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Highlights

e  Proposed a highly sensitive multilayer SPR sensor using Ag/SnSe; /ZrSe; structure
with Kretschmann configuration.

e  The maximum sensitivities of 337.98° /RIU and 320.94° /RIU were achieved at analyte
RI of 1.34 and 1.35, respectively.

e The integration of SnSe; and ZrSe; layers significantly enhanced the electromagnetic
field confinement and plasmonic interactions.

e  The optimized Ag and SnSe; thicknesses improved the minimum reflectance, detection
accuracy, and figure of merit.

e  The numerical FEM and TMM analyses confirmed the stronger evanescent field pene-
tration and enhanced sensing performance.

e  The proposed sensor shows strong potential for biomedical diagnostics, chemical
sensing, and environmental monitoring applications.

Abstract

A highly sensitive surface plasmon resonance (SPR) sensor is theoretically presented,
including Silver (Ag), Tin Diselenide (SnSe;), Zirconium Diselenide (ZrSe;) and a sensing
layer using the Kretschmann configuration. At the optimized thickness of the Ag layer, the
sensitivity was measured using the angular interrogation method with a refractive index
(RI) of 1.33-1.35. The sensitivity of the sensor was found to be 337.98° /RIU for a 2 nm
SnSe; layer thickness at RI of 1.34 and 320.94° /RIU for a 1 nm SnSe; layer thickness at RI
of 1.35 throughout with remarkable figure of merit (FoM) of 60.78/RIU and 64.57 /RIU
at 633 nm wavelength. The maximum sensitivity was achieved with 1 nm thickness of
the SnSe; layer. By systematically optimizing the Ag thickness, significant improvements
in sensitivity, minimum reflectance (Rpin), detection accuracy (DA), and figure of merit
(FoM) were achieved compared with the conventional Ag-only configuration. These
additional SnSe; layers increase the confinement of the electromagnetic field, increase the
number of adsorption sites for biomolecules, and increase the effective change in the RI,
resulting in larger shifts in the resonance angles. The proposed multilayer sensor provides
a promising platform for high-performance, stable, and repeatable biosensing applications
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in chemical detection, environmental monitoring, and medical diagnostics, according to
the results obtained.

Keywords: surface plasmon resonance; Tin Diselenide; Zirconium Diselenide; sensitivity;
detection accuracy

