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Abstract− In this study, a rib waveguide is used in the design of
a plasmonic sensor. The structure consists of a dielectric substrate
constituted of tantalum pentoxide (Ta2O5). On top of this sub-
strate, a superstrate with a ridge, composed of niobium pentoxide
(Nb2O5), is overlayed forming the guiding region. A thin sheet of
graphene is placed over the Nb2O5 and below the analysis region,
where concentrations of dimethyl sulfoxide (DMSO) ranging from
50% to 100% will be detected. The purpose of incorporating the
graphene sheet is to induce the effect of localized surface plasmon
resonance (LSPR), which in this configuration becomes sensitive
to variations in the refractive index (RI) of DMSO. The surface
plasmons in graphene (graphene-SP) are induced by collective
oscillations of charge carriers, i.e., free electrons in graphene,
which, when subjected to specific frequencies, couple with the
electromagnetic fields at the interface between graphene and the
dielectric. The basic principle is similar to that of surface plas-
mons in noble metals,however, surface plasmons in graphene can
occur at lower frequencies. With this configuration, a plasmonic
sensor is obtained to detect DMSO concentrations, designed for a
wavelength of 0.6329 micrometers.

Index Terms− DMSO; graphene optical sensor; rib waveguide; surface plas-
mons.

I. INTRODUCTION

Waveguides are structures capable of confining electromagnetic fields through appropriate boundary
conditions, guiding them in a preferred direction of propagation. A rib waveguide is a unique type of
device in which the guiding region is formed by a ridge on which one or more dielectric layers are
deposited on top of the substrate. The layers of materials within the guiding region are chosen to adjust
the effective refractive index (neff ) of the structure. These waveguides typically operate by confining
optical energy within the guiding region, thus preventing the scattering of the optical field [1]. The
rib waveguide offers some advantages over optical fibers in SPR sensor applications, specially related
to fabrication [2], [3]. It can be constructed on a dielectric substrate, which improves the integration
with electronic and optoelectronic circuits, while also providing enhanced stability and mechanical
robustness when interfacing with external systems [4]. In recent years, a single rib waveguide and rib
waveguide arrays applied on SPR sensors are widely used in bio-sensing and biochemical sensing for
its unique capacity of sensing very small changes in refractive index, therefore, the analyzed model
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can be applied in various types of optical devices. In [4], a rib waveguide was used in a integrated
opto-mechanical cantilever sensor to obtain a improvement of the coupling efficiency in the interface.
A multiplexed biosensor based on surface corrugated Bragg gratings on a Rib waveguide structure was
proposed in [5], it was reported that the sensor has shown a good sensitivity along the multiplexed
sensing. The rib waveguide was used as photodetectors in [6], in this paper the spectral response of the
sensor has shown a positive result for integration on all-in-one platform for small-size devices. A hybrid
plasmonic waveguide was designed in [7], and its optical power transmission was analyzed. In addition
to being electromagnetically compatible with different optical structures, this type of waveguide can
be adapted for usage in sensors that exploit the phenomenon of surface plasmon resonance (SPR).

Furthermore, when applied at frequencies where noble metals are typically employed, alternative
materials, such as graphene, can be used in its manufacture. Graphene is material used in nanotechnol-
ogy, composed of sp² electronic level carbon atoms in a two-dimensional metallic lattice structure [8].
According to the application and excitation wavelength, graphene can exhibit excellent conductivity
characteristics [9], [10]. Composed of carbon atoms arranged in a single-layered, flat sheet, the material
is one of the crystalline forms of carbon [8]. In recent years, new solutions have been proposed for the
usage of graphene in high-frequency applications [9] particularly with the possibility of obtaining thin
graphene films through scalable methods, offering an excellent alternative for integration with photonic
devices [11]. The electronic structure of graphene enables surface plasmons to occur in the region of
the visible spectrum, in contrast to surface plasmons in noble metals, which are generally found in
infrared (λ ≥ 0.7 µm).

In this work, a wavelength of 0.6329 µm was used, this parameter will allow the structure proposed
in this work to be applied to detect various dimethyl sulfoxide (DMSO) concentrations when the
entire structure is excited at optical frequencies, especially at the wavelength of 0.6329 micrometers,
coupled to He-Ne (helium-neon) laser beams circuits that has shown good stability, resolution and
reduced costs [12]. When excited at the frequency corresponding to this wavelength, the graphene
utilized in this structure exhibits plasmonic characteristics [13], [14]. In this context, surface plasmons
in graphene displays much stronger electromagnetic field confinement, offering higher spatial resolution
and potentially greater sensitivity for sensing applications [15], [16].

