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Abstract:

This paper investigates biosensors based on plasmonic nanostructures. A plasmonic sensor using planar
optical waveguide consisting of graphene and metal oxide layers has been designed and simulated for
detecting biomolecules such as DNA. Plasmonics, branch of photonics, underpins many biophotonic
applications, especially biosensing. Proposed biosensor relies on surface plasmon resonance in hybrid
graphene/MoS; structure, enabling high-sensitivity detection. Sensing mechanism analyzes transmission
spectrum of an electromagnetic wave launched into waveguide, which varies with refractive index
changes of biomolecules near surface. Performance has been evaluated at 633 nm and for different light
incidence angles. Effects of number and arrangement of graphene and MoS; layers on resonance angle,
sensitivity, full width at half maximum (FWHM), and figure of merit (FOM) have been studied. Results
show that a single graphene layer with a single MoS> layer yields optimal performance, with sensitivity
of 193 deg/RIU and FOM of 16.6 RIU'. Minimum FWHM of 11.62° and transmission intensity Tmin of
0.02 have been obtained. Increasing layer numbers due to optical absorption and plasmonic damping
leads to higher optical losses, broader resonance curve, and reduced FOM. Electromagnetic field
distribution and sensor characteristics have been analyzed via resonance angle shifts, identifying optimal
structure with highest sensitivity and FOM

Keywords: Angle, FDTD, Graphene, Nanobiosensores, Surface Plasmon Resonance Sensitivity.

1. Introduction

The surface plasmon resonance (SPR)-based sensors are among the most advanced label-free
optical biosensors, which have great potential for application in many important fields, including
medical diagnostics, environmental monitoring, and food safety, due to their high efficiency and
reliability [1, 2]. Among the methods of interest to scientists to enhance sensitivity of surface
plasmon resonance biosensors are use of nanoparticles and structures based on metal nanowires, as
well as those based on an array of nanoholes, and usage of the hybrid nanostructures[3]. Among the
advantages of this type of sensor is high sensitivity, fast response, no need for
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labeling process, and timely response [4-8]. In plasmonic biosensors, there are several methods for
detecting analytes, and the surface plasmon resonance method, compared to other methods, does
not require a complex arrangement and provides high sensitivity. This method also has great
potential for improving the integration using immobilized nanoparticles [9]. In addition, the surface
plasmon resonance method also benefits from the advantages of optical transducers and is more
durable and robust than other biosensors, and is also immune to other electromagnetic
interferences. Surface plasmon resonance is a pioneering technique in optical sensing based on
electromagnetic waves that has opened up a wide range of applications. In the last few decades, the
development of SPR has been directed towards biosensing techniques. Due to the interdisciplinary
nature of SPR, researchers working on concepts such as optical waveguides, thin film science, and
optical detection techniques have been able to generate a great deal of practical knowledge and
application in this field. SPR is also very popular due to its prevailing interdisciplinary philosophy
and its simplicity of creation and use in modern research [10-14]. In SPR sensors, two main
detection methods are commonly used: angle interrogation and wavelength interrogation. In the
angle interrogation method, the wavelength of light is kept constant while the incidence angle is
varied to measure the resonance angle shift. Due to its high sensitivity and precision, especially in
monochromatic laser-based systems, this method is widely used; however, it requires accurate
adjustment of the incidence angle. In contrast, in the wavelength interrogation method, the
incidence angle remains fixed while changes in the resonance wavelength are measured. This
method is mechanically simpler, but requires more complex spectral analysis and generally
provides lower angular accuracy compared to the angle interrogation method. The surface plasmon
resonance and surface plasmon waves (SPW) optical stimulation occur at the boundary between a
metal and a dielectric. For this purpose, metals with negative permittivity, such as gold and silver,
are used alongside dielectric materials such as liquids, gases, or solids. To stimulate surface
plasmons (SPs) at a metal-dielectric boundary, free electrons in SPR-active metal must be able to
resonate with incoming light at a specific wavelength. This will occur when frequency of
oscillation of these surface electrons is same as frequency of light, creating resonance. Gold
satisfies these criteria for SPs stimulation and has advantages such as higher practicality, the good
resistance to oxidation and corrosion, the solidity, and the better function. Therefore, it is widely
chosen as the acting metal for SPR [12, 15]. Since the SPR technique does not have any specific
requirements, such as the fluorescence properties, the spectral signatures, or the radio signs for the
molecules under study, it is frequently used in advanced bioscience laboratories. The SPR
technique can even be used with colored or turbid solutions. In general, reactions of the all two-
component binding that have diverse appeals in area of drug design (interactions of the protein-
ligand) and membrane-associated proteins mechanisms (protein-membrane binding) and the DNA-
bound proteins can be investigated through this technique. Therefore, the SPR has been
successfully applied in kinetic study of ligand-receptor, antigen-antibody, and the interactions of
the protein-protein. This method is also widely used in protein research and drug development. A
biosensor is an analytical device designed to analyze samples of biological material to gain a better
understanding of their biological composition, structure, and function, such that a biological
reaction is converted into an electrical signal. Among various technologies of the sensor, structures
of the optical waveguide are deemed to be invaluable tools. They suggest merits such as good
control of the light path, easy measurement of light intensity of the input and output, the high
sensitivity, the high degree of integration within embeddable chips, small size, the extreme
resolution, indemnity to electromagnetic intervention, and potential for the distant procedure.
Especially in photonic integrated circuits, the optical waveguide-based devices are more favorable
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for on-chip integration than other proposed structures [16, 17]. When biosensors are used with
water-based media, it is desirable for the optical waveguide sensors to work in visible

wavelength ranges to compensate for the large absorption coefficient of water in the near-infrared
range. The SPR technique is susceptible to changes in the refractive index in the environment
surrounding the sensor. These changes occur due to the binding of the analyte (in a liquid sample)
to its associated ligands (immobilized on surface of chip) when liquid instance comes into contact
with surface of the sensor. So, the substance in association with liquid instance (the sensor top
layer) is important in terms of index of refractive and molecules absorption [18, 19]. Two-
dimensional materials are known as single-layer crystalline materials, and they are made up of a
single layer of atoms. These substances are beneficial. Especially, the 2D nanomaterials such as the
graphene, the hexagonal boron nitride (hBN), and the metal dichalcogenides (MX2) have allured
much deliberation owing to their adequate belongings and wide applications in electronics, the
optoelectronics, the energy storage facilities, the sensors, the solar cells, and the lithium batteries.
Metal oxide layers refer to thin layers of semiconductor or dielectric materials composed of metal
and oxygen, which are used in optical and plasmonic sensor structures. Commonly used metal
oxides in SPR sensors include TiO2, ZnO, ITO, MoO,, and WO». Due to their favorable optical,
electrical, and chemical properties, these materials play an important role in improving sensor
performance. The use of metal oxide or semiconductor layers such as MoS; in SPR sensor
structures enhances the electromagnetic field near the sensor surface and increases light
confinement in the active region. These layers also result in a sharper resonance angle, enhanced
light-matter interaction, and improved charge transfer between graphene and gold. Consequently,
the sensitivity, accuracy, and overall performance quality of the sensor are significantly improved.
Graphene is considered an effective material for the electronics and the optoelectronics due to its
solitary composition and various essential properties, consisting the extreme carrier mobility,
extreme optical clarity, adaptability, and special mechanical robustness. The studies have shown
sensational potential of using the graphene for various devices of the optoelectronic, consisting the
solar cells, the touch panels, the photodetectors, ultrafast lasers, polarizers, and the optical
modulators. Broad absorption, the extreme carrier mobility, and short carrier lifetime make
graphene a perfect material for the high-bandwidth, high-sensitivity biosensors [20, 21]. The MoS»
covering is a barren film lubricant that operates through the sulfur atoms inherent sliding (the weak
van der Waals forces). These aids decrease component have on and rectify friction coefficient.
Covering is built from the extreme-purity molybdenum disulfide powder and represents special
mechanical possessions, consisting extreme tensile and flexural robustness, creating it a hopeful
substance for the sensors, the transistors, and flexible electronic devices. MoS; has arisen as a
hopeful substance for electronic applications owing to its high electron mobility. This material has
unique optical properties that make it an appealing substance for the development of optoelectronic
devices such as the photodetectors, the solar cells, and the light-emitting diodes. It has also been
widely used in electrochemical biosensors due to its good conductivity, the fast charge transfer rate,
and outstanding electrocatalytic activity. MoS; nanostructures are an alternative to toxic heavy
metals, exhibiting biocompatibility, low toxicity, and high stability and affinity for biomolecules.