1. Introduction

The application of surface plasmon resonance (SPR) in industrial, chemical, envi-
ronmental, and biological sciences has led to its widespread use in recent decades [1,2].
However, several methods have been used for sensing, including interferometry [3], grating
couplers, spectroscopic methods [4], and waveguide methods [5]. However, these methods
are time-consuming, challenging to set up, and somewhat demanding. SPR is a more
dependable and approachable method for overcoming these challenges. The excitation of
surface plasmons (SPs) results in a resonance condition called SPR [6]. Additionally, the
oscillation of the electron charge density at the metal-dielectric interface excites SPs, which
are transverse magnetic waves. The resonance condition is reached when the propagation
constants of the SP and evanescent waves are equal. Although this resonance condition
causes a sharp dip in the reflected or transmitted light, direct incident light cannot excite
SPs because the wave vector of the incident light is smaller than that of the SPs. Various
geometries have been employed to enhance the wave vector of the incident light [7]. The
most popular geometry is the Kretschmann configuration [8]. To improve the wave vector
of the incident light and excite SPs, Kretschmann introduced a modified Otto configura-
tion [9] in 1971. A layer of plasmonic metal and a dielectric medium were applied to the
prism base. When the incident energy is transferred to the SPs at a particular angle, the
SPs are excited, and the reflected light is collected at the opposite face of the prism. The
incident light hits one face of the high-index prism. The resonance angle is the precise angle
at which the least amount of reflected energy is received. The resonance angle depends
on the additional layers and dielectric properties of the sensing medium. Consequently,
the minimum reflectance for each dielectric medium was observed at a distinct resonance
angle. SPR’s unique features are utilized in sensing applications. Furthermore, SPR is a
key platform for biological and chemical molecule interactions that benefit the environ-
ment. There are additional justifications for applying the SPR technique, such as high
stability, accurate detection, affordability, ease of use, and label-free status. SPR sensors
have a variety of uses, and Liedberg et al. [10] first discussed the use of SPR sensors in
various fields in 1983. Gupta et al. [11] discussed a number of additional fiber-based SPR
sensor applications. They have utilized the phenomenon whereby changes in the analyte
concentration or RI cause changes in the resonance angle. Several parameters were ex-
amined. The sensitivity of the sensor is directly proportional to the resonance angle shift,
which is sensitive to changes in the SM RI In conventional SPR, the generation of SPs and
adsorption of biomolecules or other analytes are accomplished solely by a thin layer of
noble metal. The preferred metal, gold, exhibits stable adsorption of analytes with high
sensitivity and is free from oxidation, corrosion, and chemical instability. However, the DA
decreases because of a wider resonance curve [12]. Ag exhibits a sharper reflectance curve
and higher DA, but its chemical stability is poor because it oxidizes rapidly when directly
exposed to the atmosphere. Ag can be effectively used in SPR sensors if a protective layer
is applied to prevent oxidation. Conventional SPR sensors that use a prism, metal layer,
and sensing medium provide lower sensitivity. Therefore, by functionalizing a metal layer
with a two-dimensional (2D) layered nanomaterial, its sensitivity can be increased to detect
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smaller biomolecules and other analytes. Additionally, current research indicates that the
use of 2D layered nanomaterials has increased exponentially. Graphene [13], transition
metal dichalcogenides (TMDs) [14], and black phosphorus (BP) [15]-based SPR sensors
have been used to identify microbes, biomolecules, and various analytes. The optical,
electrical, and electronic properties of 2D layered nanomaterials are particularly intriguing,
making them suitable for ultrahigh-sensitivity analyte sensing. They are layered because
of their precise stacking on the metal coating. Their special advantages, such as a higher
surface area, higher density of charge carriers, and higher adsorption energies, allow for
more accurate and ultrasensitive analyte detection than traditional SPR sensors. Due to
the limited interaction between the evanescent field and the SM, conventional Ag-based
SPR sensors typically have moderate sensitivity. Depending on the operating wavelength
and structural arrangement, conventional SPR configurations typically yield sensitivity
values between 60 and 200° /RIU. Several researchers have used 2D materials like graphene,
MoS,, WS;, black phosphorus, and transition metal dichalcogenides in SPR structures to
improve electromagnetic field confinement and analyte interaction in order to get around
these restrictions [13-15]. The effectiveness of 2D-material-assisted SPR sensing has been
demonstrated by recent studies that have reported significantly improved sensitivities
using hybrid multilayer structures.

Recently, to improve the sensing performance and stability, SPR sensors frequently use
the SnSe; layer. SnSe; is a 2D semiconductor that is a member of the TMD family [16]. It has
a large surface area, strong light-matter interaction, and high RI. In an SPR structure, the
introduction of a thin SnSe; layer above the metal layer increases the interaction between the
evanescent plasmonic field and SM by improving the confinement of the electromagnetic
field at the metal-dielectric interface. When the RI of the analyte varies, this results in
increased sensitivity and a more pronounced change in the resonance angle. Furthermore,
the SnSe; layered structure offers a large number of active sites for biomolecule adsorption,
increasing the effectiveness of analyte binding. Additionally, the SnSe; layer can serve as
a protective layer that reduces metal oxidation and enhances the chemical stability of the
sensor. SnSe; can be readily incorporated into multilayer SPR configurations to enhance
the sensitivity, DA, and overall sensor performance because of its ultrathin thickness and
tunable optical properties.

The layered TMDC ZrSe; is distinguished by its unique optical and electrical prop-
erties [17]. Similar to other dichalcogenides, this substance crystallizes in a hexagonal
structure and is known for its semiconducting properties. An intriguing feature of ZrSe,
for use in electronic and optoelectronic devices is its indirect bandgap. In the field of 2D
material science, the capacity to exfoliate ZrSe; into thin layers or monolayers generates
opportunities and may lead to advancements in flexible and transparent electronic de-
vices. ZrSe; is noteworthy for its mechanical and thermal stabilities, in addition to its
electrical properties. The development of optical components, such as waveguides and
photodetectors, where the exact control of light-matter interactions is critical, depends on
the investigation of their optical properties, especially the RI.