The operation of SPR sensors is based on the behaviour of a dielectric-metal interface excited by
a beam light. This interaction will cause oscillations in the charge density along that interface, these
are also known as surface plasmon oscillations (SPO), the quantum of these oscillations is refereed as
surface plasmon mode (SPM) [17], [18]. Surface plasmons are evanescent waves, that is, the propagated
field decays exponentially throughout the propagation. Due to this fact, the analysis of these fields occurs
locally, thus justifying the term LSPR. In this scenario, this work proposes the analysis of a plasmonic
sensor using a rib waveguide, where a thin graphene multilayer, employed as a plasmonic material, is
deposited on the Nb2O5 layer, which represents the guiding region. The interest in utilizing DMSO as
an analyte in this study is attributable to its notable chemical, pharmaceutical and medical properties.
Among these properties, its ability to combine with different types of acids, carbohydrates, lipids and
other substances, without permanently altering the molecular composition significantly. Additionally,
DMSO has anti-inflammatory action and acts as an antioxidant, providing effective action in different
types of inflammatory conditions, such as rheumatoid arthritis, inflammation in the lumbar spine and
joint arthritis [19]–[21]. DMSO Concentrations ranging from 50 to 70% are frequently used to treat
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the illnesses mentioned above. Consequently, the significance of the sensor designed in this work lies
in its capability to detect varying concentrations of DMSO [22], since, for biomedical applications,
DMSO is normally diluted. In this work, the levels of DMSO analyzed ranged from 50% to its pure
concentration of 100%, with intervals of 10% increments per sample.

II. MATERIALS AND METHODS

The proposed sensor’s structure consists of a tantalum pentoxide (Ta2O5) substrate, followed by
a niobium pentoxide (Nb2O5) layer that forms the signal guiding region. On top of this region is
a thin graphene layer, which matches the width of the ridge of the Nb2O5 layer extending along
the longitudinal axis, maintaining its dimensions and position unchanged. A micro-channel, of same
width, is placed over the graphene layer and contains DMSO samples. For simulation purposes, the
structure was immersed in an air box, where perfectly matched layers (PML), layers on which the
methods utilized would limit the numerical analysis, were applied to define the computational domain
and absorb unwanted evanescent fields. The plasmonic effect, based on the interaction of light with
graphene, was investigated through simulations using a original algorithm with a vectorial formulation
based on the finite element method (FEM) combined with the vector beam propagation method (VBPM)
[22], [23].

Fig. 1 illustrates the proposed structure and the materials used. The waveguide has dimensions:
a = 3.5 µm, b = 6 µm, d = 1.4 µm and t = 0.1 µm, the ridge’s micro-channel, where the sample
of DMSO is deposited, has a height of c = 0.85 µm. It has been reported in the literature that
increasing the layers of graphene can also increase the sensitivity of the sensor [9], [24], [25], even
the associations of graphene and other materials, such as gold, has been reported to have a increasing
linear sensitivity scaling along the axis with l number of layers, via numerical method predictions
[25]. Graphite, being a three-dimensional solid with stacked and strongly coupled π-bonds [26], has
different electrical and adsorption properties than graphene and, therefore, a much lower sensitivity [27].
However, the corelation between the number of layers and sensitivity is not always linear and, for the
purposes of this report, a limit of layers was employed to balance the sensor’s performance to match the
application. The graphene layer has a thickness of 0.014 µm, resulting in 20 stacked layers of graphene
to guarantee the balance between sensibility and propagation distance. It is also important to emphasize
that doping capability and high electrical conductivity of graphene, which can enhance carrier mobility,
leading to a change in the electromagnetic characteristics of this region. Additionally, the carriers in
graphene exhibit higher mobility at wavelengths near the infrared region [28]–[31], making it useful
for plasmonic sensor applications in this wavelength range. In this study, the excitation wavelength (λ)
was 0.6329 µm, this length corresponds to the red light emitted by He-Ne lasers, which is extensively
used in various applications. These include, for example, SPR sensors, optical interferometry, optical
microscopy, holography and optical modulation.

