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Abstract: Polarization multiplexing or polarization conversion devices based on metasurfaces have been 

reported in various electromagnetic frequency bands, among which graphene-based electronically 

controlled devices and semiconductor-based optically controlled terahertz metasurfaces have unique 

advantages in terms of modulation depth and speed, respectively. However, both are often mutually 

constrained and difficult to satisfy simultaneously in a single device. In this paper, an electric-optical 

dual physical field modulation scheme is proposed to achieve broadband and efficient polarization 

transformation using metal-graphene-germanium heterostructured metasurfaces. By varying the Fermi 

level of graphene and the conductivity of the semiconductor, the linear polarization conversion efficiency 

of the device is effectively switched in a wide range of 99%-25%, and the polarization conversion 

characteristics are well maintained in the incident angle of 0-50 degrees. The proposed scheme provides 

a new idea for the design of terahertz polarization devices, which is expected to be applied to terahertz 

communication and imaging. 
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1. Introduction 

Polarization is an important parameter of electromagnetic waves, and typical polarization types 

include linear polarization, circular polarization and elliptical polarization. From the electromagnetic 

field point of view, it refers to the trajectory of the electric field vibration, while from the photon point 

of view, it (circular polarization) can also be associated with the spin angular momentum [1,2]. Therefore, 

the polarization of light has been widely studied and applied in imaging, quantum optics and other fields, 

and polarization manipulation has become an important research content in modern optics and photonics 

[3-5]. Traditional optics based on bulk crystals are commonly used for polarization generation or 

conversion, such as polarizers and waveplates. Waveplates are devices based on the linear birefringence 

effect of optical crystals that use an appropriate thickness to create a phase shift between ordinary and 

extraordinary light and then superimpose them into a new polarization state. Such devices are bulky, 

require high processing accuracy, and can only use specific materials for each electromagnetic band [6]. 

More importantly, it is difficult for these devices to simultaneously control other optical parameters or 

realize flexible dynamic control while performing polarization conversion, which is not conducive to the 

multi-functional and integrated development of modern optical devices. 

Electromagnetic metasurfaces are planar functional devices composed of artificially designed 

subwavelength meta-atoms [7]. After more than a decade of rapid development, they have made 

important progress in the fields of information optics [8, 9], quantum optics [4, 5], nonlinear optics, and 

terahertz photonics [10]. Metasurface-based electromagnetic functional devices are flexible in design, 

which is beneficial to improve integration. They not only provide new ideas for the development of novel 

optical devices, but also provide powerful tools for many fundamental physical studies. In particular, the 

metasurface also realizes optical linear birefringence and polarization conversion. Different from the 

material birefringence of traditional optical devices, the meta-atoms in metasurfaces utilize the shape 

birefringence effect, including dielectric or metal structures, to realize polarization conversion and 

wavefront modulation from microwave to ultraviolet wavelengths [11, 12]. The introduction of active 

materials can provide the possibility of tunable device design. For example, the carrier concentration of 

monolayer graphene can be changed by various doping methods, with a large tuning range. 

Semiconductors can achieve ultrafast modulation by generating high concentrations of carriers under 

femtosecond laser irradiation. 
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In this paper, a metasurface-based optical-electrical co-modulation terahertz polarization converter is 

proposed, the dynamic polarization conversion of dual-channel external field modulation is realized by 

introducing a single layer of graphene and semiconductor germanium into a reflective metal metasurface. 

At the same time, combining the high-speed characteristics of femtosecond laser modulation and the 

high-efficiency advantages of voltage bias F, the efficient switching of polarization conversion efficiency 

from 99% to 25% is realized. In addition, the device also exhibits high tolerance to the incident angle, 

exhibiting efficient polarization conversion properties in the range of 0-50 degrees. 