The suggested SPR sensor offers a platform for possible biosensing applications and is
mainly intended for Rl sensing. Nevertheless, biomolecular interactions, binding kinetics,
and analyte-specific selectivity are not specifically modeled in this study. Depending on the
target analyte, the ZrSe, surface can be functionalized using suitable receptor molecules,
such as antibodies, enzymes, aptamers, or DNA probes, for useful biosensing applications.
For instance, DNA probes can be used to detect nucleic acids, enzyme-based functionaliza-
tion can enable glucose sensing, and antibody-functionalized surfaces can be used to detect
cancer biomarkers. ZrSe; is a good platform for this kind of functionalization because of
its large surface area and advantageous adsorption properties. Through enhanced electro-
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magnetic confinement and analyte adsorption capability, the ZrSe; layer also significantly
contributes to the improvement of plasmonic interaction and sensing performance, even
though the optimization study mainly focuses on the thickness of the SnSe, layer. The
combined effect of SnSe; and ZrSe, layers, where SnSe; improves field confinement and
ZxSe; contributes to stronger light-matter interaction and effective analyte coupling, results
in the enhanced sensing performance of the suggested structure.

2. Theory of Sensor Structure, Fabrication Process, Refractive Index,
Modeling and Performance Matrices

2.1. Theory of Sensor Structure and Fabrication Process

A prism-coupled SPR biosensor using the Kretschmann configuration is proposed.
At a particular incidence angle, a p-polarized laser beam was incident on the CaF, prism
and struck the thin Ag layer, as shown in Figure 1. SPs are collective oscillations that are
excited when the momentum of the incident photons and free electrons at the Ag surface
match. This resulted in a sharp decrease in the reflected intensity, represented by a dip in
the reflectance curve. Phase matching and effective light coupling to the plasmon mode
were made possible by the CaF, prism. The depth and sharpness of the resonance were
significantly influenced by the thickness of the Ag layer, which served as the main plasmon-
supporting Ag metal. Some 2D materials like SnSe, and ZrSe, have been added on top
of Ag to improve performance. ZrSe; increases the light-matter interaction close to the
sensing interface and offers a large active surface for immobilizing biomolecules, while the
5nSe; layer enhances electromagnetic field confinement and fosters a stronger interaction
between the analyte and the evanescent wave. The RI changes when biomolecules attach
to the top surface, altering the resonance angle and plasmon propagation constants. Highly
sensitive detection is made possible by the photodetector, which tracks this shift and shows
it as a movement of the dip in the reflectance curve. Therefore, compared to a conventional
single-metal SPR structure, the addition of extra monolayers results in stronger adsorption,
larger resonance shifts, better signal quality, and lower detection limits.

25 4 Biomolecules
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Figure 1. Sensor Structure.