To reduce the size of the computational domain, PML of a rectangular type was employed. The
PML simulates an infinite and non-reflective open domain by perfectly absorbing waves and preventing
unwanted reflections within the computational domain under analysis. To avoid direct contact between
the PML and the materials constituting the waveguide, they were positioned at a small distance over a
region filled with air, in which the structure is immersed. The simulations considered that the dimensions
on the PML exceeded the limits of the structure by 10% in all directions.
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Fig. 1. Schematic detail of a infinitesimal portion of the length of the waveguide used as a plasmonic sensor.

The simulations were performed using a original mathematical formulation [21] derived from the
Helmholtz’s wave equation, obtained from Maxwell’s equations. The PML are introduced in the wave
equation through a ∇ operator in Cartesian coordinates. After some mathematical considerations, a
global matrix equation is obtained: [A](ϕ) = neff [B](ϕ), where [A] and [B] are matrices of complex
and sparse nature. Moreover, this equation can be solved by using an iterative subspace method, where
the refractive indices are directly incorporated into the calculations, with a computational window of
8 µm in the x axis and 8 µm in the y axis, discretizing in approximately 40.000 triangular elements
[22]. Additionally, it was necessary to characterize the materials used based on their refractive indexes.
The composition of the materials employed in this study is presented in Table I.

TABLE I. SURMIZED RELATIVE REFRACTIVE INDEX OF MATERIALS REFERENCED IN THIS WORK

Material Relative refractive index (λ = 0.6329 µm)
Ta2O5

[32] 2.1376
Nb2O5

[32], [33] 2.3245
Graphene [34] 2.7224

DMSO 50% [19] 1.3990
DMSO 60% [19] 1.4040
DMSO 70% [19] 1.4100
DMSO 80% [19] 1.4200
DMSO 90% [19] 1.4590
Pure DMSO [19] 1.4790

For the development of the graphene sensor project, it becomes necessary to validate the field
confinement on the guiding region using computational modeling, Fig. 2 shows how the results were
obtained using those simple steps in the algorithm.
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Fig. 2. Integral flowchart of the methodological process, simulation and methods utilized in this work.

The first step in the simulations involves designing the structure, considering all materials and
boundaries that define each dimension to satisfy the design’s purpose. Next, a mesh is generated,
discretizing each region into linear triangular elements for the Finite Elements method (FEM) with
adaptive sizes, proportional to each region of the structure. The data are then introduced into a
computational program [22] that uses the boundaries and materials of each region as inputs. This
software produces a matrix of local node coordinates and a global node topology, associating each
element with the corresponding material. In the subsequent step, the mesh information is processed
by a computational program that performs the modal analysis of the structure, obtaining eigenvalues,
which are related to the refractive indices of the materials present. After these procedures, the data
analysis is performed. Adjustments are made to data processing and the performance is verified, if
inconsistencies are found, adjustments are made to the structure.

The classical plasmonic model, in which is described the dielectric function of a free electron gas,
was applied to determine the dielectric characteristics of the graphene sheet. From this modeling, the
Drude-Lorentz model was applied to determine the dielectric characteristics of various materials and
also establish a correlation between the dielectric functions of the plasmonic model. Thus, using this
model, it is possible to determine the permittivity and dynamic conductivity of the graphene layers
in optical frequencies. Equation 1 and Equation 2 shows the simplified version of Kubo’s formalism
using a Drude-like intraband model for the dynamic conductivity and the permitivitty as a function of
σ [35].

σs =
2je2kbT

πη2(ω + j
τ )

ln

(
2cosh

Ef

2kbT

)
(1)

ϵ = ϵ1 + jϵ2 = ϵ0

(
1− jσs(ω)

ϵ0ωh

)
(2)

Where kb is the Boltzmann constant, τ is the scattering time, T is the temperature, Ef is the Fermi
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energy which can be approximated in Ef = 1.166 × 10−7
√

n(cm−2) for a Fermi speed of 106 m/s
[35]. Equation 1 gives the intraband portion of the dynamic conductivity, which configures the largest
contribution in terahertz conductivity, ωτ ≪ 1 [35], and the second term is the imaginary part of σs

that is attributed to the interband conductivity, which is not shown in Equation 1, η is noted as the
reduced Plank constant (η = h

2π ). For high frequencies, where ωτ ≫ 1, in this way, Equation 2 provides
the electrical permittivity ϵ = ϵrϵ0 as a function of the conductivity σs as shown in Equation 2 [34].
When light interacts with the interface, the surface plasmons appear in the surface region and can be
described by a propagation constant of that plasmon wave. This propagation constant is well defined
and continuous along the interface and can be defined in Equation 3 [36].

