Materials Today Communications 56 (2026) 116119

Contents lists available at ScienceDirect

materialstoday

COMMUNIC

Materials Today Communications

journal homepage: www.elsevier.com/locate/mtcomm

ELSEVIER

A quad-band terahertz plasmonic sensor based on a graphene metamaterial
absorber with symmetric coupled multi-strip resonators

Mohadese Imani, Seyed Amin Khatami, Shiva Khani, Mohammad Danaie -

Electrical and Computer Engineering Faculty, Semnan University, Semnan, Iran

ARTICLE INFO ABSTRACT

Keywords:

Graphene Plasmonic Resonator
Quad-Band Sensing

Terahertz Metamaterial Absorber
Cross-Shaped Graphene Array

In this paper, a four-band refractive index sensor is introduced, composed of an interwoven array of graphene
nanostrips with attached appendages. The proposed design highlights the significance of graphene as a funda-
mental material in the development of plasmonic sensors operating in the terahertz (THz) domain and dem-
onstrates its efficiency in emerging optoelectronic applications. The sensor can simultaneously exhibit the
Surface Plasmon Resonance (SPR) phenomenon across four distinct frequency bands, leading to a significant
enhancement in detection sensitivity. The proposed structure consists of four layers, sequentially arranged as
gold, SiO,, graphene, and the analyte material. The sensitivity and Quality Factor are reported as 1314 GHz/RIU
and 33.708, respectively. For analysis, the FEM-based frequency-domain solver in CST Microwave Studio and
Coupled Mode Theory (CMT) were utilized. The sensor displays four resonance peaks at frequencies of 5.29,
6.66, 8.02, and 11.44 THz, with corresponding absorptions of 97.1%, 96.1%, 99.9%, and 99.2%, respectively.
Given its ability to accurately distinguish between frequencies and the stable resonance behavior observed in the
numerical analysis, this sensor may be considered a promising candidate for refractive index sensing applica-
tions, particularly within the terahertz frequency range.

1. Introduction

Among various frequency regions, the terahertz band has gained a
special position due to its distinctive characteristics and has found wide-
ranging applications. The most important of these features include its
non-ionizing radiation nature, good coherence, high safety, consider-
able bandwidth, and desirable spectral resolution [1-5]. These proper-
ties have made terahertz waves a focal point in many scientific and
technological fields as an efficient and reliable option. Recent ad-
vancements in multilayer SPR sensors have highlighted the critical role
of material composition and layer thickness in enhancing sensing per-
formance. For instance, it has been demonstrated that the precise cali-
bration of metallic layers, such as Ag and Au combined with TIBr, can
optimize the trade-off between sensitivity and Figure of Merit (FoM),
achieving sensitivities up to 368.38 °/RIU [6]. Similarly, the integration
of 2D materials like MXene and TaS: has shown great promise in
improving field confinement and molecular attachment due to their high
optical tunability and biocompatibility [7]. The proposed sensor, uti-
lizing a Gold/SiO2/Graphene architecture, leverages the unique
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potentials of graphene in the THz regime. The use of graphene in this
regime allows for dynamic tuning of the resonance characteristics via
chemical potential adjustments, providing a versatile platform that en-
hances sensing performance beyond the limits of static multilayer
designs.

In the telecommunications and electronics industries, particularly at
high-frequency regimes, a wide range of functional devices play essen-
tial roles, including sensors [8,9], filters [10-13], switches [14-17],
antennas [18,19], neural networks [20,21], and absorbers [22-24]. To
date, most reported absorber designs have focused on achieving perfect
absorption at one or two discrete wavelengths. However, such narrow-
band designs are often inadequate for practical sensing applications,
where simultaneous detection at multiple frequencies is desirable.
Consequently, multiband absorbers have attracted increasing attention.
These structures are typically realized by integrating different nano-
ribbon geometries within a single architecture, thereby providing mul-
tiple resonant absorption bands that better satisfy the requirements of
modern sensing technologies [25,26].