The detailed fabrication process of the SPR sensor based on the CaF, prism is shown
in Figure 2. Prism preparation and cleaning are the first steps in the process, which are
essential because any contamination or surface roughness can interfere with plasmon
excitation and DA. To remove organic residues, the prism is usually cleaned in stages using
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acetone, isopropyl alcohol, deionized water, and piranha solutions [18]. This is followed
by nitrogen drying. To increase the surface energy and encourage strong adhesion of the
deposited layers, UV-ozone or oxygen plasma treatment is sometimes employed. A clear
and smooth prism ensures stable optical coupling, low scattering loss, and good repeatabil-
ity between devices. In the absence of support, the Ag layer may eventually peel, crack,
or drift, resulting in unstable resonance angles and poor repeatability. This is addressed
by introducing an extremely thin layer of titanium (Ti) or chromium (Cr), usually ranging
from 1-3 nm, between the prism and Ag. The adhesion material, typically introduced by
PVD techniques such as thermal evaporation or sputtering [19], is deposited first after the
prism has been thoroughly cleaned (acetone — isopropyl alcohol — DI water — nitrogen
drying, occasionally plasma/UV-ozone treatment). Similar to glue, Cr and Ti create robust
chemical bonds with the Ag layer and prism surface. This incredibly thin layer enhances the
mechanical robustness without appreciably interfering with plasmon excitation. However,
if it is excessively thick, it can dampen the SPs and increase optical absorption, generating
a shallower and wider reflectance dip. Therefore, thickness optimization is essential for
achieving high performance. Following cleaning, Physical Vapor Deposition (PVD) was
used to deposit a thin layer of Ag. PVD generates a homogeneous, precisely regulated
nanometer-thick layer by vaporizing Ag metal in a high-vacuum chamber and condensing
it onto the prism surface. Because Ag thickness significantly affects the SPR performance,
such as sensitivity, precise thickness control is important. Long-term stability is enhanced
by PVD’s dense layers, superior adhesion, and high reproducibility of PVD. The next step
involves growing the SnSe; layer, usually by Chemical Vapor Deposition (CVD) [20,21]. In
CVD, a continuous thin layer grows by the reaction or breakdown of precursor gases on a
heated substrate. This technique allows for good control over stoichiometry, crystallinity,
and large-area uniformity. The sensitivity was increased by the SnSe; layer enhancement
of the electromagnetic field confinement and the provision of active sites for analyte inter-
action. Similarly, ZrSe, is deposited on top of SnSe;, usually by CVD [22,23]. This layer
enhances the light-matter interaction close to the sensing interface, increases the surface
area, and encourages biomolecule immobilization. To prevent flaws or excessive thickness
that could dampen plasmon waves, the sequential growth of 2D materials must be carefully
optimized. Finally, the top surface of the ZrSe; layer served as the sensing interface, where
biomolecule attachment occurred. ZrSe; is a two-dimensional layered material that can
immobilize biomolecules such as proteins, antibodies, DNA strands, and hormones because
of its high adsorption capacity and large surface area. Biomolecules attach to the func-
tionalized ZrSe, surface through chemical bonding, electrostatic interactions, or physical
adsorption when the sensor surface is exposed to a biological sample. The RI changes
near the metal-dielectric interface as a result of this attachment, creating a thin layer of
analyte above the ZrSe; layer. A discernible shift in the SPR resonance angle resulted from
the change in RI, which altered the resonance condition of the SPs generated at the Ag
metal layer. The adsorption of even a small concentration of analytes results in a significant
resonance shift because ZrSe; increases the electromagnetic field and offers strong interac-
tions with biomolecules. Consequently, in the SPR sensor configuration, the ZrSe; layer
serves as an efficient biorecognition and sensing platform, allowing for extremely sensitive
biomolecule detection. It is crucial to remember that the fabrication procedure outlined
in this work is conceptual and meant to show that the suggested SPR sensor is practically
feasible. The current study is based on numerical simulations and is entirely theoretical. In
order to reduce optical damping and complexity, adhesion layers such as Ti or Cr—often
used in experimental fabrication to increase the adhesion of the metal to the prismatic
substrate—are excluded from the simulation model. They will be considering in future
experimental investigations and may slightly modify resonance properties. The simulation
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assumes an ideal, smooth and homogeneous interface between the layers. Practical factors
such as surface roughness, grain boundaries and interfacial dispersion are omitted in order
to simplify and focus on the basic plasmonic behaviour of the proposed structure. The
performance of the sensor may be affected by actual manufacturing conditions such as
material insularity, adhesion layer effects and defects in the thin layer.

CaF, Ag layer SnSe, layer ZxSe, layer Sens1‘%’axer

|:{> )
PVD

Figure 2. Fabrication process.

2.2. Thickness Selection, Refractive Index, and Modeling

To determine the ideal condition that offers maximum plasmonic coupling and su-
perior sensing performance, the Ag thickness was varied between 25 and 60 nm. During
this time, the Ag layer changes from a comparatively thin, weakly supporting layer to one
that can support SP oscillations that are both strong and stable. The most efficient transfer
of optical energy from the incident light to the plasmon mode occurs as the thickness
approaches the ideal value, resulting in a large resonance angle shift and an exception-
ally low Rpin value. While thicker layers introduce higher absorption losses and limit
evanescent field penetration into the analyte, thinner Ag layers result in poor coupling
because of incomplete electron confinement. Consequently, the thickness that provides
the maximum sensitivity along with a deep and sharp resonance dip was determined by
investigating the 25-60 nm range. The RI of Ag is determined by the Drude model as given
in Equation (1) below:

1
A2(Ac +iA)

N—=

nag = (er +€;)2 = (1—

where A (Collision wavelength) = 1.7614 x 10> m and A, (Plasma wavelength) = 1.4541
x 1077 m.

