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This study presents a precise refractive index (RI) sensor based on a dual-band graphene-based absorber for the early diagnosis of
breast cancer. The sensor exhibits two strong absorption peaks at 4.58 THz and 6.25 THz, with efficiencies of 99.99% and 90%,
respectively. Full-wave simulations and a transmission line model were used to assess the sensor’s performance, showing strong
consistency. The sensor detects variations in the analyte’s RI, achieving a sensitivity of up to 2.22 THz/RIU and a Figure of Merit
(FoM) of 7.7 RIU". The use of a top-gate structure allows dynamic tuning of graphene’s chemical potential, enhancing adaptability.
While the study is simulation-based and lacks experimental validation, it demonstrates the potential of this sensor for detecting
biological changes, including those associated with breast cancer cells (RI range of 1.3 to 1.4). The simulation was performed using
CST software with the FDTD solver. Future experimental validation will be necessary to confirm the device’s real-world appli-

cability.
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1. Introduction

The THz band, encompassing the range of frequencies from
0.1 to 10 THz, has attracted significant attention from many
researchers in recent years. Consequently, numerous papers
have been published on various applications within this fre-
quency range, including detectors,' absorbers,” modulators,’
and others. Due to the absence of natural materials with ap-
propriate electromagnetic responses in the terahertz (THz)
range, most devices operating in this region have been
designed using metamaterials.

Metamaterials are synthetic structures designed with unit
cells smaller than the wavelength of the incident light, exhi-
biting distinctive electromagnetic characteristics absent in
natural materials. Despite their unusual behavior, these
characteristics are in accordance with established physical
laws. Metamaterials are categorized into several types based
on their specific properties. For instance, materials charac-
terized by negative values of p and € demonstrate unique
features like left-handed wave propagation and negative re-
fractive index (RI) within the microwave spectrum. Initially,
Veselago introduced the concept of materials exhibiting a
negative RI, now known as double-negative (DNG) materials.
Another class of materials, called Electromagnetic Band Gap
(EBG), consists of periodic metallic, dielectric, or hybrid
structures. These structures inhibit the propagation of elec-
tromagnetic waves over a defined frequency band, indepen-
dent of the incident angle or polarization. As a result,
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metamaterials can be utilized to enhance the performance of
antennas, filters, and absorbers in the microwave band.*~°

The advancement of metamaterials into the terahertz,
infrared, and visible frequency domains has led to the reali-
zation of extraordinary properties, including cloaking, nega-
tive indices, reverse Doppler effects, and highly efficient
absorption.”® Among these, absorbers have garnered signif-
icant attention for their applications in sensor design,
modulators, and solar cells.

In the THz frequency range, due to the use of metallic
resonators, the intrinsic losses in metamaterials increase,
reducing their performance. With the rapid advancements and
excellent applications in fundamental physics, graphene has
emerged as a potential replacement for traditional metallic
materials. It provides a suitable platform for surface plasmons
and the design of a perfect metamaterial absorber.”'° Refer-
ence 9 proposed a tunable dual-mode graphene absorber that
achieves efficient THz absorption and sensing, demonstrating
its potential for high-performance photonic applications.

An analytical approach for a graphene-based RI sensor with
high accuracy is presented in Ref. 10, offering a theoretical
foundation for precise THz sensing designs.

Graphene surface plasmons can exhibit strong confine-
ment properties.''”'® In contrast to surface plasmon polar-
itons in noble metals like silver and gold, graphene plasmons
provide enhanced field localization with minimal optical
attenuation. These features allow them to confine light to
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nanoscale wavelengths, thereby enhancing light absorption.'*
In addition to their superior confinement, graphene plasmons
offer the unique benefit of dynamic tunability of the chemical
potential by applying an external gate voltage — a feature not
available in traditional metallic plasmonic systems.'>-!¢

Since the wave vector of graphene plasmons is directly
linked to the surface conductivity of graphene — which
in turn is governed by its chemical potential — the applica-
tion of an external gate voltage enables dynamic tuning
of plasmonic absorber performance without altering the
geometry.' '8

Currently, metamaterial absorbers are widely recognized
for their utility in applications such as detection, security, and
communications, and have become an active topic of research
in the terahertz frequency range.'”*° Landy et al. were the
pioneers in introducing a metamaterial absorber capable of
achieving perfect absorption.?! Following this development,
numerous metamaterial absorbers have been designed to
operate across a wide frequency range, from microwave to
infrared.>*~>*

In the terahertz range, Tao and collaborators introduced
the first narrowband absorber.>> Subsequently, researchers
have employed different methods to achieve dual-band,
broadband, and multi-band perfect metamaterial absorbers
based on graphene.”®™>° Multi-band perfect absorbers, in
particular, allow for complete absorption at several discrete
frequencies, making them ideal for multi-band sensing
applications. In general, multi-band perfect absorbers can be
realized using two primary design strategies. The first, re-
ferred to as the co-planar approach, integrates multiple
resonators of varying sizes within a single planar struc-
ture.’*3! The second approach involves vertically stacking
alternating multilayered structures.’>>? Nevertheless, neither
method is optimal for designing a structure capable of
achieving multi-band absorption. For instance, the co-planar
approach inevitably increases the unit cell size of the desired
absorber, while the multilayer design results in excessive
thickness and a heavier structure. In recent years, some
simpler arrangements have been proposed to obtain multi-
band absorption.>** However, improvements are still
needed to achieve wide-angle absorption with polarization-
insensitive behavior.

