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Active control of terahertz (THz) wave polarization state is of great significance for sensitive detection, imaging and communication. Here, a tunable THz quarter wave plate is designed by electronically controlling a composite metasurface consisting of the gold cross antennas and a monolayer graphene. The graphene composite metasurface acts as a quarter-wave plate when the chemical potential of graphene is 0 eV, by which the polarization state of the incident THz wave is converted from linear polarization to circular polarization. After the chemical potential of graphene is increased gradually, and to 0.5 eV, the transmitted polarization state of the THz wave is changed from right circular polarization to right elliptical polarization, and to linear polarization. Furthermore, the polarization state of the THz wave is able to be changed from left circular polarization to left elliptical polarization, and to linear polarization if the device is clockwise rotated by 90°. Therefore, the polarization state of THz wave could be actively controlled by the proposed tunable THz quarter wave plate. Our work will offer a new avenue for tunable THz polarization modulation devices.
Keywords: THz, polarization, tunable, graphene, metasurface
INTRODUCTION
Recently, tunable metasurfaces have attracted enormous research interests as a means to control the polarization state of THz wave. In the conventional optical devices, polarization control of electromagnetic wave is mainly achieved using birefringent materials. However, these materials are not suitable in the THz band because of the inherent disadvantages including bulky size, and narrow band of operating frequency. The most important issue is that the THz wave interacts weakly with these materials in nature.
Metasurface is a sub-wavelength artificial structure with extraordinary properties that nature materials do not have [1]. The electromagnetic wave properties including amplitude, phase, frequency and polarization can be controlled completely based on the structure of a metasurface, because any permittivity and permeability can be achieved after the modulation of metasurface devices. Therefore, more and more people have been committed to design metasurface structures, and proposed various functional devices including the anomalous reflection or refraction devices [2, 3], the holographic devices [4–6], the metasurface lenses [7–9], and the polarization-control devices [10–17], which mainly include the half-wave plate [10, 11], the quarter-wave plate [12–16], and the retarders [17]. These devices have the advantages of ultrathin thickness, high degree of design freedom and compactness, which will promote the miniaturization of the system. For example, Wang et al. designed an ultrathin THz quarter-wave plate using Babinet-inverted metasurface [14]. However, all the devices mentioned above are static, which hinders their convenience in the realistic application. Activating the functionalities of these devices will no doubt expand the application and improve the functional value, which is necessary to integrate tunable materials including the semiconductor [18, 19], the phase change material [20, 21], and graphene [22, 23], and externally control the functionalities by light [24], temperature [25], and an applied gate voltage [26]. More recently, a few THz polarization devices have been proposed [27–29]. Zhao et al. proposed a tunable transmission THz waveplate based on the electrically driving metasurface [28]. Luo et al. designed a dynamically reversible and strong circular dichroism based on Babinet-invertible chiral metasurface [29]. However, polarization devices whose function is tunable in the THz band is still vary lacking.
In this paper, we design a tunable THz quarte-wave plate (TQWP) by integrating a monolayer graphene with a metasurface consisting of the anisotropic gold cross arrays for actively and completely controlling the THz polarization state. The resonance characteristics of the cross will be modulated when the Fermi energy of the graphene is changed by an external voltage [30, 31]. A polarization state conversion from right circular polarization undergoes right elliptical polarization, and to linear polarization of 45° is achieved by changing the chemical potential of graphene from 0 to 0.5 eV, in which the device is irradiated normally by a linear polarized THz plane wave with a polarization angle of 45° to the x-axis. We further achieved the THz polarization conversion from left circular polarization state undergoes left elliptical polarization state, and to linear polarized of 135° only making the device clockwise rotate by 90°.