The 0-2 nm range was chosen for the thickness of SnSe; in the proposed sensor be-
cause it captures the change from a bare Ag metal surface to a few-layer 2D coating, where
optical damping is still limited, but plasmon enhancement is strong. An ultrathin SnSe,
layer enhances the overlap between the evanescent field and the SM, enhances the surface
adsorption sites, and dramatically alters the electromagnetic boundary at the metal-analyte
interface. Owing to the improved field confinement and stronger light-matter interaction,
the resonance angle shift typically increases as the thickness increases from 0 to 2 nm.
Beyond this range, higher absorption and scattering losses, which dampen plasmon os-
cillations, increase the R, value and widen the reflectance curve. The RI of the SnSe,
layer was 3.5018 + 0.28348i [24]. The next layer was a 2D ZrSe; material. Regarding the
thickness of ZrSe, in the proposed SPR sensor, the proposed SPR sensor’s ZrSe; layer
thickness of 0.253 nm was chosen because it roughly matches the monolayer thickness of
this 2D material. Because they maintain a strong coupling between the incident light and
SP waves generated at the metal-dielectric interface, ultrathin 2D materials are typically
preferred for SPR-based sensing structures. The interaction between the plasmonic field
and analyte molecules adhered to the sensing surface is enhanced by the monolayer ZrSe,
layer, which permits the evanescent electromagnetic field to efficiently enter the SM. The
thickening of the ZrSe; layer may result in additional optical absorption and scattering
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losses that broaden the resonance curve and dampen SP waves, ultimately decreasing
the sensitivity and DA of the sensor. Consequently, the sensing performance of the SPR
sensor was enhanced by choosing an ultrathin thickness of 0.253 nm, which ensured strong
electromagnetic field confinement, minimal plasmon damping, and effective biomolecule
interactions. The RI of the ZrSe, layer was 3.4890 + 1.7705i [25]. The Rl range of 1.33-1.35 is
frequently chosen in SPR biosensing because it reflects aqueous biological media and the
minute changes that occur when biomolecules attach to the sensor surface. When proteins,
nucleic acids, lipids, or other solutes are present, the effective RI slightly increases based
on the concentration and molecular weight. At optical wavelengths, pure water is near
1.33. Therefore, disease detection using SPR usually involves measuring minute increments
caused by specific binding events rather than a large RI. For instance, in immunosensing,
the local RI may move from approximately 1.33 to 1.34 or higher because of antibody
attachment and subsequent antigen capture from blood or serum. Measurable RI increases
during this period can be caused by elevated protein content linked to infectious disease
markers, cancer biomarkers (such as PSA, CA-125, and HER?2), or inflammatory disorders.
The mass density close to the metal surface is also changed by DNA hybridization, virus
attachment, or bacterial adhesion, which pushes the refractive index back to 1.35. Changes
in this limited window can result from changes in plasma composition or glucose levels.
A theoretical model of the 2D multilayer structure of the prism-based SPR sensor is
presented in this study. This model focuses on the total internal reflection phenomenon.
The best possible structure is required for the sensor design. The layer thickness was
simulated and optimized using the N-layer model. The N-layer model structure is shown
in Figure 1. As illustrated in Figure 1, all layers were stacked along the Z-direction in
accordance with the N-layer model. A relationship exists between the tangential fields at
the first and last boundaries. Equations (2)-(8) were used to calculate the reflectivity.
Uy
{Vl

Un-1

} =M N1 @)

where the components of the electric and magnetic fields first and last are denoted by Uy,
V1, UN., and VN respectively. The characteristic matrix of the combined structure is
denoted by M, as shown in Equation (3).

N-—1 M11 M12
M=]T], M = 3
k=2 K [le sz )

Here, My, is written as shown in Equation (4):

M, = l cos By —isin Bk/qk] @)

—iqysin By cos Py

where 3y = optical constant, qi = phase thickness, A = wavelength (633 nm) and 0; = angle
of incident, given in Equations (5) and (6):

/ 20502
i € — njsin® 6q
i 1/akcos k o (5)
27 2md )
B = ~ Nkcos Ok(zk — 2k 1) = Tk \/ ek — n%sm2 01 (6)
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The reflection coefficient (rp) formula is shown in Equation (6):

S (Mi1 4+ M12gn)q1 — (Ma1 + Mxqy) @)
P (M1 + Migu)q1 + (Ma1 + Maagy)

The complex dielectric constant of the k-th layer is represented by ¢y in the above
Equation (6). Tt is defined as ¢} = (ny + iky)?, where ny and ky are the RI and extinction
coefficient, respectively. Each layer’s wave vector component is represented by qy, and
the propagation constant along the interface is represented by 3. The free-space wave
number is represented by kg, and the incident angle is represented by 6;. The layer number
is indicated by the subscript k, where k=1, 2, 3, ... denotes prism, metal, 2D material, and
SM, respectively.