2. Theoretical model 

In the absence of an external bias magnetic field, the conductive properties of graphene in the bands 

below the infrared frequency are mainly produced by intraband transitions, whose equivalent 

conductivity can be calculated from the simplified Kubo formula [13]: 

𝜎𝑔 ≈ 𝜎𝑖𝑛𝑡𝑟𝑎 = 𝑖
𝑒2𝐾𝐵𝑇

𝜋ℎ2(𝜔+𝑖Γ)
[

𝐸𝐹

𝐾𝐵𝑇
+ 2𝑙𝑛 (𝑒𝑥𝑝 (−

𝐸𝐹

𝐾𝐵𝑇
) + 1)]                   (1) 

Where EF is the Fermi level of graphene, 𝑇 is the Kelvin temperature, and Г is the carrier scattering 

rate (the inverse of the relaxation time 𝜏). For weakly doped graphene, when both conditions |𝐸𝐹| ≫
𝐾𝐵𝑇 and ℎ𝜔 ≫ 2|𝐸𝐹| are satisfied, the formula can be expressed in Drude form: 

𝜎𝑔 =
𝑖𝐷

𝜋(𝜔+𝑖Γ)
=

𝑖𝑒2𝐸𝐹

𝜋ℎ2(𝜔+𝑖Γ)
                                 (2) 

where 𝐷 is the Drude mass and the Fermi level is a function of the carrier concentration: 

|𝐸𝐹| = ℎ𝑉𝐹(𝜋|𝑛|)1/2                                  (3) 

It can be seen that the Fermi level of graphene can be adjusted by doping, chemical surface 

modification, applied voltage, magnetic field, etc.  

In addition, according to the Jones matrix theory, the incident and reflected waves of an anisotropic 

metasurface unit can be related by the reflection coefficient matrix, 

(
𝐸𝑥

𝑟

𝐸𝑦
𝑟) = (

𝑟𝑥𝑥   𝑟𝑥𝑦

𝑟𝑦𝑥   𝑟𝑦𝑦
) (

𝐸𝑥
𝑖

𝐸𝑦
𝑖 )                                (4) 

The polarization conversion efficiency can be calculated by the following formula, taking x-polarized 

incidence as an example: 

𝑃𝐶𝑅 = 𝑅𝑦𝑥/(𝑅𝑦𝑥 + 𝑅𝑥𝑥)                               (5) 

where 𝑅𝑖𝑗 = |𝑟𝑖𝑗|
2
 is the reflectivity of each polarization component. 

3. Results and discussion 

We propose a graphene-semiconductor optoelectronic co-tunable terahertz metasurface polarization 

converter, which functions as a tunable half-wave plate. When the linearly polarized terahertz wave in 

the x-direction is incident, most of the reflected wave will be converted to a line polarized wave in the y-

direction, and similarly when a linearly polarized terahertz wave in the y-direction is incident, most of 

the reflected wave will be converted to a line polarized wave in the x-direction. 

 

Figure 1: Schematic diagram of the unit structure. 
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In order to achieve the above functions, the polarization conversion unit is designed as shown in 

Figure 1, with a unit period is P=68 μm. Aluminum is chosen as the material for the metal rod, whose 

conductivity is 3.56×107 S/m, the length of the metal structure is L=82 μm, the width is W=10 μm, the 

thickness is t=0.2 μm, and it is embedded in germanium with a thickness of 0.4μm. Polyimide with a 

thickness of 40 μm is used as the substrate, and silicon dioxide with a thickness of 0.2 μm is inserted in 

the middle of the substrate. The upper surface of the silicon dioxide is covered with a single layer of 

graphene, and the bottom of the overall structure is a 0.2 μm thick aluminum metal backing plate.  

The simulation is performed using the frequency domain solver of the electromagnetic simulation 

software CST Microwave Studio, so that the incident terahertz wave is a plane linearly polarized wave, 

the direction of the electric field is parallel to the y-axis, and the direction of the wave vector is parallel 

to the z-axis. The x and y directions are set as unit cell boundary conditions, and the z directions are set 

as open boundaries both above and below. In the simulation process, the dielectric constant of the 

insulating material polyimide is set to 3.1, and the loss tangent is 0.05. The resonance properties of the 

structure are adjusted by setting the germanium to different values of conductivity and the graphene to 

different values of Fermi level and relaxation time. 

 

Figure 2: Combined modulation of graphene Fermi level (EF) and germanium conductivity on 

polarization conversion efficiency. (a), (c), (e) reflection coefficient; (b), (d), (f) polarization 

Conversion efficiency. 