The electrochemical range of MoS: is from -0.6 V to +0.7 V. Such a limited working potential,
which is the characteristic of it, prevents detection of essential analytes such as the nitroaromatic
volatile, pesticides, and mycotoxins, which are alternatively observable on carbon surfaces.

Bibikova et al., (2017), studied the plasmonic chip-based systems consisting of the gold nanostars
assembled on silicon substrates. In which, extreme aspect ratio gold nanostars structure provides a
larger number of hot spots on their surface, leads to an enhancement of the electric field around
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nanomaterials[22]. Salazar et al., (2018), reviewed new trends in plasmonic sensing. In plasmonic
sensing, they focused on improving the performance of SPR sensors using magnetic nanoparticles
and metamaterials, as well as developing uniform, flexible, and reproducible surface-enhanced

Raman scattering (SERS) substrates [23]. Lai et al., (2018), proposed a plasmonic filter and sensor
based on a hexagonal resonator coupled to metal-insulator—metal (MIM) waveguides. They
demonstrated that by using metallic blocks inside the resonator, multiple transmission peaks as well
as asymmetric Fano resonances could be generated. The FDTD simulation results indicated high
refractive index sensitivity and a high figure of merit for the proposed structure, making it suitable
for integrated photonic applications and on-chip optical sensors [24]. Li et al., (2019), designed a
hybrid plasmonic-metal graphene sensor for multispectral sensing in near and mid-infrared regions,
which simultaneously performed multispectral sensing in near and mid-infrared areas[25].
Tsuchikawa (2020), investigated the effect of surface-enhanced infrared absorption (SEIRA) and
dispersion-based SPR for the detection of 2,4-dinitrotoluene (2,4-DNT). By placing 2,4-DNT on
metal-insulator-metal (MIM) resonator arrays, they observed that the natural dispersion of the
mixed refractive index combined the effect of SEIRA and SPR[26]. Ebadi et al., (2020), designed
and numerically investigated a highly compact plasmonic filter based on metal-insulator—metal
(MIM) waveguides. In this structure, Fabry—Perot cavities were used to create tunable multiband
filters in telecommunication wavelengths. Their results showed that the proposed structure can
achieve band-pass filters, cutoff filters, and plasmonic absorbers with extremely small dimensions,
making it applicable to integrated photonic circuits and optical communication systems [27]. Wen
et al., (2021), proposed a graphene-based plasmonic system for advanced molecular infrared
spectroscopy. The system consists of two graphene layers separated by a nanometer gap. This
structure can support acoustic graphene plasmons (AGP), which leads to super-concentration of the
electromagnetic field and substantial field enhancement inside the nanometer gap [28]. Patel et al.,
(2021), reviewed research results on a tunable infrared biosensor for detecting hemoglobin in the
range of 1.5 to 165 um. This biosensor is made of phase change materials that change their phase
with temperature, providing tunability of the sensor. This feature enables selective detection of
hemoglobin [29]. Bensalah et al., (2023), designed a high-sensitivity plasmonic sensor based on a
metal-insulator-metal (MIM) waveguide structure and a hexagonal ring resonator using the FDTD
method. Their results demonstrated a linear relationship between the refractive index of the
medium and the resonance wavelength shift. The proposed structure achieved a maximum
sensitivity of 2417 nm/RIU and a figure of merit of 38, and in addition to biomolecule detection, it
was also applied for temperature sensing [30]. Faraji et al., (2025), proposed a novel plasmonic
biosensor based on 3D cylindrical hyperbolic metamaterial nanolenses in 2025. Their results
showed that the proposed biosensor has the potential for high-sensitivity, selective detection of
biomolecules[6]. Miandoab and Hars (2025), investigated a focused plasmonic nanostructure
optical antenna at visible wavelengths. They studied the effects of shape and size of plasmonic
nanostructure to increase the gain and improve the focusing of the optical antenna relative to the
small detector area[31]. Skakya et al. (2026), presented a comprehensive review of the evolution of
smart sensors based on photonic crystal fibers and surface plasmon resonance (PCF-SPR). They
investigated the applications of these sensors in the biomedical field, including the detection of
disease biomarkers, DNA, proteins, glucose, and pathogenic microorganisms, and demonstrated
that due to their very high sensitivity, real-time monitoring capability, miniaturization, and
multiplex detection, these sensors are highly suitable for next-generation diagnostic systems. The
researchers also discussed future challenges and opportunities, including the use of artificial
intelligence and hybrid models to optimize sensor performance [32]. Ramola et al. (2026), designed
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a photonic crystal fiber- and SPR-based biosensor for the early detection of cancer cells. Using
FEM simulations in COMSOL, they demonstrated that a quasi-D-shaped structure combined with
PMMA and gold layers exhibits very high sensitivity in detecting refractive index changes of
cancer cells [33]. Ramola et al. (2025), designed an SPR sensor based on a Kagome structure in a
photonic crystal fiber to detect blood components and biomarkers with high sensitivity. They
evaluated the sensor performance for different materials such as glucose, hemoglobin, and BSA and
achieved very high sensitivity and resolution [34]. Ramola et al. (2025), published a comprehensive
review on recent advances in photonic crystal fiber-based SPR sensors. They compared different
designs, plasmonic materials, and biosensing applications, and investigated the role of these sensors
in detecting diseases, DNA, glucose, and cancer cells [35]. Ramola et al. (2025), designed a novel
SPR sensor with a square structure and an Au-TiO interface. In addition to FEM modeling, they
investigated the role of artificial intelligence and machine learning in optimizing the performance
of photonic sensors and demonstrated that Al can improve the accuracy and adaptability of these
sensors [36]. Ramola et al. (2025), investigated different optical biosensor technologies for early
cancer detection. They compared the performance of SPR, LSPR, Raman, fluorescence, and optical
fiber sensors and explained the advantages and applications of each in cancer diagnosis [37].
Skakya et al. (2023), designed a low-cost spectroscopy system to investigate the optical properties
of different edible oils. They analyzed four samples, including olive oil, mustard oil, amla oil, and
red palm oil, in terms of transmission and absorbance. The results showed that each oil exhibits
different spectral behavior at different wavelengths, and these differences can be identified using
linear relations and mathematical modeling [38]. Studies show that penetration depth plays an
important role in determining the interaction strength between the plasmonic field and the sensing
environment, and consequently the performance of SPR sensors. It has also been reported that
penetration depth depends on parameters such as metal layer thickness, stimulation wavelength,
multilayer structure, and the optical properties of two-dimensional materials. In addition, the use of
two-dimensional materials such as graphene and MoS: can improve field confinement, increase
electromagnetic field localization, and enhance plasmonic coupling, ultimately leading to improved
sensitivity and biosensor performance. Some studies have also shown that changing the number of
layers and hybrid plasmonic structures can modify the evanescent field distribution and its
penetration depth, thereby directly affecting the interaction between the field and the analyte.
Furthermore, optimization of penetration depth has been introduced as one of the key factors in
improving detection efficiency and enhancing the biosensing response of SPR sensors, and it plays
an important role in the design of plasmonic structures based on two-dimensional materials [ ].
Graphene and the graphene oxide supply acceptable aid for the adsorption of biomolecules owing
to their enormous surface area and m affluent conjugated system structure, creating them
appropriate dielectric layers for SPR sensing. Nevertheless, graphene generates greater attenuation
in surface plasmons owing to the enormous imaginary dielectric capacity of the upper layers of the
graphene, thereby reducing the detection precision. In the case of high function in the SPR
biosensors, devices based on hybrid substances that include graphene and photosensitive substances
can be very effective. This hybrid material system can exploit extreme carrier mobility properties of
the graphene and powerful coefficient of absorption of photosensitive materials, and so
concurrently maximize both aspects of harvesting of light and light-induced carrier ancestry[47-
53], To take advantage of the above, in this paper, we have evaluated and studied the performance
of the proposed optical biosensors for detecting DNA hybridization using the angular modulation
method. This method offers excellent sensitivity to refractive index alternations in case of a planar
optical waveguide-based SPR biosensor. To achieve this goal, by accurately introducing the
structures and examining the characteristic spectrum of light passing through the waveguide in
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response to changes in the angle of the incoming light, we have tried to introduce an optical
biosensor with appropriate sensitivity and detection resolution through design and simulation. The
main novelty of this paper compared to the study by Rahman et al. (2017), have been
performed in both the proposed structure and the type of physical analysis. While the previous
study mainly investigated a limited hybrid structure based on MoS> and graphene for DNA
hybridization detection, in this paper several different arrangements of graphene and MoS: layers,
including single-layer, multilayer, and asymmetric hybrid structures, have been comparatively
analyzed. In addition, the effect of increasing the number of graphene/ MoS; layer pairs has been
investigated. This comparative analysis enables a detailed study of the effects of layer number and
arrangement on resonance angle, sensitivity, FWHM, and figure of merit (FOM). Furthermore,
unlike previous studies, this paper provides a more detailed physical analysis based on
electromagnetic field distribution, plasmonic confinement behavior, evanescent field penetration
depth, and optical losses. The results show that the structure containing one graphene layer and one
MoS; layer provides stronger field confinement near the sensor surface and enhances the
interaction between light and biomolecules. This leads to a larger resonance angle shift and
improved sensor sensitivity. The analyses also demonstrate that increasing the number of graphene
and MoS; layers increases optical absorption losses and plasmon damping. This results in
broadening of the resonance curve, increased FWHM, reduced field penetration depth, and
ultimately lower sensitivity and detection precision. In addition, the proposed planar waveguide
structure offers simpler fabrication and better integration capability compared to many fiber-based
structures. The optimized structure introduced in this paper has achieved a sensitivity of 193
deg/RIU and a figure of merit of 16.6 RIU™, confirming the high performance of the proposed
structure.

