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A B S T R A C T

In this work, a graphene-based optical absorber is proposed, with the primary objective of achieving a 
comprehensive design and performance evaluation of a terahertz (THz) metamaterial absorber. The proposed 
structure demonstrates ultra-broadband absorption characteristics along with dynamic tunability, achieved 
through modulation of the graphene Fermi energy. The physical mechanism underlying this broadband response 
is systematically investigated and is attributed to the synergistic excitation of surface plasmon polaritons (SPP) 
resonances induced by localized surface charge distributions on the graphene strips and disks. To enable accurate 
analysis within the subwavelength regime, analytical expressions for the surface current density on the graphene 
elements are rigorously derived using perturbation theory under normally incident plane-wave excitation. 
Furthermore, the results obtained from full-wave electromagnetic simulations are quantitatively validated 
through comparison with those derived from an equivalent circuit model. For this purpose, an equivalent circuit 
representation consisting of six lumped elements is developed. The optimal values of the resistive, inductive, and 
capacitive components are determined using a dedicated cost function, resulting in a low Sum of Squared Errors 
(SSE) of 1.573, which indicates excellent agreement between the models. In addition to its absorption func
tionality, the proposed structure exhibits strong potential for refractive index sensing over a broad spectral range. 
The sensing performance is evaluated, demonstrating a high sensitivity of 3.3 THz/RIU. Comprehensive nu
merical investigations confirm the effectiveness and robustness of the proposed absorber, highlighting its suit
ability for a wide range of THz applications, including sensing, high-resolution imaging, and secure 
communication systems.

1. Introduction

Artificially engineered materials, commonly referred to as meta
materials (MMs), have emerged as a prominent focus of scientific 
research owing to their extraordinary electromagnetic properties that 
are not observed in naturally occurring media. These structured mate
rials, composed of subwavelength unit cells significantly smaller than 
the wavelength of the incident radiation, enable unprecedented control 
over electromagnetic wave propagation. Notable phenomena exhibited 
by MMs include negative refractive index [1], negative electrical 
permittivity [2], and the theoretical possibility of achieving electro
magnetic cloaking or invisibility [3]. Metamaterials have been exten
sively investigated and experimentally realized across a wide range of 
frequency regimes, spanning from the terahertz (THz) domain [4] and 
infrared spectrum [5–7] to the visible range [8–10]. In particular, the 

development of Metamaterial Perfect Absorbers (MMPAs) [11–17] has 
largely leveraged these unconventional electromagnetic responses, 
especially negative refractive index characteristics. The rapid evolution 
of modern telecommunication systems and electronic technologies has 
significantly increased the demand for high-frequency components, 
such as power dividers [18–23], filters [24–26], sensors [27–29], an
tennas [30], and electromagnetic absorbers [31–37]. Although early 
designs of perfect absorbers, including the seminal work by Landi et al., 
[38], demonstrated high absorption efficiency, they were generally 
limited by a lack of tunability and reconfigurability in their operational 
characteristics.

Graphene, a monolayer of carbon atoms arranged in a two- 
dimensional hexagonal honeycomb lattice [39,40], has emerged as a 
highly promising material for advanced photonic and electronic appli
cations. It exhibits exceptional electrical and optical properties, 
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including the quantum Hall effect [41], gate-tunable optical conduc
tivity [42], tunable plasmonic behavior [43], and ultrafast carrier dy
namics [44,45]. One of the most significant features of graphene is its 
ability to support surface plasmon polaritons (SPPs), particularly in the 
terahertz (THz) frequency regime, which makes it an attractive platform 
for THz wave absorption applications. In doped graphene, pronounced 
plasmonic characteristics arise, where the plasmon resonance frequency 
can be dynamically controlled through external electrical biasing. 
Moreover, graphene supports SPP propagation in both the THz and 
infrared regions with substantially longer propagation lengths compared 
to conventional noble metals, thereby offering reduced losses and 
enhanced device performance.

Plasmonics has emerged as a rapidly advancing field within nano
photonics, primarily concerned with the interaction of electromagnetic 
waves with nanostructured materials at subwavelength scales. The 
ability to confine and guide electromagnetic energy in such structures 
has enabled the development of a wide range of integrated photonic 
components, including filters [46–48], switches [49–51], and sensors 
[52–54]. Graphene-based absorbers, in particular, offer several advan
tages, among which dynamic tunability is the most prominent. These 
absorbers can be broadly classified into solar absorbers [55,56] and 
terahertz absorbers [57,58], depending on their operational frequency 
range. Furthermore, based on their spectral characteristics, graphene 
absorbers are categorized as either narrowband [59,60] or broadband 
[61–63]. Conventional approaches to achieving tunability, such as the 
integration of PIN diodes [64,65] or the use of micro-electro-mechanical 
systems (MEMS) [66], often introduce significant fabrication complexity 
and increased system cost. In contrast, the incorporation of graphene 
into the absorber architecture provides a more efficient and compact 
solution for achieving dynamic reconfigurability. By externally modu
lating the chemical potential (i.e., the Fermi level) of graphene, both the 
absorption efficiency and resonance frequency can be continuously 
tuned over a wide frequency range without necessitating any physical 
alteration of the device structure. The performance of the proposed 
structure is rigorously analyzed using the finite-difference time-domain 
method (FDTD) technique [67], ensuring accurate characterization of its 
electromagnetic response.

Recently, several advanced designs for graphene-based THz ab
sorbers have been proposed, focusing on broadband absorption and 
sensing capabilities [68–71]. Broadband absorbers are increasingly vital 
in advanced sensing technologies thanks to their ability to maintain high 
sensitivity and selectivity over extended spectral ranges [72–75]. In this 
study, we propose and numerically analyze a multilayer graphene-based 
broadband absorber capable of delivering near-total absorption across a 
wide terahertz band.

2. Optical absorbers

Graphene, a two-dimensional material with atomic-scale thickness, 
is capable of supporting surface plasmon polaritons (SPPs) in the ter
ahertz (THz) frequency regime [76]. It exhibits a range of exceptional 
physical and electromagnetic properties, including tunable surface 
conductivity and the ability to sustain low-loss SPP propagation at THz 
frequencies. A particularly significant feature of graphene is its electri
cally and magnetically tunable conductivity, which facilitates the 
development of reconfigurable electronic and photonic devices. This 
tunability is especially advantageous in the THz domain, where the sign 
change in the imaginary part of graphene’s surface conductivity [77] 
plays a critical role in enabling controllable plasmonic behavior and 
dynamic modulation of device response.

Surface Plasmon Polaritons (SPPs) refer to electromagnetic waves 
that propagate along the interface separating a metal and a dielectric 
medium. The term SPP explicitly signifies that the wave involves both 
charge oscillation within the metal termed the surface plasmon and the 
electromagnetic wave propagation within the dielectric known as the 
polariton [78]. SPPs fundamentally represent confined guided modes 

capable of propagating within plasmonic nanostructures. For SPPs to be 
successfully excited at the metal dielectric boundary, an incident photon 
must satisfy two critical conditions: its frequency must match the SPP 
resonant frequency, and its parallel wave vector component (kx or k||) 
along the interface must be precisely equal to the SPP propagation 
constant [79].

