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Abstract-This manuscript introduces a highly sensitive
refractive index sensor that utilizes a disk-shaped graphene
absorber. This design takes advantage of graphene's exceptional
properties and integrates pyramid-shaped air holes within the
dielectric layer. The sensor operates in the terahertz (THz), with a
specific focus on improving sensitivity and overall performance.
Graphene's high electrical conductivity and tunable properties
make it an ideal material for THz absorption, enabling precise
detection of refractive index changes the proposed structure
comprises a graphene pattern on the top layer, a SiO2 as dielectric
in the middle layer, and a gold reflective in the bottom layer.
Through full-wave simulation and transmission line modeling,
the sensor's performance is validated, showing a remarkable rate
of absorption of 99.99% at 4.26 THz. Further enhancement is
achieved by introducing pyramidal air holes in the dielectric layer,
significantly improving the sensor’s quality factor and sensitivity.
The quality factor of the sensor is improved from 14 to 23 by
adding pyramidal air holes in the substrate layer. The structure
was full-wave simulated using software CST with the FDTD
solution method, and the transmission line method was done with
the Matlab software. The results suggest that the planned sensor
serves as a highly suitable candidate for early disease detection,
including cancer and influenza, with potential applications in the
medical industry.

Index Term: Air Holes; Graphene-based Absorber; Sensitivity;
Refractive Index Sensor; Biomedical Sensing; Terahertz.

I. INTRODUCTION

Terahertz (THz) frequencies, spanning from 0.1 to 10
THz, fall within the electromagnetic spectrum between
the microwave and infrared regions. These frequencies offer
a broad range of applications across various fields. In

telecommunications, THz waves enable ultra-high-speed
data transfer and next-generation wireless communication
systems. In medical imaging, THz waves are non-ionizing
and can penetrate biological tissues, making them ideal for
detecting skin cancers and other abnormalities. Of course, it
is also necessary to mention that in the GHz frequency range,
countless works have been done in the field of sensing and
similar works in the terahertz range. THz spectroscopy is
used in chemistry and materials science for identifying
molecular compositions. Additionally, THz technology plays
a significant role in security screening, allowing for the
detection of concealed weapons and explosives. Its
applications in astrophysics and environmental monitoring
are also expanding, providing insights into cosmic
phenomena and atmospheric pollutants [1-5]. THz absorbers
are devices or materials designed to absorb THz radiation,
typically in the 0.1 to 10 THz frequency range [6-10]. These
absorbers are crucial for different applications, such as
controlling THz waves in imaging, sensing, and
communications. In security and stealth technologies, THz
absorbers reduce the reflection of radiation, making them
useful for cloaking and minimizing detection. In imaging
systems, they help reduce noise and improve signal clarity.
Materials like metamaterials, graphene, and dielectric
composites are commonly used to design efficient THz
absorbers, which are tailored for high absorption efficiency
and bandwidth. THz absorbers also find applications in
electronics, as they can prevent unwanted THz interference
in devices, ensuring better signal transmission and reception
[11-16].

Graphene, composed of a monolayer of carbon atoms
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organized in a hexagonal shape, possesses remarkable
thermal, electrical, and mechanical characteristics,
positioning it as a groundbreaking material in
nanotechnology. In THz applications, graphene is
particularly valuable due to its tunable electronic properties
and high carrier mobility [17-18]. Graphene-based THz
absorbers are optimized to absorb THz radiation with high
efficiency, leveraging graphene's ability to interact strongly
with electromagnetic waves. These absorbers can be
designed to achieve high absorption across a broad frequency
range, making them well-suited for applications in THz
imaging, sensing, and stealth technology. By adjusting the
chemical potential or applying external fields, the absorption
properties of graphene can be dynamically controlled,
offering versatility in designing adaptive THz devices.
Additionally, graphene's compatibility with flexible
substrates allows for the development of lightweight, flexible
THz absorbers, further expanding their potential applications
in wearable electronics and communication systems [19-28].

A refractive index sensor incorporating a graphene-
based THz absorber is a sophisticated device engineered to
detect variations in its surrounding medium refractive index,
utilizing the distinctive properties of graphene. In such
sensors, graphene's high sensitivity to its environment allows
for precise detection of shifts in the refractive index, which
in turn affects the absorption characteristics at THz
frequencies.