2. Materials and Methods

Optical Waveguide-Based Biosensor Structure

The proposed design consists of a flat waveguide located in the y-z plane to guide single-mode
input and output light without loss. This sensor region uses an extreme layer of the refractive index
sandwiched between two lesser layers of the refractive index to trap light and guide it to the output.
At one section of the length of the waveguide, multilayer metal of (Au)-graphene-photosensitive
layer (MoS>) of sensor is located, which acts as the interface section with the detection sample. The
front view of the cross-sectional considered sensor of SPR based on 2D material plasmonic waves
has been shown in Fig. 1. The layer arrangement has been considered as waveguide / Au / MoS, /
graphene / analyte, such that the graphene layer is directly in contact with the sensing environment.
The reason for selecting graphene as the top layer is its high surface area, suitable biocompatibility,
and its ability to effectively adsorb biomolecules, which enhances the interaction between the
evanescent field and biological molecules. Key limitations for designing an SPR sensor include the
appropriate selection of materials for the different layers, the choice of the metal material to form
the sensor surface and the operating wavelength, and the appropriate selection of the number and
dimensions of layers to create waveguides and create plasmon resonance parameters to increase
detection efficiency. The usage of a substrate glass with a low refractive index provides easier
phase matching among the waveguide and surface plasmon modes in a device when acting in an
aqueous environment (n = 1.33).
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Figure 1. Layer-by-layer structure of the optical waveguide biosensor as seen from the front.

The substrate glass with a refractive index of 1.46 has been chosen to make the process of creating
a waveguide easier and more cost-effective. The PW SPR sensor has been intended for using in
aqueous solution based

a) b)

Figure 2. a) Crystal structure of MoS, molecules, b) Top view and side views of the MoS; structure.
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on solidity and inertness of metal film to outer surrounding. Sensor performance is reduced by
changing optical possessions of film. Gold is often chosen for these structures because it is
chemically inert and adheres well to glass substrates. Besides, the gold films supply outstanding
electrodes for the electrochemical studies. In our desired biosensor, a coating of a graphene- MoS;-
hybrid structure has been used in addition to gold. Due to the high adsorption capacity, high
mobility of the graphene carriers, and powerful coefficient of the absorption of photosensitive
substances, this hybrid system can simultaneously maximize both aspects of light collection and
light-induced carrier extraction, ultimately improving detection sensitivity. Also, in our studies,
water environment has been considered as a comparative reference sensing environment. The
proposed structure has been selected due to the simultaneous combination of the plasmonic
properties of metals, the high electronic conductivity of graphene, and the strong optical properties
of MoS,. This combination enhances electromagnetic field confinement and improves the
interaction between light and biomolecules. Unlike many previous structures that employed only
metals or a single two-dimensional material, this study systematically investigates the effect of the
combination and number of graphene/ MoS; layer pairs. The results demonstrate that the proposed
structure provides higher sensitivity, smaller FWHM, and better integration capability compared to
many conventional structures. The two-dimensional simulation was selected due to the longitudinal
symmetry of the structure and the uniform geometry along the propagation direction. In such
structures, the main plasmonic behavior and electromagnetic field distribution can be effectively
modeled in a two-dimensional plane. The use of a two-dimensional model significantly reduces
computational time and memory requirements while accurately preserving the main SPR
characteristics, resonance angle, and field behavior. Therefore, two-dimensional simulation in this
study represents a valid and commonly used simplification for the preliminary analysis of planar
waveguide structures. In the fabrication of layered structures such as Au / MoS: / graphene, dry
transfer and deterministic layer-by-layer stacking methods are commonly used to preserve the
precise layer sequence while minimizing contamination and tearing. In this approach, each two-
dimensional layer is individually picked up using a soft polymer stamp such as PDMS or PPC and
then accurately placed on the previous layer under microscopic alignment. Since this process is
performed without chemical solutions, polymer residues and contamination are minimized. In
addition, to prevent tearing, the peeling speed is reduced and soft substrates are used to decrease
mechanical stress. In more advanced methods such as pick-up transfer, a carrier layer (such as PPC)
first picks up the graphene layer, and then the remaining layers are sequentially collected to form a
clean and well-controlled stack. These methods have been widely used for fabricating graphene/
MoS: heterostructures and even interfaces with metals such as Au, and have been confirmed in the
literature as standard approaches for producing clean interfaces [ ]. Although this work is
simulation-based and its main focus is not on fabrication processes, the fabrication of layered
structures such as Au/ MoS»/graphene is experimentally feasible. Various studies have shown that
such heterostructures are commonly fabricated using dry transfer methods and van der Waals
assembly techniques. In these methods, polymer stamps such as PDMS or PPC are used for
sequential pickup and placement of two-dimensional layers, allowing precise control over the layer
order while avoiding contact with chemical solutions. This significantly reduces interface
contamination and improves interface quality. However, challenges such as residual polymer
contamination, mechanical strain during transfer, and difficulties in achieving atomically clean
interfaces between metals such as Au and two-dimensional semiconductors such as MoS: still
remain. In addition, maintaining large-scale uniformity and preventing tearing during layer transfer
are among the experimental limitations of these methods. Despite these challenges, experimental
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studies have demonstrated that deterministic stacking and dry transfer techniques enable the
fabrication of such structures with high precision [ ].