The proposed device architecture consists of a reflective gold ground 
plane, followed by a silicon dioxide (SiO₂) dielectric spacer, an array of 
periodic graphene ribbons, a second SiO₂ dielectric layer, and a 
patterned graphene top layer composed of periodic graphene disks. This 
hybrid multilayer configuration is carefully engineered to support 
strong and overlapping plasmonic resonances, thereby enabling broad
band and spectrally stable absorption performance across a wide fre
quency range. Beyond its broadband absorption characteristics, a key 
application of the proposed structure lies in refractive index sensing. The 
sensing mechanism is based on the spectral shift of the absorption peaks 
induced by variations in the refractive index of the material under test 
(MUT). This approach provides high sensitivity while benefiting from 
the inherently broad operational bandwidth of the absorber, enabling 
multi-frequency sensing with improved robustness and accuracy. 
Initially, the geometric parameters of the structure are optimized to 
maximize absorption efficiency. Subsequently, electromagnetic field 
distributions are analyzed to clarify the underlying physical mechanisms 
responsible for the observed absorption behavior. In addition, equiva
lent circuit theory is employed to validate the full-wave simulation re
sults. Finally, the sensing performance of the proposed design is 
systematically evaluated, demonstrating its potential for refractive 
index detection applications. Overall, the results suggest a promising 
route toward the development of advanced and practical terahertz 
active components.

3. Analytical model and the proposed structure

This section introduces an analytical equivalent circuit model spe
cifically tailored for the two-dimensional arrays comprising both gra
phene disks and strips. Initially, we derive analytical expressions for the 
surface current density on these graphene strips and disks within the 
sub-wavelength regime. This derivation employs perturbation theory, 
by assuming a normally incident plane wave. Subsequently, the derived 
RLC equivalent circuit is presented. Leveraging these analytical con
cepts, a specific dual-layer graphene THz absorber has been conceived 
and computationally simulated. As illustrated in Fig. 1(a), the unit cell of 
this structure functions as a broadband, two-layer absorber. The bottom 
layer consists of a gold film with a thickness of t, which acts as a perfect 
reflector. This reflection mechanism effectively drives the transmittance 
to zero, thereby facilitating optimal absorption. Resting atop the 
reflector is a dielectric spacer layer composed of SiO2 with a thickness of 
d1. This layer is crucial for achieving impedance matching between the 
free space and the structure. The uppermost layer features an alternating 
pattern of graphene strips. Graphene, being a zero-bandgap material, 
necessitates bandgap engineering for its effective utilization in elec
tronic devices such as absorbers.

One established methodology for opening this inherent bandgap 
involves electron confinement. By patterning a graphene sheet into 
graphene nanoribbons, electron movement is restricted along one 
dimension, thereby inducing a finite bandgap in the graphene structure. 
The opening of this energy bandgap through the transformation of 
graphene into graphene nanoribbons is scientifically facile and can be 
readily achieved using standard lithographic techniques [80].

The width of these ribbons is denoted by w, and their periodic 
spacing by D. In the design of this structure, it is assumed that the gra
phene ribbons possess infinite length along the y-direction. For the 
graphene strips incorporated into the structure, an incident TM- 
polarized wave strikes them perpendicularly. This normal incidence 
results in the induction of a surface current density exclusively in the x- 
direction across the ribbon, since the electric field component of the 
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incident radiation is oriented along x. When the wave interacts with the 
strip, a Surface Plasmon Polariton (SPP) is excited within the ribbon, 
propagating along the x-axis. These propagating SPPs undergo phase 
retardation as they reflect off the edges of the finite-length strips. If the 
total phase shift accumulated by the plasmonic mode upon reflection is 
an integer multiple of 2π, constructive interference occurs, resulting in a 
sharp resonance.

While the primary absorption spectra and field distributions in this 
study are obtained through rigorous full-wave numerical simulations, 
relying solely on numerical black-box computations is insufficient for a 
deep physical understanding. Therefore, the following analytical for
mulations, which include the Kubo model for graphene conductivity, 
effective medium theory for impedance matching, and equivalent circuit 
modeling, are herein presented. These mathematical models are actively 
utilized in the subsequent sections to decode the underlying physical 
mechanisms of the numerical results. They serve to analytically prove 
the conditions for near-perfect THz absorption, explain the tunability 
mechanisms, and rigorously validate the accuracy of the numerical 
simulations through comparative analytical-numerical analysis.

The resonance frequency can then be determined by the following 
relationship: 

2ωβp + 2θ = 2nπ, n = 1, 2,… (1) 

where βp is the propagation constant of the plasmonic mode and θ is the 
phase shift resulting from the reflections at the ribbon edges. Since the 
incident wave is polarized along the x-direction, the surface current 
density, Jx(x), at any point on the graphene ribbon is governed by the 
two-dimensional Ohm’s law, in which the total electric field comprises 
the external incident field and the field induced by the surface charges 
[81]: 

Jx(x)
σs

= Eext
x (x) + Eρ

x(x) (2) 

In this relation, Eext
x (x) is the external electric field and Eρ

x(x) is the 
electric field induced by the accumulated surface charges ρs on the 
graphene. The surface charge density is linked to the current density via 
the continuity equation for electric charge (ρs = (jω)− 1dJx/dx). As this 
surface charge density is solely a function of x, the resulting induced 
electric field can therefore, be readily calculated under the quasi-static 
approximation. By computing this induced field and substituting it 
into Eq. (2), and subsequently multiplying both sides of the rearranged 
equation by 2jωε0, we obtain the following governing relationship [82]: 

βpJx(x) = 2jωε0Eext
x (x) +

1
π P

∫w/2

− w/2

1
x − xʹ

dJx(xʹ)
dxʹ dxʹ (3) 

The integral relationship incorporates the symbol P, which signifies 
the Cauchy Principal Value integration. The solution domain is con
strained by the physical requirement that the current density must 
vanish at the ribbon boundaries, providing the essential boundary 
condition for the system: Jx( − w/2) = Jx(w/2) = 0. To analytically solve 
Eq. (3), we transform the problem into its associated eigenvalue repre
sentation [83]: 

1
π P

∫w/2

− w/2

1
x − xʹ

dψn(xʹ)
dxʹ dxʹ = knψn(x) (4) 

In this formulation, ψn represents the n-th normalized eigenfunction, 

satisfying the orthogonality condition 
∫w/2

− w/2

ψ2
n(x)dx = 1, and kn is the 

corresponding eigenvalue. The solutions obtained from Eq. (4) are 
interpreted as the fundamental eigenmodes of the graphene ribbon 
structure. The methodology for obtaining the analytical solutions for 
this equation, specifically by employing a Fourier series expansion 

Fig. 1. (a) The unit cell of the proposed absorber. (b) The schematic representation of the proposed absorber. (c) TE and TM modes concept for an incident wave on 
proposed absorber.
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technique applied to the eigenfunctions, has been thoroughly detailed in 
previous literature [84]. Table 1 is dedicated to presenting the charac
teristics of the first three plasmonic eigenmodes, specifically summari
zing the associated eigenvalues and their corresponding eigenfunction 
profiles.

The current density across the ribbons can be expanded over the strip 
modes as follows. 