In the past decade, significant advancements have been
made in various fields towards developing optical sensor
technology. Technologies designed at micro- and nanoscale
dimensions, along with integrated circuits, have driven the
development of faster, more powerful, and smaller sensors. In
any sensor design, the ultimate goal is to achieve a simple,
reliable, and highly sensitive mechanism that results in a cost-
effective and portable product. Modern methods for sensor
design often involve the utilization of fluorescence and
surface plasmon resonance techniques.’®*’ Beyond THz
absorbers, advances in plasmonic and optical filters have
been reported, including highly miniaturized nanoplasmonic
filters with tunable cut-off wavelengths®® and polarization-
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insensitive graphene disk THz absorbers for breast cancer
detection using deep learning.’’

However, these methods face numerous limitations. For
instance, their efficiency is relatively low, and in fluores-
cence-based sensors, the analyzed molecule often needs to be
replaced. Surface plasmon resonance-based methods have
addressed many of these challenges and have found
remarkable applications in areas such as food safety diag-
nostics, molecular biological analyses, and pharmaceutical
applications. Despite significant advancements in optical
detection methods in recent years, sensors operating in the
infrared range are nearly absent. Recently, terahertz tech-
nology-based methods have garnered attention for detecting
biological materials in extremely small quantities.”®

THz spectroscopy systems employ terahertz radiation to
extract molecular spectral information that is not feasible in
other frequency ranges because molecular rotational, vibra-
tional, and translational modes are excited in the terahertz
range. Unlike other spectroscopic techniques, terahertz tools
measure the electric field profile, which, through Fourier
transformation, provides both phase and amplitude data. This
enables the determination of the RI and absorption coeffi-
cients. Terahertz sensors play a critical role in medical
applications, including biological detection and chemical
analysis of substances such as identifying proteins or human
blood sugar levels, by leveraging changes in the RI. Recent
studies have further advanced metamaterial and graphene-
based absorbers for RI sensing. Reference 39 demonstrated
sensitivity enhancement by incorporating silicon layers into
metamaterial sensors, while Ref. 40 designed a tunable quad-
band fan-shaped split-ring graphene absorber for THz
sensing applications.

A dual-band, polarization-independent maze-shaped
graphene absorber optimized for biomedical use was also
proposed,*' and Ref. 42 reported a polarization-insensitive
THz biosensor capable of distinguishing glioma tissues. In
addition, ultra-narrowband graphene sensors for precise RI
detection have been introduced,** and plasmonic and pho-
tonic crystal band-gap structures have been developed for
basal cell cancer detection.** Beyond graphene-based devi-
ces, ultra-high sensitivity plasmonic sensors using elliptical
resonators and MIM waveguides have also been explored for
RI detection.*

Generally, terahertz sensors based on metasurfaces often
use changes in resonance frequency to identify the properties
of a material. These sensors operate by measuring absorption
levels at resonance frequencies within a specific frequency
band, where higher sensitivity and Q-factor (quality factor)
indicate greater precision in detection.

Consequently, the paper is structured into two primary
sections. The first part introduces a dual-band absorber and
investigates the physical nature of each absorption peak. To
validate the result of the designed absorber, the transmission
line model was analyzed for the designed structure, and the
outcomes of this theory showed exceptional agreement with
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the results achieved from full-wave simulations. In the second
part, this dual-band absorber proposed for use as an RI sensor
was examined, and this absorber is used as an RI biosensor
for the early detection of breast cancer.

Since each of the frequencies related to the absorption
peak undergoes a slight shift with variations in the analyte RI,
each frequency can be selectively used as an RI biosensor. In
Sec. 2, the conductivity coefficient of graphene is investi-
gated. Section 3 discusses the plan and introduction of the
proposed absorber design. In Sec. 4, the results obtained from
the proposed structure are examined. In Sec. 5, for the
designed dual-band absorber, the transmission line method is
investigated. In Sec. 6, the device fabrication process and
measurement setup for the proposed sensor are discussed. In
Sec. 7, the suggested RI sensor functionality is analyzed, and
in the final section, the conclusion is stated.

2. Graphene Conductivity

The unique behavior of graphene is significantly influenced
by its conductivity. Based on the Kubo equation, graphene’s
conductivity is composed of two components: intera-band
conductivity and inter-band conductivity.