A six-layer sensing structure is investigated using the FDTD method, considering the optical and
electrical properties of each layer. The structure consists of a waveguide with thickness D, coated
with a gold film of thickness D2, an MoS> layer with thickness D3, and a graphene monolayer with
thickness D4, followed by a biomolecular detection medium. The crystal structure of MoS; is
composed of a hexagonal plane of Mo atoms located between two hexagonal planes of S atoms.
Strong covalent bonds exist between Mo and S atoms, while adjacent layers are connected through
weak van der Waals forces. The molecular structure of MoS; is illustrated in Fig. 2, where the
crystal structure is shown in Fig. 2a, and the top and side views are presented in Fig. 2b. In the
proposed model, the first layer is the waveguide and the second layer are the metal layer, whose
complex dielectric function is described using the Lorentz—Drude model. The refractive indices of
the two-dimensional MoS, and graphene layers are considered as n3 = 5.9 + 0.081 and n4 = 3 +
1.14871, respectively [57]. The refractive index values of MoS, and graphene at the wavelength of
633 nm differ across various studies because the optical properties of two-dimensional materials
depend on factors such as the number of layers, fabrication method, crystalline quality, growth
conditions, and the optical model used. In this study, the values of n = 5.9 + 0.081 for MoS; and n =
3 + 1.1487i for graphene were selected based on the values reported in studies related to SPR
sensors and plasmonic structures in the visible region [58]. The main objective of this research was
to investigate the relative behavior of the hybrid structure and compare the performance of different
layer configurations.

Fourth layer is sensing medium and its refractive index is ns = 1.33 as a reference for comparison
with the aqueous medium. The DNA hybridization measures degree of genetic relation among sets
of the DNA sequences to determine genetic gap between two organisms. The sensing DNA
hybridization is essential for obtaining information about the DNA molecular linkage, through
many human diseases can be directly diagnosed. In this case, refractive index for sensing medium
changes owing to DNA immersion in sensing medium. altered refractive index of the sensing
medium (n$) after the absorption of the DNA molecules is considered by equation 1 [58]:

dn
ng =ns + Caz (1)

ca 1s adsorbed molecules concentration (1000nM), ns is refractive index of sensing medium before
adsorption of the DNA molecules, and dn/dc is refractive index increase owing to adsorption. If a
standard buffer solution is used, refractive index increase parameter is taken as dn/dc = 0.182
cm?/gm?®. With this relation, sensing medium refractive index being detected increases from 1.33.
To study these changes, refractive index of medium is considered to vary from 1.33 to 1.39.

Applying the Finite Difference Time Domain (FDTD) Method to the SPR Sensor

The method of finite difference time domain is a computational method that directly solves time-
dependent Maxwell equations using the exact second-order central difference in time and space,
and considers both electric and magnetic fields. Finite difference time domain method has been
significantly improved to the point where it is used in various applications including nano-optics
and nano-photonics. FDTD is a numerical method used to solve Maxwell's equations for the
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distribution of electric and magnetic fields in both the time and space domains. Basis of this method
is the gridding of the space under study into small elements and Yee algorithm is typically used to
solve electromagnetic problems.

The FDTD method solves Maxwell’s differential equations using the central finite difference
technique in both time and frequency domains. Since conventional approximations become
inaccurate at nanometer scales comparable to optical wavelengths, FDTD is widely used for
electromagnetic analysis of nanoscale structures. In this method, the simulation space is divided
into small cubic cells containing electric and magnetic field components. Finite difference
equations are then used to update the field values over time based on neighboring cells and
previous time steps. After the simulation is completed, the electromagnetic field distributions are
used to calculate the desired physical properties.

In numerical methods such as FDTD, a fictitious absorbing boundary condition named a perfectly
matched layer (PML) is used to simulate problems with open boundaries in order to shorten the
computational space. Also, by using this layer, the reflection of electromagnetic waves into the
structure from the computational spatial edges in the FDTD method used for a structure with a non-
uniform grid has been used. The 3D inhomogeneous network with one-dimensional coordinate grid
nodes is as follows: {y;,j = 1,N,}; {z, k = 1,N,}.

S Sensitivity characteristic and characteristic of the Factor of Merit (FOM)

Sensitivity of a sensor of SPR shows rate of alternation of the SPR resonance angle in response to
alternations in refractive index of sample medium (material under test). In other words, the
sensitivity expresses how sensitive the sensor is to minor alternations in refractive index of medium
and is defined by equation 2 [ ]:

__dBgpr __ ABnin
S = dn Ang (2)

S is the sensitivity of the sensor, dOgpp is alternation in resonance angle, and dn is alternation in

refractive index of the sample medium. Larger value of S, more sensitive the sensor. This means
that small changes in the refractive index of the sample medium produce larger changes in the
resonance angle, making these changes easier to detect. High sensitivity is crucial for accurate and
early detection of changes in biological or chemical samples.

The factor of merit is a unique criterion for comparing the performance of different sensors and
a general criterion for evaluating the performance of a sensor that takes into account sensitivity and
precision together. A sensor with a higher FOM generally performs better. Sensitivity (S) indicates
how sensitive the sensor is to changes in the refractive index. FOM is defined as the sensor
sensitivity divided by the bandwidth of the surface plasmon resonance curve (FWHM), and is
calculated by equation 3 [58, 59].
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S
FWHM (3)

FOM = Q; =

FOM is figure of merit, S is sensor sensitivity, and the FWHM is full width at half maximum of
surface plasmon resonance curve. High sensitivity (large S) increases the FOM. Low bandwidth
(small FWHM) also increases the FOM. A low bandwidth indicates a higher precision in
determining the resonance angle. Therefore, a sensor with a high FOM has both good sensitivity
and high precision in detecting the resonance angle.

