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Abstract 

This paper proposes the tunable graphene-assisted polarizer structure which is working on the infrared 

frequency range. The tunable polarizer has been designed by a three-layered structure of silica, graphene, 

and gold. The polarizer behavior of the structure is analyzed for the frequency range of 3 to 12 THz. The 

tunability of the structure is analyzed for the different values of fermi energy which is tunable parameter of 

single-layer graphene sheet. Polarizer response is derived in terms of different performance parameters such 

as reflectance, phase variation, phase difference, polarization conversion rate, and effective refractive indices. 

Graphene-based polarizer structure is investigated for the co-polarization and cross-polarization input 

incident conditions to check linear to circular polarization conversion. It also shows an effective refractive 

index response to check the metasurface behavior of the polarizer for 3 to 12 THz range. We have observed 

that the polarization amplitude becomes stronger for the higher Fermi energy value of the graphene sheet. 

The reflection amplitude is achieved up to 90%. Results of the proposed polarizer structure can be used to 

design the various electro-optical structure which operates in the lower THz range. 

Index Terms 

Polarizer, Tunability, Infrared, Metasurface, Graphene 

1. INTRODUCTION 

Metamaterials are materials that are arterially fabricated. Graphene is very popular due to its small scale, low 

costs, and ultrathin thickness[1]. The metamaterial can be engineered to obtain the interesting properties that 

natural materials do not possess, such as ideal lens, hyperbolic dispersion, negative refractive index, etc[2]–
[5]. Graphene consists of six carbon atoms and a single atomic thick structure. Due to its high thermal, 

electrical, and optical properties, graphene is very popular[6]. Graphene is also commonly used in the 

construction of many reconfigurable devices such as gratings [7], tunable absorbers [8], [9], polarizers [2], 

leaky-wave antennas[10], etc. It  can be reconfigured by adjusting different physical characteristics such as 
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chemical potential, temperature, frequency, and dispersion rate [11]. The intra-band conductivity model of 

graphene can be investigated by the Dirac cone[12]. It has been analyzed that graphene provides the control 

action by an external magnetic field or electrostatic [13] that varies from one material to another. Also, a high 

electrical/optical conductivity can be observed with the adaptation of graphene from the near-infrared 

spectrum [14] to the far-infrared region[15].  The conception of graphene-based photonics systems is based 

on creating integrated geometry using single-layered sheets. The principle of constructing metamaterial 

(MM) and graphene polarisation structures can be explored by taking into consideration the various 

geometries of the graphene sheet [16], [17]. Polarizers are structures that can be used as electromagnetic 

filters for the development of periodically directed structures [18]. They can be used as electromagnetic 

equipment for different types of applications that may include as  radiographic antennas, metamaterial, stealth 

systems, reduction in radar cross-sections, etc [19]. Using THz absorption graphene material and a polarizer, 

several research studies have been performed on the selective surface-based structure as mentioned in [20], 

[21]. The graphene-based polarizers can mainly be tuned with the help of chemical graphene potentials and 

the frequency which can be altered and can be modified externally[22].  

 In this manuscript, we have presented the graphene-based broadband metasurface polarizer structure 

which is working for the far-infrared frequency spectrum. The proposed metasurface polarizer is analyzed 

for different physical parameters such as reflectance coefficient, co polarization, cross-polarization, 

Polarization conversion rate (PCR), and wide-angle incident values. In the first section of the manuscript, the 

design of the polarizer is presented. The second section of the manuscript shows the mathematical model of 

graphene. Discussion of the different physical parameters and results derived from the designed polarizer is 

shown in the last section of the manuscript.  

 

Fig 1: Schematic of broadband polarizer using graphene-based structure for far-infrared frequency 

spectrum. Different dimensions of the structures are define as: H = 1.5 µm, W = 7.6 µm, L = 7.6 µm, gl = 3 

µm, gw = 4 µm, Rw= 0.2 µm, Rh = 6.5 µm and Rl=5 µm. Polarized input wave is excited from the Z – direction 

2. Polarizer design and graphene conductivity model 
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2.1 Graphene-based broadband polarizer design 

The 3D (three-dimensional) view of the graphene-based tunable broadband polarizer is shown in Fig. 1.The 

single-layer graphene sheet is placed over the silica material slab and on top of it, a rectangular gold slab is 

placed as illustrated in Fig. 1. The  different dimensions of the structure can be define as follows: H = 1.5 

µm, W = 7.6 µm, L = 7.6 µm, gl = 3 µm, gw = 4 µm, Rw= 0.2 µm, Rh = 6.5 µm and Rl=5 µm. The input 

incident wave of range 3 to 12 THz is excited from the Z – direction. The proposed structure is designed by 

considering periodic boundary conditions over the X and Y directions. The structure is excited by the 

different polarized conditions (X and Y -polarized) from the top of the structure.  

