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Abstract
This paper proposes a tunable graphene-silica-assisted squared pixel array-shaped polarizer construction for the infrared 
frequency range. A silica and pixel graphene array layered structure was used to create the tunable polarizer. The polarizer 
behavior of the structure is studied over the 1–15 THz of infrared frequency. Single-layer graphene sheet Fermi energy/chemi-
cal potential is adjustable for the proposed structure. The transmittance coefficient and phase variation response are presented 
for the different pixel array modes of the designs. The overall behavior of the structure is evaluated in terms of the co- and 
cross-polarization effect. The behavior of the phase difference, polarization conversion rate, and wide-angle stability are 
presented for two of the overall pixel array structures. The proposed structure of the polarizer allows choosing the resonating 
conditions over 1–15 THz of the band using different pixel array geometries, transmittance and phase variation responses. 
Electro-optical structures in the lower THz band can benefit from the proposed results of this tunable polarizer structure.

1 Introduction

The term “metamaterial” refers to any substance created by 
an artificial process. Compared to the light modeling capa-
bilities offered by standard planar interfaces, dimension-
reduced metasurfaces have yielded significantly superior 
results [1], increasing interest in studying these surfaces. 
Components of the structure are placed in such a way that 
they produce dense and ultra-thin arrays in two dimensions 
(2-D). In addition, they possess unique qualities due to the 
nature that causes them to resonate [2]. As a result, produc-
ing metasurfaces is a straightforward process and does not 
require much room for more investigation. Furthermore, they 
have a unique feature in controlling microwave and optical 
frequencies [3]. Therefore, this meta-atom-based material 
has the potential to be used in the construction of different 
optical devices, such as lenses and holograms. Consequently, 

frequency selective surfaces, also known as FSSs, are uti-
lized in radiophysics rather than optical metasurfaces, which 
are considered more contemporary creations [4–7].

Graphene’s extraordinary qualities are being studied 
to the hilt, which only adds to its allure. The honeycomb 
lattice of a single atom forms the basis of this monolayer 
structure [8]. Low density makes it more temperature and 
chemical potential sensitive [9, 10] because of its structure. 
The frequency range of graphene’s conductivity spans from 
the near-infrared to the very tiny THz range. The weak 
plasmonic resonance results from the low carrier concen-
tration, which has sparked a great deal of curiosity among 
researchers [5, 11]. Metamaterials are substances created in 
a laboratory. Various properties, including petite sizes, low 
cost, and ultra-thin nature, make metamaterials a preferred 
choice for design and use. To get the negative hyperbolic 
dispersion [7], refractive index [12], and perfect lens [13], 
metamaterials must be designed and developed. The display 
of graphene’s thermal, electrical, mechanical, and optical 
properties is determined by its honeycomb-shaped two-
dimensional structure of monolayered carbon atoms. The 
two-dimensional graphene structure’s tunability behavior is 
studied using Dirac fermions. Thermal tuning [14], optical 
pump [15], and chemical doping [16] can all be used to alter 
further and modify graphene’s properties [17]. Graphene-
based absorbers and other metamaterials, such as those with 
negative refractive index values, clocking, and imaging at 
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subwavelength wavelengths, have also shown promising 
results. Optical polarisers and other polarization devices 
are required for optical communications systems and polar-
ization-dependent optical sensors. To interface with fiber 
networks, we need to align and modify the bulk optical 
configurations of standard polarizers [18]. Because of gra-
phene’s inductive behavior in the THz band and its surface 
conductivity that may be influenced by biasing electrostatic 
or magnetostatic fields, small devices, passive components, 
and antennas made of graphene are now possible for THz 
applications [19]. Quality graphene is difficult to achieve 
in practical sizes for microwave device implementations 
due to its wavelength being considerably shorter than its 
huge surface area. The tide is turning, though. Commer-
cially available CVD graphene sheets of high quality and 
big area are currently available [20]. The effective permit-
tivity and permeability of synthetic metamaterials based on 
microwave frequency structures can be modified to obtain 
values much beyond those seen in nature, giving them sig-
nificant electromagnetic wave manipulation capabilities [6, 
21, 22]. Since surface reactance can be ignored in favor of 
surface resistance in the low-frequency region, absorbing 
materials are excellent in this frequency range. We are not 
aware of any studies that have been conducted to investigate 
the possibility of graphene functioning low loss FSR with 
conditions of omnidirectional resistor. To put it another way, 
flakes and nanoplates of graphene are much less expensive 
than monolayer graphene, which has significant resistance 
and is expensive to produce [23].