Simulated structure of the desired optical biosensor

In this section of the paper, we have considered the simulated structure of the optical biosensor
under study in two dimensions and the arrangement of the layers including MoS: and graphene in
the front view, which has been implemented in the Lumerical software environment, and shown in
Fig. 3. The Lumerical software package has been used for the simulation, which uses the FDTD
Solutions method in 2D to perform optical response calculations and electric field distribution on
the designed structure. The radiation field distribution is emitted as a light source with a
wavelength of 633 nm from a monochromatic laser source (a red visible light source) and the data
is gathered employing a spectrometer and computer numerical calculations. In this study, the
wavelength of 633 nm was selected due to its widespread use in SPR sensors, the availability of
optical data for materials, and the possibility of direct comparison with previous studies. Since the
wavelength of 633 nm is compatible with common He—Ne lasers and visible light sources, and is
one of the most widely used wavelengths in laboratory SPR and biosensing systems, this
wavelength has been also investigated in the present study. For focusing structure with same
periodicity, source is assumed as a plane wave. For this purpose, we have assumed propagation
direction to be perpendicular to structure surface (x-axis positive direction) and accomplished
calculations on structure surface, in x-y plane. We have performed calculations on structure surface,
in x-y plane. For simulation, only a 250nm periodicity period is modeled and the boundaries
created in y direction are periodic boundary conditions. In x direction, where structure is not
periodic, boundary conditions of PML have been assumed. To ensure extreme precision of
calculations in proportion to structure used, of mesh cells size used for specified simulation area
has been assumed to be about 0.2nm. To ensure that the results are independent of the mesh size, a
convergence test was performed. The results obtained from several different mesh sizes were
compared, and it was observed that for meshes smaller than the selected value, no significant
changes occurred in the resonance angle or transmission spectrum. Therefore, the selected mesh
size guarantees appropriate accuracy and numerical stability of the results. The simulations were
carried out using the Finite-Difference Time-Domain (FDTD) numerical method, which is one of
the standard approaches for analyzing plasmonic structures and investigating electromagnetic field
distributions. To ensure result accuracy, a very fine mesh was employed in sensitive regions such as
the metal—dielectric interface and the two-dimensional layers. The mesh size in these regions has
been considered to be approximately 0.2 nm, while larger mesh sizes have been used in other
regions to reduce computational cost. In addition, a convergence test was performed to verify the
independence of the results from the mesh size, and it was observed that with further reduction of
the mesh size. there is no significant change in the resonance angle and transmission spectrum.
Therefore, the selected mesh size provides a suitable balance between accuracy and computational
cost. To realize this biosensor, a planar waveguide has been shaped of a dielectric core, which is
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located between two cladding layers with a lower refractive index. In both cases, the propagation
and guidance of light along the core will occur based on the well-known phenomenon of total
internal reflection. The angle of incidence of light into the waveguide is swept between 50 and 90
degrees and the amount of transmitted and reflected light in the sensing region has been calculated.
We have shown how angle of resonance changes with varying refractive index. The proposed
structure is based on a planar optical waveguide in which the input light propagates through the
waveguide core and interacts with the Au metal layer and the two-dimensional layers in the sensing
region via the evanescent field. In the FDTD model, this mechanism was simulated using a TM-
polarized light source with propagation along the waveguide direction in order to accurately model
surface plasmon resonance excitation at the metal—dielectric interface. It was also clarified that the
angular sweep in the simulation has been performed only to extract the resonance conditions and
determine the

SPR angle, and does not imply direct free-space illumination of the structure. In practice, the light
is first guided inside the waveguide and then plasmonic coupling is generated at the Au/
MoS»/graphene interface. In Fig. 3, the light propagation direction (y), plasmonic coupling
direction toward the sensing region (x), source position, sensing region, PML boundaries, and the
location of surface plasmon resonance formation are clearly illustrated to ensure complete
consistency between the schematic structure and the simulation model.

The simulations were carried out using the Lumerical FDTD Solutions software package. The
computational platform consisted of a workstation equipped with a multi-core Intel Core 17
processor, 32 GB of RAM, and a 64-bit operating system. To reduce computation time, parallel
CPU processing was enabled, allowing the FDTD calculations to be distributed across multiple
cores. In some cases, GPU acceleration was also utilized for computationally intensive tasks when
available. To improve accuracy while minimizing computational cost, Adaptive Mesh Refinement
(AMR) was employed. This approach enabled high-resolution meshing in critical regions of the
structure, thereby preventing errors caused by insufficient sampling of the electromagnetic fields.
The mesh size was adjusted intelligently to maintain accuracy while optimizing memory
consumption. This combination of hardware resources and optimization techniques provided
accurate simulations within reasonable computational time and resource usage. The angle sweep in
the simulation has been performed solely to determine the resonance conditions and analyze the
SPR response, and does not necessarily imply direct injection of light into a real waveguide at very
large angles. In practical structures, one of the most common and applicable methods for coupling
light into a waveguide is the use of prism coupling or grating coupling, which enables precise
adjustment of the angle and phase matching between the waveguide mode and the surface plasmon
mode. In these methods, the effective propagation angle is controlled through the coupling
conditions, and there is no need for direct free-space injection of light into the waveguide at
extremely large angles. In addition, the use of rotational stages and optical alignment in SPR setups
allows precise and continuous adjustment of the coupling angle. Therefore, the investigated angular
range in the simulations has been considered for extracting resonance conditions and studying the
sensor behavior.

3. Results and discussions
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In this section, to investigate and analyze biosensors based on plasmonic nanostructures of 2D
materials, first the structure of the biosensor based on the optical waveguide and the simulated
structure of the desired biosensor in this study have been introduced. Then, the results of the field
distribution and power spectrum transmitted through the waveguide sensor with different layers of
MoS: and graphene have been analyzed and investigated. Since SPR sensors are one of the most
effective and advanced optical biosensors with the highest efficiency in the field of medical
diagnosis, to design and enhance sensitivity of this type of the biosensor, nanoparticles and the
structures based on metal nanowires, an array of nanopores, and hybrid nanostructures have been
used.

According to the structure considered in Fig. 1, the biosensor has been studied from a front
view. A waveguide layer as the waveguide core (Dielectric waveguide glass material with
refractive index of 1.55) with a higher refractive index nc=1.55 is placed between two substrate
layers with a refractive index ns=1.46 and air with a refractive index of one. Owing to high
refractive index of the core compared to the top and bottom sides, the light entering it is confined
and guided to the end at the waveguide surface. The waveguide has a length of 50 micrometers, and
sensing conditions have been provided in its middle region. The waveguide layer has a diameter of
5 mm and is covered with a 40 nm thick gold layer. Since the proposed structure is modeled based
on a planar waveguide with dimensions larger than those of conventional integrated photonic
waveguides in order to provide stable wave propagation and proper coupling of the evanescent field
with the plasmonic layers and two-dimensional materials, a waveguide diameter of 5 mm has been
considered. In this model, the main purpose is not to design a compact photonic or single-mode
waveguide at the micrometer scale, but rather to investigate SPR behavior, resonance angle
variations, and the effect of graphene/ MoS: layers on sensor performance. Therefore, the use of
larger waveguide dimensions leads to improved FDTD simulation stability, reduced numerical
boundary effects, and more accurate analysis of the plasmonic response of the structure. In
addition, since the plasmonic field is mainly concentrated in the metal surface and sensing layer
regions, the overall dimensions of the waveguide do not have a dominant effect on the main SPR
mechanism in the proposed structure.

The value of 0.65 nm for the graphene layer thickness in this study has been selected as an
effective optical thickness in the FDTD simulation and does not merely represent the ideal physical
thickness of monolayer graphene. Although the structural thickness of single-layer graphene is
commonly reported to be around 0.34—0.35 nm, larger values are often used in electromagnetic
models and optical simulations to more accurately represent the optical response of graphene. In
FDTD simulations, graphene is modeled as a layer with an effective complex refractive index, and
therefore its effective optical thickness may differ from its actual physical thickness. Selecting a
value of 0.65 nm improves numerical stability, allows more appropriate mesh definition, and
provides more accurate modeling of the interaction between the electromagnetic field and the
graphene layer. In addition, similar values have been used in some previous studies [ ] on
graphene-based SPR sensors. Since the main objective of this study was to investigate the relative
behavior of the structure and the effect of graphene/ MoS; layers on the plasmonic response of the
sensor, the use of the effective thickness value of 0.65 nm does not significantly affect the overall
trend of the results or the main SPR mechanism.

