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Abstract: 

We present the comparative analysis of tunable graphene-based metasurface polarizer structure 

THz frequency range. This polarizer structures have been numerically investigated over the 10 

THz to 25 THz of the frequency range. Reflectance co-efficient, phase variation, and phase 

difference parameters have been investigated to identify the behavior of polarization effect over 

the range of 10 THz to 25 THz of the frequency. The proposed polarizer has been also investigated 

for the different shapes of the top gold resonator structure. The proposed structure is tunable for 

the range of 0.1 eV to 0.9 eV of the graphene Fermi energy. The proposed structure also works on 

the wide range of the input incident wave of the X and Y polarization. This structure having small, 

compact tunable design and it can be used as a basic building block in the large THz circuits and 

structures.  
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Introduction: 

Two elements control an optical device's electromagnetic response: the material and structure, 

from simple lenses and mirrors to state-of-the-art metasurface alternatives. Conventional optics 

beam engineering depends on different refractive index 𝑛 contributions with interface profiles 

resulting in minimal flexibility and bulky size. Relentless demand for nano-fabrication results in 

the minimization of developing meta-faces to provide an excellent medium for transforming a 

beam over a meta-atoms thin layer[1], [2]. Profound structures of meta-atoms, couple the light 

with a heavy field position to change the effective material property locally as an effective 

refractive index which is very distinct from that of the natural material. Beam shaping from meta-

atoms with an ultrathin layer of defined thickness 𝑑 is possible with the configuration of spatial 

effective refractive index. Metasurfaces considerably decrease the dimensions of the photonics 

devices with identical or novel features usable, such as metals with standardized numerical 

openings, polarization holography [3], [4], profile planner[5], spin-angular momentum coupling 

[6], [7], and multi-function synthesis [8], [9], just to mention but a few. In various applications 

like dynamic adaptive optics, wavefront architecture, and pixel detection, active or reconfigurable 

responses are very attractive and can be enabled by the use of usable materials in dynamic 

modulation-based metasurfaces. Graphene is a six carbon atoms formed into a honeycomb lattice 

arrangement[10] with a single-layered structure. Graphene is an excellent material that will 

provide excellent optical and electrical properties because its low-carrier-density and Fermi-level 

related can be significantly controlled by external DC gate bias. Structured graphene by different 

fabrication techniques or graphene integration with other passive metasurfaces is an important 



approach for optimizing dynamic beam-engineering modulation [11]. The material and structure 

promote each other with graphene- metasurfaces in order to improve the light interaction with the 

ultrathin atomic layer and to modulate the reaction of meta-atoms by adjusting the tunable material 

quality of graphene[12]. Metasurfaces based on graphene offer a number of benefits over those 

based on other active materials and tuning processes [13], electrically tuned liquid crystals [14], 

and mechanically deformed elastics [15].  At micro and millimeter-wave wavelengths, the 

biperiodic nature of the metal was long used for the achievement of electromagnetic properties 

that cannot be achieved with regular multi-layered structures. FSS, spectrum filters (used in radar 

technology) [16] are perhaps the most common applications for such periodic screens. The 

dynamic management of different FSSs with fixed frequency responses remains a problem despite 

excellent modelling, application, and usage. The process that enables the FSS output to be 

dynamically regulated usually sets very difficult limits on the achievable. Due to the above-

mentioned technical factors, however, it is much more difficult to obtain such characteristics in 

infrared regimes in the microwaves scheme to have the dynamic frequency response[17]. 

However, such characteristics in the Terahertz and Infrared regimes are recorded. Graphs are 

normally compliant with silicon photonics and planar metasurfaces as the thinnest active material. 

It's possible to tune electrically at extremely high velocities, ranging from [18] to GHz [19]. 

Moreover, the material properties of graphene can be modulated electrically from subterahertz 

(sub-THz) to near-infrared in an incredibly large range (near-IR). Interestingly, when it comes to 

meta-device adjusting features, the focus is on the real portion at sub-THz and the imaginary part 

at higher frequencies, which are both contributing to various meta-device adjustability 

characteristics. Graphene metasurfaces evolve from the modulation of intensity. In 2011, THz 

wave modulation strength was recorded in the graphene micro-ribbon array accompanied by 

several modulators [20]–[22], tunable metasurface absorbers [23][24][25]. and modulators of 

spatial light [26]. In recent years, besides amplitude modulation, growing emphasis has centred on 

the modulation process, with various theoretical ideas and many experimental breakthroughs, for 

dynamic wave front formation.  

 In this paper, we have designed a tunable graphene-gold-based polarizer structure for the 

far-infrared frequency spectrum. We have investigated various physical parameters for different 

input polarization conditions. We have investigated the behavior of the polarizer for the different 

gold resonator geometry. The manuscript has been organized into three sections of polarizer 

structure design, graphene, and effect of the conductivity and results and discussion. The proposed 

graphene-based polarizer structures are also compared in terms of the reflectance coefficient, 

polarization, and bandwidth of reflectance.  