In recent years, metamaterials (MMs) have emerged as an important
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research area because of their extraordinary electromagnetic properties,
which are unattainable in naturally occurring materials. Metamaterials
consist of periodically arranged subwavelength structural elements,
commonly referred to as unit cells, whose geometry determines the
overall electromagnetic response. Through appropriate engineering of
these unit cells, metamaterials can exhibit unconventional electromag-
netic characteristics and enable phenomena that are impossible to
achieve using conventional materials [27]. Among these structures,
metamaterial perfect absorbers (MPAs) have received considerable
attention owing to their exceptional electromagnetic properties,
including negative refractive index behavior under specific operating
conditions [28-31]. In addition to their superior absorption perfor-
mance, MPAs have demonstrated significant potential as high-sensitivity
refractive index (RI) sensors, enabling the detection of subtle variations
in the surrounding dielectric environment [32-35].

Graphene, a two-dimensional material composed of a single layer of
carbon atoms arranged in a hexagonal honeycomb lattice, has attracted
tremendous research interest because of its extraordinary electrical,
optical, thermal, and mechanical properties [36,37]. Owing to its
atomic-scale thickness, exceptionally high electrical and thermal con-
ductivity, excellent mechanical strength, and remarkable optical char-
acteristics, graphene has become one of the most promising materials for
next-generation photonic and optoelectronic devices [38]. In particular,
graphene plays a pivotal role in the development of terahertz (THz)
technologies due to its electrically tunable surface conductivity and
strong interaction with THz electromagnetic waves. Consequently,
graphene has been widely employed in numerous THz applications,
including antennas [39,40], absorbers [41-46], biosensors [47-50], and
various sensing platforms [51-54].

Recent advances in graphene-based absorbers have led to the
development of multi-band and reconfigurable structures with discrete
and tunable resonance peaks [55-57]. In parallel, broadband and
narrowband absorber designs have also been extensively investigated to
achieve strong absorption over different frequency ranges [58-61].
Additional broadband configurations have further expanded the
achievable performance of these structures [62]. These distinctive
properties have enabled graphene-based metastructures to attract sig-
nificant attention for enhanced light-matter interactions [63]. Beyond
absorber-based platforms, graphene has also been employed in other
sensing architectures, such as ionic liquid-gated FET sensors [64].
Finally, these capabilities have provided great potential for highly sen-
sitive sensing applications, including refractive index and selective
sensing [65-67].

Through careful structural optimization and the exploitation of
graphene's tunable electronic properties, these absorbers have demon-
strated significantly improved absorption efficiency, spectral selectivity,
and operational flexibility, making them promising candidates for
advanced sensing, imaging, and communication systems.

In this study, a multiband sensor composed of graphene ribbons is
proposed. These ribbons are placed on a gold layer and a SiO- dielectric
layer. The FEM-based frequency-domain simulations performed in CST
Microwave Studio demonstrate that the sensor exhibits four resonance
peaks at 5.29, 6.66, 8.02, and 11.44 THz, with corresponding absorption
levels of 97.1%, 96.1%, 99.9%, and 99.2%, respectively. The sensitivity
and Q-factor were obtained as 1314 GHz/RIU and 33.708, respectively.
This sensor is capable of effectively distinguishing between different
frequencies and demonstrates strong performance in detection. The
following sections present the structure of this study: The details related
to graphene conductivity are presented in Section 2. The sensor struc-
ture and its corresponding settings are provided in Section 3. The results
are presented in Section 4. Section 5 examines the performance of the
sensor as a refractive-index sensor. The final section contains the
conclusion.
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2. Theoretical analysis

The surface conductivity of graphene, denoted as og(w, ., 7, T), is
influenced by four key factors: the wave frequency (), the chemical
potential (u.), the electron relaxation time (7), and the material’s tem-
perature (T). To obtain an accurate expression for this conductivity, the
Kubo formalism is employed. In general, graphene’s conductivity con-
sists of two main components. The first arises from electronic transitions
occurring within a single energy band (intra-band), while the second
originates from transitions taking place between different energy bands
(inter-band). The complete analysis and formulation of these contribu-
tions are presented in Egs. 1 through 3. The Kubo formalism for gra-
phene's surface conductivity is correctly expressed as the sum of intra-
band and inter-band contributions:

Og ((Da Hes r, T) = Ointra + Ointer (@)

The intra-band conductivity, which dominates in the terahertz fre-
quency range, is given by:

kT m
Gintra (0, B, T) = kT e +2In| e kT +1 (2

" (o +i20)A2 \ ksT

The inter-band conductivity, which becomes significant at higher
frequencies (typically above ~10 THz), is expressed as:

_@(( 2/, | (m+i2F)h>

- 3
Ointer = 400 \(0 + 2000 ' 2)p,] 3)

Itis important to note that in the terahertz regime (4-12 THz) and for
the selected chemical potential values (pc = 0.6-0.9 eV), the intra-band
contribution dominates the conductivity response, as the inter-band
transitions are suppressed due to Pauli blocking.This justifies the use
of the simplified intra-band model for our analysis [68,69].