 

Fig 2: (a) Reflection and (b) transmittance response of the polarizer structure for X – polarized incident 

wave. Responses are derived for the infrared range of 3 to 12 THz and different values of Fermi energy of 

the graphene sheet. 

2.2 Graphene conductivity model and possible fabrication methods 
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The single sheet of graphene can be articulated as a conductivity model using the Kubo formula [13]. The 

proposed polarizer structure is investigated using the finite element method (FEM). The proposed structure 

is investigated using a graphene surface conductivity model which can be implemented by the formula given 

in Eq. (1-4). The graphene conductivity model can be presented by intramodal and intermodal conductivity 

equations as shown in Eq. 2-4.  𝜀(𝜔) = 1 + 𝜎𝑠𝜀0𝜔∆ (1) 𝜎𝑖𝑛𝑡𝑟𝑎 = −𝑗𝑒2𝑘𝐵𝑇𝜋ℏ2(𝜔 − 𝑗2𝛤) ( 𝐸𝑓𝑘𝐵𝑇+ 2 𝑙𝑛 (𝑒− 𝐸𝑓𝑘𝐵𝑇 + 1)) 

(2) 

𝜎𝑖𝑛𝑡𝑒𝑟 =  −𝑗𝑒24𝜋ℏ 𝑙𝑛 (2|𝐸𝑓| − (𝜔 − 𝑗2𝛤)ℏ2|𝐸𝑓| + (𝜔 − 𝑗2𝛤)ℏ) (3) 𝜎𝑠 = 𝜎𝑖𝑛𝑡𝑒𝑟 + 𝜎𝑖𝑛𝑡𝑟𝑎  (4) 

The specifications & values of the parameters which are presented in the above equation have been described 

in Table 1. The graphene Fermi potential as a function of the gate bias voltage can be defined as 𝐸𝑓 = ℏ𝑣𝐹√𝜋𝐶𝑉𝑏𝑔 . where C =  ε0 εd H ⁄  is Electro statistic capacitance per unit area. The parameters like - ε0 is 

defined as permittivity of free space, εd (2.25) defined  as permittivity of silica material and H (1.5 µm) 

describes the thickness of the silica layer. The graphene conductivity equation will result in complex values. 

This equation also affects the resistive and reactive behaviour of the system. From the calculation of the 

graphene sheet in FEM simulation, the surface current destiny values such as  𝐽𝑥 = 𝐸𝑥𝜎𝑠 𝑎𝑛𝑑 𝐽𝑦 = 𝐸𝑦𝜎𝑠 have 

been assigned to the graphene surface in the X and Y direction. The tetrahedral Delaunay tessellation meshing 

condition has been chosen for the proposed polarizer structure. The maximum and minimum size of the 

meshing is set as 150 nm and 15 nm respectively. The growth rate value of meshing is set to 0.6. The most 

common methods used for creating two-dimensional material and single-layer graphene are Cleavage 

techniques [23] as well as CVD [24] and MBE [25] techniques. The wet and dry transition structures, for 

example, plasmonics structure lithography [26], atomic force nanolithography [27], nano spheric lithographic 

process [28], and so on, are also transferable by many methods. A complicated structure on the top layer of 

the graphene material can be fabricated via nano-spheric lithography [28] and lithography of nanoplasmonics 

devices [26]. As seen in [26], where lithography technologies for plasmonics device fabrication process have 

been applied,  resulting in graphene composite with high quality and versatile complex nano and 

microstructures. The transfer process of gold structure on the graphene layer can be realized by the process 

of transfer printing of graphene using gold film [27]. The experimental method for creating the pattern-based 

gold surface is shown in [27]. The proposed structure can also be fabricate using CVD and electron beam 

lithography method as suggested in [28]. 
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Fig 3: (a) Reflection and (b) transmittance response of the polarizer structure for Y – polarized incident 

wave. Responses are derived for the infrared range of 3 to 12 THz and different values of Fermi energy of 

the graphene sheet 

TABLE I 

Parameter specification and values of Eq. (1-4) 