2e2ksT i In |2 cosh Er
mh? o+ il~! 2k T

+ ﬁ [1 + ltan_l <ﬁm — 2EF>
2 7 2kgT
_L n (ﬁm+2EF)2 :| (1)
21 (ho — 2E)2 + 4(kgT)2 |’

Here, e indicates the charge of an electron, kp is the
Boltzmann constant, 7 indicates the surrounding temperature
(typically assumed as 300 K), # refers to the reduced Planck
constant, and o is the angular frequency of an incoming plane
wave. The graphene Fermi level, denoted as Ep, and the
average relaxation time, represented as I', play crucial roles in
the material’s behavior.

In the THz frequency band, the impact of in-band con-
ductivity on graphene’s overall electrical conductivity is
negligible. However, when graphene is highly doped, the
condition E >> kpT must be satisfied to simplify the analysis
using the Drude formula. This approximation is particularly
useful in understanding graphene’s electrical properties under
these conditions.

Og¢ = 0Oip + Cinger =

e\2 Er i

% = (h) T o+l @
The carrier relaxation time, denoted as I, is defined by the
formula T’ = (uEy)/(ev%), where vy represents the Fermi
velocity, set at 1.1 x 10°m/s. The parameter u refers to
the carrier mobility, which is an experimentally measured

constant with a stable value of 3000 cm2/(V~ ).
Figure 1 shows that the chemical potential of the graphene
layer is regulated using a top-gate configuration. The method
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Fig. 1. Diagram of a top-gate configuration designed to control the
graphene chemical potential.

of top gate used in this configuration, specifically for a
graphene-based terahertz absorber, involves electrostatic
gating to precisely tune the graphene chemical potential (Er).
This approach utilizes the distinctive electronic character-
istics of graphene along with the strong electric field pro-
duced by the ion-gel top gate. This top-gate structure applies
a voltage V¢ across the ion-gel dielectric layer. This creates
an electric field that induces charge carriers in a graphene
sheet. This charge density directly shifts the Fermi level (Ef)
of graphene, altering its electronic and optical properties.
Figures 2(a) and 2(b) illustrate the dependency of the
components of graphene’s electrical conductivity (both real
(Re) and imaginary (Im) parts) on different values of chem-
ical potential. It highlights that changes in frequency result in
corresponding alterations in both the imaginary and real parts
of the conductivity. These changes play a critical role in
system performance by affecting resonance shifts over a wide
range and adjusting the resonance amplitudes. Both the res-
onance shifts and amplitude modulation are directly tied to
the imaginary and real conductivity components of graphene.

3. Structure Design

Figure 3 illustrates the unit cell design for the planned
absorber. The scheme is composed of three distinct layers.
The top layer features patterned graphene, while the middle
layer consists of silicon dioxide (Si02), a dielectric medium
characterized by a dielectric constant of 2.25. The bottom
layer is a gold plate with an electrical conductivity of
4.56 x 107 S/m. As seen in Fig. 3, the graphene pattern on
the planned structure involves a square-shaped ring in which
two rectangles are placed crosswise. Additionally, there are
four circular rings in the space between the two rectangles
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Fig. 2. The conductivity of graphene for various chemical potentials. (a) Real part and (b) imaginary part
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(a) (b)
Fig. 3. The unit cell scheme for the designed absorber: (a) 2D front, (b) 3D visualization, and (c) proposed RI sensor.

and one circular ring at the intersection of the two rectangles.
Figure 3(a) represents the top view, and Fig. 3(b) shows a 3D
view of the planned absorber. Figure 3(c) is a graphical
pattern intended to illustrate the performance of the proposed
RI sensor, and it does not represent real-world performance.
An analyte material (substance under test) is placed on the
proposed absorber structure, and by altering the RI of the
analyte material and measuring the shift of the peak fre-
quency in the absorption diagram of the planned absorber,
cancer cells can be identified. The designed structure
dimensions are listed in Table 1.

Graphene contains free electrons capable of interacting
with electromagnetic fields at terahertz frequencies. When
electromagnetic waves strike the surface of graphene, their
electric field excites the free electrons within the material.
This excitation leads to the collective oscillation of electrons,
known as plasmons. For efficient coupling between the
electromagnetic waves and graphene’s free electrons, the
wave frequency must align with the natural oscillation
frequency of the electrons in graphene. This alignment is

Breast Cancer Cell

rncine] | |||

©)

typically achieved at terahertz frequencies. When this
coupling occurs effectively, the electromagnetic wave energy
is transferred to plasmonic oscillations on the graphene sur-
face.?® At the boundary between graphene and the dielectric
material, these oscillations appear as surface plasmons.
Surface plasmons are oscillations of the collective electrons
confined to the graphene surface and localized near the
graphene-dielectric boundary.

Before employing a metamaterial perfect absorber for
sensing applications, it is essential to conduct a comprehensive

Table 1. Parameters value for designed absorber (unit: nm).