 

Graphene-based Tunable Polarizer structure: 

A graphene-based tunable infrared polarizer structure has been shown in Fig. 1. The three-

dimensional view of the polarizer structure is shown in Fig. 1 (a). The proposed structure has been 

investigated for the different resonator conditions of the gold geometry as shown in Fig. 1(b-e). 

The basic geometries are split ring resonator (SRR), rectangular resonator (RR), triangular split 

ring resonator (TSRR), squared split ring resonator (SSRR) considered for the polarizer design. 

The dimensions of the structures has defined as follows: W = 7.6 µm, L = 7.6 µm, Cl = 1.5 µm, Cw 

= 1.5 µm, Sl = 6.5 µm, Sw = 5 µm, gp = 0.75 µm, gh = 0.2 µm, gr = 0.375 µm, Sh = 1.5 µm, ri = 1.5 

µm, rw = 3 µm, tw = 4.47 µm, gl = 3 µm, gw = 3 µm. The Finite Element Method (FEM) was used 

to quantitatively analyse the proposed structure. Fig. 1 (a) shows the incident wave launching from 



the structure's top in a Z direction. Periodic boundary conditions in the X and Y directions have 

been used to evaluate the suggested structure.  

 

Graphene modeling and conductivity equation: 

The conductivity values of the single-layer graphene can be expressed by the Kubo formula [27]. 

The equation of the graphene conductivity model and permittivity is shown in Eq. (1-2). Graphene 

in the proposed polarizer structure has been defined as a surface conductivity model as a single-

layer structure. The surface current destiny values on both of the axis have defined as 𝐽$ =𝐸$𝜎(	𝑎𝑛𝑑	𝐽+ = 𝐸+𝜎(.  
𝜀(𝜔) = 1 + 𝜎(𝜀2𝜔∆ (1) 

𝜎( = −𝑗𝑒7𝑘9𝑇𝜋ℏ7(𝜔 − 𝑗2𝛤) ?
𝐸@𝑘9𝑇 + 2 𝑙𝑛 ?𝑒

B CDEFG + 1HH + −𝑗𝑒74𝜋ℏ 𝑙𝑛 ?
2J𝐸@J − (𝜔 − 𝑗2𝛤)ℏ
2J𝐸@J + (𝜔 − 𝑗2𝛤)ℏH (2) 

Parameter values of the above equation have been shown in Table 1. The graphene Fermi potential 

as a function of gate bias voltage has defined as 𝐸@ = 	ℏ𝑣LM𝜋𝐶𝑉PQ. Here C = 	 ε2	εT SV	⁄  is Electro 

statistic capacitance per unit area. Where,	ε2	defined as permittivity of free space, εT (2.25) define 

as permittivity of silica material. SV  (1.5 µm) is the thickness of the silica layer. Complex valued 

results will be produced using the graphene conductivity equation Resistive and reactive behaviour 

are both affected by this equation. Under the calculation of the graphene sheet in FEM simulation, 

Graphene has a thickness of 0.39nm.  

MBE [28], CVD [29] and Cleavage [30] techniques are the basic methods of fabricating 

the two-dimensional and graphene-like single layer material. Graphene's top layer may be formed 

into the complex structure by using nano spheric lithography [31] and nano-plasmonics plasmonics 

lithography  [32]. There are lithography methods for plasmonics device manufacturing that allow 

high quality graphene composites with complicated nano and microstructures, as shown in [32]. 

Graphene transfer printing with gold film may be used to transfer gold structure onto the graphene 

layer [33]. It is shown an experimental procedure for producing a gold surface with a design [32].  
 

Result and Discussion: 

The split ring resonator geometries offer different resonating bands as the capacitive and inductive 

entity introduces for the different metamaterial geometries. The gap between the two ends of the 

split ring generates the capacitive effect. The area and the structure of the different geometries 

generate the different dipole moments over the THz region. The proposed graphene gold-based 

polarizer structure has been simulated and results are numerically investigated for the range of 10 

to 25 T Hz of the far-infrared frequency range. We have investigated the behavior of the 

polarizer for the different gold resonator conditions. The reflectance coefficient is defined as 

