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Highlights
¢ A highly sensitive biosensor based on graphene has been proposed.

e The achievement of 96.2% high transmission resonance mode was made possible by the strip gap
created to enhance the excitation of graphene plasmons.

¢ The findings indicate that when analytes with varying refractive indices are exposed to the sensor
surface, the sensor's sensitivity is 6282 nm/RIU.
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ABSTRACT: Over the past decade, optical sensors have made significant advances. An optical sensor
examines the environmental impact through the change of an optical signal and offers advantages such
as low cost and label-free detection. In this study, a sensor consisting of a single graphene layer and a slit
positioned on the substrate is proposed. The strip gap made to improve the excitation of graphene
plasmons allowed to achieve 96.2% high transmission resonance mode. This demonstrates the ability of
the sensor surface to detect changing environmental conditions. The results show that the sensitivity of
the sensor is 6282 nm/RIU when the sensor surface is exposed to analytes with different refractive
indices. The use of a single graphene sheet eliminates the need for a metal resonator and achieves a
higher sensitivity compared to some experiments recently published in the literature. Thus, the
disadvantage of significant ohmic losses in metal resonators is avoided. Furthermore, a thorough
discussion of various factors, including the modification of the strip gap width on the graphene layer
and electrical tunability, led to the achievement of optimal sensitivity.
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1. INTRODUCTION

Early diagnosis of diseases and monitor the environment has grown in importance in recent years,
and biosensors have made this possible [1], [2]. Biosensors are used in the detection of disease, studying
the results obtained through the influence of target biomolecules on the sensor response [3]. These
measurable signals play an important role in detecting the presence of biomolecules. In recent years,
optical sensors capable of making high-precision measurements have attracted great attention [4], [5],
[6]. Another issue that is as important as accurate early diagnosis is that this detection can be made with
high sensitivity. Metamaterial-based plasmonic biosensors have great advantages in making these
sensitive measurements [7]. These structures are basically obtained by dielectric and metal layers placed
on a thin metal film, and this causes the interaction of light with matter along with high-energy surface
plasmons developing at the dielectric-metal interface [8]. This movement at the interface changes the
behavior of light and allows biomolecules to be detected sensitively depending on the collective
refractive index difference. In contrast to these advantages, the most important disadvantage of metal-
structured plasmonic biosensors is their high electrical loss [9].There are also limitations such as
production difficulties, cost, volume and oxidation by interference with bioanalytes [10]. In addition,
their plasmonic properties are fixed and they provide spectral responses that cannot be changed after
fabrication process. For a different spectral response, the design, fabrication and characterization steps
must be redone for the specific spectral range.

In recent years, graphene has become an important cornerstone for biosensing. It is very desirable
due to its amazing electrical qualities, versatility, and ease of production [11], [12], [13]. Graphene
consists of carbon atoms arranged in a two-dimensional structural honeycomb pattern and has the
advantages of strong electrical conductivity and chemical tunability [14]. These graphene-based
biosensors have been used in many sensing studies, from detection of cancer cells to DNA Detection
[15], [16]. Graphene's high electron mobility and chemical tunability can be integrated into different
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optical devices, enabling the optical sensor to operate in various spectral ranges [17]. Metals such as gold
and silver are used in plasmonic sensors to improve the light-matter interaction by increasing collective
electron emission at the surface; nevertheless, a significant disadvantage of these materials is their high
dielectric constant and ohmic losses [18]. Surface plasmons, which are based on the optical
characteristics of graphene, can be employed to offer strong confinement and large-area augmentation of
electromagnetic waves in order to get over this drawback.