Jx(x) =
∑∞

n=1
Anψn(x) (5) 

By substituting Eq. (5) into Eq. (3) and leveraging the orthogonality 
of ψn, we have: 

An =
2jωεeff

βp(ω) − kn
−

∫
w
2

w
2

Eext
x (x)ψn(x)dx (6) 

Assuming a graphene sheet embedded between two dielectric media 
with permittivities ε1 and ε2, and noting that both the upper and lower 
dielectrics are SiO2, the effective permittivity can be expressed as εeff =
ε0(ε1+ε2)

2 = ε0ε1.
Above the graphene layer, an additional SiO2 dielectric layer with a 

thickness of d2 is introduced. This layer serves a pivotal role in achieving 
impedance matching within the proposed broadband absorber. Subse
quently, an array of periodically arranged graphene disks is positioned 
atop the upper layer, characterized by a disk radius a and a lattice period 
L. For this layer, the surface current density distribution over each 
graphene disk is derived and can be expressed as follows: 

Js(ρ) = σs
[
Eext

T (ρ)+ Eρ
T(ρ)

]
(7) 

Here, Eext
T (ρ) denotes the externally applied transverse electric field, 

while Eρ
T(ρ) represents the transverse field induced by the charge accu

mulation on the graphene surface. The position vector of an arbitrary 
point on the graphene plane is defined as ρ = xx̂ + yŷ.Under the quasi- 
static approximation, the field Eρ

T(ρ) can be expressed as the transverse 
gradient of the electrostatic potential generated by the surface charges 
on the graphene sheet, as given by: 

Eρ
T(ρ) = − ∇TΦρ(ρ) = − ∇T

∫

S

ρs(ρʹ)dś
4πεeff |ρ − ρʹ|

(8) 

By employing the charge continuity equation, the following relation 
is derived: 

ρs(ρ) =
1
jω∇T .Js(ρ) (9) 

Hence, upon substituting Eq. (7) into Eq. (8) and subsequently 
inserting the resulting expression into Eq. (9), one arrives at the integral 
equation governing the surface current density within the quasi-static 
approximation, which can be written as: 

Js(ρ)
σs

= Eext
T (ρ) − 1

2jωε0
∇T

∫

S

1
2π|ρ − ρʹ|

∇T
ʹ.Js(ρʹ)dś (10) 

To solve this equation, we first consider the following eigenvalue 
problem defined on the disk. 

∇T

∫

S

1
2π|ρ − ρʹ|

∇T
ʹ.ξ(ρʹ)dś = − λξ(ρ), ξ(ρ).ρ̂|ρ=a = 0 (11) 

In this formulation, ξ represents the eigenfunction, and λ denotes the 
associated eigenvalue. It follows directly from the governing equation 
that ξ can be represented as the transverse gradient of a scalar potential, 
namely, ξ = − ∇Tψ Consequently, the original vector eigenvalue prob
lem is equivalently reduced to the following scalar eigenvalue problem: 
∫

S

1
2π|ρ − ρʹ|

∇T
ʹ2ψ(ρʹ)dś = − λψ(ρ), ∇Tψ(ρ).ρ̂|ρ=a = 0 (12) 

Subsequently, by exploiting the cylindrical symmetry of the problem, 
the scalar function ψ is expanded in cylindrical coordinates as ψ(ρ) =

ψmn(ρ) = exp(im φ) fmn(ρ). Upon substituting this expression into Eq. 
(12), the following equation is obtained: 

−

∫a

0

gm(ρ, ρʹ)
[

1
ρʹ

d
dρʹ

(

ρʹd fmn

dρʹ

)

− m2 fmn

ρʹ2

]

ρʹdρʹ = λmn fmn(ρ) (13) 

where λ has been replaced by λmn, and 

gm(ρ, ρʹ) =
∫2π

0

1
2π|ρ − ρʹ|

exp[im (φʹ − φ)]dφʹ (14) 

Eq. (13) can be solved by expanding the functions fmn(ρ) in terms of 
Bessel functions. The eigenvalues and their corresponding eigenfunc
tions for m = 1 and n = 1 are summarized in Table 2.

The current distribution is expanded in terms of the eigenfunctions as 
follows: 

Js(ρ) =
∑∞

m=− ∞

∑∞

n=1
Amn ξmn(ρ) (15) 

Substituting this expansion into Eq. (10) and exploiting the orthog
onality of the eigenfunctions, we obtain: 

Amn =
2jωε0

βp(ω) − λmn

∫

sE
ext
T (ρ). ξmn

∗(ρ) ds
∫

s| ξmn(ρ)|
2 ds

(16) 

Therefore, to determine the resonance frequency of the graphene 
disk, it is sufficient to solve the equation βp(ω) = λmn. Accordingly, the 
proposed absorber operates based on this theoretical framework and 
exhibits broadband absorption over the frequency range from 0 to 2 

Table 1 
Eigenvalues and corresponding eigenfunctions for the first three modes.

Eigenfunction (ψn) Eigenvalue 
(kn)

ψ1 = w−
1
2

[

1.2 sin
(

cos− 12x
w

)

− 0.106sin
(

3cos− 12x
w

)]
0.737 π/w

ψ2 = w−
1
2

[

1.254 sin
(

2cos− 12x
w

)

− 0.302sin
(

4cos− 12x
w

)]
1.753 π/w

ψ3 = w−
1
2

[

0.308 sin
(

cos− 12x
w

)

+ 1.19sin
(

3cos− 12x
w

)

−

0.484sin
(

5cos− 12x
w

)]

2.748 π/w

Table 2 
Eigenvalues and corresponding eigenfunctions for m = 1 and n = 1,2,3. In this 
table, J1 denotes the first-order Bessel function of the first kind, and ξ1p rep
resents the p-th zero of the first-order Bessel function.

eigenfunction (f1n) Eigenvalue 
(λ1n)

f11 =

[

J1

(
ξ11ρ
a

)

− 0.06 J1

(
ξ12ρ
a

)

+ 0.22 J1

(
ξ13ρ
a

)] 1.1
a

f12 =

[

− 0.25 J1

(
ξ11ρ
a

)

− 0.965 J1

(
ξ12ρ
a

)

+

0.085 J1

(
ξ13ρ
a

)]

4.92
a

f13 =

[

− 0.12 J1

(
ξ11ρ
a

)

+ 0.162 J1

(
ξ12ρ
a

)

+

0.97 J1

(
ξ13ρ
a

)

− 0.1 J1

(
ξ14ρ
a

)]

8.12
a
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THz. As illustrated in Fig. 1(c), both transverse electric (TE) and trans
verse magnetic TM polarizations are presented under normal incidence.

The proposed design is inherently scalable, such that the absorption 
bandwidth and absorption level can be effectively tuned by scaling the 
disk radius, the width of the graphene ribbons, and the periodicity of the 
graphene strips. In addition, the electromagnetic response of the struc
ture can be dynamically controlled by adjusting the chemical potential 
of graphene. The sheet conductivity of monolayer graphene at optical 
frequencies is approximately equal to e2

4ℏ . As the frequency decreases 
from the optical to lower ranges, the conductivity also diminishes 
correspondingly. Two fundamental parameters that characterize gra
phene’s electrical behavior are: its universal optical conductivity e2

4ℏ at 
optical frequencies, and its exceptionally high carrier density and 
mobility in the DC regime, resulting in a conductivity nearly two orders 
of magnitude greater than that in the optical band. In the terahertz 
regime, graphene’s surface conductivity depends sensitively on tem
perature, Fermi energy, carrier scattering rate, and operational fre
quency. When modeled as a conductive material, the real part of the 
intraband conductivity dominates its overall response. The general ex
pressions are given by Eqs. (18) and (19): 

σ(ω) = σintra + σinter (17) 

Re σinter(ω) = e2

4ℏ
sinh (ω/2kBT)

cosh(EF/2kBT) + cosh (ω/2kBT)
(18) 

Re σintra(ω) = e2

4ℏ
8
π

kBTτ/(2πℏ)
1 + (ωτ)2 ln

(

2cosh
(

EF

2kB

))

(19) 

where T denotes the temperature, EF is the Fermi energy, and τ repre
sents the carrier relaxation time. Physically, the interband term corre
sponds to electron–hole pair generation and recombination, whereas the 
intraband component accounts for the response of free charge carriers. 
Under typical conditions, where the temperature is finite and EF≫kBT, 
the real part of the intraband conductivity can be approximated as 
shown in Eq. (20) [85]. 

Re σintra(ω) = e2

4ℏ
4
π

EFτ/(2πℏ)
1 + (ωτ)2 (20) 

The electrical conductivity of graphene under externally applied 
electric and magnetic fields perpendicular to its plane can be expressed 
through the following tensor. In general, graphene exhibits anisotropic 
behavior. 