The reflection coefficient for p-polarized light is calculated using the TMM as given in
Equation (7). The reflectance is obtained as Equation (8), where r}, represents the Fresnel
reflection coefficient.

R=|r,[ (8)

2.3. Performances Matrices

The above equations describe the distribution of the electric and magnetic fields in
a multilayer SPR structure using TMM. Equation (9) represents the electric field Ey and
magnetic field Hy components in the first layer (usually the prism), where the fields are
expressed in terms of the incident magnetic field H," and the reflection coefficient rp, for
p-polarized light [26].

[Hyl(z)] = Pi(z)

Eyl (Z)

147y

HI",z1 <z<z )
qn(1—rp)

y 7

Matrix P;(z) is the propagation matrix, as given in Equation (10), which describes how
electromagnetic waves propagate through the first layer. It contains trigonometric terms
cos (B at z) and sin(Py 4 ») that represent phase variation along the thickness of the layer,
while ¢, is related to the wave impedance of that layer.

P (z) is written as:

_ cos(Br at z) (i/q1)sin(Br at =)
e = qusmwktm) cos(Byar =) ] 10)

Equation (11) extends this formulation to subsequent layers j > 2j (such as metals, 2D
materials, and sensing media).

[ Hy;(z)
—Ey;(2)

1—|—rp

=Pi(z=zi+d;
]( ] ]) 41(1—7’;7)

H;nc/ Z]' S 4 S Zj+1 (11)

The matrix Pj (z) (Equation (12) represents the propagation of the electromagnetic
wave inside layer j, where d; is the thickness of that layer and g; is the corresponding wave
impedance parameter. These matrices can be used to calculate the electric and magnetic
field distributions across the multilayer structure, which aids in determining the resonance
condition, reflectance, and sensing performance of the SPR sensor.

Cos(ﬁk(at z:zfz]v)) (i/qj)Sin(ﬁk(at z:zle))

]

o (12
stm(,Bk(at z:zfz]-)) COS(.Bk(at z:zfzj)) )

Pi(z) =
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The performance parameters of the sensor must be measured to design an improved
sensor. Thus, the performance parameters of the SPR sensor, including sensitivity, FWHM,
DA, FOM, and PD, were calculated. It is defined as the resonance angle change (A8yes)
per unit change in the analyte’s RI (Ans) and is mathematically represented as shown in
Equation (13).

_ ABRes.

S = (/RW) (13)

The DA of the SPR sensor was another parameter used in this study. This shows

the amount of information that a sensor can detect precisely and accurately. This is the
mathematical definition of DA, as shown in Equation (14).

1

DA = mvam !

1/°) (14)
The FOM is calculated as the product of the sensitivity and the DA, as expressed in

Equation (15):
FoM =S x DA (/RIU) (15)