This article proposes a low-cost, high-performance, electrically tunable biosensor that is derived
from solely graphene layers, as opposed to conventional metal-based biosensors. The graphene layer
was completely coated on the substrate and a slit was formed at the center position to enhance the
surface plasmon polariton effect. The impact of this slit on the transmission spectrum was investigated
using numerical analysis, and a comprehensive discussion was held on the influence of graphene
plasmons surrounding the slit. Furthermore, the spectrum response of the sensor at various fermi
energies in the terahertz frequency range resulting from graphene's chemical tunability was
investigated. In addition, the effect of the relaxation time of graphene on the spectral response is also
discussed in detail. Finally, the spectrum response to environmental refractive index was investigated
using bioanalytes with varying refractive indices on the sensor surface. These samples showed a high
sensitivity detection capacity at 6282 nm/RIU.

2. MATERIAL AND METHODS

The proposed graphene-based biosensor's single-cell image and spectral transmission response are
displayed in Figure 1. There is a single-layer graphene sheet on the SiN substrate and a longitudinal slit
in the middle of the graphene sheet. The excitation of graphene plasmons is intended to be amplified
around this slit. The period of the single-cell along the x and y axis was determined as P= 600 nm. Thus,
the left and right portions of the graphene slit include graphene layers that were the same height and
width. The width of the graphene slit was determined as g=60 nm and the width of the layers around the
slit along the x-axis was determined as L=270 nm. Numerical analysis of the single layer graphene
biosensor was performed using the Finite Difference Time Domain (FDTD) method. Periodic boundary
conditions were employed along the x and y axes and Perfectly Matched Layer (PML) boundary
conditions were used along the z axis to determine the simulation boundary conditions. The
illumination is directed at a zero-degree angle along the z-axis towards the sensor surface under x-
polarized light. The transmission signal shown in Figure 1b illustrates the spectral response of the
graphene-based biosensor, revealing a transmission resonance mode of 96.2% at a wavelength of 37.37
pum with a 60 nm graphene slit. The changes in both the rate and bandwidth of the transmission signal
caused by the slit created on the graphene layer are discussed in the following sections. However, it
should be noted that in each part where the width of the graphene slit is not specified, the width is 60
nm, which is optimized to give the result in Figure 1b.
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Figure 1. (a) The perspective view of a graphene-based biosensor. L refers to the size of the graphene

plate, g to the gap, and P to the single-cell period. (b) Transmission signal graph of graphene biosensor
(g=40 nm, Ef=0.4 eV, t=0.5).

Graphene is modeled using the Kubo formula in the computational study carried out to investigate
the optical properties of the suggested single-layer graphene-based biosensor. To describe the light-
matter interaction in metal-based structures, the Drude (and later Lorentz) model is used, which
describes in a simple and intuitive way how electrons are transported, and this model underlies the
definition of electrical permittivity [19]. In graphene-based structures, this definition is made using the
Kubo formula and the isotropic surface conductivity of graphene is expressed as intra-band and inter-
band transitions (Eq-1) [20]. This model allows analysis of the conductivity, permeability, chemical
potential, plasma frequency, and relaxation time of graphene.

0 = Ointra (0), Ue) F, T) + Ointer (w' Ue) F' T) (1)

According to Equation 1, graphene's conductivity depends on the light's energy and the electron-
hole pair [20]. Graphene's extraordinary properties can be modified depending on external factors.
Particularly, the application of electrostatic fields can change graphene's electronic structure, influencing
the antenna resonance mode. Additionally, changes in the relaxation time determined by conductivity
affect the optical response. The surface conductivity of graphene based on the Kubo formula is shown in
Equations 2 and 3.
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Here, uc represents the chemical potential, I is the scattering rate, T is temperature, e is the electron
charge, #=h/2m is the reduced Planck’s constant, and kb is the Boltzmann constant. Figure 2 shows the
electrical field and charge distribution graphs of the graphene-based biosensor operating in transmission
resonance mode. The change in the electric field and charge density along the slit on the single-layer
graphene structure showed a distinct behavior. The structure where the electric field distribution is
studied in Figure 2a shows that the field distribution along the slit is severely restricted, whereas the
field distribution along the left and right graphene plates is significantly decreased. Graphene plasmons
evolving across the gap can explain the effect of confining this field on the gap. Figure 2b shows the
charge distribution graph along the slit. This graph illustrates how the oscillation of oppositely charged
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plasmons at the left and right borders of the slit results in a dipolar charge distribution. This dipolar
effect spread strongly across the slit and strengthened the spectral response. In Figure 2c, the electric
field effect developing along the slit of the graphene-based biosensor is shown along the z axis. This
graph demonstrates the electric field's concentration at the slit's boundaries, providing support for
Figure 2a. These physical concepts provide an understanding of the biosensor's strong resonant
transmission mode.
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Figure 2. (a) The electric field developing in the graphene slit (gap) is shown in the x-y plane. (b) Charge
distribution graph in which the dipole distribution occurs around the graphene slit (gap). (c)
Representation of the electric field in the slit in the x-z plane.