Here, we have e = 1.6 x 1071°C as the electron charge, kz = 8.617 x
10 5eV.K! as the Boltzmann constant, and # = 6.582 x 10 1%eV.s as
the approximate Planck constant.

Subsequently, the relationship between tau () and gamma (I') is
defined as follows:

1

L )

I' (Gamma): Represents the phenomenological electron scattering
rate, which accounts for the damping of electron oscillations due to
scattering events. This parameter appears directly in the denominator of
the conductivity formula as (o+i2I).

7 (Tau): Represents the electron relaxation time, which is the average
time between scattering events.

Fig. 1 illustrates the relationship between graphene’s chemical po-
tential and the variation of the real and imaginary components of its
electrical conductivity, providing a more comprehensive understanding
of its electromagnetic behavior. As the figure suggests, adjusting the
frequency leads to consistent and recognizable shifts in both parts of the
conductivity response.

According to the transmission line theory, the absorption coefficient
(A) can be expressed in terms of the relative impedance Z,as:

z-2,~,["~ 3770 )
[

4 22 |z 1)

A=1-R=1 \Z + Z, 1z, +1 ©)

where Zprepresents the impedance of free space, and uyand epare the
magnetic permeability and dielectric constant in free space, respec-
tively. The relative impedance Z, = Z/Zyis retrieved from the S-pa-
rameters using the following formula:
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Fig. 1. Graphene conductivity Real part and imaginary part [67].
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Since our proposed absorber utilizes a continuous metallic ground
plane at the bottom, the transmission coefficient is zero (Sy; = 0).
Consequently, this relation simplifies to:

1+8n1
_ 8
15, ®

z,

To achieve perfect absorption (A—1), the equivalent impedance of
the metasurface must match the free-space impedance, which theoreti-
cally requires :(Z,)—~1and J(Z,)—0at the absorption peaks. [2]

As shown in Fig. 2, the real part Re(Z,)is significantly near 1 and the
imaginary part Im(Z,)vanishes at the four resonant frequencies (5.29,
6.66, 8.02, and 11.44 THz). This impedance matching performance
physically justifies the near-perfect multi-band absorption of the pro-
posed structure.
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Fig. 2. Absorption spectrum and relative impedance (Re(Z;) and Im(Z;,)) of the
proposed absorber. [2].

3. Absorber theory and design

Schematic illustration of the proposed structure four-band sensor is
shown in Fig. 3. The graphene-based sensor consists of three layers,
where the bottom layer is a gold metallic sheet with an electrical con-
ductivity of 6 = 4.56 x 107 S/m. The middle layer is made of silicon
dioxide (SiO2) with a dielectric constant of ¢4 = 3.9. Graphene strips
constitute the top layer— four peripheral graphene ribbons with
attached extensions, along with two coupled central graphene ribbons,
each having a thickness of 0.35 nm. On top of these layers, a 2 um thick
analyte layer is placed. In this section, the geometric parameters are
determined as follows: HAu = 0.2 pm, HSiO2 = 4 pm, V1 = 0.4pm, V2 =

(b)

Fig. 3. (a) Perspective representation of the designed THz absorber. (b) Its
X-Y view.
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0.5 pm, V3 = 0.4pm, L= 0.15 pm, L1 = 2pm, L2 = 1.5pm, respectively.
The proposed structure’s period is PX = PY = 4.75 pm. To perform the
electromagnetic computations, the frequency-domain solver in CST
software was utilized. To implement the periodic array configuration of
the structure, Floquet port boundary conditions were applied along the
x- and y-axes. Furthermore, in the wave propagation direction (z-axis),
open-space boundary conditions were simulated using perfectly
matched layers (PML) to guarantee the accuracy of the results by
eliminating unwanted reflections. Detailed simulation configurations
are provided below:

The structure was discretized using a surface-based tetrahedral
meshing scheme in CST Studio Suite 2025. The mesh density was
defined with 10 cells per maximum model box edge, resulting in a final
mesh count of 27,400 tetrahedrons. To ensure numerical stability and
accuracy, the mesh quality was maintained at an average of 0.775 (with
a maximum of 0.999). The minimum edge length was refined to 0.02 y p
m, which is sufficiently small to resolve the localized field enhancements
at the graphene interfaces. These statistics confirm that the mesh reso-
lution is adequate to capture the plasmonic resonance effects with high
fidelity and stable convergence.

4. Results and analysis

The operation of the proposed sensor was evaluated using frequency-
domain simulations in the CST Microwave Studio environment, with the
corresponding results presented in Fig. 4. The absorption spectra for
configurations (d), (e), and (f) are presented. Figure (a) consists of four
graphene ribbons exhibiting a single resonance peak at 5.50 THz. As
depicted in Figure (b), a structure formed by four outer graphene rib-
bons and two coupled ribbons at the center gives rise to two distinct
absorption peaks located at 5.53 THz and 6.82 THz. Meanwhile, the
design illustrated in Figure (c) supports four resonance modes at
5.29 THz (f1), 6.66 THz (f2), 8.02 THz (f3), and 11.44 THz (fa), with
absorption levels reaching 97.1%, 96.1%, 99.9%, and 99.2%,

Px
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respectively.

This figure shows the distribution of the vertical component of the
electric field (Ez) at the absorption peak. As depicted in Fig. 5(a), at the
approximate resonance frequency of 5.29 THz, the electric field is
mainly dispersed over the lateral strips and their extended appendages.
When the resonance shifts to 6.66 THz, the field becomes more
concentrated in the central region of the coupled strip structure. At the
8.02 THz resonance, most of the electric field intensity accumulates
around the graphene appendage regions. Finally, at 11.44 THz, the field
pattern shifts upward and downward along the strips and their corre-
sponding extensions. Fig. 5(e) through (h) illustrate the distribution of
the vertical component of the magnetic field (H;) at the absorption
peaks. As depicted in Fig. 5(e), at the approximate resonance frequency
of 5.29 THz, the magnetic field is mainly dispersed over the lateral strips
and their extended appendages. When the resonance shifts to 6.66 THz,
the field becomes more concentrated in the central region of the coupled
structure. At the 8.02 THz resonance, most of the magnetic field in-
tensity accumulates around the graphene appendage regions. Finally, at
11.44 THz, the field pattern shifts upward and downward along the
strips and their corresponding extensions. To further elucidate the
physical origin of the four absorption peaks, the spatial distributions of
the electric field (|Ez|) and magnetic field (|Hz|) are illustrated in Fig. 5.
At the first resonance (5.29 THz), the electric field is primarily localized
at the outer edges of the side strips, indicating a fundamental dipolar
resonance of the entire structure. For the second peak at 6.66 THz, a
strong enhancement of both electric and magnetic fields is observed
within the central coupled resonators, suggesting the excitation of
symmetric coupled plasmonic modes. The third peak (8.02 THz) is
characterized by field localization at the graphene appendages, con-
firming the role of the structural symmetry-breaking features. Finally, at
11.44 THz, the fields are highly confined at the sharp edges and small
extremities, which is typical for higher-order plasmonic modes. The
strong magnetic field concentration in the gaps between graphene ele-
ments at these frequencies indicates that the total absorption is a result

Py
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Fig. 4. (a) Structure 1, (b) structure 2, (c) structure 3, absorption spectrum of (d) structure 1, (e) structure 2, (f) structure 3.
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Fig. 5. The electric field distribution (|Ez|) in the proposed sensor structure at (a) 5.29 THz, (b) 6.66 THz, (¢)8.02 THz, and (d) 11.44 THz. The magnetic field
distribution (|Hz|) in the proposed sensor structure at (e) 5.29 THz, (f) 6.66 THz, (g) 8.02 THz, and (h) 11.44 THz.