𝑅YZ = J𝐸Z[\@]\^ 𝐸Y_`^a J(𝑖, 𝑗 = 𝑥, 𝑦), where 𝐸Z[\@]\^(𝑗 = 𝑥, 𝑦) is the x or y component of the 

reflected wave and 𝐸Z_`^(𝑗 = 𝑥, 𝑦)	is the x or y component of the incident wave [33]. Variation in 

the reflectance co-efficient of all structures has been shown in Fig. 2. Fig 2 (a) and Fig. 2(b) shows 

the variation in the 𝑅$$ 	 and 𝑅++  for the RR geometry polarizer. Similarly, 𝑅$$ 	 and 𝑅++  for the 

other gold, geometry condition has been shown in Fig. 2 (c-g). The results of 𝑅$$ 	 and 𝑅++  were 



also computed for various graphene sheet fermi energy levels.  The contour plot of the reflection 

co-efficient shows that the proposed polarizer structures have been tunable for the different Fermi 

energy values of the graphene sheet. It is also observed that the reflectance response of all the 

structures is different for the same range of frequency. It is observed that 𝑅$$ 	 is shows the wide 

band of the reflectance over the range of 10 THz to 25 THz in all the structures. On the other side, 

values of 𝑅++  is higher for the large THz frequency and fermi energy of graphene sheet. The phase 

is defined as ΦYZ = argj𝐸Z[\@]\^ 𝐸Y_`^a k (𝑖, 𝑗 = 𝑥, 𝑦).	 
The phase variation for the 𝑅$$ and 𝑅++ 	 are shown in Fig. 3. The phase variation 

(	Φ$$ , Φ++)	and phase difference (ΔΦ) for the RR has been shown in Fig. 3 (b). The related 

reflection coefficient for the same resonating structure has been shown in Fig. 3(a). Similarly, the 

Reflectance co-efficient and the phase variation for the different resonating structures have been 

shown in Fig. 3 (c-h). Fig. 3 shows that for higher values of the reflectance the phase variation 

increases. It related that for the rise of the reflectance value the phase variation is also higher. It 

is also observed that for SSRR, TSRR, and SSR phase difference ΔΦ is large as compared to RR 

structure. It is also observed that phase differences in SSRR, TSRR, and SSR higher for the lower 

values of reflectance. Fig. 3 has been derived by considering the graphene Fermi energy of 0.7 

eV. We have also looked at how phase variation responds to graphene sheet Fermi energy 

variations. Variation of the 	Φ$$ for multiple values of 𝐸@  and frequency has been shown in Fig. 

4 for different resonating structures. Similarly, variation in Φ++ 	and ΔΦ for the multiple values 

of 𝐸@  and frequency has been shown in Fig. 5 and Fig. 6. It is found that the values of Φ++ , Φ++  

and ΔΦ regulates itself depending on the frequency and fermi potential value. The transmission 

resonance and phase difference are shifted due to the variation in the length (Sl) and width (Sw) 

of the graphene sheet in a different mode of the incident polarization in X or Y directions. This 

asymmetry generates different resonance peaks at different points. To achieve the bigger 

difference in wavelength shift can be possible by making the difference larger between Sl and Sw. 

The resonance frequency of the graphene depends on the length of the structure as well as width 

by considering the function 𝑓o 	𝛼	M𝐸@ 𝐿⁄  [34]. The resonance of the specific frequency can be 

generated by the dipole moment created by the graphene sheet and the gold resonator structure. 

Shape of top resonator structure has an effect on resonance frequency, as shown by the results of 

this experiment. The reflectance, PCR, phase variation with co polarization and cross-polarization 

shows the different operation region for a different gold resonator structure. The effect of the area 

of resonator, edges, shape, and gap between split ring offers the different resonating dipole 

moments. This will result in the different operating regions of the polarizer. This study will show 

the numerically investigated results to identify the operating band using the shape of the gold 

resonator.  

For all types of resonator constructions, wide-angle incident polarisation stability of the 

reflectance coefficient is illustrated in Fig. 7. It has been determined that the suggested 

construction is effective at incidence angles ranging from 0° to 80°. The wide-angle response 

shows the constant reflectance response on the multiple resonating peaks. We have also compared 

the proposed structure with the previously published structure and design as shown in Table 3 in 

terms of dimensions, angular stability, reflectance amplitude, and forming materials.  

 

Conclusion:  

 In conclusion, an ultrathin tunable graphene-based infrared polarizer has been demonstrated. It is 

also demonstrated the performance of the polarizer structures for the different geometry of the top 



resonating structures. Compare to the previously presented polarizer structure, the presented 

structure is easy to verify experimentally. The polarization variation and the phase difference of 

the structure have been identifying for the different incident values of the polarization. The 

polarizer structure has been also verified for the wide-angle of the incident wave to check the 

stability of polarization conversion. The graphene sheet's potential (Fermi energy) may be adjusted 

by changing the polarizer configuration. From the comparative study, it can be shown that the 

polarizer behaves differently in each resonating structure. A large optoelectronics system for 

infrared frequencies may be constructed using the suggested polarizer structure because of its 

simple and compact construction.  
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Figure 1: 

 
Schematic of the polarizer structure using graphene and gold resonator geometry. (a) Three-

dimensional (3-D) view of graphene gold based tunable polarizer structure. Top view of the 

different gold geometry such as (b) Rectangular resonators (RR), (c) Squared split ring resonator 

(SSRR), (d) Split ring resonator (SRR) and (e) triangular split ring resonator (TSRR). (f) The Side 

view of the polarizer structure. 