Firstly, the joint modulation effect of graphene Fermi level (EF) and germanium conductivity on 

polarization conversion properties is considered. As shown in Figure 2(a), 2(b), when the conductivity 

S=0 and Fermi level EF =0, the co-polarization reflection coefficient is close to 0 near 0.8 THz, and the 

cross-polarization reflection is close to 1 in this frequency range, the polarization conversion efficiency 
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is very close to 100%, demonstrating the ability of device to rotate the polarization plane of the input 

linearly polarized wave by 90° with high output purity in a specific frequency range. With the gradual 

increase of the Fermi level, the polarization conversion efficiency decreases obviously, especially in the 

high frequency part. In Figure 2(c)-2(f), when the conductivity S=2000 (S/m), the co-polarization 

reflection coefficient increases sharply, the cross-polarization reflection coefficient decreases sharply, 

and the maximum polarization conversion efficiency is only 80%. When the conductivity S=4000 (S/m), 

the co-polarization reflection coefficient is already greater than the cross-polarization reflection 

coefficient, and the maximum polarization conversion efficiency is 50%. It can also be noted that at the 

above three conductivities, the larger the Fermi level, the larger the peak co-polarization reflectivity, the 

smaller the peak cross-polarization reflectivity, and the lower the peak polarization conversion efficiency. 

 

Figure 3: The joint modulation effect of graphene and germanium on polarization conversion 

efficiency. 

In order to further observe the joint modulation effect of graphene and germanium on the polarization 

conversion efficiency, we carried out more detailed calculations of PCR values under different Fermi 

levels and germanium conductivity values, and the results are shown in Figure 3. We set the 

conductivities to 0, 2000 S/m, and 4000 S/m, and then took the Fermi level from 0 to 0.6 eV. It can be 

seen from the figure that the optoelectronic joint modulation method can effectively adjust the 

polarization conversion efficiency peak and bandwidth of the device. 

 

Figure 4: Electric field distribution for different germanium conductivity values. 

We present the electric field distribution near rectangular metal strips for different conductivities in 

Figure 4. According to the simulation results in the figure, it can be concluded that the change of the 

conductivity of germanium has a great influence on the polarization conversion. In the process of 

increasing the conductivity of germanium, it changes from dielectric to metallic, so that the metal rods 

tend to be connected to each other, resulting in an insignificant array of metal cutting lines. On the one 

hand, the bipolar oscillation excited by the incident wave along the cutting line is relatively weakened, 

and on the other hand, it affects the polarization coupling in the multi-reflection process.  

The results show a weakened cross-polarized reflection and an enhanced co-polarized reflection. In 

addition, when the Fermi level of graphene increases, the electrical conductivity near the insulating layer 

increases, which changes the coupling between the upper metal and the underlying metal backplane, 
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which in turn also weakens the polarization conversion capability of the device. 

 

Figure 5: Polarization conversion efficiency at different angles of incidence. 

Finally, in order to characterize the influence of the incident angle on the polarization conversion 

performance of the device, we calculated the polarization conversion efficiency for different incident 

angles. Figure 5 shows the polarization conversion efficiency obtained by varying the incident angle in 

the xoz and yoz planes. It can be found that when φ=0 degrees and changing θ, the PCR is almost 

unchanged in the frequency range from 0 to 0.7 THz as θ increases, and the curves overlap. After more 

than 0.7 THz, the PCR peak and response bandwidth have a decreasing trend. When φ=90 degrees and 

changing θ, with the increase of θ, the overall PCR shows a relatively large decrease. When θ=40 degrees, 

PCR is close to 0. This means that the different incident angles have a great influence on the polarization 

conversion. Generally speaking, the polarization conversion efficiency is the largest and the bandwidth 

is the widest at vertical incidence. The larger the incident wave deviates from the vertical incidence angle, 

the lower the polarization conversion efficiency. 

4. Conclusion 

In conclusion, this paper proposes a metasurface polarization converter with joint electro-optical dual 

physical field modulation. The metal-graphene-germanium hybrid structure combines the advantages of 

both optical and electrical control to achieve broadband and high-efficiency tunable terahertz linear 

polarization conversion. The modulation effect of graphene Fermi level and germanium conductivity on 

polarization conversion efficiency, the physical mechanism of dynamic modulation and the sensitivity of 

the device to the incident angle are investigated. The proposal of this scheme facilitates the further 

development of tunable metasurfaces and terahertz polarization devices. 
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