DESIGN OF STRUCTURE
The tunable TQWP is designed as shown in Figure 1A. The device is irradiated normally by a linear polarized THz plane wave. After modulated by this device, the THz polarization state is transformed to a circular state at first. Then, the polarization state of THz is changed from circular polarization goes through elliptical polarization and eventually returns to linear polarization with a changed gate voltage that increases the Fermi energy of the graphene. The tunable TQWP is consisting of three parts, including the monolayer graphene, the metasurface, and the silicon. The metasurface is composed of the anisotropic gold cross arrays, as shown in Figure 1B, and the unit cell of the metasurface is depicted in Figure 1C. The period of the unit cell is 100 μm. The arm lengths of the cross are [image: image] and [image: image], respectively. The arm width is [image: image]. The Finite-Difference Time-Domain (FDTD) method of simulation software (FDTD Solutions, Lumerical Inc.) is used as the simulation tool to calculate the electromagnetic field of the THz wave. In the simulations, the graphene layer is modeled as a two-dimensional (2D) graphene sheet, whose Fermi energy is tuned by changing the graphene chemical potential. The silicon with a refractive index of 3.4 is used as a substrate of the device.
[image: Figure 1]FIGURE 1 | (A) Diagram of the working principle of the tunable TQWP; (B) Schematic of the metasurface consisting of the gold anisotropy cross arrays; (C) Schematic of one unit cell among the gold gross arrays.
RESULTS AND DISCUSSION
Numerical simulations are then carried out to confirm the functions of the designed graphene composite metasurface. Graphene is a great popular functional material in tunable metasurface because the electronic characteristics are controlled by external stimuli. In the THz region, graphene is well described by the Drude-like surface conductivity as [32].
[image: image]
where [image: image], [image: image] and [image: image] are universal constants representing the electron charge, Boltzmann’s and Plank’s constant, [image: image] is the working radian frequency, T is the room temperature, [image: image] ([image: image], where [image: image] is the electron-photon relaxation time) is the scattering rate, and [image: image] is the chemical potential of the graphene. Therefore, the conductivity of graphene can be controlled by changing the chemical potential in the simulation, and the resonance characters affected by conductivity of the composite metasurface are controlled. In our simulation, the transmission characters were obtained for different graphene chemical potential changed from 0.1 to 0.5 eV by a step of 0.1 eV.
Red lines in Figures 2A,B show the simulated transmission amplitude components [image: image] (solid line) and [image: image] (dashed line) and the difference between phase components [image: image] and [image: image] along the two arms of the cross in the metasurface before the chemical potential of the graphene is changed (EF = 0 eV), respectively. It is found that there are two resonant dips in the transmission amplitude components alone the two arms of the cross, respectively. If we set our sights at frequency of the 0.73 THz, we can observe that both the transmission amplitudes of the two arms are 0.67, and the phase delay is 90°, which demonstrates that a function of a quarter wave plate is obtained. When the chemical potential of the graphene is increased to 0.5 eV, the transmission amplitude components and the difference between phase components are illustrated by the blue lines in Figures 2A,B, respectively. Both resonant dips of the transmission amplitude corresponding to the two arms are red-shifted. The transmission amplitudes of the two arms are about 0.60 except for some negligible differences between the two components at the frequency of 0.73 THz, but the phase delay is reduced to 0°, which means that the polarization of the transmission THz wave is back to the linear polarization state.
[image: Figure 2]FIGURE 2 | (A) Variations of the transmission amplitude components [image: image] (solid line) and [image: image] (dashed line) when the chemical potential of graphene was increased from 0 to 0.5 eV, respectively; (B) Phase differences between [image: image] and [image: image] when the chemical potential of graphene was increased from 0 to 0.5 eV, respectively.
In order to show the variation process of the transmitted THz polarization state along with the change of the graphene chemical potential, we calculated the difference between the transmission amplitude components, [image: image], and the difference between the phase components, [image: image], of the cross, respectively, at the frequency of 0.73 THz, when the graphene chemical potential is changed from 0 to 0.5 eV by a step of 0.1 eV. As shown by the red lines in Figures 3A,B, the difference between the two transmission amplitude components is almost zero, and the phase difference between the two transmission components is gradually changed from [image: image] to [image: image] at the incident polarization with the polarize angle of 45°, which indicates that the polarization state of THz wave changes from the right circular polarization to the right elliptical polarization, and back to the linear polarization with the polarize angle of 45°. As shown by the blue lines in the Figures 3A,B, the difference between two transmission amplitude components is almost zero, and the phase difference between the two transmission components is gradually changed from [image: image] to [image: image] only by rotating the sample of 90° clockwise, taking the z-axis as the center axis. In this situation, the polarization of the THz wave changes from the left circular polarization to the left elliptical polarization, and to the linear polarization with the polarize angle of 135°.