Figure 3 demonstrates how altering the slit width in the suggested graphene-based biosensor affects
the transmission resonance mode. It has been observed that the resonance mode of the transmission
signal shifts to lower wavelengths as the gap between graphene plates increases. This effect in the
resonance mode can be explained as an effect of the spatial distribution of graphene plasmons. Another
effect is the bandwidth change in the resonant signal with increasing slit width. As the slit width
increased, the bandwidth of the resonance mode decreased. Figure 3b uses a scatter plot to further
investigate the shift in resonant transmission modes from Figure 3a. This graph indicates that a bigger
resonance peak shift was initially produced by increasing the slit width, but that the resonance peak
shift decreased as the slit width reached the threshold value. The wide-area dispersion of graphene
plasmons is observed to continue at a certain rate, and the effect shown here is compatible with the
effects reported in the relevant studies [21], [22]. The numerical analyses presented here illustrate how
the size of the split between graphene plates affects the resonance mode, which allows for the
optimization of this effect.
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Figure 3. (a) The resonance mode is demonstrated to shift to various wavelengths in response to
variations in the gap width(g). (b) The resonance wavelength variation as a function of slit width is
demonstrated.

Figure 4 examines how variations in the Fermi energy level affect the resonance wavelength and
transmission rate of the graphene-based biosensor. In Figure 4a, the Fermi energy level varied in 0.1 eV
increments between 0.1 eV and 0.7 eV, and the signal underwent a blue shift as the Fermi energy level
increased. Furthermore, at 0.1 eV energy level, the transmission rate was approximately 75%, but at 0.7
eV energy level, it increased to approximately 99%. The strong interaction in graphene plasmons due to
the increase in the charge carrier density of graphene explains this increase. The increase in the
transported charge density allows electrostatic gating, shifting the signal to lower wavelengths,
increasing the transmission rate and reducing the bandwidth. Figure 4b is illustrated in order to more
clearly analyze the effect of this change in the Fermi energy level on the wavelength shift. This graph
indicates that while the growing charge density resulting from an increase in Fermi energy level initially
exhibited a dramatic wavelength shortening tendency, as it approached the limit values of the graphene
charge carrier, it began to exhibit a decreasing trend. This negative correlation between the Fermi energy
level and the wavelength explains that graphene plasmons oscillate more strongly and the wavelength
becomes shorter with the increase in the fermi energy level. Because greater charges correspond in
higher electron density, which expands the space that the graphene layer can enclose. The primary
benefit of this is that its static tunability eliminates the need for remanufacturing, allowing it to be
utilized in differentiable applications. Thanks to its electrical tunability without changing the physical
structure, it can suit different requirements and be integrated into different systems. In addition,
changing the Fermi energy can improve the performance of graphene-based sensors and transistors by
adjusting the electron transition path. While electrically non-tunable devices require extensive materials
for different functions, an electrically tunable graphene-based sensor has a flexible application capability
without the need for material changes. This results in a highly flexible tunable sensor platform that can
achieve resonance modes at different wavelengths without the need for re-fabrication. In addition to
increasing the electrical and optoelectronic flexibility of the sensor, it also eliminates the additional cost
burden arising from refabrication.
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Figure 4. (a) The change in resonance mode due to gradually changing the Fermi energy level. (b) The
tendency of the Fermi energy level to switch all resonance modes