KSP =
ω

c

√
ϵmϵd

ϵm + ϵd
(3)

Where ϵm is the relative permittivity of the conductive material and ϵd is the relative permittivity of
the dielectric materials.

Using this theory in the algorithm described in Fig. 2, it was possible to determine the dielectric
characteristics of the graphene sheet and initiate the full analysis.

The first parameter analyzed was the electric field (E-field) at the graphene-dielectric interface, where
surface plasmons (SP) occur. Therefore, the analysis of the electric field was carried out, mainly, on
the graphene. This analysis was conducted on the structure in one-dimensional and two-dimensional
form to evaluate the performance of the sensor in different DMSO concentrations used as a sample.
Another parameter used to measure the sensor performance was the confinement losses (CL). These
losses indicate the dissipation of optical energy in the confinement regions, due to the non-uniform
geometry of the material. This parameter can be determined according to Equation 4 [15], [18]. The
CL is an important parameter for analyzing the sensor performance, as it represents a critical factor in
the performance of the proposed device, providing a measure of light confinement within the guiding
region.

CL(dB/cm) =
8.686 ∗ 2 ∗ π × 10−4 × Im(neff)

λ
(4)

Where neff is the effective refractive index and λ is the wavelength in micrometers.
Next, the sensor sensitivity was evaluated from two main perspectives: spectral sensitivity and

amplitude sensitivity. Spectral sensitivity was determined by analyzing the shift in the resonance
wavelength in response to changes in the refractive index of the sensing medium, allowing for the
quantification of the sensor ability to detect small variations in the environment. Spectral sensitivity,
also referred to as wavelength sensitivity (WS), in nm per refractive index unit (RIU), was determined
according to Equation 5 [15], [18], for λ given in nanometers.

WS(nm/RIU) =
∆(λ)

∆(neff )
(5)

Different from WS, the amplitude sensitivity (AS) measures how small are the changes in the
refractive index, induced by molecular interactions or other chemical alterations, result in detectable
variations in the intensity of the reflected light. That way, the higher the amplitude sensitivity, the
more effective the sensor is at detect variations in concentration of the samples. This characteristic is

Brazilian Microwave and Optoelectronics Society-SBMO received 05 Nov 2024; for review 21 Nov 2024; accepted 17 Apr 2025

Brazilian Society of Electromagnetism-SBMag © 2025 SBMO/SBMag ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 24, No. 2, e2025291666 May 2025
DOI: http://dx.doi.org/10.1590/2179-10742025v24i2291666 7

extremely important for applications in biosensors, where it is important to detect low concentrations
of substances. The amplitude sensitivity was determined using Equation 6 [37], [38].

AS(RIU−1) = − 1

CL(na, λ)

∂CL(na, λ)

∂na
(6)

Where CL(na, λ) represents the confinement losses, ∂CL(na, λ) is the difference between adjacent
confinement losses, and ∂na is the difference between the adjacent refractive index of each sample.

Finally, to evaluate the overall efficiency of the plasmonic sensor, the Fig. of merit (FOM) was
calculated. The FOM takes into account both spectral sensitivity and the linewidth of the plasmonic
resonance, allowing for a more comprehensive assessment of the sensor performance. A high FOM
indicates that the sensor is not only sensitive but also has a well-defined resonance, which is important
for accuracy in detecting changes in the refractive index. Equation 7 [36], [37] was used to determine
this parameter as shown in Equation 4.

FOM(RIU−1) = − WS

FWHM
(7)

WS denotes spectral sensitivity and FWHM represents the full width at half maximum of the
plasmonic resonance, which indicates the wavelength range around the resonance peak where the
intensity decreases to 50% of its peak value.

Thus, the methodological process followed this logical sequence, integrating modeling, data analysis,
and efficiency assessment to ensure the robustness and accuracy of the developed plasmonic sensor.