Parameter Value (pm) Parameter Value (pm)
H1 4.6 L1 34
H2 1 R1 0.1
P 4 R2 0.2
w1 0.63 R3 0.2
w2 3 R4 0.1
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evaluation of its unit cell performance. This includes verifying
that the desired structure attains the required absorption fea-
tures, such as high efficiency, and fulfills essential criteria,
including sensitivity, stability, and repeatability. A compre-
hensive evaluation of the unit cell’s performance is essential
to confirm its appropriateness and reliability for sensing
applications.

The designed structure underwent detailed analysis using
CST software through full-wave simulation. CST provides
precise analysis of electromagnetic properties, enabling an
accurate assessment of the structure’s performance and be-
havior. This analysis included a thorough examination of the
absorber’s electromagnetic properties, absorption character-
istics, and other relevant parameters. The FDTD technique
was utilized for the simulation, with appropriate boundary
conditions applied: unit cell boundaries in the X- and Y-axes,
and an open boundary condition in the Z-axis. This con-
figuration ensures reliable simulation results, effectively
validating the absorber’s performance.

4. Results and Discussions

In graphene-based terahertz absorbers, electromagnetic waves
are categorized into two fundamental modes: Transverse
Electric (TE) and Transverse Magnetic (TM). These modes
are characterized by the relative orientation of the electric and
magnetic fields with respect to the wave propagation direc-
tion. In TE mode, the electric field is completely transverse to
the wave propagation direction, with no component present
along the propagation axis. Conversely, in the TM mode, the
magnetic field is entirely transverse to the direction of prop-
agation, with no component along the wave axis. Figure 4
illustrates the absorption diagram of the designed absorber.
The graph represents the performance of the graphene pattern
under the following conditions: a 0.95 eV chemical potential,
a 1 ps relaxation time, and a 300 K temperature.

In Fig. 4, the absorption behavior of the planned absorber
is presented, showcasing its performance as a dual-band ab-
sorber. It exhibits two separate absorption peaks at frequen-
cies of 4.58 THz and 6.25 THz. The absorption rate of the
designed structure at the frequency of 4.58 THz is 99.99%,
and the absorption rate at the frequency of 6.25 THz is 90%.

Absorption
= s =
- =) =]

.
o

3 4 5 6 7 8 9
Frequency(THz)

Fig. 4. The absorption behavior of the planned absorber.
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This shows that the planned structure is polarization-
insensitive and operates independently of the incident wave
polarization angle. The planned structure incorporates a
graphene pattern to enable tunability. Figure 5(a) demon-
strates the absorption diagram of the planned structure for
different chemical potentials of graphene. As shown, in-
creasing the pc from 0.35eV to 0.95eV results in an am-
plitude reduction of the absorption peaks. The highest
absorption peak and the optimal functionality of the structure
are observed when pc is set to 0.95eV. Figure 5(b) displays
the 2D- and 3D-views of the absorption diagram versus
changing chemical potential.

The abnormal absorption peak observed at higher
frequencies in Fig. 5(a) can be explained by the excitation of
higher-order plasmonic resonances in the patterned graphene
structure and the enhanced interaction between the graphene
layer and the dielectric substrate. As the frequency increases,
nonfundamental modes arise from the coupling between
localized surface plasmons and the periodicity of the unit cell,
producing additional peaks beyond the primary dual-band
absorption. Moreover, at higher frequencies, stronger cou-
pling with the SiO2 spacer may induce slight impedance
mismatches and Fabry—Pérot-like effects, further contributing
to spurious resonances. It is important to note that these ad-
ditional peaks do not compromise the sensing performance in

—p =035
dm= p =045
HEE 1 =055
HEN 1 =0.65

- p=0.75
- pc=0.85
— =095

Absorption

Frequency(THz)
(@)

o (eV)

<

=i =
PSR-
o b = 50

seos

e
s

4 6 8 0.8
Frequency (THz) 0.7

Absorption
[— [—}
= &

=
i

B (€V) 05 iﬂ-l
0 W N = TR T |
3 4 5 6 7 8 9 10
Frequency (THz)
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Fig. 5. (a) 2D Absorption diagram of the designed absorber with
different chemical potentials. (b) 3D view of the absorption diagram
versus changing the chemical potential.
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Fig. 6. Calculated normalized impedance curve for a planned ab-
sorber.

the operating bands (around 4.6 THz and 6.2 THz), where the
absorber maintains stable resonance, high absorption, and
excellent RI sensitivity. The designed structure demonstrates
two distinct peaks of absorption with amplitudes near unity,
indicating excellent impedance matching at these frequencies
with the free space impedance of 377 Q.

To analyze this phenomenon, Fig. 6 presents both
components of the structure’s impedance. At the desired
frequencies associated with the absorption peaks the imped-
ance approaches approximately 377 + jO ohms. This align-
ment demonstrates an effective impedance match between the
designed absorber and the impedance of free space.