Parame

ters 

Specification Values 

ω Radian frequency 3 THz to 12 

THz 

Г Scattering rate 10-11 

ħ Reduced plank 

constant 

6.582119569

×10−16 eV.s 𝑘B Boltzmann 

constant 

8.617333262

145×10−5 

eV.K-1 



 6 𝐸𝑓  Fermi energy 0.1 eV to 0.9 

eV 

τ-1 Electron 

relaxation time 

10-13 s 

T Temperature 300K 

 

 

Fig 4: (a) Reflectance coefficient response and (b) Phase difference response for X- polarized and Y – 

polarized incident waves. 

2.3 Tunability response and refractive coefficient value 

Mathematical modeling of graphene gives an idea to control conductivity using external parameters. In 

general, graphene conductivity value can be controlled with the help of various parameters such as 

temperature, Fermi energy, frequency, and scattering rate. The tunability behavior of the proposed broadband 

polarizer structure is numerically investigated by applying different Fermi energy. The reflectance and 

transmittance response of the proposed structure is shown in Fig. 1 and Fig. 2 for different modes of 

polarization. Fig. 2(a) shows the reflectance response for the X – polarization structure. Similarly, the 
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transmittance response for the X- polarizer wave is shown in Fig. 2(b). Tunable behavior of the structure is 

derived for a range of 3 to 12 THz. The graphene Fermi potential is varied between 0.1 - 0.9 eV. Fig. 3(a) 

and Fig. 3(b) show the reflectance coefficient and transmittance coefficient response for the Y – Polarized 

wave. The reflectance coefficient is defined as 𝑅𝑖𝑗 = |𝐸𝑗𝑅𝑒𝑓𝑙𝑒𝑐 𝐸𝑖𝐼𝑛𝑐⁄ |(𝑖, 𝑗 = 𝑥, 𝑦), where 𝐸𝑗𝑅𝑒𝑓𝑙𝑒𝑐(𝑗 = 𝑥, 𝑦) is 

the x or y component of the reflected wave and 𝐸𝑗𝐼𝑛𝑐(𝑗 = 𝑥, 𝑦) is the x or y component of the incident wave 

[29].  

 

Fig 5: Calculated phase difference response and phase variation response for the input function of frequency 

and Fermi energy of the graphene sheet. Phase variation for (a) X – Polarized wave (𝛷𝑥𝑥) and (b) Y – 
Polarized wave (𝛷𝑦𝑦). Inset: z – components of the electric field intensity for different resonating points. (c) 

phase difference for both polarized waves (𝛥𝛷).  
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Variation in 𝑅𝑥𝑥 and 𝑅𝑦𝑦  amplitudes are due to the dipole moment created for different input incident wave 

conditions. Overall covered area of rectangular gold and graphene shape of the graphene patch is considered 

as rectengular with 𝑅𝑙 ≠ 𝑅ℎ 𝑎𝑛𝑑 𝑔𝑙 ≠ 𝑔𝑤 condition. A significantly bigger difference in wavelength shift is 

achieved by making a larger difference between the length-width of the graphene and gold structure. The 

resonating frequency of the graphene depends on the length and width of the structure by considering the 

function 𝑓𝑟  𝛼 √𝐸𝑓 𝐿⁄  [30]. Where, 𝐸𝑓 = 𝜇𝑐 = 𝐹𝑒𝑟𝑚𝑖 𝑒𝑛𝑒𝑟𝑔𝑦 of the graphene sheet. The resonance at 

selective frequency will generate by the creation of dipole moment over graphene and gold sheet as shown 

in the inset of Fig. 5 (a) and Fig. 5(b). From the above response, we have calculated that the different 

geometries of graphene and gold structure can create different resonance points at different resonating 

frequencies. 

 

 

Fig 6: Calculated PCR response of the different cross-polarization graphene-based polarizers as the function 

of Fermi energy and incident frequency. (a) PCR response for X-Y cross-polarization and (b) Y-X cross-

polarization. Inset: Electric field intensity Ez values for the different resonating points 
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Fig 7: Calculated reflectance response as a function of the wide incident angle of the input wave. (a) Wide-

angle response for the X – polarized incident wave. (b) wide-angle response for Y – polarized wave. The 

Fermi energy of the calculated response is chosen as 0.9 eV. 