III. RESULTS

The first analysis performed on the device was modal analysis. This involved examining the E-field
distributions. Due to the geometry of the proposed sensor, it was observed that surface plasmons appear
only for the y-polarized mode, thus, all analyses were based on this polarization. Fig. 3 illustrates the
E-field distribution for the case where the excitation wavelength is λ = 0.6329 µm and the DMSO
concentration is 50%.

Fig. 3. Two-dimensional E-field, in the rib waveguide cross-section, for λ = 0.6329 µm and DMSO concentration at 50%.
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Figure 3 has special emphasis on the plasmonic effects at the graphene interface between the
waveguide region and the DMSO analyte. The region where the plasmonic effect occurs is highlighted
with a dashed red line. On the upper right side highlights the interface with a graphene multilayer placed
between the waveguide guiding region and the DMSO analyte. On the upper left side the same interface
is highlighted without the graphene multilayer between the waveguide guiding region and the DMSO
analyte. It is observed that, when the graphene multilayer is removed, the surface plasmon resonance
phenomenon is absent, making it impossible to use the structure as a plasmonic sensor. Hence, the
interaction of this signal with the graphene layer induces the emergence of surface plasmons in the
sample region, with a specific intensity. Fig. 3 also shows that the PML used are absorbing any incident
waves, as no significant signals are observable in their adjacent regions. To detail and simplify the E-field
analysis, it is more convenient to examine the distributions in a onedimensional manner. Additionally,
this approach allows for a focused study of the plasmonic mode, which is the most relevant for sensing
applications. In this context, Fig. 4 presents the plasmonic mode for various DMSO concentrations
used.

Fig. 4. Magnitude of E-field curves in V/m for a waveguide length ranging from 0 to 1.4 µm.

It is observable that the intensity of the plasmonic mode increased and the intensity of the fundamental
mode decreased. This phenomenon was anticipated as it involves an energy exchange due to coupling
between the modes. Even with the slight variations in plasmonic fields observed for the DMSO variant
analyzed, the sensor is expected to demonstrate high sensitivity and efficiency. It was also evident that,
as the concentrations of DMSO increased, the intensity of the plasmonic mode increased in a nearly
linear manner, as illustrated in Fig. 5.
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Fig. 5. Maximum plasmonic E-field (V/m) for a wavelength ranging from 0.6 to 0.65 µm.

The result shown significant promise as it provides an initial parameter to evaluate the sensor’s
interaction with different DMSO concentrations. Based on the E-field maximum value, it is possible to
determine the concentration being applied to the sensor. Additionally, the near linearity of the response
is important, as it makes the interpolation of data more accurate and reduces the error in extrapolation.

The next analysis performed was on the confinement losses. The device was designed to operate at
a wavelength of λ = 0.6329 µm. However, in the simulations, a wavelength range from 0.60 µm to
0.65 µm was applied to represent the behavior of confinement losses across this range, as presented
in Fig. 6.

Fig. 6. Confinement Loss curves in dB/cm for a wavelength ranging from 0.6 to 0.65 µ m.

The confinement losses maintain stable responses across the investigated wavelength range. Addi-
tionally, it becomes evident that as the DMSO doping level increases, there is a corresponding rise
in the confinement losses. This characteristic is particularly advantageous for plasmonic sensibility,
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as it allows for a clear differentiation of the material under test based on the observed variations in
confinement losses.

Complementing Fig. 6, Table II presents the specific confinement loss values at the design wavelength
of λ = 0.6329 µm. These values provide a precise assessment of the losses when the sensor is excited
at this wavelength, offering detailed insight into the sensor’s performance under these conditions.

TABLE II. CONFINEMENT LOSS IN λ = 0.6329 µm.

DMSO Concentration 50% 60% 70% 80% 90% Pure
CL(dB/cm) 21.62 21.69 21.78 21.90 22.11 22.80

Following the flowchart, the spectral sensitivity of the proposed sensor will be analyzed next.
However, a preliminary analysis of the effective refractive index as a function of the wavelength is
necessary. Fig. 7 illustrates the behavior of the effective refractive index for various concentrations of
DMSO.