σ =

[
σd σh
− σh σd

]

(21) 

The terms of σd and σh are derived using the well-known Kubo 
formalism [86]. 

σd =
e2vf |eB0|(ω − j2Γ)

− jπ

×
∑∞

n=0

{

(fd(Mn) − fd(Mn+1) + fd(− Mn+1) − fd(Mn)) ×

(

1 −
Δ2

MnMn+1

)

×
1

(Mn+1 − Mn)
2
− (ω − j2Γ)2ℏ2 +

(

1

+
Δ2

MnMn+1

)
1

(Mn+1 − Mn)
2
− (ω − j2Γ)2ℏ2

}

(22) 

σh = −
e2vf

2eB0

π ×

∑∞

n=0

{

(fd(Mn) − fd(Mn+1) + fd(− Mn+1) − fd(Mn))

×

(

1 −
Δ2

MnMn+1

)

×
1

(Mn+1 − Mn)
2
− (ω − j2Γ)2ℏ2 +

(

1

+
Δ2

MnMn+1

)
1

(Mn+1 − Mn)
2
− (ω − j2Γ)2ℏ2

}

(23) 

In these expressions, ℏ represents the reduced Planck constant, e is 
the electron charge, B0 denotes the magnitude of the external magnetic 
flux density, Γ is the electron scattering rate, Δ stands for the excitonic 
gap, vF refers to the Fermi velocity, and fd and Mn are obtained from the 
relations given below [86]. 

fd(ε) =
(
e(ε− uc)/KBT + 1

)− 1 (24) 

Mn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Δ2 + 2nvf
2|eB0|

√

ℏ (25) 

For structures operating at room temperature or under weak external 
magnetic fields, the excitonic gap Δ can be assumed to approach zero. 
The subsequent relations are used to determine the chemical 
potential μc, and Fig. 2 illustrates the absorption spectra at different 
frequencies for varying chemical potential values. 

μC =
ℏ
e
vf

̅̅̅̅̅̅̅̅̅̅̅̅
πεsVg

ed

√

(26) 

In this relation, εs denotes the permittivity of the substrate, d rep
resents the substrate thickness, and Vg is the applied gate voltage.

Numerical Simulation Setup: To evaluate the electromagnetic per
formance of the proposed structure, full-wave numerical simulations 
were performed using the time-domain solver of CST Studio Suite. To 
model the infinite periodic array of the absorber, Unit Cell boundary 
conditions were applied along the x- and y-axes. An Open (add space) 
boundary condition, functioning as a Perfectly Matched Layer (PML), 
was assigned along the z-axis to absorb outgoing waves. The structure 
was excited by a normally incident linearly polarized plane wave via a 
Floquet port.

To ensure the reproducibility and accuracy of the results, adaptive 
hexahedral meshing was employed. The global mesh density was set to 
at least 15 lines per wavelength at the maximum simulation frequency, 
with severe local mesh refinements applied at the dielectric interfaces 
and within the narrow gaps of the resonators to accurately capture 
localized field enhancements. Importantly, single-layer graphene was 
not modeled as a volumetric 3D structure, which would impose a severe 
computational burden due to its atomic thickness (~0.34 nm). Instead, 
it was simulated as a zero-thickness 2D surface (Surface Impedance 
boundary). The surface conductivity properties were defined by 
importing the frequency-dispersive complex conductivity (σs) derived 
analytically from the Kubo formula, allowing for precise and efficient 
modeling of graphene’s plasmonic behavior.

An increase in the chemical potential of graphene leads to an 

Fig. 2. The absorption spectrum of the proposed absorber for various chemi
cal potentials.
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enhancement in its electrical conductivity. According to the presented 
formulations, as the chemical potential and consequently the electrical 
conductivity of graphene increase, the transmission loss of the structure 
decreases. A higher chemical potential results in improved graphene 
conductivity, which in turn reduces ohmic losses and renders the gra
phene layer more conductive. As illustrated in Fig. 2, the optimal value 
of the chemical potential is found to be 0.6 eV. The electrical conduc
tivity of graphene is frequency dependent and significant across three 
distinct frequency regimes: 

1. ℏω > 2EF, 2. E12 < ℏω < 2Ef , 3.ℏw << 2EF (27) 

To model graphene as an extremely thin plasmonic layer, its oper
ating regime must correspond to region 3. In this specific frequency 
range, the conductivity exhibits a real part that is small and a positive 
imaginary part. Consequently, within this regime, graphene presents an 
equivalent permittivity characterized by a negative real component and 
a small imaginary component. This behavior confirms that graphene 
effectively mimics an ultrathin plasmonic layer. Under these stipulated 
conditions, the propagation constant for the surface plasmon wave sat
isfies σinter ≈ 0, and the relationship is given by [87]: 

σs ≅ σintra ≅
e2EF

πℏ2
i

ω + iτ− 1 (28) 

Therefore, under the mentioned circumstances, graphene is equiva
lent to an extremely thin plasmonic layer.

In fact, one of the most significant advantages of graphene-based 
circuits is the tunability of the operating frequency band through the 
application of a gate voltage. Moreover, graphene enables bias- 
controlled manipulation of radiative characteristics. It has been shown 
that at low frequencies, the intraband contribution of graphene surface 
conductivity dominates the overall response, whereas at higher fre
quencies, the interband contribution becomes predominant. The strong 
field confinement of surface plasmon polaritons (SPPs) supported by 
graphene is particularly advantageous for the realization of graphene- 
based plasmonic circuits operating in the terahertz frequency range. 

As observed in Fig. 3, SPP propagation along graphene leads to pro
nounced wave localization and can be effectively tuned by external 
electric or magnetic fields.

The primary goal of the proposed absorber is to realize unity ab
sorption (A = 1). This condition can only be attained by simultaneously 
suppressing reflection and transmission. Reflection can be effectively 
eliminated through perfect impedance matching between the absorber 
and free space. Furthermore, negligible transmission is ensured by 
selecting a gold back layer whose thickness is much larger than the skin 
depth of gold. To avoid the computational cost associated with full-wave 
numerical simulations, the equivalent circuit model illustrated in Fig. 4
(a) is employed. In this approach, graphene is represented by lumped 
circuit components, including resistive, inductive, and capacitive ele
ments, enabling an analytical evaluation of the overall impedance of the 
structure. The governing relations of the transmission-line representa
tion and the corresponding definitions of the circuit elements are given 
below [82]: 

R1 =
D
s2
1

πℏ2

e2EFτ (29) 

L1 =
D
s2
1

πℏ2

e2EF
(30) 

C1 =
s2
1

D
2εeff1

q1
(31) 

s2
1 ≅

s2
1

D
W (32) 

Here, D and W denote the periodicity and the width of the graphene 
ribbons, respectively. The parameter εeff1 = ε0n2

s represents the effective 
permittivity of the media adjacent to the graphene ribbons, while q1 

corresponds to the fundamental eigenvalue associated with the current 
distribution on the ribbons. The values of q1 for various ratios of WD are 
listed in Table 3. 

Fig. 3. The electric fields distributions at (a) 0.43 THz. (b) 0.94 THz. (c) 1.52 THz. (d) and the magnetic fields distributions at 0.43 THz. (e) 0.94 THz. (f) 1.52 THz.
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R2 =
ℏ2

e2EFτ
K1L2

πs2
2

(33) 

L2 =
ℏ2

e2EF

K1L2

πs2
2

(34) 

C2 =
εeff2

q11

π2s2
2

K1L2 (35) 

Here q11 is the first eigenvalue of the equation governing the current 
on the disks. Values of q11 for different 2a/L have been given in Table 4., 
[88], s2 = 0.6087a, K1 = 1.2937. 