The thickness of 40 nm for the Au layer has been selected based on previous studies related to
waveguide-based SPR structures and hybrid plasmonic structures, since this thickness can provide
an appropriate balance between surface plasmon resonance excitation and reduction of optical
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losses. Although a thickness of around 50 nm is commonly used in many Kretschmann structures,
the coupling conditions in the present waveguide-based structure are different [58,59]. In this
structure, the thickness of 40 nm resulted in an appropriate resonance dip and effective coupling of
the evanescent field with the MoS; and graphene layers. In this study, the primary focus was on
investigating the effect of two-dimensional layers. A 0.65 nm thick MoS; photosensitive monolayer is
formed on the gold. Finally, a 0.65 nm thick graphene monolayer is placed on the sensor adjacent to the
sensor detection layer. A 10 nm thick sensing detection area is considered on graphene. In the initial
conditions without biomolecules, this environment is aqueous and its refractive index is 1.33.

In this study, the sensing region with a thickness of 10 nm has been considered as an effective
sensing region for modeling the interaction between the evanescent field and DNA molecules. In
practice, DNA molecules after immobilization on the sensor surface are not arranged as a perfectly
compact and ideal layer; rather, the spatial structure, molecular orientation, inter-strand spacing,
linker layers, and surrounding environment can create an effective optical region larger than the
actual physical thickness of DNA. Although the physical thickness of DNA is usually reported
within a few nanometers, in many SPR models a larger effective sensing layer is considered in
order to account for the complete interaction between the evanescent field and biomolecules. Since
the evanescent field decays exponentially away from the sensor surface, the sensor sensitivity
depends on the thickness of the sensing region, and increasing the thickness of the effective analyte
layer can alter the overlap between the field and biomolecules. In this study, the value of 10 nm has
been selected as the minimum effective analyte region on the sensor surface for modeling the
optical response of DNA hybridization. The main purpose of this research is not to precisely model
the physical thickness of a specific DNA sequence, but rather to investigate the relative behavior of
the sensor against refractive index variations.

Sensing Medium

= ~

2 . Graphene [
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Figure 3. The designed structure in the simulation environment of the desired optical biosensor.

3.1. Field distribution and power spectrum transmitted through a waveguide sensor with
different structures of MoS: / graphene bilayer

To demonstrate performance of the desired biosensor similar to the structure considered in Fig. 1,
the angle modulation method has been used. For this purpose, laser light at 633nm is radiated into
the waveguide region. The electromagnetic field distribution is calculated by the FDTD numerical
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solution method in different regions of the structure. It is obtained proportional to the distribution
of the light field passing through the waveguide after reflection from the created sensing area.
Changing light incidence angle according to sensing area refractive index creates different reflected
light power, which is plotted as a variable with the angle of light entry at a specific angle to obtain a
minimum value for the light power passing through the waveguide. The minimum angle value
alters with alternation of sensing medium, which forms basis for calculating the sensitivity in this
type of biosensor. In Fig. 4a, the distribution of the electric field with respect to different layers
with changing angles, and in Fig.4b, the power transmission curve with respect to angular changes
for sensing media with different refractive indices have been depicted. The electromagnetic field
distribution results show that the stronger the field confinement near the sensor surface, the greater
the interaction between light and biological molecules, enabling more accurate detection of very
small refractive index changes. This strong field confinement increases the SPR resonance angle
shift, improves sensitivity, and lowers the sensor detection limit. In the hybrid graphene/ MoS»
structure, due to the stronger confinement of the electromagnetic field in the sensing interface
region, the sensor performance is significantly improved and higher sensitivity is achieved. To
investigate plasmonic field coupling and penetration depth behavior, the electric field distribution
in Fig. 4a and Fig. 6a was analyzed in greater detail. As observed in these figures, the
electromagnetic field is strongly concentrated at the Au—dielectric interface, indicating successful
excitation of surface plasmon resonance. It is also shown that although the evanescent field decays
exponentially inside the Au layer, part of the field still penetrates through the metal layer into the
MoS,, graphene, and sensing regions. This confirms that the two-dimensional layers placed on Au
are located within the effective sensing region and can interact with refractive index variations in
the surrounding environment. In addition, the penetration depth in Au-based SPR structures at the
wavelength of 633 nm is typically reported to be within the range of several tens of nanometers.
Despite the 40 nm thickness of the Au layer, the strong field localization at the metal—dielectric
interface and the coupling established in the proposed hybrid structure preserve effective
interaction between the field and the MoSz/graphene layers. For greater clarity, the layer boundaries
and sensing region

|E|~2 at 633 nm with 1 graphene layer
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Figure 4. a) Electric field distribution, b) power transmitted through the sensor with a graphene/MoS, layer for
changes in the input angle for detecting biomaterial with refractive indices of 1.33, 1.35, 1.37 and 1.39.

Table 1. Basic parameters of the optical waveguide biosensor with a single layer of graphene and MoS,.

ns Omin (deg) A0y s (deg) S (deg/RIU)  Q(RIUY Tomin Thax
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1.33 77.37 11.0r - - 0 0.9

1.35 81.23 11.62 193 16.6 0.02 0.89
1.37 84.22 10.59 171.25 16.17 0.22 0.89
1.39 84.29 9.76 115.33 11.81 0.62 0.89

were also indicated in Fig. 4a and Fig. 6a so that the field behavior and penetration characteristics
can be clearly observed. The results showed that increasing the number of graphene and MoS»
layers increases field damping and optical losses, which reduces field localization in the analyte
region. As a result, the interaction between the evanescent field and biomolecules becomes weaker,
leading to reduced sensitivity and FOM. According to the obtained results, main function
parameters of the sensor of the SPR are determined based on the sensitivity, discovery precision
and quality factor. Sensitivity of the S is introduced as ratio of the change in incidence angle with
minimum transmitted light power or in other words, the SPR angle (46spr) to the change in
detection medium refractive index proportional to the alternation in biological material (41, ) as
equation 2 [ ] and its unit is considered as deg/RIU. When DNA is adsorbed onto the sensor
surface, the refractive index of the surrounding medium changes. This change alters the resonance
condition between the incident light and the surface plasmon, resulting in a shift in the resonance
angle. According to the sensor sensitivity relation (Equation 2 [ 1), the larger the angle shift for
a small refractive index change, the more sensitive the sensor becomes. Accordingly, the optimized
structure is introduced as the proposed sensor configuration. The detection precision or resolution

leans on full-wavelength at the half maximum (FWHM) (A6, 5), and factor of quality is generated
from sensitivity ratio to FWHM (as equation 3 [ ].

According to the obtained results, the basic parameters of the biosensor with a graphene layer and
a MoS: layer are compared with each other in Table 1. According to the obtained results, the
highest sensitivity for the biomaterial with a refractive index ns=1.35 is 192deg/RIU. Therefore, it
is seen that molecules of the DNA shift angle of SPR to right or to larger values due to their
addition to the medium, which alternations of the sensing dielectric refractive index. By introducing
DNA as electron-affluent molecules, the number of carriers should change in concentration of the
layer of the graphene- MoS», causes to a change in diffusion perpetual. So, suggested SPR sensor
with extreme sensitivity can be used to identify the DNA hybridization based on SP angle changes.
The sensitivity behavior in SPR structures is not always completely linear and may depend on
plasmonic coupling conditions, field localization, and the shape of the resonance dip. In the
proposed structure, increasing the refractive index of the sensing
environment changes the phase matching condition between the waveguide mode and the surface
plasmon mode. This can alter the rate of resonance angle shift. It was also observed that with
increasing refractive index of the sensing environment, the resonance dip becomes broader and
shallower, which can reduce the calculated sensitivity at higher refractive index values. The
increase of Tmin With increasing refractive index indicates that the resonance dip gradually becomes
shallower, which may affect the precision of determining the resonance angle and consequently
influence the limit of detection. However, in this study, the primary focus has been on sensitivity
and FOM.

To investigate effectiveness of sensing characteristics by changes in structural parameters, another
waveguide biosensor with three MoS»/graphene layer pairs has been designed as depicted in Fig.