(a)

(b)

Fig. 7. Effective refractive index of proposed sensor for various DMSO concentrations where (a) ranges from a gap of 0.05
µm and (b) provides a detailed view around the wavelength proposed for the design of 0.6329 µm

It is observable in the curves that the effective refractive index curves exhibit negligible variations
for the different DMSO concentrations used. Additionally, within the adopted wavelength range, the
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variation in refractive index was approximately 0.022 RIU. These characteristics are important as they
suggest a high average sensitivity.

Subsequently, the results for spectral and amplitude sensitivities will be presented. However, sensi-
tivity calculations only provide point values, which makes the use of an interpolation method necessary
to demonstrate the results through graphs. Initially, the Ordinary Least Squares (OLS) method was em-
ployed, however, the resulting polynomial order was excessively high, and the error was not minimized
sufficiently. Following OLS, Newton [38] and Lagrange [39] interpolation methods were applied, but
both presented errors that rendered the response analysis unfeasible, such as high ripples due to the
Runge phenomenon.

Therefore, to address these problems, a code was implemented that performed data interpolation
using cubic splines [40]. A cubic spline is a piecewise-defined function, with its structure composed of
cubic polynomials between adjacent points. By dividing the domain into adjacent points, each segment
between the points (xi, yi) and (xi+1, yi+1) is expressed according to Equation 8.

Si(x) =

i∑
n=0

an(x− xi)
n (8)

The study of spectral sensitivity was performed in three stages, where the total sensitivity, average
sensitivity, and local sensitivity at λ = 0.6329 µm were calculated. Fig. 8 presents the total spectral
sensitivity, which refers to the overall variation in the resonance wavelength across the entire measure-
ment range, providing an initial view of how the sensor responds to changes in the refractive index over
a broad spectral range. Fig. 8 shows the behavior of spectral sensitivity over the incremental increase
of DMSO concentrations.

Fig. 8. Refractive index of the proposed rib waveguide sensor for various DMSO concentrations versus total spectral
sensitivity (nm/RIU).

The total sensitivity is observed to be approximately 2222 nm/RIU , with the highest sensitivity
occurring for the pure DMSO sample (2224.37 nm/RIU ) and the lowest sensitivity for the 50% DMSO
concentration sample (2221.07nm/RIU ).
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To complement this result, Fig. 9 shows the curves of average spectral sensitivity, which represents
the average sensitivity calculated over specific wavelength intervals, offering a measurement of the
sensor’s response in a central region of the spectrum.

Fig. 9. Refractive index of the proposed rib waveguide sensor for various DMSO concentrations versus average spectral
sensitivity (nm/RIU)

Similarly to Fig. 8, the curves of refractive index demonstrates that the average sensitivity is higher for
greater concentrations of DMSO. However, it is noticeable that the sensitivities obtained are significantly
higher. This is caused by, in the case of average sensitivity, how the calculations are performed over a
specific, and generally smaller wavelength interval, allowing for a more precise analysis of the sensor
in a particular region.

In this context, by analyzing an extremely narrow range, it is possible to obtain the concept of local
spectral sensitivity, which focuses on the variation of the resonance wavelength at a specific point or
within a narrow range, providing a detailed analysis of the sensor’s response to changes in the refractive
index in a very specific spectral region. In addition, Fig. 10 presents the local spectral sensitivity curve
for the excitation wavelength of λ = 0.6329 µm.
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Fig. 10. Local Spectrum Sensitivity in nm/RIU for a range of Refractive Index for DMSO Concentrations.

The response shows that, for the excitation wavelength, the spectral sensitivity is increased, but re-
mained around values close to 22,000 nm/RIU . Additionally, the curve exhibits a increasing behavior,
corroborating the results presented in Fig. 8 and 9. The local analysis of spectral sensitivity becomes
necessary as it clearly demonstrates the sensor’s capability when excited at the excitation wavelength.
Table III provides a summary of the spectral sensitivity analysis in its total, average, and local forms
shown by Fig. 8, 9 and 10.

TABLE III. Spectral sensitivity (total, average and local in λ = 0.6329 µm).