2.4 Phase variation and polarization conversion rate  

The phase is defined as Φ𝑖𝑗 = arg(𝐸𝑗𝑅𝑒𝑓𝑙𝑒𝑐 𝐸𝑖𝐼𝑛𝑐⁄ ) (𝑖, 𝑗 = 𝑥, 𝑦). The phase difference between the incident 

and the reflected wave is presented as ΔΦ =  Φ𝑥𝑥 − Φ𝑦𝑦 . Comparative response of reflectance coefficient 

(co-polarized) for both incident polarized waves are presented in Fig. 4(a). The phase difference for both 

polarized waves is shown in Fig. 4(b). We have observed about -80° to 10° of polarization variations for the 

X – polarized incident wave condition. Similarly, we have observed -80° to -10° of the polarization variation 

for the Y -polarized incident wave condition. A rise in the reflectance for the same range of the polarization 

variation can be observed in Fig. 4(a). The phase difference between both of these waves is observed to be 

more than 90°. Overall, it is found that the phase difference of 90° has been distinguished over the range of 

6 to 7 THz with higher values of reflectance amplitude. Similarly, 60° of the phase differences have been 

observed in the range of 8.8 to 9.5 THz. The variation in the phase difference for the different values of 
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frequency and applied graphene Fermi potential is shown in Fig. 5. Fig.5(a) shows the variation in the phase 

for X – polarized wave. Similarly, Phase variation for the Y-polarized incident wave condition is shown in 

Fig. 5(b). Inset images of each figure show the variation in the electric field intensity Ez for different 

resonating points. A 90° phase variation in Ez response for two of the resonating points can be  observed. 

The maximum variation of the phase difference is observed in the range of -100° to 20° for the X – polarized 

incident wave.  

 

Fig 8: (a) Reflection coefficient for the co-polarization (Rxx) and cross-polarization (Rxy) for input wave 

condition as X – polarized, (b) PCR and phase difference response. 

Similarly, In Y – polarized incident wave, phase variation is observed to be in the range of -100° to -10°. A 

phase difference between X and Y polarized waves is shown in Fig. 5(c). The phase differences of  about -

20° to 100° in both incident waves can be observed. The elliptical polarization of the input incident wave 

will be generated when 𝑅𝑥𝑥 ≠ 𝑅𝑦𝑦  and ΔΦ = 90° conditions satisfy. Similarly, circular polarization of the 
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input incident wave can be generated when 𝑅𝑥𝑥 = 𝑅𝑦𝑦  and ΔΦ = 90° conditions satisfy. We can observe 

such conditions in Fig. 4 (a) and Fig. 4(c).  

 

Fig 9: (a) Reflection coefficient for the co-polarization (Ryy) and cross-polarization (Ryx) for input wave 

condition as Y – polarized,(b) PCR and phase difference response. 

This behavior proves the working of the proposed structure as linear to the elliptical and linear to the circular 

polarizer. The polarization conversion rate is defined as 𝑃𝐶𝑅 =  |𝑅𝑥𝑦|2 [|𝑅𝑥𝑥|2 + |𝑅𝑥𝑦|2]⁄  [31] to reveal the 

performance of the proposed polarizer as a behavior of cross-polarization. The PCR for the X-Y cross-

polarization and Y- X cross-polarization have been shown in Fig. 6(a) and Fig. 6(b) respectively. Inset figures 

are showing the Ez components of the different resonating points for both cross-polarization effects. Values 

of PCR are observed more than 90% in both of the cases. Tunable behavior of PCR can be achieved by 

applying different frequencies and Fermi energy. It is also observed that for the higher chemical potential the 
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value of PCR is more than 80% for the different resonating bands. Reflectance behavior for the wide-angle 

incident response is investigated for the range of 0° to 80° of the incident angles. The reflectance coefficient 

variation for the wide-angle incident is presented in Fig. 7 for the X and Y polarized incident wave. Constant 

reflectance below the 4 THz frequency has been observed for X – polarized incident wave condition. It is 

also observed (Fig. 7(a)) that for X – polarized wave, a constant reflectance response below the 60° for a 

higher frequency range (>8 THz) Similarly, it is observed constant reflectance response for below the 60° of 

incident angle on 3 THz to 6 THz range. The wide-angle incident graph is derived by applying the 0.9 eV to 

the graphene sheet.  