Figure 7 displays the electric field distributions, which
reveal the physical mechanism of the planned absorber.
The distribution is presented from the top view for each
absorption frequency.

When an electromagnetic wave interacts with the absorber
structure, surface plasmon modes are excited on the graphene
surface, contributing to the absorption process. As displayed
in Fig. 7(a), at a frequency of 4.58 THz, the electric field is
strongly concentrated near the central regions of the structural
elements. This indicates the presence of localized surface
plasmon resonance (LSPR), where the electric field intensi-
fies around the edges of the graphene structures. At a fre-
quency of 6.25THz, the electric field is more uniformly
distributed across the entire structure, with lower intensity in
the central regions compared to the lower frequency
(Fig. 7(a)). This suggests that the mechanism of absorption is
dominated by geometric resonance.

The angular orientation of the planned absorber relative to
the incident wave direction is a critical factor in terahertz
absorber design. Unlike conventional absorbers, the gra-
phene-based structure exhibits a dependency on the polari-
zation of the incident wave. Figure 8 presents an absorption
diagram of the designed absorber across incident angles
ranging from 0° to 90°, illustrating how its absorption
characteristics change with varying angles. The absorption
peak amplitudes diminish as the incident angle increases,
demonstrating the structure’s sensitivity to the incident wave
angle. Unlike certain terahertz absorbers that are polarization-
independent, the absorption peaks of this absorber are

J. Adv. Dielect. 2550040 (2026)

(b)

Fig. 7. The electrical field distribution of the planned absorber (a)
4.58 THz and (b) 6.25 THz.

influenced by the polarization angle of the incident wave.
Figure 8(b) shows the 2D- and 3D-views of the absorption
diagram for various incident wave angles.

The polarization-insensitive and wide-angle absorption of
the proposed design is primarily attributed to the structural
symmetry of the unit cell and the plasmonic confinement of
graphene.

The absorber employs a symmetric square-ring geometry
integrated with cross-placed rectangular strips and circular
resonators, ensuring that the electromagnetic response
remains nearly identical for both TE and TM polarizations.
Consequently, the absorption peaks at 4.58 THz and
6.25THz are preserved regardless of polarization angle.
Furthermore, numerical simulations performed for incidence
angles up to 50° confirmed that absorption at both resonance
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Fig. 8. The absorption diagram for various angles of received wave:
(a) 2D and (b) 3D.
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frequencies remains above 80%, demonstrating the wide-
angle stability of the structure. This improvement arises from
the strong plasmonic confinement in graphene and the cou-
pling between multiple resonant elements, which minimizes
angular sensitivity. In contrast to many previously reported
absorbers with asymmetric geometries that exhibit strong
polarization or angular dependence, the rotationally sym-
metric configuration of our proposed absorber achieves
robust polarization insensitivity and stable performance over
a wide range of incident angles.

5. Numerical Analyses of the Planned Absorber

To authenticate the full-wave software simulation outcomes
and ensure the functionality of the planned absorber, we
presented the TLM for the planned structure. The planned
TLM is defined in Fig. 9. In the presented model, the gold
layer acts as a short circuit, and the dielectric layer is modeled
as a transmission line. The graphene layer is also modeled as
a set of series resonators that are parallel to each other. Since
this structure is dual-band, the graphene layer is modeled as
two parallel branches of the series resonator.®’

The calculation relationships of the model of the trans-
mission line are given below. The comparison of the obtained
results from the software simulation and the transmission line
method is displayed in Fig. 10. The close agreement between

J. Adv. Dielect. 2550040 (2026)
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Fig. 9. The proposed TLM of the planned absorber.
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Fig. 10. Comparison results between CST software simulation (full-
wave) and circuit model (transmission line model).

the simulation outcomes and the TLM results validates the
reliability and efficiency of the designed absorber.

In this model, the graphene pattern of the designed
absorber is modeled with resonators that indicate with Y,
that calculated from the following equation:

o0

Yor = Z

n=1(odd)

1 -1
R iL 3
< i nw+jcnm> (3)

where Y, represents the surface admittance. The equivalent
resistor, inductor, and capacitor are calculated as follows:
L
S
L Im{o,'}
L, =omG——,
S; ®

2
_ Sa 2egr
= .

L g,

R, = —5Re{o;'},
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The propagation constant is calculated from Eq. (5), where &
is the vector of wave and n; is the RI of the dielectric used in
the proposed absorber.