Laser source of light is irradiated into optical waveguide structure. The distribution of the
electromagnetic field and the corresponding light passing through the waveguide are calculated for
different angles of incidence. The results obtained for biomaterials with different refractive indices
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have been depicted in Fig. 6. Increasing the number of graphene/ MoS» layers enhances optical
absorption and surface plasmon damping in the structure. In Figures 4a and 6a have been shown the
electric field distribution |E* for structures which containing one pair and three pairs of graphene/
MoS; layers at a wavelength of 633 nm. Comparison of these two figures demonstrates that by
increasing the number of layers, the intensity and localization of the electromagnetic field in the
sensing region significantly decrease. In the structure containing one layer pair, the evanescent field
is more strongly confined near the metal/sensing-medium interface and penetrates more effectively
into the analyte region. In contrast, in the three-layer structure, part of the field energy is absorbed
and dissipated in the additional graphene/ MoS: layers, resulting in reduced field amplitude near the
sensing medium. As observed in Fig. 6a, the field intensity near the 100 nm region is considerably
weaker for the three-layer structure compared to the single-layer structure. This reduction in field
localization weakens the coupling between the waveguide mode and the surface plasmon mode,
and also reduces the penetration depth of the evanescent field into the sensing medium.
Consequently, refractive index variations in the medium have less influence on the resonance
condition and resonance angle shift. Furthermore, increasing the number of layers broadens the
resonance dip and increases the FWHM, indicating degradation of the plasmonic resonance quality.
Therefore, the sensitivity of the structure decreases from about 193 deg/RIU for one-layer pair to
about 104 deg/RIU for three-layer pairs.
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Figure 5. Optical waveguide biosensor structure with three MoS,/graphene layer pairs.

According to the results obtained, the basic parameters of the biosensor with three pairs of
graphene/ MoS> layers are compared with each other in Table 2. According to the results obtained,
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it can be seen that the minimum angle has shifted towards larger angles compared to the structure
with a graphene layer and the MoS,. The sensitivity and quality factor have also become lower
compared to the first structure. The refractive index values of 1.35, 1.37, and 1.39 were considered
as effective sensing-medium values after DNA hybridization [58]. These variations represent
changes in the optical properties of the medium due to increased DNA molecule concentration and
enhanced molecular binding near the sensor surface.

Table 2. Basic parameters of the optical waveguide biosensor with three graphene/ MoS; layer pairs.

ns Omin (deg) Ay s (deg) S (deg/RIU) Qs (RIUY Tonin TMax
1.33 79.58 -—- - - 0.18 0.9
1.35 81.66 14.69 104 7.07 0.34 0.9
1.37 82.39 16.62 70.25 4.22 0.54 0.9
1.39 82.39 11.87 46.83 3.94 0.72 0.9
a) |E|"2 at 633 nm b) with 3 graphene/MoS2 layers
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Figure 6. a) Electric field distribution , b)Power transmitted through the sensor with three pairs of graphene/MoS;
layers for changes in the input angle for detecting biomaterial with refractive indices of 1.33, 1.35, 1.37 and 1.39.

Since the primary objective of this study is to investigate the relative sensor performance against
refractive index variations, the effective refractive index approach has been employed, and these
values have not been limited to a specific DNA sequence. In addition, increasing the degree of
hybridization and biomolecular accumulation on the sensor surface increases the refractive index of
the sensing environment, resulting in a resonance angle shift

In another proposed structure, to investigate the effectiveness of sensing characteristics by
changing structural parameters, another waveguide biosensor with one MoS: layer and five
graphene layers is considered, which has the same total thickness as the previous structure, but all
the upper graphene layers have been selected and has a structure as shown in Fig. 7. For the
irradiation of a laser light source into the optical waveguide structure, the distribution of the
electromagnetic field and the corresponding light passing through the waveguide are calculated by
varying different angles of incidence. The results for biomaterials with different refractive indices
have been represented in Fig. 8. To investigate the effect of increasing graphene thickness on
plasmonic coupling, biological molecule adsorption, and sensor sensitivity, this structure was
evaluated. The results showed that increasing the number of graphene layers up to an optimal value
improves sensor performance; however, excessive increase in the number of graphene layers leads
to higher optical losses, weakening of the plasmonic field, and ultimately a reduction in sensor
sensitivity.

The optical properties of graphene depend on the number of layers, and multilayer structures
exhibit behavior different from ideal monolayer graphene. In multilayer structures, interlayer
interactions and changes in optical conductivity can modify the effective refractive index and
plasmonic response of the structure, especially in the visible region where interlayer coupling
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becomes more significant. In this study, a constant refractive index value has been used for
graphene in order to simplify the FDTD model and focus on investigating the general trend of
sensor
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Figure 7. Optical waveguide biosensor structure with one MoS; layer and five graphene layers.
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Figure 8. Power transmitted through the sensor with one MoS; layer and five graphene layers for changes in the input
angle for detecting biomaterial with refractive indices of 1.33, 1.35, 1.37, and 1.39.

performance variations. The main purpose of studying the five-layer structure was not to precisely
model the electronic behavior of multilayer graphene, but rather to investigate the effect of
increasing the number of layers on plasmonic coupling, optical losses, and sensing performance.
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Simulation results demonstrated that increasing the number of graphene layers enhances optical
absorption and plasmonic damping. This broadens the resonance dip and reduces evanescent field
localization in the sensing region, ultimately decreasing sensitivity and FOM. This behavior is
consistent with the expected physical trend in multilayer structures. It should also be noted that the
five-layer structure investigated in this paper is physically closer to a few-layer graphitic structure
than to ideal monolayer graphene.

According to the obtained results, the basic parameters of the biosensor with three pairs of
graphene/MoS2 layers are compared with each other in Table 3. Comparing the results of this
structure with the previous structures, it can be seen that the sensitivity and quality factor in this
structure are higher than the second structure, but are reduced compared to the first structure. This
indicates that having one MoS» layer will increase the biosensor performance, while increasing the
number of layers will decrease the biosensor performance. For a comparative display of the basic
parameters in the three structures, changes in sensitivity have been shown in Fig.%9a, and the quality
factor with respect to changes in biological substance refractive index has been given in Fig. 9b.

Table 3. Basic parameters of the optical waveguide biosensor with one MoS; layer and five graphene layers.

N Omin (deg) ABo5 (deg) S (deg/RIU) Qr(RIU) Tmin TMax
1.33 77.97 -—-- - - 0.05 0.9
1.35 81.17 14.36 160 11.14 0.14 0.89
1.37 83.19 15.21 130.5 8.57 0.38 0.89
1.39 83.29 10.75 88.66 8.28 0.66 0.89
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Figure 9. a) Changes in sensitivity for the three introduced structures relative to changes in refractive index, b)
quality factor for the three introduced structures relative to changes in refractive index.

Table 4. Comparison of basic parameters of the three proposed structures.