of both electric and magnetic dipole resonances, leading to an efficient
impedance matching with free space. Fig. 6 from a to d shows the
parameter sweeps, based on the results, geometric parameters V1, V2,
V3, and L were varied, yielding different absorption spectra. In Fig. 6(a),
as the width of V1 increases from 0.3 to 0.5 micrometres, the resonant
absorption peak frequencies f;, f3, and f4 remain stable, while f5 is
shifted. With increasing V1, the frequency f, moves towards higher
frequencies, and the absorption efficiency decreases. Consequently, the
frequency fy corresponds to the coupled graphene strips in the centre. In
Fig. 6(b), as L increases from 0.05 to 0.25 micrometres, only the fre-
quency fo shifts towards higher frequencies, while the others remain
constant. In Fig. 6(c), as V3 increases from 0.3 to 0.5 micrometres, the
resonant absorption peak frequencies f, fo, and f4 are nearly constant,
while the frequency fs shifts towards higher frequencies. Additionally,
the absorption efficiency initially increases and then decreases.

Frequency f; is related to the graphene appendages.

In Fig. 6(d), as V2 increases from 0.4 to 0.6 micrometres, the fre-
quency fy remains nearly constant, while the others are shifted. Fre-
quency f; moves towards higher frequencies, and the absorption
efficiency increases. Frequency f3 shifts to higher frequencies, while its
absorption efficiency stays approximately unchanged. Similarly, f4 shifts
toward higher frequencies; however, its absorption efficiency first re-
mains stable and then exhibits an increase.

Overall, Fig. 6 indicates a quasi-independent tuning behavior: facan
be selectively tuned by Vjand L, and fsis mainly controlled by Vs.
However, varying Viaffects fi, f3, and fssimultaneously, indicating
mode coupling; therefore, the tuning is not fully independent for all four
bands.

Among the parameters affecting graphene’s surface conductivity, the
relaxation time is particularly significant. In Fig. 7, the behavior of four
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Fig. 7. Simulated absorption graph under different relaxation times (7).

absorption modes is examined over a range from 0.2 to 1 picosecond.
According to the observed results, Under the condition that the chemical
potential is set to uc = 0.9, variations in the relaxation time do not lead
to any shift in the absorption peak frequencies, and their positions
remain unchanged. However, the bandwidth of these peaks gradually
decreases, resulting in narrower peak shapes. Higher relaxation time (t)
means lower scattering rate (I'), which leads to lower real part of con-
ductivity and therefore lower ohmic losses. However, it also means
higher imaginary part of conductivity, which enhances the plasmonic
resonance quality (sharper and stronger resonance). This is why longer ©
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Fig. 8. Simulated absorption responses corresponding to different chemical
potential (u.) values.

results in higher and narrower absorption peaks.

As shown in the Fig. 8, raising y, from 0.6 eV to 0.9 eV improves the
absorption performance of the graphene-based sensor. In addition, a
higher chemical potential shifts the sensor’s resonant frequencies to-
ward the upper end of the frequency spectrum.

The fabrication methodology for the proposed graphene-based THz
absorber is illustrated in the Fig. 9. The process commences with the
synthesis of graphene layers on copper foil via chemical vapor deposi-
tion (CVD). To facilitate transfer onto the target substrate, a PMMA
support layer is spin-coated onto the graphene, followed by the chemical
etching of the copper foil using an FeCls solution. Simultaneously, a gold
back reflector and a dielectric SiO2 spacer are deposited onto a SiO;
wafer through sputtering. After the PMMA-graphene composite is

transferred onto the prepared substrate, the PMMA layer is removed via
acetone immersion. Finally, the desired geometry is defined on the

graphene layer utilizing standard photolithography and reactive-ion
etching (RIE) techniques

5. Refractive index sensor

The analyte, which represents the material under investigation, is
positioned on the proposed structure, and its refractive index is sys-
tematically varied in a controlled manner. It has been observed that
variations both increases and decreases in the analyte’s refractive index
lead to a displacement of the structure’s absorption curve. This change
signifies the appropriate performance and high sensing capability of the
presented design. In Fig. 10, the behavior of the sensor’s absorption

spectrum can be observed for several different values of the analyte’s
refractive index

Graphene-based sensors used for monitoring the refractive index in
the terahertz region are evaluated based on multiple criteria. Sensitivity,
as the primary indicator in these evaluations, represents the sensor’s
response to variations in the refractive index of the surrounding envi-
ronment. These variations are mainly accompanied by changes in
resonance frequency or absorption intensity
s

T An ©
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Fig. 9. The fabrication procedure for the proposed structure, adapted from [1].
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Fig. 10. The proposed sensor’s absorption spectra demonstrate distinct pat-
terns corresponding to different refractive indices of the analyte.