ﬂs = kOns (5)
n
Y, =~ 6
e (6)
The free space impedance is equal as followws:
no = 120w (7)
®
kg =— 8
)=2 (8)

where o is the angular frequency and c is the light speed in
vacuum. The seen impedance from free space to graphene is
calculated as follows:

Yip = Your _ijCOt(ﬂsh)a (9)

1 -1
Y, =(R L
in < 1 +] 1® + jcl(l))

1 —1
R iL — — jY,cot(fh 10
+ ( 3 +] 30 + jC3(D> J¥5CO (ﬁs )7 ( )

. 1 -
Yin|m:u)1 = (Rl +JjLio; + jC10)1>

*ijCOt(ﬁxh”a):w]a (11)

. 1\
Yirlomoz = (Rl +JjLio; + jC1602>

1 —1
+ (R3 +jLzwy + - )
JC30,

_ijCOt(ﬁsh)|m:mzv (12)
ﬁsh|m:m2 = 7T/2a
1
L;Cs = ol (13)
R3 = ’70/aa
e2EpT 1
= 14
% mh? 14+ jor (14)
R — L.
S2 e2EpT
L, = 7R, (15)
522
Cn _Pn Eeff )
L g,

The condition to have a good impedance matching between
the free space impedance and the designed absorber is

L —Yiuno
1+ Yino
Im(Yin)|m:wl =0,
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Table 2. Values of the parameters obtained from the transmission line model.

Parameter Value Parameter Value

RI1 121.6 Q Cl 6.54 x 1018
R2 121.6 Q C2 3.61 x 10718
L1 0.135 nH T 1Ps

L2 0.135 nH we 0.95eV

1
Re(Yi)lo—w, = o

Lo (1 - —Llcllw%)

R+ L3} (1-

5+ Ycot(Bh)|pep, =0, (17)

L Cio?
R, B 1
5 =
2 2.2 1

R1+lel(l_m> Mo
[0) 2 1 52
—L = Zcot™ [ — a_21_ (18)
w, ng \l 3

The parameter values obtained from the transmission line
method are also given in Table 2.

6. Device Fabrication and Measurement Setup

The detailed preparation steps, as illustrated in Fig. 11, are
outlined below:

Graphene Synthesis and Transfer: Graphene is grown on a
copper foil layer using the conventional chemical vapor de-
position (CVD) technique. The copper foil is initially removed
to facilitate the transfer of graphene onto the target substrate.

The process begins with spin-coating a PMMA layer onto
a graphene/copper substrate. The copper is subsequently
dissolved in an FeCl3 solution, after which the remaining
PMMA /graphene layer is transferred into acetone to remove
the PMMA.°

Metal substrate preparation: A 1000 nm gold film is
sputter-coated onto the SiO2 wafer to create the desired metal

[ rows |
i I gold I gold gold

_-‘

Fig. 11. The detailed preparation steps of graphene-based sensor.

2550040-8



J. Adv. Dielect. Downloaded from www.worldscientific.com
by 5.200.117.236 on 02/01/26. Re-use and distribution is strictly not permitted, except for Open Access articles.

S. A. Khatami, P. Rezaei & M. Danaie

substrate. A PDMS film layer with excellent adhesion is then
applied to the gold substrate, and an SiO2 layer is fixed
on top.

Graphene placement and patterning: The prepared
graphene is transferred onto the fabricated SiO2/gold sub-
strate. Laser direct-writing lithography is then used to create
various graphene patterns on the substrate.

For optical measurements, a setup similar to that described
in Ref. 64 can be used. The setup comprises a CCD camera, a
beam splitter, a THz pump laser, a focusing lens, an objective
lens, an optical signal analyzer (OSA), and a polarizer.

The process involves:

(1) Generating a broadband THz wave with the THz pump
laser.

(2) Collimating the wave through a lens and adjusting
polarization (vertical or horizontal) with a polarizer.

(3) Splitting the optical beam into two parts of uniform
intensity using a beam splitter. One wave is directed to a
CCD camera through a lens, and the other is sent to the
objective lens and target device.

The OSA measures the reflected wave, which changes when
different biomolecule concentrations are applied to the de-
vice. This setup enables the characterization of the device’s
performance for sensing applications.

7. Proposed Absorber Sensing Performance

To evaluate the performance of the planned absorber for
sensing applications, an analyte (substance under test) is
placed on the absorber. By varying the analyte RI from 1.1 to
1.6, a noticeable shift in the absorption peaks of the structure
is observed. This behavior demonstrates the designed
absorber’s sensitivity to changes in the analyte’s RI,
highlighting its potential for use in selective sensing appli-
cations. Figure 12 depicts the designed absorber absorption
diagram, illustrating its response to variations in the analyte
RI. To check the performance of the RI sensor, there are some
main parameters that should be checked for the proposed
structure.

A suitable RI sensor should have high sensitivity (S),
which indicates the absorption frequency shift or reflection
peaks (Af) per unit variation in the RI (An).

The formula for sensitivity is s = % which Af is the shift
of the frequency, and An is the variation of RI. Sensitivity
allows the detection of very small changes in the analyte RI.

Another important parameter is the Figure of Merit
(FoM), representing the ratio between the sensor’s sensitivity
and its FWHM. The formula is FOM = simz Where S is
sensitivity, and FWHM is the width of the absorption peak. A
smaller FWHM results in a higher FoM, enabling the sensor
to detect small RI changes with greater precision.