 

Fig 10: Calculated reflectance coefficient values for (a) X  and (b) Y – polarized incident wave conditions as 

a function of frequency and Rh 
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Fig 11: Calculated reflectance coefficient values for (a) X and (b) Y – polarized incident wave conditions as 

a function of frequency and Rl 

2.5 Cross polarization behavior and effect of physical parameters  

The combined response of the reflection coefficient for the co-polarized and cross-polarized wave is shown 

in Fig. 8(a) and Fig. 8(b). Fig. 8(a) shows the co-polarization Rxx and cross-polarization Rxy for the X – 

polarized wave conditions. Similarly, Fig. 8(b) shows the co polarization Ryy and cross-polarization Ryx for 

the Y-polarized incident wave conditions. PCR and the phase difference response between co and cross-

polarization have been illustrated in Fig. 9(a) and Fig. 9(b) for X and Y polarization incident wave conditions. 
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The effect in reflectance amplitude for different values of physical parameters is presented in Fig. 10 and 

Fig. 11. Fig. 10 shows a variation in reflectance amplitude as a function of frequency and Rh. Fig. 10 (a) and 

Fig. 10(b) shows the variation in reflectance for X polarized and Y polarized wave. It is observed that the 

large frequency shift over the 3 THz to 12 THz range of different values of Rh.  Rh is varied from 1.5 μm to 
6.5 μm. Fig. 11 shows a variation in reflectance as a function of frequency and Rl.  Fig. 11(a) and Fig. 11(b) 

show the variation in reflectance for the X polarized and Y polarized wave respectively for the different 

values of Rl. A large frequency shift of about 3 THz to 12 THz range for different values of R l can be 

remarked.  Values of Rl are varied from 1 μm to 5 μm. From the response of the parameter changes & 
reflectance amplitude – we can conclude that the performance of the polarizer can be controlled from various 

physical parameters.  

 

Fig 12: The effective refractive index for the X – polarized wave for the different values of Fermi energy and 

frequency. (a) real part response and (b) imaginary part response of the refractive index.  

Effective refractive indices 
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The effective refractive indices of the proposed polarizer structure are calculated from the equation given in 

[32]. The metamaterial state of the proposed structure can be identified from Fig. 12 and Fig. 13. Fig. 12 

shows the variation on the effective refractive index for the different Fermi energy values and frequencies. 

Fig. 12(a) and Fig.12(b) show the real and imaginary part of the effective refractive index for the X – 

polarized incident wave condition. Similarly, Fig. 13(a) and Fig. 13(b) show the variation in the real and 

imaginary values for the effective refractive index for the Y-polarized wave condition. It is observed that the 

negative values of the effective refractive index on both polarization modes,  will ultimately prove the 

behavior of the polarizer as a metamaterial device. Values of the effective refractive index also change as the 

function of graphene Fermi energy and frequency as observed in Fig. 12 and Fig. 13.  

 

Fig 13: The effective refractive index for the Y – polarized wave for the different values of Fermi energy and 

frequency. (a) real part response and (b) imaginary part response of the refractive index.  

Conclusion 
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In conclusion, the graphene-based tunable broadband polarizer is investigated over the far-infrared frequency 

range of 3 to 12 THz. The polarizer structure is investigated to identify the cross-polarization and co-

polarization behavior for the different (X and Y) polarized input conditions. The proposed graphene-based 

polarizer is tunable for the different Fermi energy values of graphene. PCR values of the cross-polarization 

and co-polarization prove the behavior of the polarizer structure over a broad range of the frequency. The 

refractive indices values from reflectance and transmittance were also calculated to analyze the behavior as 

a metamaterial device. The proposed polarizer structure can be used in a broad range of the THz frequency 

due to the wide bandwidth of the reflectance response. The wide-angle incident behavior upto 60° of the 

input waves has been observed. The presented results can lead to new tunable THz devices for electro-optical 

structures operating in lower THz frequencies. The simple, compact and tunable design of the graphene-

based polarizer structure is the capability to become the basic building block of large THz integrated systems.  
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