The Quality Factor (or Q factor) is a metric that indicates the degree
of “purity” or “efficiency” of a resonant system (such as a resonator in a
sensor or a resonant circuit). In simpler terms, this factor determines
how much energy a resonant system can store compared to the energy
dissipated in each oscillation cycle.

f

Q= FwaM

10

Figure of Merit (FOM), a combined metric, is used to comprehen-
sively assess sensor performance. Typically defined as the ratio of
sensitivity to resonance bandwidth, this index quantifies the sensor’s
ability to distinguish subtle signals (small changes in the measured
parameter) from inherent device noise or uncertainty. In essence, a high
FOM signifies a sensor that is both highly sensitive to minor variations
and capable of resolving these changes with great precision and clarity,
making it ideal for applications demanding accurate and reliable
measurements.

S

FOM =
© FWHM

an

This figure shows how the absorption behavior evolves as the
refractive index of the analyte changes from 1 to 1.5. With an increase in
the refractive index, the absorption curve gradually shifts toward lower
frequencies. The average FWHM for the four modes fi, fs, f3, and f4 are
288 GHz, 438 GHz, 396 GHz, and 328 GHz, respectively. The average
sensitivities are S= 512 GHz/RIU for mode f;, S= 592 GHz/RIU for
mode fy, S= 886 GHz/RIU for mode f3, and S= 1314 GHz/RIU for mode
f4. Based on the results, the average figure of merit (FOM) is
FOM= 1.776 (RIU™}) for mode f;, FOM= 1.349 (RIU ') for mode f5,
FOM= 2.247 (RIU™!) for mode f3, and FOM= 4.030 (RIU™}) for mode f;.
Additionally, the average quality factor (Q) is Q= 17.906 for mode fj,
Q= 14.879 for mode f;, Q= 19.685 for mode f3, and Q= 33.875 for
mode f4. A detailed overview of the sensor’s performance parameters is
provided across Tables 1-4.

CMT provides a practical and intuitive way to explain how electro-
magnetic modes interact inside resonant structures. Within this
approach, phenomena such as absorption, reflection, and transmission
are explained based on the interaction and coupling between resonant
modes and the incoming and outgoing fields. In this work, CMT is used

Table 1
Analysis of Sensor Response Variations in Mode 1 Induced by Refractive Index
Changes.

Refractive RPF FWHM Sensitivity [THz/ FOM Q-

index [THz] RIU] factor
1 5.291 0.289 - - 18.307
1.1 5.238 0.290 0.53 1.827 18.062
1.2 5.203 0.289 0.35 1.211 18.003
1.3 5.123 0.288 0.8 2.777 17.788
1.4 5.090 0.287 0.33 1.149 17.735
1.5 5.035 0.287 0.55 1.916 17.543
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Table 2
Analysis of Sensor Response Variations in Mode 2 Induced by Refractive Index
Changes.

Refractive RPF FWHM Sensitivity [THz/ FOM Q-

index [THz] RIU] factor
1 6.625  0.435 - - 15.291
1.1 6.603  0.437 0.49 1.121  15.109
1.2 6.566  0.437 0.37 0.846  15.025
1.3 6.476  0.439 0.9 2.050 14.751
1.4 6.435  0.44 0.41 0.931 14.625
1.5 6.356  0.439 0.79 1.799  14.478

Table 3

Analysis of Sensor Response Variations in Mode 3 Induced by Refractive Index
Changes.

Refractive RPF FWHM Sensitivity [THz/ FOM Q-

index [THz] RIU] factor
1 8.015 0.392 - - 20.446
1.1 7.924 0.394 0.91 2.309 20.111
1.2 7.888 0.396 0.36 0.909 19.919
1.3 7.708 0.394 1.8 4.568 19.563
1.4 7.677 0.400 0.31 0.775 19.192
1.5 7.572 0.401 1.05 2.678 18.882

Table 4

Analysis of Sensor Response Variations in Mode 4 Induced by Refractive Index
Changes.