The graphene-based absorber amplifies the interaction
between the incoming THz radiation and the medium,
resulting in detectable shifts in the absorption spectrum as the
refractive index changes. These sensors exhibit exceptional
sensitivity, allowing them to detect tiny variations in the
refractive index, making them valuable for applications in
chemical and biological sensing, environmental monitoring,
and material characterization. The tunable nature of graphene
allows for the optimization of the sensor's performance
across different THz frequency ranges, providing versatility
and adaptability for a range of sensing applications.
Additionally, the integration of graphene with other
nanomaterials can further enhance the sensor's sensitivity and
selectivity, paving the way for next-generation THz sensing
technologies [29-37]. Alizadeh and colleagues present a
graphene-based refractive index sensor that operates in the
THz frequency range [29]. The sensor is engineered to detect
and measure changes in the refractive index of substances,
which is a critical property for identifying biomolecules and
materials in bio-sensing applications. The study in [30]
investigates the design and performance of a graphene-based
refractive index sensor that incorporates a double split ring
resonator (DSRR) metasurface to achieve high sensitivity.
The work aims to enhance the precision of optical sensing,
particularly for applications in material detection and bio-
sensing. Nickpay and colleagues contribute to the field of
sensing technology by introducing a graphene-based, multi-
band MPA that operates in the THz frequency range [31]. It
combines the strengths of graphene and metamaterials to
achieve high sensitivity and versatility in refractive index
sensing, with applications in bio-sensing, chemical detection,
and material analysis. This work represents a significant
advancement in the development of efficient and practical

THz sensors. The advancement of THz sensing by presenting
a graphene disk-based refractive index sensor that is highly
tunable and efficient for both TE and TM polarization modes
introduced in [32]. The combination of tunability, high
sensitivity, and dual-mode operation makes this sensor a
promising tool for applications in bio-sensing, chemical
analysis, and material characterization. In [33] presents a
significant advancement in biosensing technology for the
detection of nandrolone and testosterone. By combining
innovative sensor design with advanced calibration methods,
the study paves the way for improved steroid monitoring in
sports, healthcare, and pharmaceutical industries. In [34] a
cutting-edge graphene-based THz sensor is designed for
accurate  refractive index sensing and  material
characterization. Its tunability, high sensitivity, and ability to
operate in the THz frequency range make it a promising tool
for various scientific and industrial applications, particularly
in material science, biomedical engineering, and chemical
analysis. A highly sensitive refractive index sensor based on
a graphene ring metasurface is introduced in [35]. By
combining the advantages of graphene with the functionality
of metasurfaces, the sensor offers excellent sensitivity,
tunability, and versatility. It has significant potential for
applications in bio-sensing, chemical analysis, and material
characterization, particularly in the THz frequency range.
This work represents a substantial contribution to the
development of next-generation optical sensors.

This manuscript introduces a disk-shaped graphene-based
absorber. The suggested structure is then modeled using the
transmission line method (TLM), and the results of the
simulation of the full-wave are compared with those from the
theory of TLM to validate the precision of the full-wave
simulation. In the next step of the article, to check the
functionality of the refractive index sensor of the proposed
structure, an analyte layer (substance under test) is placed on
the proposed absorber, and by changing the refractive index
of the analyte material, the absorption curve of the structure
is checked, and the sensor parameters of this structure are
obtained. In the last step, to improve the sensor parameters of
the proposed structure, we create a pyramidal air hole in the
dielectric layer. The proposed structure is highly suitable for
the early detection like cancer and influenza. A simulation of
the full wave of this structure was performed using CST
software, and the coding was done to get the theoretical
parameters of the transmission line using MATLAB
software. The method of solving this structure is using FDTD
with CST software.

II. ABSORBER THEORY AND DESIGN

The planned absorber structure, as shown in Fig. 1,
comprises three layers: the bottom layer is gold with a
conductivity of 4.56 x 107 S/m, the middle layer is SiO, with
a relative permittivity of 2.25, and the upper layer is a disc-
shaped graphene layer.

The dielectric substrate, labeled T1 in Fig. 1, has a
thickness of 3.7 um, while the layer of gold at the end has a
thickness of 0.2 pm. Also, in this structure Py = Py = 4.4 um.
The disc radius is 1.8 um. The presence of a graphene layer
in graphene-based THz absorber structures is due to this
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material's unique properties. Graphene has high electrical
conductivity and the ability to adjust its electronic properties
through the application of an electric field or chemical
changes. These features allow graphene to interact strongly
with electromagnetic waves in the THz range and improve
the absorption of these waves. Also, the very low thickness
of graphene (a single atomic layer) helps to design very thin
and light THz absorbers. The tunability of graphene allows
engineers to create absorbers with controllable spectral
response, which is useful for applications as diverse as
optical sensors, imaging, and telecommunications. For this
reason, the layer of graphene forms the main part of these
absorbers' structures and helps to increase their efficiency
and accuracy. In THz absorbers, the gold layer acts as a
mirror or reflective layer that reduces the reflection of THz
waves and traps the waves in the absorber structure. This
feature causes the wave energy to be absorbed in graphene
and the absorber efficiency increases.
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Fig. 1. (a) The top view of the planned perfect THz absorber (b) Side view.