Yin1 = − j.Ys.cot (βs.d1) (36) 

ZG1 = R1 + jωL1 +
1

jωC1
=

Dπℏ2

s2
1e2EFτ + jω

(
Dπℏ2

s2
1e2EF

)

+
1
jω

Dq1

2s2
1 εeff1

(37) 

YG1 = 1
/(

Dπℏ2

s2
1e2EFτ+ jω

(
Dπℏ2

s2
1e2EF

)

+
1
jω

Dq1

2s2
1 εeff1

)

(38) 

ZG2 = R2 + jωL2 +
1

jωC2
=

ℏ2K1L2

e2EFτ πs2
2
+ jω

(
ℏ2K1L2

e2EFπs2
2

)

+
1
jω

q11 K1L2

εeff2 π2s2
2

(39) 

YG2 = 1
/(

ℏ2K1L2

e2EFτ πs2
2
+ jω

(
ℏ2K1L2

e2EFπs2
2

)

+
1
jω

q11 K1L2

εeff2 π2s2
2

)

(40) 

Yin2 = Yin1 + YG1

= − j.Ys.cot(βs.d1) + 1
/(

Dπℏ2

s2
1e2EFτ+ jω

(
Dπℏ2

s2
1e2EF

)

+
1
jω

Dq1

2s2
1 εeff1

)

(41) 

Yin3 = Ys.
Yin2 + jYs.tan (βs.d2)

Ys + jYin2.tan (βs.d2)

= Ys.

− j.Ys.cot(βs.d1) +
1

Dπℏ2
s21e2EF τ

+jω

(

Dπℏ2
s21e2EF

)

+ 1
jω

Dq1
2s21 εeff1

+ jYs.tan (βs.d2)

Ys + j

⎡

⎢
⎢
⎢
⎣
− j.Ys.cot(βs.d1) +

1

Dπℏ2
s21e2EF τ

+jω

(

D πℏ2
s21e2EF

)

+ 1
jω

Dq1
2s21 εeff1

.tan(βs.d2)

⎤

⎥
⎥
⎥
⎦

(42) 

Yin = Yin3 + YG2

= Ys.

− j.Ys.cot(βs.d1) +
1

Dπℏ2
s21e2EF τ

+jω

(

Dπℏ2
s21e2EF

)

+ 1
jω

Dq1
2s21 εeff1

+ jYs.tan (βs.d2)

Ys + j

⎡

⎢
⎢
⎢
⎣
− j.Ys.cot(βs.d1) +

1

Dπℏ2
s21e2EF τ

+jω

(

Dπℏ2
s21e2EF

)

+ 1
jω

Dq1
2s21 εeff1

.tan(βs.d2)

⎤

⎥
⎥
⎥
⎦

+ 1

/(
ℏ2K1L2

e2EFτ πs2
2
+ jω

(
ℏ2K1L2

e2EFπs2
2

)

+
1
jω

q11 K1L2

εeff2 π2s2
2

)

(43) 

Fig. 4. (a). The transmission line model of proposed absorber (b). Comparison between the transmission line model and simulation results.

Table 3 
Eigenvalue q1 for different fill factors.

W /D 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

q1 W 
/π

0.734 0.725 0.710 0.689 0.658 0.620 0.571 0.507 0.420

Table 4 
The eigenvalues of graphene disk array.

2a 
/L

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

q11 a 0.539 0.536 0.533 0.530 0.527 0.499 0.472 0.444 0.417
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In this study, a cost function is employed to optimize six parameters, 
namely R1, L1, C1, R2, L2, and C2. The objective of this cost function is to 
determine the optimal values of the resistive, inductive, and capacitive 
elements associated with both the graphene ribbon layer and the gra
phene disk layer, such that maximum absorption and a wide operational 
bandwidth are achieved at the resonance frequencies as well as over the 
desired frequency range.

Mathematically, this cost function (CF) is defined as the Sum of 
Squared Errors (SSE) between the absorption response of the full-wave 
simulation and that of the equivalent circuit model, which can be 
explicitly expressed as: 

CF = SSE =
∑N

i=1
[Asimulation(fi) − Acircuit(fi)]

2 

where N is the total number of frequency points, Asimulation
(
fi
)

represents 
the simulated absorption magnitude, and Acircuit

(
fi
)

is the absorption 
calculated from the equivalent circuit model at the i th frequency point 
(fi). By minimizing this cost function, the optimal values of these six 
parameters are determined and summarized in Table 5, along with the 
corresponding SSE value. As demonstrated in Fig. 4(b), an excellent 
agreement is observed between the proposed analytical model and the 

full-wave simulation results.
It is noteworthy that the extracted capacitance values are highly 

minimized (e.g., 0.09 fF and 0.06 fF). These sub-femtofarad (attofarad 
range) values are physically plausible and expected for the proposed 
structure. At the nanoscale, the effective cross-sectional areas of the gaps 
and interacting metallic/graphene patches are extremely small, which 
directly leads to such diminutive gap and fringing capacitances, 
consistent with standard THz metamaterial circuit models.

To elucidate the physical mechanism behind the achieved broadband 
absorption, the effective electromagnetic parameters of the proposed 
structure are extracted using the standard parameter retrieval method 
based on the simulated S-parameters (S11 and S21). Fig. 5 illustrates the 
extracted normalized equivalent impedance (Z), effective permittivity 
(εeff ), and effective magnetic permeability (μeff ).

As shown in Fig. 5(c), across the primary absorption bands, the real 
part of the normalized impedance (Re(Z)) is maintained close to 1, while 
the imaginary part (Im(Z)) oscillates near 0. This condition confirms 
excellent broadband impedance matching between the proposed 
absorber and free space, which drastically minimizes the reflection co
efficient at the incident interface. Furthermore, Fig. 5.(a) and Fig. 5.(b) 
depict the effective magnetic permeability and dielectric constant, 
respectively. The strong variations and multiple resonant peaks in εeff 
and μeff demonstrate the simultaneous excitation of continuous electric 
and magnetic resonances within the metamaterial structure. Specif
ically, the highly negative real part of the permittivity at lower fre
quencies verifies the strong plasmonic response of the utilized graphene 
layer [89]. The synergistic combination of these localized electric and 
magnetic responses allows for manipulating the effective macroscopic 
parameters to achieve Z ≈ 1, ultimately leading to the proposed 

Table 5 
The values of optimized parameters.

Parameters R1 L1 C1 R2 L2 C2 SSE

Values 10.46 
Ω

17.2 
nH

0.09 
fF

257.94 
Ω

93.6 
pH

0.06 
fF

1.573

Γ =
Y0 − Yin

Y0 + Yin
=

Y0 − Yin

Y0 + Yin
=

Y0 − Ys.

− j.Ys.cot(βs.d1) +
1

Dπℏ2

s2
1e2EFτ + jω

(
Dπℏ2

s2
1e2EF

)

+
1
jω

Dq1

2s2
1 εeff1

+ jYs.tan(βs.d2)

Ys + j

⎡

⎢
⎢
⎢
⎣
− j.Ys.cot(βs.d1) +

1
Dπℏ2

s2
1e2EFτ + jω

(
Dπℏ2

s2
1e2EF

)

+
1
jω

Dq1

2s2
1 εeff1

.tan(βs.d2)

⎤

⎥
⎥
⎥
⎦

+ 1

/(
ℏ2K1L2

e2EFτ πs2
2
+ jω

(
ℏ2K1L2

e2EFπs2
2

)

+
1
jω

q11 K1L2

εeff2 π2s2
2

)

Y0 + Ys.

