass state and B pass state, the FWHMs of the two focal points are 2.55 μm and 2.19 μm, respectively. The focusing efficiency under pass state, A pass state, and B pass state are 32.74%, 29.78%, 41.92%, respectively.


[image: Figure 6]
FIGURE 6. (A–D) Electric field intensity profile for different state of VO2, Designed focal position: [image: image]. (A) For x-polarized incident light in the pass state. (B) For x-polarized incident light in the close state. (C) For LCP polarization incident in the B pass state. (D) For RCP polarized incidence in the (A) pass state.




Intensity-Controllable Lens by Polarization

Assigning the same focal point fA = fB = 50μm to the two regions A and B, so that under different incident polarized light, combining with temperature control, the intensity-adjustable polarization sensitive lens with same focal point can be obtained. When LP, RCP, LCP light is incident, adjusting the regional temperature so that the meta-lens is in the passing state, A passing state and B passing state. After the radius parameter is determined (here, r1 = 47.6μm, r2 = 84μm), the intensity of the focal point is different under the incidence of different polarized light, thus realizing a polarization-dependent lens, and its intensity can be controlled by the polarization state of the incident light.

The metalens has a numerical aperture NA = 0.859, which has a larger resolution. In the above three cases, different polarized light has the same focal point but different intensities, which realizes the intensity-adjustable polarization-dependent metasurface lens based on the P-B phase principle.

Figures 7A–C represent the focal spots on the y-z plane formed by X, LCP and RCP incident light after passing through the lens, and the focal spots on the x-y plane correspond to Figures 7D–F respectively. From the comparison in the figure, it can be seen that the focal lengths show good consistency in these three cases, and polarization-insensitive focusing under the conditions of X, RCP, and LCP is realized. Corresponding to X, RCP, LCP polarized light incident, the focusing efficiency is 38.33%, 42.94%, 35.38%, respectively. Figure 7G gives the normalized transmitted intensity under different polarized light incidence. The three intensities have certain differences, and the maximum intensity of x-polarized light is between the LCP and RCP intensities, realizing the focus of different incident light. This function can be applied in biomedical technology, through the polarization of incident light to control the intensity of the focal electric field after passing through the lens, which can adjust the resultant of all the external forces of cells, thereby achieving the function of capturing cells. In addition, we can also adjust the area size of the unit cell in the A and B areas to control the intensity ratio of the focus.


[image: Figure 7]
FIGURE 7. Electric field intensity profile (y–z plane) for (A) LP incident light, (B) RCP incident light, (C) LCP incident light. (D–F) The electric field intensity diagram of the x–y plane, corresponding to the diagrams (A–C). (G) The change of normalized electric field intensity with y in the three cases (z = 50 μm, x = 0), the FWHM is 2.31 μm, 2.71 μm, and 2.10 μm, respectively. (H) The normalized distribution of electric field intensity on the propagation plane (x = 0, y = 0) of linearly polarized light with different polarization angles.


We change the angle between the linearly polarized light and the x-axis to explore the effect of linearly polarized light with different deflection angles on the focus. Figure 7H shows the normalized distribution of electric field intensity on the propagation plane (x = 0, y = 0) of linearly polarized light with different polarization angles after passing through the metalens. It can be found that the position of the focal spot under different polarization angles is about 50 μm, and the intensity is basically the same. Therefore, we can conclude that the focus of linearly polarized light with different angles to the x-axis is basically the same after passing through the metalens.

The metalens designed in two regions: A and B, and there will be some optical losses in the two regions when different light sources incident, which is also the main cause of optical losses. There is a scheme in which the two types of structural elements can be interlaced. This arrangement can reduce optical loss to a certain extent. Our future work will also focus on this aspect.



Characterization of Aberration

In order to characterize the performance of the above designed metasurface lens, we simulated the change of the focal length when it deviated from the design wavelength, as shown in Figure 8A, where the focal change simulated here is consistent with the focal shift of the diffractive lens. The focal shift of the diffractive lens can be given by [46]:

[image: image]

Here, λ represents the wavelength of the incident light, λ0 represents the design wavelength, and f0 represents the design focal length. Figures 8B,C, respectively, show the normalized electric field distribution on the propagation plane and the horizontal focal plane when the incident wavelength is changed from 3.8 μm to 4.5 μm. We can intuitively see that as the incident wavelength increases within a certain range, the focal length gradually decreases, and when the incident wavelength is far from the design wavelength, the focal spot intensity gradually decreases. It can be seen from Figure 8D that the designed metasurface lens (symbol) is very consistent with the focal position of the diffractive lens (line) with the same geometric parameters.


[image: Figure 8]
FIGURE 8. Chromatic aberration analysis under the incidence of x-polarized light ranging from 3.8 to 4.8 μm. (A) The normalized electric field intensity in the Y–Z plane. (B) and (C), respectively, represent the normalized electric field distribution of different incident wavelengths on the propagation plane and the horizontal focal plane. (D) The comparison between the focal position of the meta-lens designed in the mid-infrared band (symbol) and the focal point of the traditional diffractive lens (line) is simulated.





CONCLUSIONS

In conclusion, we design a multifunctional metalens based on vanadium dioxide material. By changing the state of the two areas of the temperature control lens, it is possible to switch among dual focus, single focus and no focus at any position, and the lens with the opposite helicity conversion and adjustable focus can be realized. The focusing efficiency in pass state, A pass state and B pass state are 31.53%, 32.45%, and 41.76%, respectively. At the same time, we verify that the focal point of the lens can be extended to any position within a certain area and has a good focusing effect. In addition, a polarization dependent lens is designed based on the same principle, and a polarization sensitive lens with adjustable intensity under LP, LCP, and RCP is realized by controlling the incident light of different polarization combining with temperature adjustment of the region. Finally, we investigate the aberration of the lens, which showed good consistency with the diffractive lens.
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