Electron mobility is one of the most significant characteristics of graphene. The interaction between
electron mobility and chemical potential depends on the relaxation dynamics of electrons within the
unique two-dimensional structure of graphene. There is a mean time during the movement of electrons
in graphene caused by collisions or scattering. This time indicates the resistance to the mobility of
electrons in graphene and the elapsed time. Figure 5a clearly shows that despite the varying relaxation
time, the transmission resonance peak remains at the same wavelength. Figure 5b illustrates the effect of
changing relaxation time on the transmission percentage. The decreasing carrier density reduces
collective oscillations, pulling the transmission rate down from 96% to 74%.
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Figure 5. (a) The effect of relaxation time on resonance mode. (b) The variation in transmission strength
as a function of relaxation time is demonstrated.

Finally, the sensitivity of the sensor to biomolecular detection was examined. Figure 6a shows the
response of the graphene structure with a gap to the changing refractive index of the medium in terms of
the transmission resonance mode. In this instance, the medium's refractive index (RI) was changed from
1 to 2, which allowed for the analysis of the transmission spectrum. The characteristic shift of the
transmission resonance mode towards longer wavelengths is noticed when RI values grow. This change
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affects the coupling conditions of plasmonic excitations and is a direct result of the dielectric shift in the
environment surrounding graphene. The increase in the refractive index on the sensor surface is an
indicator of an increase in density, and with this increase, a shift to longer wavelengths occurs in order
to maintain the resonance mode. The relationship between an increase in refractive index and a rise in
resonance wavelength is graphically depicted in Figure 6b. The graph indicates that there is a linear rise
in behavior for the 11 points that were obtained in 0.1 increments from n=1 to n=2. The graph, which is
represented by the equation y==9.535x+27.44, demonstrates that the wavelength increases linearly with
each unit change in RI values. The sensitivity of biosensors can be expressed as a function between the
refractive index change per unit and the resonance wavelength change. The sensitivity of the biosensor
proposed in this study is computed and expressed with the formula S=41/4,,. As a result, 6282 nm/RIU
was determined to be the sensor's sensitivity based on the resonance mode caused by n=1 refractive
index and the resonance mode variation caused by n=1.1 refractive index. The sensor sensitivity was
computed and the wavelength magnitudes based on the resonant mode peaks were established during
this measurement. The graph in Figure 6b shows the linear increase of each point and proves that the
sensor will show similar sensitivity at all increments. This level of sensitivity is very sensitive and can be
used in biosensing applications.

a b
1.0 48
= ’é‘47 y=9.535x+27.44
a6l
08 = 45
c o))
ie) C a4}
6 0.6 © 43
£ —n=13 | 242t
a 04k n=14 %41
g | B
—n=1.
n=1.7 g 39
02} n=18 | Q3B
n=1.9 D 37
n=2 o 26 L . . . . . . . . . .
0.0 10 11 12 13 14 15 16 1.7 18 19 20

25 30 35 40 45 50 55 60 65 7O

Refractive Index (RI)
Wavelength (um)

Figure 6. (a) The spectral response of graphene sensor for varying refractive index. (b) The linear
relation between the resonance mode of the sensor and the change in refractive index surrounding it.