As a result of its low costs and ultra-thin thickness, 
graphene is well suited to numerous electrical and optical 
device applications [24]. When using metamaterials, we 
can generate optical properties that are not possible with 
traditional materials, such as hyperbolic dispersion, perfect 
lens, or a negative refraction index [13, 25–27]. Leaky-wave 
antennas [28], polarizers [25], and tunable absorbers [5, 29] 
are all examples of reconfigurable devices in which graphene 
is often utilized. The Dirac cone [30] can study graphene’s 
intraband conductivity concept. Graphene has been shown to 
give the control action via an external electrostatic or elec-
tromagnetic field [31] that changes from material to mate-
rial. Graphene’s transition from the high terahertz [32] to the 
low terahertz [33] region has resulted in an increase in elec-
trical and optical conductivity [37, 38]. Photonic systems 
based on graphene use single-layered sheets to create an 
integrated geometry. The various graphene sheet geometries 
[6, 34] can be used to investigate the principle of creating 
graphene polarization structures [35]. Periodically directed 
structures can be created using polarizers, which act as elec-
tromagnetic filters. Radiographic antennas, metamaterials, 
and other electromagnetic equipment can be utilized for 
various applications, including reducing radar cross-sections 
[36]. Externally adjustable frequency and chemical graphene 

potentials are the primary tuning tools for polarizers based 
on graphene [37]. It is critical to determine the transmit-
tance and reflectance of the graphene-assisted components 
for them to have a metamaterial effect. The degree of vari-
ability in an attribute can be altered by varying the physical 
parameters of a graphene-based device. It is also possible 
to overcome the problems of thickness and tunability [38] 
with graphene-based metasurfaces. Single-layered graphene 
sheets can be used to create metasurfaces on a variety of 
substrates, including gold [38], aluminum [39], and silica 
[6]. For example, a single graphene sheet can be used to 
create a variety of device forms, including L [40], T [41], 
C shapes [25] and rectangular split rings [42]. It may be 
challenging to fabricate this structure in the exact shape we 
want. DLP lithography-based devices and oxygen plasma-
based sources [43] can be used to create simple graphene 
patch-based structures.

1.1  Pixel‑based tunable polarizer

The pixel-based graphene-based tunable polarizer is 
designed to investigate over 1–15 THz of the frequency 
spectrum range. The pixel array-based graphene structure 
is formed on top of the silica substrate. The overall dimen-
sions of the structure (L) are set as 7.6 µm. The height of 
the silica substrate is set as 1.5 µm. The pixel-shaped gra-
phene engraved space dimension is set as p = 1.5 µm and 
g = 0.5 µm. The X and Y axes of the proposed polarizer is 
set as periodic boundary conditions. The wave is imparted 
from the top of the pixel-based polarizer structure, as shown 
in the three-dimensional view of Fig. 1. The reflectance and 
transmittance responses are observed to identify the ampli-
tude variation and other responses.

The proposed structure is analyzed over eight different 
pixel configurations, as shown in the top view configura-
tion of Fig. 1. The graphene-based structure can be realized 
by various simulation techniques, such as the finite-element 
method (FEM) and finite-difference time domain (FTTD) 
[44, 45]. A simulation of a wideband absorber based on 
a gold resonator is performed with the help of the finite-
element method in order to acquire quantitative data. This 
simulation is carried out in order to FEM. The usage of par-
tial differential equations, often known as PDEs, is a tech-
nique implemented to find solutions to problems that are 
influenced by both time and space. Because of the famously 
difficult nature of PDEs and geometries, analytical methods 
are notoriously unreliable when solving the great majority 
of these problems. Instead, the approximation is arrived at 
by utilizing several different approaches to solving equa-
tions to break them down into their parts of equations found 
within the framework of the numerical model. When par-
tial differential equations (PDEs) are approximated with the 
assistance of numerical model equations, it is possible to 
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apply numerical techniques to solve them. It makes the use 
of numerical techniques a practical option. These numerical 
models can generate an estimate relatively near the actual 
response. The finite-element approach is one of the technolo-
gies utilized to determine precise equivalency (FEM). The 
fundamental equation for this FEM is shown in the following 
equation:

The Kubo formula [31] can be used to express the sin-
gle-layered graphene conductivity equation. The intraband 
and interband terms can express the graphene conductiv-
ity equation. The surface current density can express the 
surface conductivity of the graphene with the equation (
Jx, Jy

)
=
(
Ex�s,Ey�s

)
 . The surface conductivity equation 

is defined in the following equation:

(1)∇ × �−1
r
(∇ × E) − k2

0

(

�r −
j�

��0

)

E = 0

In this equation, ω is defined as radian frequency which 
varies between 1 and 15 THz. ħ and kB are defined as the 
reduced plank constant and Boltzmann constant. The value 
of the temperature (T), scattering rate (Г) and electron 
relaxation time (τ−1) is defined as 300 K,  10–11 and  10–13 s, 
respectively. The graphene chemical potential/Fermi 
energy value 

(
�c

)
 is varied between 0.1 and 0.9 eV. Chemi-

cal vapor deposition (CVD) [46], molecular beam epitaxy 
(MBE) [47], and cleavage procedures [48] are the most 
prevalent ways of generating graphene with single-layered 
geometry and other two-dimensional materials. It is pos-
sible to form nanomaterial structures using different meth-
ods such as nanolithography (Atomic Force technique) 
[49], structure printing of plasmonic devices [50], and the 
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Fig. 1  Schematic of the tunable 
graphene pixel-based infrared 
polarizer. Three-dimensional 
view of the pixel-based polar-
izer structure with different 
eight-pixel (D1–D8) configura-
tions (top view)
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Nano-Spheric Process [51]. The lithography techniques 
for non-spheric shapes [51] and nanoplasmonics devices 
[50] can be used to construct a complex structure on top 
of graphene. Lithography technologies have been used to 
create graphene composites with high-quality and adapt-
able complex nano- and micro-shapes, as demonstrated in 
[50]. The suggested structure can be manufactured without 
electron beam lithography methods and CVD. Providing 
a tuning mechanism for graphene-based polarizer struc-
tures can be possible by employing ion gel formation on 
structures produced by CVD and DLP laser lithography. 
This fabrication method forms graphene on copper foil 
via the CVD process. Copper can be removed from the 
graphene using an ammonium persulfate solution in a wet 
transfer technique [52, 53]. A pixel-based graphene sheet 
array can be created using an oxygen plasma at a specified 
power level [43]. DLP laser lithography can be used to cre-
ate metal grids or patches on top of graphene. Ion gel of 
1-ethyl-3-methylimidazolium bis(trifluoromethyl sulfonic)
imide and polyvinylidene fluoride-cohexafluoropropylene 
can be used to tune the graphene for varied bias voltages 
[54, 55].

2  Results and discussion

This structure is investigated using the professional software 
package of COMSOL Multiphysics which offers the finite-
element method of computation. It is seen in Fig. 2 that pixel 
array design 1 (D1) has a variance in reflectance and trans-
mittance. This response is calculated for the multiple varie-
ties of the graphene sheet chemical potential/Fermi energy 
values. As shown in Fig. 1 (a), the transmittance response 
can be tuned by altering the graphene chemical potential/
Fermi energy. It can be seen in Fig. 2 that there is a similar 
variance in reflectance for the different values of chemical 
potential/Fermi energy (b). The transmittance coefficient 
for co-polarization is calculated using Eq. 3. While phase 
variation and phase difference between co-polarization and 
cross-polarization is calculated using Eqs. 4 and 5. Finally, 
the variation in the polarization conversion rate (PCR) is cal-
culated using Eq. 6 for the co-polarized and cross-polarized 
reflectance coefficient:

This polarizer structure will allow the wave’s passing 
to interact with the graphene layer. We have identified the 
effect and behavior of the polarizer by looking at its trans-
mittance properties. The different dipole moments are cre-
ated across the pixel array structure. The main effect of the 
polarization is caused by the energy concentration at the gra-
phene edges created by the pixel geometry. These geometries 
will allow resonating at specific frequencies and potential 
chemical values. In Fig. 2, we can identify several resonating 
peaks at various frequencies and chemical potentials/Fermi 
energies. Figure 3 illustrates how each array configuration 
affects the resonance conditions. The graphene chemical 
potential/Fermi energy value of 0.9 eV is used to derive 
these transmittance responses. The resonating and trans-
mittance peaks have a completely distinct influence on all 
pixel-based geometries. We have estimated a function that 
can be used to determine the structure's size and resonance 
frequency. The three functions of the relationship between 
L and f have been determined. Graphene's initial resonant 

(3)
Tij =

|

|

|
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i
|

|

|
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Fig. 2  a Calculated amplitude variation in transmittance for the 
pixel configuration D1 structure. b Calculated amplitude variation in 
reflectance for the pixel configuration D1 structure
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frequency is calculated using the structure’s length and 
width in conjunction with its purpose. The equation used 
to identify the initial resonating frequency is fr ≅

√
Ef∕L 

[56]. Furthermore, the pixel-based arrangement makes this 
single resonating frequency values to the multiple resonating 
conditions because individual pixel arrangement changes the 
overall resonance conditions. The proposed polariser struc-
ture’s pixel arrangements presented the maximum possible 
geometries for the 3 × 3 pixel arrangements. The dipole 
moments generated through this pixel generation differ in 
all cases. Figure 3a, b, e, g is the mirrored geometries over 
X and Y directions which show a distinct resonance condi-
tion and transmittance effect over the simulated frequency 

spectrum. In other cases of the pixel arrangement where the 
non-mirrored arrangement are shown, the resonance effect is 
different for all the pixel arrangement. This resonance effect 
in non-mirrored arrangement can be changed by rotating the 
same pixel arrangements. The resonance effect also depends 
on the pixel arrangement in line or scattered. Figure 4 shows 
the reflectance angle variation for the different design struc-
tures. We have set the Fermi energy/chemical potential num-
ber as 0.9 eV to get these results. In Designs (D1, D2, D3 
and D8) structure, the overall geometry for the X direction 
and Y direction are identical, so the transmittance ampli-
tude response Txx = Tyy . In this context, the phased variation 

Fig. 3  Transmittance amplitude responses for various pixel configura-
tions were calculated. The graphene sheet’s chemical potential/Fermi 
energy is set to 0.9 eV for the duration of the experiment

Fig. 4  Calculated transmittance phase (degree) response variation 
for the different pixel configurations. The chemical potential/Fermi 
energy of the graphene sheet is set as 0.9 eV for all the response
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shows the linear to liner polarization while phase change 
is observed between − 180° and 180°. In the case of the 
designs (D4, D5, D6 and D7), the transmittance amplitude 
response Txx ≠ Tyy andΔΦ = 90◦ or Txx = Tyy andΔΦ = 90◦ 

generates the linear to circular or linear to elliptical polarizer 
conversion. We have calculated the transmittance response 
for the wide oblique incident angle with a range of 0°–80°. 
Figure 5a shows the variation in transmittance for design 1, 
and Fig. 5b shows the variation in transmittance for design 
2 for the oblique incident angle. The maximum amplitude 
stability is observed up to 60° for design 1 and 80° for design 
2. The stability in transmittance is also observed up to 60° 
of variation for > 7.5 THz frequency range. Figure 6a shows 
the variation in the PCR for the different values of graphene 
Fermi energy/chemical potential for design 1. Similarly, 
Fig. 6b shows the PCR variation for the different graphene 
Fermi energy/chemical potential values for design 2. It is 
observed the rise in PCR amplitude for the resonating condi-
tion for the multiple values of �c . We have also observed the 
variation in the phase difference for the relative PCR condi-
tion. The comparative plot of PCR and phase difference is 
shown in Fig. 7a, b for the design 1 and design 2 conditions. 
This response is generated for the 0.9 eV of graphene �c . It is 
observed that the value of the phase difference changes from 
− 200° to 200° allowing to choose the circular, linear and 
elliptical polarization for the different frequency spectrums. 
Figure 8 shows the variation of the normalized electric field 
(Ez) along with the surface current density (design 2) for the 
multiple values of the �c and frequency. Different resonat-
ing points have different changes in electric field intensity 
concertation, as seen in Fig. 8. Amplitude variation in the 
different resonating conditions depends on the field concen-
tration over the edges of the graphene pixel geometry. We 
can identify from the overall results that the variation in the 