Another important parameter is the Q-factor, which
should also be high. This represents the sharpness and clarity
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Fig. 12. The absorption diagram of the planned sensor: (a) 2D and
(b) 3D.

of the absorption or reflection peaks and is calculated as
= ﬁ, where fis the peak frequency. The main parameters
for the designed RI sensor are given in Table 3.

In Fig. 12, the sensing experiment was modeled by ap-
proximating breast cells as a thin analyte layer deposited on
the graphene metasurface. The analyte was represented by a
100-nm uniform film with its RI systematically varied from
1.0 to 1.7, covering the biologically relevant values of
MCF10A (n ~ 1.387) and MCF7 (n ~ 1.401). The meta-
surface was designed with patterned graphene on a SiO2
spacer (er & 2.25, thickness = 4.6 um), backed by a gold
ground plane (o =~ 4.56 x 107 S/m, thickness 1 pum). The
graphene conductivity was calculated using the Kubo

Table 3. Designed features of planned biosensor.

RI  Frequency [THz] S[THz/RIU] FWHM [THz] FoM Q-factor
1 4.593 — 0.312 — 14.72
1.1 4.431 1.62 0.306 5.29 14.48
1.2 4.209 2.22 0.288 7.7 14.61
1.3 4.143 0.66 0.288 2.29 14.38
1.4 4.035 1.08 0.27 4 14.94
1.5 3.921 1.14 0.27 4.22 14.52
1.6 3.819 1.02 0.258 3.95 14.8
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formula with a chemical potential of 0.95eV, a relaxation
time of 1 ps, and a temperature of 300 K. Electromagnetic
excitation was applied at normal incidence within the
3-9 THz range, using periodic boundary conditions in the x—y
directions and open boundaries in the z direction. The ab-
sorption spectra were obtained as A = 1 — [S11]% —|S21|2,
which simplifies to A &~ 1 — |S11|? due to the gold ground
eliminating transmission. These parameters ensured that the
simulation accurately reflected the operational environment
for distinguishing between normal breast cells (MCF10A)
and cancer cells (MCF7).

In addition, the mesh properties used in the simulations
showed a tetrahedral high-frequency mesh with 7888 ele-
ments, minimum and maximum edge lengths of 0.0247 and
7.1316, and an average quality of 0.7085. Together, these
details confirm the robustness of the numerical model and
ensure reliable evaluation of the sensing performance.

In practical biosensing applications, one of the most
common approaches for placing breast cancer cells or their
biological content onto metasurfaces is the cell lysate meth-
od. In this technique, breast cancer cell lines such as MCF-7
or MDA-MB-231 are cultured, harvested, and subjected to
controlled lysis using mild detergents or enzymatic buffers.
After centrifugation to remove cellular debris, the clear lysate
enriched in proteins and nucleic acids is deposited as a thin
biological film on the metasurface, either by drop-casting,
spin-coating, or through microfluidic delivery. This thin
uniform layer perturbs the local RI around the resonant
structure, leading to measurable resonance shifts that differ-
entiate between cancerous and normal cells. In our simula-
tions, this process was modeled by a 0.1 um analyte layer
with refractive indices ranging from 1.0 to 1.6, covering
biologically relevant values for breast cancer cells.’ In
addition, other studies have modeled cell placement differ-
ently; for example, Tan et al.®® considered two hemispherical
analytes on a graphene surface and analyzed the variation
of the absorption response at different positions for
normal and cancerous cells. Together, these studies confirm
that both cell lysate deposition and hemispherical analyte
modeling provide effective strategies for representing cell—
metasurface interactions in graphene-based biosensing
platforms (Table 4).

A higher Q-factor ensures sharper and more defined
peaks, improving detection accuracy. The function comparison
of the planned sensor compared to the RI sensors introduced
by previous researchers is given in Table 3.

The proposed absorber employs a hybrid unit-cell
configuration consisting of a square ring with cross-placed
rectangular strips and multiple circular rings. While the ge-
ometry is more complex than some previously reported
designs, this unique configuration enables the coexistence of
two distinct absorption mechanisms — LSPR (at 4.58 THz)
and geometric resonance (at 6.25 THz).

Also, according to Table 3, the proposed sensor achieves a
maximum sensitivity of 2220 GHz/RIU (2.22 THz/RIU) with
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Table 4. The comparison table between reported sensors in the prior research
and the designed sensor.