Table 1 shows recent plasmonic biosensors along with sensor types, materials, and sensitivity data.
Sensitivity conditions for biosensors have a direct impact on the sensor's accuracy of detection.
Especially for label-free sensing, measuring the resonance mode response due to different refractive
indices determines the sensitivity [[23], [24], [25], [26], [27], [28], [29], [30]]. In the literature, metal-based
biosensors have been shown to achieve sensitivity rates as high as 2610 nm/RIU. However, biosensors
with these metal structures have serious disadvantages due to their cost, difficulty in production and
oxidation by bioanalytes. In addition, the high ohmic loss of metals limits the propagation and reduces
the impact of evolving plasmons. They also require remanufacturing after they are built since they
cannot be statically adjusted to different resonance modes. On the other hand, graphene offers benefits
including strong field restrictions, minimal losses, and low prices because of its exceptional electrical
and optical properties. These benefits have led to discussions on graphene-based sensors and the
proposal of highly sensitive sensors like 2900 nm/RIU. The graphene-based biosensor proposed in this
article has been shown to have a stronger detection ability compared to similar studies, showing a
sensitivity rate of 6282 nm/RIU. In addition to the advantage of high sensitivity, the proposed biosensor
structure also offers advantages such as low cost and static tunability. In this way, it becomes easier to
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integrate into different sensing applications that require different resonance modes.

The fabrication of this graphene-based biosensor, which exhibits strong detection ability in
numerical analysis, is carried out by following several different nanofabrication steps. Graphene is
grown using methods such as chemical vapor deposition (CVD) and can be transferred to any desired
surface. Graphene grown on a copper foil is transferred to the surface with a support layer such as
polymethyl methacrylate (PMMA) in order to be transferred safely. Then, the copper foil on the surface
is removed using Ferric Chloride solid. Single-layer graphene transfer is achieved by cleaning the
dissolved PMMA layer. Electron beam lithography (EBL) and reactive ion etching (RIE) methods can be
used to create a 40 nm wide slit in the middle of the monolayer graphene layer on the surface. The
surface is coated with EBL positive resistivity PMMA, baked, and the 40 nm wide gap is subjected to
electron bombardment. Then, the chip is kept in Methyl isobutyl ketone (MIBK) liquid and the area
exposed to the electron beam is developed. The sensor is immersed in IPA and rinsed, and a 40 nm wide
slit is opened up to the graphene layer. Subsequently, RIE is utilized to etch the graphene layer, creating
a precise 40 nm wide strip.

Table 1. The sensitivity values obtained from recent literature articles

Year  Sensor structure type Material S (nm/RIU)
[23] 2016 Plasmonic Au Sensor Au 623
[24] 2017  Plasmonic Ag Sensor Ag 2610

Metal-insulator-metal
(MIM) waveguide coupled

[25] 2018 with  concentric double Ag 1060
rings resonator (CDRR)
[26] 2019 Eliabﬁgmc Graphene Graphene 2900
[27] 2020 Plasmonic Ag Sensor Ag 1380
[28] 2021 Plasmonic Sensor Si/Au 1320
[29] 2022 Plasmonic Perfect Absorber LiNbO3/Graphene/Au 981
[30] 2023  Plasmonic Ring Resonator Si/Graphene 2200
This . .
work 2024  Plasmonic Graphene Sensor Si02/Graphene 6282

4. CONCLUSIONS

In this paper, a graphene-based biosensor is proposed to eliminate the disadvantages of metal-based
plasmonic biosensors. The graphene monolayer is placed on the substrate and a cavity is formed in the
center of this layer. This graphene cavity has a high transmission resonance mode of 96.2% due to the
limited propagation of graphene plasmons around it. The excellent electrical and optical capabilities of
graphene have been exploited with this evolving resonance mode. The effects of the width of the
graphene cavity and the relaxation time of the graphene on the transmission resonance mode are
discussed in detail and the optimum transmission mode is determined. In addition, the electrical
tunability of graphene is exploited to show that the antenna shifts to different resonant modes at varying
fermi energy levels, resulting in static tunability. The variation of the sensor resonance mode against the
changing refractive index on the sensor surface is thoroughly examined after the optimal transmission
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mode with all of these parameters has been found. The results show that the sensor has a high sensitivity
of 6282 nm/RIU.
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