− j.Ys.cot(βs.d1) +
1

Dπℏ2

s2
1e2EFτ + jω

(
Dπℏ2

s2
1e2EF

)

+
1
jω

Dq1

2s2
1 εeff1

+ jYs.tan(βs.d2)

Ys + j

⎡

⎢
⎢
⎢
⎣
− j.Ys.cot(βs.d1) +

1
Dπℏ2

s2
1e2EFτ + jω

(
Dπℏ2

s2
1e2EF

)

+
1
jω

Dq1

2s2
1 εeff1

.tan(βs.d2)

⎤

⎥
⎥
⎥
⎦

+ 1

/(
ℏ2K1L2

e2EFτ πs2
2
+ jω

(
ℏ2K1L2

e2EFπs2
2

)

+
1
jω

q11 K1L2

εeff2 π2s2
2

)

(44) 

A = 1 −

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

Y0 − Ys.

− j.Ys .cot(βs .d1)+
1

Dπℏ2
s21e2EF τ

+jω

(

Dπℏ2
s21e2EF

)

+ 1
jω

Dq1
2s21 εeff1

+jYs .tan(βs .d2)

Ys+j

⎡

⎢
⎢
⎢
⎣

− j.Ys .cot(βs .d1)+
1

Dπℏ2
s21e2EF τ

+jω

(

Dπℏ2
s21e2EF

)

+ 1
jω

Dq1
2s21 εeff1

.tan(βs .d2)

⎤

⎥
⎥
⎥
⎦

+ 1

ℏ2K1L2

e2EF τ πs22
+jω

(
ℏ2K1L2

e2EF πs22

)

+ 1
jω

q11 K1L2

εeff2 π2 s22

Y0 + Ys.

− j.Ys .cot(βs .d1)+
1

Dπℏ2
s21e2EF τ

+jω

(

Dπℏ2
s21e2EF

)

+ 1
jω

Dq1
2s21 εeff1

+jYs .tan(βs .d2)

Ys+j

⎡

⎢
⎢
⎢
⎣

− j.Ys .cot(βs .d1)+
1

Dπℏ2
s21e2EF τ

+jω

(

Dπℏ2
s21e2EF

)

+ 1
jω

Dq1
2s21 εeff1

.tan(βs .d2)

⎤

⎥
⎥
⎥
⎦

+1/( ℏ2K1L2

e2EFτ πs2
2
+ jω

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

(45) 
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broadband absorption.
One of the most critical tasks accompanying the structural design is 

the investigation of the absorber’s electromagnetic behavior and its 
sensitivity to variations in the key design parameters. Accordingly, the 
effects of these parameters are systematically examined in the following 
section.

As shown in Fig. 6, the radii of the graphene disk array are system
atically varied, and full-wave simulations are performed for each 
updated configuration. In this structure, the disk radius is selected to 
simultaneously maximize the absorption bandwidth and the absorption 

magnitude. Based on this parametric analysis, the optimal radius of the 
graphene disks is determined to be 60 µm. At this value, nearly perfect 
absorption is achieved over a broad frequency range.

In this section, the effect of reducing the width of the graphene 
ribbons is investigated. The ribbon width is one of the key parameters 
influencing the absorption performance of the proposed structure. As 
the width of the graphene ribbons decreases, the characteristic imped
ance of the absorber increases. Consequently, a higher level of current- 
related losses is expected for narrower ribbons. To examine this effect, 
the ribbon width is gradually reduced from 91.4 µm to 11.4 µm, and the 

Fig. 5. Extracted effective electromagnetic parameters of the proposed structure versus frequency: (a) real and imaginary parts of effective permeability (μeff ). (b). 
real and imaginary parts of effective permittivity (εeff ). (c). real and imaginary parts of normalized impedance (Z).

Fig. 6. The absorption spectra of the proposed absorber were analyzed for 
various radius of graphene disks for second layer (a).

Fig. 7. The absorption spectra of the proposed absorber were analyzed for 
various width of graphene ribbon for first layer (w).
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absorber is redesigned and simulated for each case. The corresponding 
simulation results are presented in Fig. 7. The plots clearly illustrate the 
influence of the graphene ribbon width on the absorption characteris
tics. As observed, decreasing the ribbon width leads to increased losses 
within the structure. Based on this analysis, the optimal performance is 
achieved for a ribbon width of 91.4 µm in the first graphene layer, with a 
periodicity D of 118 µm.

At this stage, an additional layer is incorporated into the proposed 
absorber. This layer consists of a SiO2 dielectric spacer with a thickness 
of d3 = 50 um, followed by a periodic array of graphene ribbons ori

ented orthogonally to the graphene ribbons in the first layer, as illus
trated in Fig. 8(a). The graphene ribbons in this layer are assumed to be 
infinitely long along the x-direction. Due to their horizontal orientation, 
the optimal ribbon width in this configuration, unlike the previous case, 
corresponds to the minimum achievable width. Simulation results 
indicate that, in this configuration, increasing the ribbon width leads to 
enhanced current-related losses. Similar to the previous analysis, the 
absorber is redesigned and simulated for each considered ribbon width, 
and the resulting absorption spectra are presented in Fig. 8(b). Based on 
these results, the optimal ribbon width for this layer is found to be 11.4 
µm.

The relaxation time of sheet graphene at low temperatures, as re
ported from DC measurements, typically ranges from 10 to 500 fs. As 
illustrated in Fig. 9, the relaxation time is varied from 0.1 to 0.7 ps, and 
the corresponding simulation results are presented. It is observed that 
the optimal absorption performance is achieved for a relaxation time of 
0.1 ps. As the relaxation time increases beyond this value, the absorption 
response gradually departs from a broadband profile and evolves into a 
multi-resonant behavior.

The absorber’s sensitivity to polarization is examined. Fig. 10 shows 
that the absorber responds equally to TE (Transverse Electric) and TM 
(Transverse Magnetic) polarization. In the case of TE polarization, the 
electric field vector lies in the plane of incidence, meaning that it is 
perpendicular to the direction of propagation and to the magnetic field 
vector. Conversely, for TM polarization, the magnetic field vector is 
aligned in the plane of incidence, while the electric field vector is 
perpendicular to both the direction of propagation and the magnetic 

Fig. 8. (a). The unit cell of the proposed 3-layer absorber with horizontal ribbons. (b). The absorption spectra of the proposed structure were analyzed for various 
width of graphene ribbon for third layer (w).

Fig. 9. The absorption spectra of the proposed absorber for the various relax
ation time values.

Fig. 10. (a). The absorption spectra for TE and TM modes for normal incidence (b). TE and TM polarization for different angles.
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field vector.
The proposed absorber exhibits polarization-insensitive behavior, as 

the absorption spectra for both transverse electric (TE) and transverse 
magnetic (TM) polarizations are identical. In addition, as shown in Fig. 9
(b), the absorber is simulated for oblique incidence angles ranging from 
0◦ to 70◦ The results demonstrate that the absorption response of the 
designed structure remains stable with respect to variations in the angle 
of incidence and is identical for both TE and TM polarizations.

The thickness of the dielectric substrate must be much smaller than 
the surface plasmon wavelength. Increasing the substrate thickness up to 
a certain limit leads to a reduction in losses. Accordingly, based on the 
simulation results presented in Fig. 11, the optimal thickness for both 
dielectric layers is determined to be 50 µm. Employing this thickness for 
the dielectric substrates results in improved impedance matching and 
achieves an optimal absorption bandwidth.

Based on the comprehensive parametric studies conducted in the 
preceding sections, the optimal dimensions for the proposed absorber 
have been finalized to achieve the maximum absorption and broadest 
bandwidth. For the convenience of the reader and to provide a clear 
overview of the structural design, the final optimized values for all key 
geometric parameters are summarized in Table 6.