Refractive RPF FWHM Sensitivity FOM Q-

index [THz] [THz/RIU] factor
1 11.44 0.334 - - 34.251
1.1 11.310 0.333 1.3 3.903 33.963
1.2 11.239  0.331 0.71 2.145  33.954
1.3 11.015  0.326 2.24 6.87 33.788
1.4 10.951  0.328 0.64 1.951  33.387
1.5 10.783 0.318 1.68 5.283 33.908

as a complementary theoretical framework to describe and interpret the
resonance behavior observed in the full-wave simulations.

The results obtained from the Coupled Mode Theory (CMT) are
presented below, which clearly demonstrate the good agreement be-
tween the full-wave simulation results and those derived from this
theoretical approach. The values of the two parameters, § and ye, used in
the formula for calculating the absorption curve based on the Coupled
Mode Theory (CMT) (as shown below), were obtained from a Lorentzian
fitting procedure, which is fully described in Reference [3,67]. Since
critical coupling occurs at the resonance frequency, the values of these
two parameters become equal at 5.29, 6.66, 8.02, and 11.44 THz. The
value of y, and 5 for each frequency are: y,;= 3 x 10!, y,,= 4 x 101},
rea=3x 101,  y,=35x10, §5=3x10Y, s,=4x10,
83=3 x 10'1, 5,= 3.5 x 10",

S 4(r.(1)8 (1))
A= 12
; ((w — ()" + (r(i) + 5(i))2> (2

i

The full-wave simulations were compared with the predictions of the
coupled-state theory, the two sets of results showed an impressively
close match, as illustrated in Fig. 11. To evaluate its effectiveness,
Table 5 compares how this sensor performs relative to those developed
in earlier research.

As shown in Table 5, the proposed sensor achieves a well-balanced
trade-off among key performance metrics. While some previous
studies, such as [70] and [76], report much higher Q-factors, they often
operate in a single-band regime or exhibit lower sensitivity. In contrast,
although Ref. [72] demonstrates higher sensitivity, our design provides
quad-band operation (at 5.29, 6.66, 8.02, and 11.44 THz) with high
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Fig. 11. Assessment of agreement between the circuit model and simula-
tion outcomes.

Table 5
Comparative table of specifications for refractive index sensors presented in the
recent research versus the proposed sensor.

Ref. Year  Frequency Range Sensitivity FOM Q-
[THz] [THz/RIU] factor
[70] 2019  3.82 0.16 62.81 1432
[71] 2019 0.8-1.2 0.28 NR NR
[72] 2019 5-15 22.720 34.96 14.32
[73] 2020 2.1-6.25 1.57 11.75 40.1
&24.5 &80
[74] 2020 0.4-2.5 0.5 15 NR
[75] 2020 0.1-1.9 0.28 8.54 30.5
[76] 2021 1-2 1.84 NR 277.8
[77] 2021 1-2.4 0.152 1.5 106
[78] 2022 2.5-4.5 1.6498 NR 11.33
[79] 2023 1.3 0.473 16.9 NR
[80] 2024 3.24 0.726 2.69 NR
[81] 2025 2.5 0.42 1.27 5.45
[38] 2025  3-7 2.22 7.7 14.5
This 2026  4-12 1.314 4.030 33.708
work

NR: not reported

absorption levels (all above 96%). Increasing the number of resonance
modes typically complicates the design and, due to increased losses and
modal overlap, may reduce the Q-factor. Nevertheless, our structure
maintains a competitive sensitivity of 1.314 and an acceptable Q-factor
of 33.708 across four distinct bands, making it more versatile for
refractive index sensing than single-band, high-Q alternatives.

6. Conclusions

This study presents the design and analysis of a plasmonic sensor
composed of crossed graphene ribbons. The graphene ribbons are placed
on a gold layer, with SiO2 used as a dielectric spacer between them. The
structure’s performance in simultaneously identifying four frequency
bands demonstrates its efficiency in accurately analyzing environmental
parameters, including refractive index. The simulation analysis shows
that the sensor reaches a sensitivity of 1314 GHz/RIU and provides a Q-
factor of 33.708, demonstrating its effective sensing performance. This
proposed model can enhance the performance of optical sensors and
create new opportunities for applications in refractive index sensing and
terahertz communications.
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