When the THz wave hits a graphene-based absorber
structure, several physical processes occur simultaneously,
which ultimately lead to the absorption of the wave energy
by the structure. The THz wave collides with an electrical (E)
and magnetical (H) field to the upper surface of the structure,
which consists of a graphene layer. This collision excites free
electrons in graphene. Due to having free electrons and high
conductivity, graphene strongly interacts with the THz wave
electric field.

This interaction causes surface plasmon polariton (SPP)
oscillations in the graphene layer. SPP oscillations are a
collective movement of electrons on the surface of graphene
that occurs at certain frequencies of THz. Due to the
geometric pattern design (disk shapes) on the graphene
surface, the SPP oscillations are resonantly amplified. This
resonance enhances the accumulation of the electric field in
particular areas of the structure, which results in enhanced
absorption of THz wave energy by graphene. A portion of the
THz wave that is not absorbed by the graphene passes
through the SiO- layer and reaches the underlying gold layer.
The gold layer serves as a highly effective reflector, bouncing

the wave back. This reflection causes the wave to return to
the graphene layer and pass through it once more. This
repeated cycle of reflection and passage increases the
probability of wave absorption. Each time a wave passes
through the graphene and interacts with its electrons, a
fraction of the wave's power is changed into heat. This power
conversion constitutes the absorption process. In other words,
the electromagnetic energy of the THz wave is converted into
thermal energy, ultimately manifesting as energy loss within
the structure. The design of the structure is such that the wave
reflection is minimized and most of the wave energy is
confined and absorbed within the proposed structure. The
curve of absorption of the planned absorber is shown in Fig.
2. It illustrates that the peak of absorption at a frequency of
4.26 THz reaches 99.99%.
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Fig. 2. The absorption spectrum of the proposed absorber.

To validate the simulation, we use the model of TLM for the
suggested absorber. In this method, the graphene layer placed
on the proposed absorber acts as a series resonator in the
TLM. Graphene can stimulate SPP oscillations in response to
electromagnetic waves. These collective oscillations of
electrons on the graphene surface can be modeled as a
resonator, where the plasmonic currents are amplified at a
specific frequency. This resonant behavior is similar to a
series resonator circuit in which the inductor and capacitor
are arranged in series to reach resonance at a specific
frequency. The gold layer at the end serves as a short circuit,
while the dielectric layer is represented as a transmission line.
Fig. 3 shows the TLM of the proposed structure. Also, the
step-by-step Process of using the TLM theory is given in Fig.
4.
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Fig. 3. Transmission line model of the planned structure.
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Fig. 4. The step-by-step stages of using the transmission line theory.

The design theory for the suggested absorber relies on the
circuit model's validity, as outlined in recent studies [37—
39]. Specifically, Ref. [39] models the entire array of
graphene disks using the RLC circuit model, with each
component defined as follows:

-1
S (R TR SO T A SUN
Yo = P2 (Gs + jmse”) K2 R1+j“’L1+j%c =g 1)
_ h? K P?
Ry = e2Eft 1S, ? @)
_ h? K, P?
17 e2 Ef mS;?
(3)
¢, = LT (4)
1 q11 K1 P?
Zy = jZgtan(E;) ®)
E, = B,L = B,T1 (6)
Bz = 27Tf\/ E0€T g
(M
= [Ho
Zq = £oET (8)
Zin = 2% 9)
Z1+2,
_ Re(Zin)-Z
 Re (Zin)+Z (10)

Where S;=0.6087R and K;=1.2937 are determined for the
eigenvalue of the first, giisignifies the eigenvalue of the first
for the disk-shaped graphene. Here, o, represents the
conductivity of the surface, and Es denotes the level of Fermi
energy, defined as Es=epu,.. The effective dielectric constant
gerr is determined by e, = "2 where n; and n, are the
dielectric materials' refractive indices on the top and bottom
layers of the graphene. In these equations, E; is the electrical
length of the transmission line, B, Phase constant or wave
number (related to propagation characteristics of the line),
and L is the length of the transmission line. Fig. 5 illustrates
a comparison between the full-wave simulation results and
the model of the transmission line. It is evident that the
simulation results align well with those obtained from the
theory of TLM, and this indicates the validity of the proposed
absorber performance.
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Fig. 5. Comparison of full wave simulation and transmission line model
results.