[image: Figure 3]FIGURE 3 | (A) The amplitude difference ([image: image]) between the transmission components [image: image] and [image: image] for THz at frequency of 0.73 THz with incident polarize angle of 45° (square dotted line) and 135° (triangle dotted line) when the chemical potential of graphene was increased form 0–0.5 eV, respectively. (B) The phase difference ([image: image]) between the transmission components [image: image] and [image: image] for THz at frequency of 0.73 THz with incident polarize angle of 45° (square dotted line) and 135° (triangle dotted line) when the chemical potential of graphene was increased form 0–0.5 eV, respectively.
The polarization information of the transmitted wave can be represented by the Stokes parameters [[image: image]], in which [image: image], [image: image], [image: image], and [image: image] [28]. From the simulated amplitude and phase of the both [image: image] and [image: image] components, we calculated the Stokes parameters of the designed metasurface for different graphene chemical potentials, as shown in Figure 4 (Left column). The Poincare sphere is a way that can intuitively represents the polarization state of light, in which the north point represents the left circular polarization state, the south point represents the right circular polarization state, the equator line represents linear polarization state, the northern hemisphere represents the left elliptical polarization state, and the southern hemisphere represents the right elliptical polarization state, respectively. Therefore, the Stokes parameters calculated above is then represented by the Poincare sphere in Figure 4 (Right column). It is easily to find that the polarization state of THz incident with polarize angle of 45° is modulated from the right circular polarization to the right elliptical polarization, and to the linear polarization when the chemical potential is changed from 0 to 0.5 eV. Furthermore, the polarization state of THz incident with polarize angle of 135° is modulated from the left circular polarization to the left elliptical polarization, and to the linear polarization. Therefore, the polarization of the THz wave can be controlled flexibly and completely by the tunable TQWP designed in this letter.
[image: Figure 4]FIGURE 4 | (Left column) The Stokes Parameters of the devices for the different graphene chemical potential with the THz incidence polarize angle 45°and 135°, respectively. (Right column) The Poincare Sphere is used to presents the polarization state of the device for different chemical potential of graphene.
To further understand the physics underlying inside of the proposed tunable metasurface, in Figures 5A,B, we stimulated the energy distribution on the gold cross for different graphene chemical potentials of 0 and 0.5 eV, respectively. As shown in Figure 5A, the THz energy is uniformly distributing on the two arms of the whole cross, respectively, the energy distribution on the arm along with the x-axis is stronger than that on the arm along with the y-axis, with energy intensity of 7 × 10–1 when chemical potential of graphene is 0 eV. However, the THz energy is mainly distributing the end of arms of the cross, when the chemical potential of graphene is increased to 0.5 eV, as shown in Figure 5B. Furthermore, the energy intensity is reduced to 5.7 × 10–2 which is much smaller than that energy intensity of 7 × 10–1. The above results indicating that interaction between the THz wave and the gold antenna will be gradually suppressed when the chemical potential of graphene is increasing, which results in reduction of the difference between phase components. Therefore, the polarization state of THz is actively controlled by the designed metasurface alone with the variation of the graphene chemical potential.
[image: Figure 5]FIGURE 5 | (A,B) The THz energy distribution on the gold cross for graphene chemical potentials of 0 and 0.5 eV, respectively.
CONCLUSION
In summary, we have demonstrated a tunable TQWP which is realized by integrating the monolayer graphene with a metallic metasurface. This composite device acts as a TQWP at the frequency of 0.73 THz before the chemical potential of graphene is changed, by which the polarization state of THz with incident polarize angle of 45° to x-axis is converted from linear polarization to circular polarization. When the chemical potential of the graphene is increased from 0 to 0.5 eV, the polarization state of the THz wave is converted from the right circular polarization to the right elliptical polarization, and to the linear polarization state of 45°. And we further achieved the polarization conversion from the left circular polarization state to the left elliptical polarization, and to the linear polarization state of 135° by rotating the devise clockwise, taking the z-axis as the center axis. A total polarization state conversion is achieved by our composite metasurface. We hope our work can further enriches the THz polarization devices, and provide a new route for designing the tunable polarization devices.
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