Published Frequency Sensitivity

References year band [THz] [GHz/RIU] FoM [RIU-!]
46 2012 0.2-0.3 225 —
47 2013 0-1.2 261 —
48 2013 3.7 130 1.04
49 2014 0.5-1 163 2.67
50 2014 0.4-3 261 —
51 2016 0-3 457 3.1
52 2016 0.71 220 1.1
53 2016 0.5-1 500 —
54 2017 L.77 638 —
55 2017 0.1-0.9 127 46.8
56 2019 3.82 160 62.82
57 2019 0-3 540 2.86
58 2019 0.6-1.2 85 —
59 2019 1.5-3 300 2.94
60 2019 0.8-1.2 280 —
61 2020 0.1-1.9 280 8.54
62 2021 124 152 106
63 2023 1.3 473 16.9
10 2024 3.24 726 2.69
41 2025 4-8 1150 1.55
Proposed 2025 4.593 2220 7.7

a FoM of 7.7 RIU~! and an average Q-factor of ~ 14.5.
Compared to previously reported dual-band absorbers, our
design provides a clear performance advantage. For example,
Refs. 55 and 62 demonstrated relatively high FoM values
(46.8 and 106, respectively), but their sensitivities were
limited to 127-152 GHz/RIU, nearly an order of magnitude
lower than ours. Similarly, Ref. 57 reported a sensitivity of
540 GHz/RIU and Ref. 63 achieved 473 GHz/RIU, which are
still ~ 4 times lower than our result. Even the most recent
works, such as Ref. 41 with 1150 GHz/RIU sensitivity,
reported a FoM of only 1.55, while our sensor simultaneously
achieves higher sensitivity and significantly improved FoM,
ensuring both sharp resonance and high detection accuracy.
Importantly, unlike many earlier designs that were optimized
for general RI variations, our sensor directly addresses the
biologically relevant RI range of 1.3—-1.4 for breast cancer
cells, making it highly suitable for early-stage biomedical
detection. These points collectively highlight the novelty and
superiority of our work compared to the cited studies.
Another key distinction of our work compared to many of
the studies listed in Table 3 is the explicit consideration of the
fabrication process. While most previous works have pri-
marily focused on theoretical design and numerical simula-
tions, our paper provides a practical fabrication pathway,
thereby enhancing the experimental relevance of the pro-
posed device. Specifically, we describe the sequential steps,
including graphene growth using CVD, PMMA-assisted
transfer, gold film deposition on the SiO2 substrate, and laser
direct writing lithography to pattern the graphene structure.
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By presenting these detailed fabrication steps, we demonstrate
that the proposed sensor is not only superior in terms of
performance parameters (sensitivity, FoM, and Q-factor), but
also technologically feasible for real-world implementation,
which is rarely addressed in earlier dual-band absorber reports.

In addition to the demonstrated design and simulation
results, considerations of long-term stability, environmental
tolerance, and operational lifetime are crucial for the practical
applicability of the proposed sensor. Graphene, compared
with traditional metallic absorbers, inherently provides
excellent chemical stability, mechanical robustness, and re-
sistance to environmental degradation, suggesting favorable
long-term performance. Moreover, the use of protective en-
capsulation layers such as SiO2 or PDMS can further shield
the graphene surface from humidity, oxidation, and contam-
ination, thereby improving durability and ensuring reliable
sensing performance under real-world conditions. Although
systematic experimental lifetime tests were not conducted in
this study, the top-gate tunability of graphene enables
reversible and repeatable operation without significant
structural degradation, which represents a promising feature
for extended use. Future work will therefore focus on
experimental investigations of stability and lifetime to com-
plement the present proof-of-concept demonstration and
further validate the potential of the proposed device for
biomedical sensing applications.

While this study is primarily simulation-based, we
acknowledge the importance of transitioning the proposed
sensor to real-world breast cancer diagnostic platforms. The
next steps include developing a prototype for testing in
medical and clinical settings, where we will assess factors like
noise effects, fabrication tolerances, and biological interac-
tions. The sensor will also be integrated with existing diag-
nostic technologies such as mammography and MRI to
enhance diagnostic accuracy. Although we face challenges
related to fabrication and testing, we are committed to
addressing these limitations through experimental validation
in future work, which will ensure the practical applicability of
the sensor in real-world scenarios.

8. Conclusion

The proposed graphene-based dual-band absorber shows
outstanding performance as an RI biosensor in the terahertz
frequency range. It achieves high absorption efficiency, with
peaks at 4.58 THz (99.99%) and 6.25 THz (90%), making it a
promising dual-band sensor. The sensor demonstrates excel-
lent sensitivity (up to 2.22 THz/RIU) and a FOM of 7.7
RIU~!, with an average Q-factor of ~ 14.5, indicating sharp,
well-defined absorption peaks. It is particularly effective for
detecting breast cancer cell RI ranges (1.3 to 1.4), offering
great potential for early diagnosis. The sensor’s polarization-
insensitive behavior and tunable chemical potential using
a top-gate method enhance its reliability and versatility.

J. Adv. Dielect. 2550040 (2026)

However, the study is based on simulations, and experimental
validation is necessary to verify the device’s real-world per-
formance. Future work will focus on experimental testing and
addressing the challenges of transitioning the sensor to
practical biomedical applications.
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