Although this study primarily focuses on numerical calculations, the 
proposed optimized structure is practically feasible and can be fabri
cated using standard nanofabrication techniques. First, the bottom 
metallic ground plane can be deposited on a substrate using electron 
beam evaporation or magnetron sputtering. Next, the dielectric spacer 
layer can be formed via plasma-enhanced chemical vapor deposition 
(PECVD) or spin-coating, depending on the chosen material. For the 
graphene layer, high-quality single-layer graphene can be grown on a 
copper foil via Chemical Vapor Deposition (CVD) and then transferred 
onto the dielectric layer using a standard wet-transfer method. Finally, 
the top patterned structure can be precisely defined using Electron Beam 
Lithography (EBL) or standard photolithography, followed by Reactive 
Ion Etching (RIE) or a lift-off process to achieve the designed unit cell 
geometry. Furthermore, the chemical potential of the graphene layer 
can be practically controlled by fabricating gating pads and applying an 
external bias voltage.

4. Smith chart analysis

Based on the points marked in the Smith chart as shown in Fig. 12, 
two important impedance points can be identified, namely Z1 
= (0.132+j13.8)Ω and Z2 = (0.0196 − j5.99)Ω, which correspond to 
the two main absorption resonances of the proposed structure. As can be 

observed from the Smith chart, the red trajectory approaches the center 
of the chart and crosses the real axis multiple times, indicating imped
ance matching at more than one frequency. This behavior is a clear 
signature of broadband impedance matching. Consequently, the struc
ture approaches the impedance matching condition at several distinct 
frequencies. Each point that is closer to the center of the Smith chart 
corresponds to a smaller reflection coefficient magnitude ∣Γ∣ and, 
therefore, a higher absorption level. In the vicinity of both resonances, 
the trajectory moves closer to the center, demonstrating that the 
observed absorption peaks are fully consistent with the Smith chart 
analysis. At the first resonance, the imaginary part of the impedance 
exhibits a large positive value, indicating a predominantly inductive 
behavior. The physical origin of this resonance is associated with loop 
currents and strong magnetic field coupling, and the absorption mech
anism can be classified as a structural resonance. In contrast, the second 
resonance is characterized by a negative imaginary part of the imped
ance, revealing a dominant capacitive behavior. The physical origin of 
this resonance arises from graphene surface plasmons and carrier den
sity oscillations, and the absorption mechanism is therefore plasmonic in 
nature. As a result, two distinct resonances with different physical 
mechanisms are observed. The overlap of these resonances leads to the 
formation of broadband absorption. From the Smith chart, it can be 
concluded that the proposed absorber operates as a broadband absorber 
rather than a single-frequency one, since the impedance trajectory is 
continuous and spiral-like, traverses different resistance and reactance 
regions, and approaches the chart center more than once. Furthermore, 
as evident from the figure, the absorber exhibits stable impedance 
matching, as the trajectory shows no abrupt jumps and the impedance 
varies continuously with frequency. This behavior indicates stable 
impedance matching and low sensitivity to frequency variations, which 
is a critically important feature for practical terahertz (THz) 
applications.

The physical mechanism driving the near-perfect, ultra-broadband 
absorption of the proposed structure is fundamentally rooted in the 
concept of macroscopic impedance matching combined with over
lapping multiple resonances. By carefully optimizing the geometric pa

Fig. 11. The absorption spectra for different thicknesses for both dielectric 
layers (d1 = d2).

Table 6 
Summary of the final optimized geometric parameters of the proposed structure.

Parameters a(μm) L(μm) w(μm) D(μm) d1(μm) d2(μm) t(μm) τ(ps) Px = Py(μm)

Optimized Values 60 218.7 91.4 118 50 50 10 0.1 563.4

Fig. 12. The smith chart of the proposed absorber.
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rameters of the unit cell and the thickness of the dielectric spacer, the 
effective input impedance of the metamaterial absorber is accurately 
matched to the free-space impedance (Zin ≈ Z0). This impedance 
matching minimizes the reflection of incident waves at the air-absorber 
interface. Simultaneously, the continuous metallic ground plane blocks 
any transmission (T = 0), forcing the incident electromagnetic energy to 
be trapped within the structure. The ultra-broadband nature of the ab
sorption spectrum is realized through the superposition of multiple 
adjacent resonant modes generated by the distinct geometric features of 
the top patterned layer. When these individual resonances are excited 
simultaneously, they merge into a single, continuous, and highly effi
cient broad absorption band spanning the THz regime.

At a microscopic level, the strong electromagnetic wave dissipation 
is primarily governed by the excitation of localized surface plasmon 
resonances (LSPR) on the patterned graphene layer. When the incident 
THz wave interacts with the structure, it induces strong electric field 
confinements, highly concentrated at the edges and gaps of the graphene 
resonators. This localized field enhancement effectively traps the inci
dent electromagnetic energy. Coupled with the magnetic resonance 
formed within the intermediate dielectric substrate between the top 
graphene layer and the bottom ground plane the trapped energy is 
efficiently dissipated into heat through the inherent Ohmic losses of the 
graphene layer. Thus, the synergistic effect of both electric and magnetic 
resonances ensures maximum energy confinement and subsequent 
absorption.

Furthermore, a critical advantage of the proposed design is its dy
namic tunability, which relies on the unique optoelectronic properties of 
graphene. According to the Kubo formula, the surface conductivity of 
graphene in the THz frequency range is highly dependent on its Fermi 
energy (Ef ). By applying an external bias voltage or via chemical doping, 
the Fermi energy can be actively manipulated, thereby directly altering 
the surface carrier density. Modifying the Fermi energy changes the 
equivalent impedance of the graphene resonators, which consequently 
shifts the plasmonic resonance frequencies and modulates the absorp
tion amplitude. This dynamic physical mechanism enables real-time 
tuning of the absorber’s operational bandwidth and intensity without 
the need to physically alter the geometrical dimensions of the structure, 
validating its high potential for active THz devices.

One of the key advantages of broadband absorbers in sensing ap
plications is their wide spectral coverage and capability for the simul
taneous detection of multiple analytes. Many chemical, biological, and 
pharmaceutical substances exhibit absorption at several distinct fre
quencies in the terahertz regime due to the presence of multiple vibra
tional modes. A broadband absorber can interact concurrently with all of 
these absorption features in an unknown sample, thereby producing an 
integrated response. This characteristic significantly facilitates initial 
screening and qualitative identification processes. In practical sensing 
scenarios, samples are often composed of multiple constituents, such as 
drug mixtures or combinations of different proteins. When a broadband 
absorber is engineered to maintain sensitivity over a wide frequency 
range, it can effectively capture the cumulative influence of the simul

taneous presence of multiple substances within that spectral band. In 
such cases, the sensing mechanism relies on the overall spectral response 
rather than the detection of a single narrow resonance peak. Moreover, if 
the terahertz source employed in the sensing system experiences slight 
frequency fluctuations or minor optical misalignment, narrowband ab
sorbers may rapidly lose their effectiveness. In contrast, due to their 
extended absorption bandwidth, broadband absorbers exhibit signifi
cantly enhanced robustness and operational stability against small 
variations in source frequency and alignment errors. In this section, the 
refractive index sensing capability of the proposed absorber is investi
gated by assuming that the analyte layer is deposited directly onto the 
structure. The corresponding absorption spectra for various refractive 
index values are presented in Fig. 13. The refractive index is varied from 
1.00 to 1.09 with a step size of 0.01. The results clearly demonstrate a 
systematic shift of the absorption response toward lower frequencies as 
the refractive index increases, confirming the suitability of the absorber 
for refractive index sensing applications. The sensitivity of the proposed 
sensor is evaluated by calculating the slope of the resonance frequency 
shift as a function of the refractive index, yielding a sensitivity of 3.3 
THz/RIU