DMSO Concentration Total (nm/RIU) Average(nm/RIU) Local at 0.6329 nm (nm/RIU)
50% 2,221.065 20,283.740 22,039.610
60% 2,221.258 20,285.540 22,041.480
70% 2,221.491 20,287.720 22,043.740
80% 2,221.886 20,291.400 22,047.560
90% 2,222.491 20,297.040 22,053.420
Pure 2,224.370 20,314.470 22,071.460

Following the analysis of spectral sensitivity, Fig. 10 presents the amplitude sensitivity curves when
the sensor is excited at its design wavelength of λ = 0.6329 µm. Fig. 11 illustrates the amplitude
sensitivity curve across the entire wavelength range, extending from 0.6 µm to 0.65 µm.
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Fig. 11. Amplitude Sensitivity for a small variance around λ = 0.6329 µm.

Provided a zoomed-in view for values close to the design wavelength, it is possible to observe that
the peak values of AS are higher for greater concentrations of DMSO. The data for the relevant specific
values obtained for the design wavelength are shown in Table IV.

TABLE IV. Amplitude sensitivity for λ = 0.6329 µm.

DMSO Concentration 50% 60% 70% 80% 90% Pure
|AS|(RIU−1) 468.14 468.20 468.27 468.36 468.49 468.94

Ending the methodological process for data analysis, Fig. 12 presents the Figure of Merit (FOM)
for the proposed sensor, representing the ratio of spectral sensitivity of the half-power plasmonic field.

Fig. 12. Figure of Merit (RIU−1) for a range of Refractive Index of different DMSO Concentrations (RIU).

The FOM for the design is approximately 2050 RIU−1 for the tested DMSO concentrations, except
for the 50% DMSO concentration, which yielded an FOM of 2478 RIU−1. These values are relatively
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high, indicating a generally good performance of the sensor for the tested DMSO concentrations. The
higher FOM at the 50% DMSO concentration suggests that the sensor is more precise when detecting
this sample, though less sensitive, as demonstrated throughout the results. This is attributed to a more
effective optical interaction or an optimized resonance configuration for this specific concentration. To
better contextualize this work, other studies in the literature, as shown in Table V, were considered in
order to compare the parameters analyzed in this article.

TABLE V. Comparative parameters of the proposed sensor with other designs in literature.

References E-field (V/m) CL (dB/cm) WS (nm/RIU) AS (RIU−1) FOM (RIU−1)
[41] 5 125 3,300-4,200 N/A N/A
[42] N/A 2,250-3,250 11,800 820 N/A
[43] N/A 40-80 28,000 6,829 2,800
[44] N/A 200-700 4600 420 80-160
[45] N/A 54-296 2,000-22,000 207-1,506 47-508
[46] N/A N/A 1198 N/A N/A

This work 36.2 21.62-22.8 22,040-22,070 468.14-468.94 2,050-2,478

Gathered all resources from simulations it becomes necessary to compile the information and evaluate
the sensor’s performance in comparison to those cited in recent literature and in sequence evaluate it’s
effectiveness as a sensor in He-Ne laser-beam systems for the current application.

IV. CONCLUSIONS

In conclusion, results shown that the application of graphene as a plasmonic material in the devel-
opment of a new plasmonic sensor model, designed to operate in the red region, is a viable solution.
The developed sensor was based on optical principles and can be used as a biosensor, when adjusting
the concentration levels of DMSO in analyte samples, and graphene proves to be a viable solution
due to its facilitation of the LSPR effect, which becomes sensitive to variations in the refractive index
of DMSO at tunable optical frequencies. To enhance the sensor’s functionality a rib waveguide was
utilized, consisting of a dielectric substrate composed of Ta2O5 and a top layer with a ridge made of
Nb2O5, forming the guiding region. The sensor model utilizes graphene to excite surface plasmons,
making the fabrication of the structure more cost-effective compared to sensors that use noble metals,
such as gold or platinum, to achieve the similar effect. By employing a rib waveguide, the device has the
potential to be developed into miniaturized systems, as its manufacturing can be accomplished using
lithographic techniques. Numerical results demonstrated that the proposed device efficiently detects
DMSO concentrations with refractive indices ranging from 1.399 to 1.479. The sensor achieved a local
spectral sensitivity of approximately 22,000 nm/RIU for all DMSO concentrations, and the amplitude
sensitivity values were also satisfactory. Finally, with a Figure of Merit (FOM) exceeding 2000, the
sensor has demonstrated exceptional efficiency and reliability in identify varying levels of DMSO
concentrations. When compared to the experimental results in the literature this present report show
satisfying results as shown in Table V, which enforces the excellent performance of the proposed sensor.
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