III. REFACTIVE INDEX SENSOR

As observed from the results of the designed absorber, this
structure has an absorption performance of 99.99% at the
frequency of 4.26 THz, and at this frequency, it shows an
excellent absorption performance, and this absorber can be
used for the performance of the sensor of the refractive index.
For this purpose, we put an analyte substance (substance
under test) on the proposed absorber and change the
refractive index of this substance. The absorption curve of
this proposed structure shifts with the change of the refractive
index of the analyte material, which indicates the sensor
performance of the proposed structure. Fig. 6, shows the
suggested sensor absorption curve for different refractive
index values of the analyte.
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Fig. 6. Absorption curve of the suggested sensor for various values of the
analyte refractive index.

Graphene-based refractive index sensors in the THz have several
main parameters that are very important to evaluate their
performance. These parameters include the following:

Sensitivity: The sensitivity responds to changes in the
environment's refractive index in which the sensor is located
and is expressed as a change in the resonance frequency or a
change in absorption intensity per unit change in the
refractive index.

Quality Factor: The quality factor expresses the relation of
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the resonance frequency to the resonance bandwidth
(FWHM). The higher quality factor indicates a narrower
resonance peak and a more accurate resonance frequency.

FOM: The (Figure of Merit) quantifies the sensor's overall
effectiveness, which is defined as the ratio of sensitivity to
resonance bandwidth. In other words, FOM = Sensitivity /
FWHM.

The higher the sensitivity, the more accurately a sensor can
detect smaller changes in refractive index. A higher quality
factor usually means increased sensor accuracy and reduced
interference with noisy signals. A higher FOM indicates a
sensor's better performance in detecting refractive index

changes with high accuracy. The proposed sensor
performance parameters are presented in Table I.
TABLE |
Sensor Characteristics at Different Refractive Index
Refractive RPF FWHM Sensitivity FOM Q-
index [THZ] [THZ/RIU] factor
1 4.275 0.294 - - 14.54
11 4.167 0.288 0.96 333 1446
1.2 4.065 0.282 1.08 382 1441
1.3 3.957 0.276 1.08 391 1433
1.4 3.879 0.27 0.72 266 1436
15 3.801 0.264 0.9 3.4 14.39
1.6 3.663 0.253 1.32 5.2 14.47

To enhance the proposed refractive index sensor
performance, we created two pyramidal holes at the end of
the suggested sensor structure. The improved refractive index
sensor is presented in Fig. 7. As shown in this figure, the pale
pink color is the analyte method, which is placed on the
designed absorber. The empty pyramid holes at the end of the
substrate are also clearly seen in this figure. One of the
challenges related to this structure is the steps related to
constructing and producing these absorbers. The fabrication
of the graphene-based terahertz absorber begins with
cleaning a silicon wafer substrate using piranha solution or
RCA methods to ensure a contaminant-free surface for
subsequent layers. A 3.7 um thick dielectric layer (e.g., SiO2)
is deposited on the substrate using plasma-enhanced
chemical vapor deposition (PECVD) or thermal oxidation,
followed by annealing to enhance its structural properties. A
0.2 pm thick gold layer is then deposited on the dielectric
layer using electron beam evaporation or sputtering, with an
optional adhesion layer (e.g., chromium or titanium) to
improve bonding.

Next, graphene is synthesized via chemical vapor
deposition (CVD) on a metal catalyst (e.g., copper) and
transferred onto the gold layer using a PMMA-assisted wet
transfer method. The metal catalyst is etched away, and the
PMMA-graphene film is transferred onto the gold surface,
followed by PMMA removal with acetone. The graphene is
patterned into disc shapes with a radius of 0.9 um using
electron beam lithography (EBL). A positive resist is applied,
exposed to an electron beam, and developed, followed by
oxygen plasma etching to remove unwanted graphene.
Finally, the remaining resist is stripped using acetone.

Post-fabrication, the structure is inspected using scanning
electron microscopy (SEM) for dimensional accuracy and
Raman spectroscopy to confirm graphene quality. Optional
annealing may be performed to eliminate defects and
improve performance. This process ensures precise
fabrication of the terahertz absorber with high performance

and structural integrity [40-43].

Fig. 7. The modified refractive index sensor structure.

The absorption curve of the improved sensor is depicted in
Fig. 8. As evident in this figure, the sensitivity of the sensor
is improved by creating a pyramid under the substrate, and
this condition can be observed by observing the distance of
the two frequencies for two different refractive indices.
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Fig. 8. The absorption curve of the modified refractive index sensor.