  



Figure 2:  

 
Calculated reflectance response (𝑅$$ 	𝑎𝑛𝑑	𝑅++) for the different values of graphene Fermi energy, 

frequency, and resonating structure for X, Y polarized incident wave. (a) 𝑅$$ 	 and (b) 𝑅++  for RR 

geometry. (c) 𝑅$$ 	 and (d) 𝑅++  for SSRR geometry. (e) 𝑅$$ 	 and (f) 𝑅++  for TSRR geometry. (g) 

𝑅$$ 	 and (h) 𝑅++  SRR geometry. The Colour bar shows the variation of reflectance amplitude from 

minimum to maximum. 

 

 

Figure 3: 



 
Calculated reflectance response (𝑅$$ 	𝑎𝑛𝑑	𝑅++), phase variation response	(Φ$$ 	𝑎𝑛𝑑	Φ++) and 

phase difference ΔΦ for the different resonator structures. 𝑅$$ 	𝑎𝑛𝑑	𝑅++  for the (a) RR, (c) SSRR, 

(e) TSRR and (g) SRR structures. 	Φ$$ , Φ++ 	and ΔΦ for the (b) RR, (d) SSRR, (f) TSRR, and (h) 

SRR structures.  

  



Figure 4: 

 
Calculated phase variation 	Φ$$ for the different values of fermi energy and frequency for X – 

polarized condition. Values of 	Φ$$ for (a) RR, (b) SSRR, (c) TSRR and (d) SRR structures.  

Figure 5:  

 
Calculated phase variation 	Φ++  for the different values of Fermi energy and frequency for Y – 

polarized condition. Values of 	Φ++  for (a) RR, (b) SSRR, (c) TSRR and (d) SRR structures.  

Figure 6: 



 
Calculated phase difference  ΔΦ  for the different values of fermi energy and frequency for co 

polarization condition. Values of  ΔΦ for (a) RR, (b) SSRR, (c) TSRR and (d) SRR structures.  

 



Figure 7: 

 
Variation in the reflectance coefficient for the wide-angle incident values at different incident 

polarization conditions. (a) 𝑅$$ 	 and (b) 𝑅++  for RR geometry. (c) 𝑅$$ 	 and (d) 𝑅++  for SSRR 

geometry. (e) 𝑅$$ 	 and (f) 𝑅++  for TSRR geometry. (g) 𝑅$$ 	 and (h) 𝑅++  SRR geometry. The wide-

angle incident response has been derived for the 0° to 80° of incident angle. 

  



Table 1: Parameter specification and values of Eq. (1,2) 

Parameters Values Specification 

ω 3 THz to 12 THz Radian frequency 

Г 10-11 Scattering rate 

ħ 6.582119569×10−16 eV.s Reduced plank constant 𝑘B 8.617333262145×10−5 eV. K-

1 

Boltzmann constant 

𝐸@  0.1 eV to 0.9 eV Fermi energy 

τ-1 10-13 s Electron relaxation time 

T 300K Temperature  

 

Table 2: Comparative analysis of the proposed structure with already available designs.  

Reference 
Unit Cell             

(L, W, H) µm3 

Constitutive 

Material 

Maximum 

Reflectance 

Graphene 

layers 

Frequency 

Band 

(THz) 

Angular 

Stability 

(degree) 

This work (7.6,7.6,2.07) S-G-Au >98% Single 10-25 85° 

[35] (16,16,25) G-Au 88% Multiple 0.6-2.6 40° 

[36] (120,120,59) G-Au 60% Single 0.4-1 NA 

[37] (10,10,36) G 40% Single 1.23–2.73 NA 

[38] (100,100,26) M 30% Multiple 0.76–1.48 40° 

[39] (15,15,19) G 75% Multiple 1.65–4.35 NA 

[40] (32,32,18) G 40% Single 2–4 NA 

[40] (32,32,18) G 40% Single 2–4 NA 

[41] (4,4,40.25) G-S 25% Single 1-4 NA 

[42]  (70,70,25) TN 40% Single 1.17–2.99 45° 

[43] (200,200,9) M 50% Single 1.6–5 70° 

[44] (105,105,125) M 20% Multiple 0.7–2.5 60° 

TN -Tantalum nitride, G -Graphene, S - Silica, Au - Gold, M - Metal 

 