To evaluate the sensing performance, it should be noted that in 
broadband absorbers, unlike typical narrowband sensors, the sensitivity 
is generally calculated by tracking the frequency shift of the absorption 
band edges or specific local resonance peaks. The sensitivity (S) is 
defined as s = Δf/Δn, where Δf is the resonance frequency shift and Δn 
is the change in the background refractive index. As depicted in Fig. 13, 
while the overall broad absorption band remains stable, the higher- 
frequency edge of the absorption band (specifically the local reso
nance peak around 1.6 THz) exhibits a distinct red-shift as the back
ground refractive index (n) increases from 1 to 1.09. By tracking the shift 
of this specific local peak, the sensitivity of the proposed structure is 
calculated to be 3.3 THz/RIU

To comprehensively evaluate the sensing performance of the pro
posed structure, in addition to sensitivity (S), the Quality Factor (Q) and 
Figure of Merit (FOM) are calculated. These are standard metrics that 
allow for a direct comparison with other reported THz sensors. The 
Quality Factor represents the sharpness of the resonance peak and is 
defined as Q = fr/FWHM, where fr is the resonance frequency and 
FWHM is the full-width at half-maximum of the resonance peak. 
Furthermore, the Figure of Merit, which represents the overall resolu
tion of the sensor, is defined as FOM = S/FWHM. For the central reso
nance frequency of fr ≈ 0.99 THz and sensitivity of S = 3.3 THz/RIU, 
the calculated values are Q ≈ 0.65 and FOM ≈ 2.16 RIU− 1 . It is worth 
noting that while these values are comparatively lower than those of 
conventional narrowband sensors, this is an inherent characteristic of 
broadband absorbers due to their deliberately large FWHM. The primary 
advantage of the proposed design lies in its ability to maintain a strong 
interaction with the analyte over an ultra-wide frequency range, 
providing dual-functionality as both an efficient broadband absorber 
and a reliable sensor. This relatively high sensitivity highlights the 
strong potential of the proposed absorber for use as an efficient refrac
tive index sensor.

While narrowband sensors rely on tracking the shift of extremely 
sharp resonance peaks, the proposed broadband structure offers unique 
and practical advantages for sensing applications. Firstly, looking at the 
absorption spectra in Fig. 13, a significant variation in absorption in
tensity is observed in the high-frequency regime (e.g., between 1.3 THz 
and 1.6 THz) as the refractive index changes. For example, at 
f ≈ 1.35 THz, the absorption amplitude clearly decreases from approx
imately 0.95 to 0.80 as n increases from 1 to 1.09. This pronounced 
variation enables amplitude-based sensing (intensity interrogation). 
From a practical standpoint, this is highly advantageous because it al
lows for analyte detection using a fixed-frequency THz source by simply 
measuring the reflected/absorbed power, thereby eliminating the need 
for complex and expensive wideband spectrometers.

Fig. 13. The absorption spectrum for different analyte refractive indices.
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Secondly, broadband structures exhibit much higher tolerance to 
manufacturing imperfections compared to ultra-narrowband designs, 
whose fragile resonances can be easily disrupted by fabrication errors. 
Finally, the proposed design offers excellent dual-functionality, serving 
simultaneously as a highly efficient, robust broadband absorber for 
electromagnetic shielding and a reliable environmental sensor.

5. Chirality analysis of the proposed graphene absorber

The chirality of the proposed broadband graphene absorber is 
examined through several systematic steps. From a geometrical 
perspective [90,91], the graphene disks are perfectly circular, ensuring 
complete in-plane rotational symmetry. Moreover, the graphene ribbons 
are straight, non-rotated, and aligned parallel to the x- and y-axes. The 
unit cell is periodically repeated, and there is no lateral offset or rota
tional misalignment between the two graphene layers. Additionally, 
mirror symmetry exists with respect to both the xz and yz planes. 
Therefore, from a purely geometrical standpoint, the proposed structure 
is non-chiral. The three-dimensional (stacking) chirality is also investi
gated. In the proposed configuration, there is no twist angle between the 
two graphene layers, nor is there any helical displacement or lateral 
offset. Furthermore, the thicknesses of the intermediate SiO2 layers are 
symmetric. Consequently, the layers are fully parallel, untwisted, and 
non-offset, confirming that the structure is also non-chiral from a 
three-dimensional stacking perspective. The polarization response 
(TE/TM) of the absorber is then analyzed. As observed from the ab
sorption spectra, the TE and TM curves completely overlap throughout 
the entire frequency range from 0 to 2 THz, i.e., ATE(f) = ATM(f)This 
polarization-independent response indicates that the structure does not 
exhibit anisotropy or magneto-electric coupling, and therefore no elec
tromagnetic chirality is present. Next, the incident angle dependence is 
examined. According to the simulation results, the absorption response 
remains symmetric for incident angles ranging from 0∘ to 70∘. This 
behavior confirms that the proposed structure functions as an 
angle-stable, non-chiral graphene absorber. The surface current distri
butions are also analyzed to further verify the absence of chirality [92]. 
On the graphene ribbons, the induced currents are linear, bidirectional, 
and symmetric with respect to the center of the structure. On the gra
phene disks, although circulating currents are formed, clockwise (CW) 
and counterclockwise (CCW) current components with equal strength 
coexist, resulting in a zero net circulation, 

∮
J⋅dl = 0. Therefore, no 

chiral surface current pattern is generated. Finally, the circular dichro
ism (CD) is evaluated by exciting the structure with left- and 
right-handed circularly polarized waves. In this case, the circular di
chroism is given by CD = ARCP − ALCP = 0 [93,94]. Due to the presence 
of mirror symmetry in the structure, the electric–magnetic coupling 
vanishes, leading to identical absorption responses for both polariza
tions. Based on all the above analyses and discussions, it can be 
conclusively stated that the proposed broadband graphene absorber is 
non-chiral.

6. Limitations and practical considerations

While this study presents a comprehensive design and analysis of the 
graphene-based THz absorber, it is important to acknowledge certain 
limitations and practical considerations. Firstly, the work relies solely on 
numerical simulations. Experimental validation of the proposed struc
ture would be essential to confirm the predicted performance in a real- 
world scenario and to account for potential discrepancies arising from 
material imperfections or fabrication tolerances.

Secondly, as an inherent characteristic of broadband absorbers, the 
sensor performance metrics, namely the Quality Factor (Q) and Figure of 
Merit (FOM), are comparably lower than those typically achieved by 
narrowband sensors due to the significantly larger Full Width at Half 
Maximum (FWHM). While our design prioritizes broadband absorption 

and robustness, this trade-off implies that high-resolution measurements 
requiring extremely sharp spectral features might be more suited to 
narrowband approaches. However, the advantages of amplitude-based 
sensing and the simpler measurement setup offered by our broadband 
design are significant practical benefits.

Furthermore, while the proposed fabrication steps are based on 
standard nanofabrication techniques, achieving precise control over 
layer thicknesses, precise alignment, and uniformity of the graphene 
film across large areas can pose practical challenges in experimental 
realization. Future work could focus on experimental realization and 
addressing these fabrication aspects to fully harness the potential of this 
promising design.

7. Conclusion

In this work, a dual-layer broadband terahertz absorber based on 
graphene structures is proposed. To this end, an analytical equivalent 
circuit model is developed for two-dimensional arrays of graphene disks 
and ribbons. In addition, analytical expressions for the surface current 
density induced on the graphene disks and ribbons in the subwavelength 
regime are derived using perturbation theory under normal plane-wave 
illumination. The strong agreement between the full-wave simulation 
results and the proposed analytical model confirms the high accuracy 
and reliability of the developed approach. By employing a cost-function- 
based optimization, the parameters of the equivalent RLC circuit are 
optimally extracted, yielding a sum of squared errors (SSE) of 1.573. 
Furthermore, the proposed structure demonstrates the capability to 
operate as a refractive index sensor over a wide frequency range, 
highlighting its potential for multifunctional terahertz applications.
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