To check the functional mechanism of the suggested
sensor, Fig. 9 demonstrates the electric field distribution
curve. This figure displays the electrical field distribution
from both the top and side views for each case.

Fig. 9. The electric field distribution of both refractive index sensors.

Table Il provides the improved sensor parameters. As
shown in this table, the quality coefficient of the proposed
absorber has improved from 14 to 22. The reason for this is
that with the creation of a pyramid, the electric field
distribution has changed compared to the state without a
pyramid, and this change is caused by several factors.
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TABLE Il TABLE IlI
Absorption Characteristics of the Modified Sensor at Comparison Table Between Refractive Index Sensor
Various Refractive Index Characteristics Described in the Recent Research and the
Re_fractive RPE FWHM Sensitivity FOM Quality Planned Sensor
index [THZz] [THz/RIU] factor Frequency Sensitivity o
L i o e sw e R [HaR) PV o
12 4035 0189 132 6.98 2134 [44] 2012 02-03 0.225 NR NR
13 3951 0174 078 4.48 22.7 [45] 2013 255 013 1.04 NR
1.4 3873  0.174 0.78 4.48 22.25 [46] 2013 0-12 0.261 NR NR
[47] 2014 0.4-1 0.163 2.67 7.189
Due to their specific geometry, pyramids can concentrate [48] 2014 0.4-3 0.261 NR NR
the electric field at certain points. Because the tips of the [49] 2015 2-14 1.9082 6.5662  54&59
pyramids are sharp and thin, the electric fields are naturally [50] 2016 0-3.2 16 1455 NR
amplified at these points. This phenomenon is known as [51] 2016 0.5-1 05 NR NR
"Field Enhancement". When the electrical field is focused in [52] 2016 0.3 0.457 31 NR
an area, the absorption of the energy by the material in that [53] 2017 2545 1966 1986 8732
area increases. Also, uneven pyramidal surfaces cause
multiple scattering of electromagnetic waves. These [4] 2017 04-28 0.968 12 NR
scatterings cause the incoming waves to enter the absorbing [55] 2017 05-1.71 0638 NR NR
structure and take different paths, which increases the chance [56] 2007 0.1-0.9 0.127 46.8 NR
of absorbing more energy. In other words, the pyramids [57] 2018 1-65 0.36 3.64 19.2
increase the difference paths for the waves inside the [58] 2018 0.3-1.2 0.105 7.501 58
absorber, which, as an outcome, increases the amount of [59] 2018 15-25 0.36 431 120
energy absorption. This sensor can be a suitable candidate for [60] 2019 2-5 175 NR 347
diagnosing diseases such as malaria and influenza, and can [61] 2019 0.2-1.4 0.49 23 94
have many applications in the medical industry. _ [62] 2019 122 03 NR NR
The comparison of the performan_ce of. this sensor with the [63] 2019 1121 054 266 NR
sensors of previous researchers is given in Table 11, [64] 2019 2232 0.2605 5 30 183
Comparing the results obtained from this design and similar S ' ' '
works indicates that the proposed sensor can be a suitable [65] 2019 382 0.16 6281 1432
candidate for diagnosing diseases such as malaria and [66] 2019 06-12 0.085 NR NR
influenza and can have many applications in the medical (671 2019 15-3 03 294 2205
industry. [68] 2019 08-12 0.28 NR NR
11.75 401
V. CONCLUSIONS [69] 2020 2.1-6.25 157 as &0
70 2020 04-25 05 15 NR
This study successfully demonstrates the design and E711 2020 01-1.9 028 8.54 305
optimization of a graphene-based refractive index sensor for [72] 2021 1 L84 NR 2778
THz applications, emphasizing the importance of pyramidal
air holes in the dielectric layer for enhanced performance. 73] 2022 2545 16498 NR 1133
The introduction of pyramidal holes significantly improved [74] 2023 6297512 2538 8.73 234
the sensor's sensitivity and quality factor, making it a (75 2023 13 0473 16.9 NR
promising tool for detecting small changes in the refractive [76] 2024 3.24 0.726 269 NR
index. The full-wave simulations and transmission line Thiswork 2024 4.26 132 6.98 22.25

method validations confirm the effectiveness of the
suggested design, showing strong agreement between
theoretical and simulated results. With its high absorption
rate (99.99% at 4.26 THz) and enhanced sensitivity from 14
to 23, the proposed sensor holds great potential for use in
medical diagnostics and other fields requiring precise
refractive index measurements.

NR: not reported
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