Fig. 5  Calculated variation in transmittance for pixel, a design 1, b 
design 2. The transmittance response is calculated for the different 
incident wave oblique incident angles ranging from 0° to 80°

Fig. 6  Calculated variation in PCR for pixel, a design 1, b design 2
Fig. 7  Variation in PCR and phase difference for cross-polarization 
conditions for a design 1, b design 2 structure
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transmittance depends on the �c of the graphene. The pixel 
array of the graphene sheet is also responsible for the varia-
tion in various physical parameters such as phase difference, 

PCR and transmittance. This variation allows us to choose 
the resonating band with suitable pixel array geometries and 
other physical parameters. We have compared the proposed 
pixel array-based polarizer structure with the other previ-
ously published results in terms of the dimensions, material 
used, broad-angle stability and types of graphene layers. 
This comparative analysis is shown in Table 1.

Various geometric factors and filed excitations can 
improve the performance of the PCR. As shown in Fig. 6, 
the PCR can be improvised by varying the graphene sheet's 
Fermi energy, which can be controlled by external voltage 
excitation. The pixel structure will be fixed in the case of 
Fermi energy. The values of PCR can also be improved by 
changing the width between the two pixels. The overall elec-
tric field concentration and dipole moments depend on the 
pixel gap. The large electric field concentration results in 
the reflectance and transmittance, resulting in overall PCR 
calculations.

3  Conclusion

Graphene-silica composited pixel array-based tunable polar-
izer is numerically investigated, resulting in the 1–15 THz 
of the infrared frequency range. This polarizer can be tuned 
by the different graphene Fermi energies/chemical poten-
tial values, which are ultimately controlled externally. The 
reflectance and transmittance were also determined to evalu-
ate the device’s performance as a linear to circular/ellipti-
cal polarization. The proposed structure also presented the 
variation in transmittance response for the different pixel 
configuration designs to identify the overall resonating 
behavior. It is possible to use the proposed polarizer struc-
ture across a wide range of THz frequencies because of its 
large bandwidth. With a wide range of incident angles up to 

Fig. 8  Normalized electric field with surface current density for 
the design 2 array structure for a �

c
= 0.1 eV and� = 4THz , b 

�
c
= 0.3 eV and� = 3.6 THz , c �

c
= 0.5 eV and� = 4.7 THz , d 

�
c
= 0.7 eV and� = 5.5 THz , e �

c
= 0.9 eV and� = 6.2 THz

Table 1  A comparison of 
previously published structure 
with proposed pixel array-based 
graphene structure

G graphene, S silica, M metal, Au gold, TN titanium nitride, ML multi-layered graphene structure, SL sin-
gle-layered graphene structure

References Unit cell dimensions (μm3) Material used 
for polarizer

Graphene 
layers

Oblique 
angle stabil-
ity

Operating 
frequency band 
(THz)

This work (1.5, 7.6, 7.6) G–S SL 80° 1–15
[57] (59, 120, 120) G–Au SL NA 0.4–1
[58] (36, 10, 10) G SL NA 1.23–2.73
[59] (26, 100, 100) M M 40° 0.76–1.48
[60] (25, 70, 70) TN SL 45° 1.17–2.99
[61] (25, 16, 16) G–Au SL 40° 0.6–2.6
[62] (90, 200, 200) M SL 70° 1.6–5
[63] (18, 32, 32) G SL NA 2–4
[64] (125, 105, 105) M ML 60° 0.7–2.5
[65] (19, 15, 15) G ML NA 1.65–4.35
[66] (0.25, 4, 4) G–S SL NA 1–4
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80 degrees, transmittance behavior remains constant for the 
proposed polarizer structure. New tunable THz devices for 
photonics circuits operating at lower THz frequencies may 
be developed due to the findings presented in this publica-
tion. Furthermore, large THz integrated systems can benefit 
from a simple, compact, and customizable graphene-based 
polarizer structure.
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