Structure  Omin(deg) ABos(deg) S (deg/RIU) Qp(RIUY)  Tmin  Twax

lgraphene/1 MoS; 81.23 11.62 193 16.6 0.02 0.89

3 graphene/ 3 MoS; 81.66 14.69 104 7.07 0.34 0.9

5 graphene/ 1 MoS; 81.17 14.36 160 11.14 0.14  0.89

Au-MoS;-Graphene- 55.5-66.4 0.4-11.3 80 23.2 - -
Analyte (PBS) [60]

CaF>-Cu-Ni-BTO-GO [61] - - 157.8 17.48 - -
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4. Conclusion

Plasmonic is a large part of the field of nanophotonic that deals with discovering solutions for
confining the electromagnetic field in smaller wavelength dimensions. It also has many
applications, including chemical and biological sensing, solar cells, and high-resolution imaging,
with the exceptional optical properties of metallic nanostructures, including absorption,
scattering, and local field enhancement. Plasmonic is based on interaction process between
electromagnetic waves and the free electrons in metals or in small metallic nanostructures, and
leads to the amplification of the optical near field in subwavelength dimensions. One of the most
critical components of nanoplasmonic is the use of metallic nanostructures with unique optical
properties. Changing the material, structure, and size of plasmonic nanostructures can affect the
increasing the sensitivity in biosensors based on surface plasmons. In this paper, the sensitivity
of biosensors of the surface plasmon resonance of 2D materials with waveguide coupling
structure has been studied. Although graphene plays an important role in enhancing interaction
with biomolecules and improving sensitivity, MoS> also has an effective role in the performance
of the hybrid structure. Due to its high refractive index and suitable optical absorption properties,
MoS: improves the confinement of the electromagnetic field near the metal surface. This leads to
enhanced plasmonic coupling and increased localization of the evanescent field in the sensing
region. In addition, the presence of MoS; can strengthen the optical interaction between Au and
graphene and improve the SPR response. Therefore, the performance of the proposed structure is
not solely due to the presence of graphene, but rather results from the combined effect of
graphene and MoS,.

In addition, the effect of the presence of plasmonic nanostructures and their related parameters
on sensitivity of biosensors based on the surface plasmon resonance has been identified and
investigated. To achieve this goal, first, various types of biosensor structures based on optical
waveguides and simulated biosensors have been introduced, and then the field distribution and
power spectrum transmitted through the waveguide sensor with different layers of MoS, and
graphene have been investigated. In the proposed structure, the simultaneous use of graphene
and MoS; significantly improves the performance of the SPR sensor. Graphene, due to its high
electronic conductivity and high carrier mobility, enhances the concentration of the
electromagnetic field near the sensor surface, provides a large specific surface area for better
adsorption of DNA and biological molecules, and strengthens the coupling between light and
surface plasmons. As a result, the sensor’s ability to detect refractive index changes is improved,
leading to a sensitivity of about 193 deg/RIU, which demonstrates better performance compared
to conventional structures. It should be noted that the results of the proposed model and structure
show significant agreement with the findings and simulations of previous studies [58], which
indicates the high precision and validity of the proposed model and structure. The proposed
biosensor incorporates a combination of MoS,, graphene, waveguide, and metal layers in a single
structure. The purpose of investigating different structures, including multi-bilayer, single-layer,
and multilayer configurations, was not only to perform numerical comparisons but also to
examine the effect of layer number on the plasmonic behavior and sensor performance. To
enhance light absorption, strengthen light-matter interactions, and increase the field interaction
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with the structure in the sensing region farther from the waveguide, the number of
Graphene/MoS; layers was increased. Simulation results showed that although adding more
layers can increase light absorption in the structure, it simultaneously leads to higher optical loss
and plasmonic damping. As a result, the resonance dip broadens, and the intensity of the
evanescent field in the sensing region decreases. This reduction in field confinement weakens the
interaction with the analyte and ultimately reduces both the sensitivity and the figure of merit
(FOM). The aim of this study was to achieve a balance between these two competing effects.
Among all the investigated configurations, the structure consisting of a single graphene layer and
a single MoS; layer (a single G/ MoS; bilayer) provided the optimal balance between plasmonic
coupling, field confinement, and optical loss, thereby achieving the best sensing performance.
The multilayer structures in the study offer valuable physical insight into the effect of increasing
the number of layers on resonance quality and sensor performance, demonstrating that adding
more 2D material layers does not necessarily improve the performance of an SPR biosensor.
This makes our design more sensitive and easier to integrate than traditional fiber SPR
biosensors. Angle determination methods have been used to tune the resonance conditions for the
analysis of presented SPR sensor. Designed sensor can detect DNA hybridization with high
sensitivity as well as high detection precision and quality factor. At the same time, the proposed
sensor is straightforward to manufacture, making it a competitive option for various biosensor
applications. Three different biosensor structures with various numbers of layers have been
investigated. The basic parameters of sensitivity and quality factor for each of the structures have
been studied for different biomaterials. The sensitivity of the proposed sensor depends on the
amount of SPR resonance angle shift with respect to changes in the refractive index of the
surrounding medium. Simulation results demonstrated that the structure containing one graphene
layer and one MoS» layer provides the highest sensitivity because the plasmonic field is more
strongly confined near the sensor surface and can better detect small refractive index variations
caused by the presence of biological molecules. Selectivity refers to the ability of the sensor to
distinguish changes caused by specific biomolecules such as DNA. In this structure, selectivity is
achieved through the direct dependence of the resonance angle on the refractive index of the
sensing medium, such that small changes in DNA concentration or hybridization produce
measurable shifts in the transmission spectrum. Reliability of the sensor is related to the stability
of the resonance response, the repeatability of the simulation results, and the stable behavior of
the structure over different refractive index ranges. The results showed that the proposed
structure exhibits a uniform resonance response and predictable variations in the resonance
angle, indicating stable and reliable sensor performance [62]. The best results obtained for each
of the three proposed structures have been compared in Table .4. The results presented in Table 4
indicate that the best sensor performance corresponds to the structure containing one graphene
layer and one MoS: layer. This structure provides the highest sensitivity of 193 deg/RIU and the
highest FOM value of 16.6 RIU™, indicating excellent sensor performance in detecting small
refractive index variations. In this case, the minimum Tmin and the narrowest resonance curve
were also observed, indicating stronger plasmonic coupling and higher detection accuracy. The
results in Table. 4 also show that although increasing the number of graphene and MoS; layers
enhances optical absorption, it also increases losses and surface plasmon damping, leading to
broader resonance dips, increased FWHM, and reduced sensitivity and FOM. Therefore, the
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single-layer structure provides the best balance between electromagnetic field confinement,
optical losses, and sensor performance. As the comparison of the results shows, the smallest
FWHM, highest sensitivity value, highest excellence factor, and also the lowest transmission
intensity value is related to the structure with a single graphene layer. In the single-layer
structure, optical absorption losses and plasmon damping are lower, and the coupling between
light and surface plasmons occurs with higher quality. As a result, the resonance curve becomes
narrower and the FWHM decreases. However, in multilayer structures, due to increased losses
and damping, the resonance curve broadens and the detection accuracy decreases. Therefore, it
provides the most appropriate performance among the proposed structures. The physical analysis
performed shows that in the single-layer structure, the electromagnetic field is more strongly
confined near the sensor surface and there is greater overlap between the evanescent field and
biomolecules (Figures 4a and 6a). This enhances the interaction between light and matter,
leading to increased sensitivity. In multilayer structures, the increased effective thickness of
graphene and MoS; layers leads to higher absorption loss and plasmon damping. These losses
reduce the penetration depth of the field into the sensing medium, broaden the resonance dip, and
reduce sensitivity and detection precision.  To evaluate the performance of the proposed
structure, the results of this study were compared with several recent investigations on SPR
sensors based on two-dimensional materials, as presented in Table 4. As observed, the proposed
structure demonstrates acceptable performance in terms of sensitivity and figure of merit
compared to Au— MoS>—graphene sensors as well as CaF>-Cu-Ni-BTO-GO structures. This
comparison highlights the capability of the proposed structure to improve the plasmonic response
and enhance sensor precision [ ].

Although the sensitivity of the proposed structure is appropriate, the presence of two-
dimensional layers and the optical losses associated with the hybrid structure has been led to a
broader resonance dip and increased FWHM, which ultimately reduce the FOM. In addition,
multilayer structures can increase plasmonic damping and reduce the resonance quality.
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