3. Result Analysis
3.1. Measurement of the Field Analysis

To precisely assess the electromagnetic field distribution, a numerical analysis of the
proposed SPR sensor was performed using the finite element method (FEM) in COMSOL
Multiphysics 6.1. A multilayer structure with prism, Ag layer, SnSe,, ZrSe;, and SM
arranged in the Kretschmann configuration makes up the simulation domain. With lateral
dimensions spanning multiple wavelengths of the incident light, the domain size was
selected to be sufficiently large to prevent boundary-induced artifacts. To ensure precise
numerical computation, the proposed structure uses a nonuniform triangular mesh analysis.
To minimize the computational complexity, a relatively coarser mesh was employed in
the prism and sensing regions, whereas a finer mesh was applied close to the metal and
2D material interfaces, where the surface plasmon waves were strongly confined. To
precisely capture the rapidly changing electromagnetic fields, a nonuniform triangular
mesh was used, with incredibly fine mesh elements applied close to the metal /2D material
interfaces. In order to minimize computational costs, triangular meshing was employed
away from the interface, while the minimum mesh element size close to the interface was
set to the sub-nanometer scale. For plasmon excitation, the propagation of p-polarized
incident light from the CaF; prism toward the metal layer was modeled using appropriate
electromagnetic boundary conditions. The incident electromagnetic wave was introduced
at the input boundary using a port or scattering boundary condition, and the lateral
boundaries were given scattering conditions to reduce undesired reflections. The continuity
of the tangential electric and magnetic field components is automatically satisfied at each
interface between the layers to ensure proper wave propagation through the multilayer
system. In addition, a Perfectly Matched Layer was applied above the sensing region
to remove artificial reflections from the computational boundary and absorb outgoing
electromagnetic waves. By acting as an absorbing domain and attenuating the evanescent
fields that extend into the SM, the PML makes it possible to accurately simulate the open-
domain SPR sensing environment and ensure a reliable sensor performance evaluation.
In order to eliminate artificial reflections and absorb outgoing waves, PMLs were applied
at the simulation domain’s outer boundaries. To ensure effective absorption, the PML
thickness was chosen to be roughly one wavelength of the incident light. At the proper
domain edges, scattering boundary conditions were implemented. Figure 3a shows the
schematic configuration of the proposed SPR sensor structure. The structure consists of a
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high-RI CaF, prism at the top, which is used to couple the incident light to the plasmonic
metal layer through the Kretschmann configuration. Beneath the prism, a thin Ag layer
was deposited, which acted as the plasmonic material responsible for exciting SPPs at
the metal-dielectric interface. Below the Ag layer, two ultrathin 2D materials, SnSe,, and
ZrSe; were introduced before the SM. These 2D layers enhance the interaction between
the electromagnetic field and analyte molecules owing to their high surface area and
strong charge transfer capability. The sensing layer represents the analyte region, whose RI
changes during detection. The inset highlights the stacked arrangement of the SnSe; and
Z1Se; layers near the Ag layer, showing their position at the metal-SM interface, where SPP
excitation occurs. The meshing view used in the numerical simulation is shown in Figure 3b.
To precisely solve Maxwell’s electromagnetic equations, a fine triangular mesh was created
throughout the computational domain. The electromagnetic field varies rapidly in these
areas owing to SPP excitation, which makes the mesh much denser near the metal and 2D
material interfaces. However, areas farther from the interface, where the field variation is
smoother, employ comparatively larger mesh elements. This adaptive meshing technique
ensures accurate computation of the electric field distribution, resonance behavior, and
sensing performance of the SPR structure while increasing the numerical accuracy and
convergence of the simulation while preserving computational efficiency.
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Figure 3. (a) Schematic diagram of the proposed structure. (b) Finite element meshing view of the
simulation domain.

The electric field distribution in the proposed SPR sensor with a CaF, prism, Ag
layer, SnSe; layer, and SM for various analyte Rls (ns = 1.33, 1.34, and 1.35) is depicted in
Figure 4a—c. The electric field intensity is represented by a color scale, with red denoting
a strong field enhancement and blue denoting a weak field intensity. The electric field
is strongly confined close to the Ag-SnSe; interface in Figure 4a for ns = 1.33, indicating
effective surface plasmon excitation. An essential feature of SPR sensing is the penetration
of the evanescent field from the metal layer into the SM. Because of the exponential decay
of the evanescent field, the high-intensity region (red/yellow) indicates that the plasmonic
wave is concentrated at the interface and progressively decays away from the surface
into the analyte region. The resonance condition in Figure 4b for ng = 1.34 is altered by
a small shift in the refractive index of the sensing layer. This caused a slight shift in
the distribution of the electric field and a change in the maximum field intensity at the
interface. This suggests that the surface plasmon wave is extremely sensitive to changes
in the RI of the SM. The electric field peak is further altered, and the evanescent field
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PD into the SM increases in Figure 4c for ng = 1.35. This indicates that the resonance
angle shift used for detection in SPR sensors is caused by a strong interaction between
the analyte and plasmonic field. The spatial variation in the electric field intensity across
the multilayer structure is further demonstrated by the 3D plots in Figure 4al—1. The
maximum electric field enhancement at the metal-dielectric interface and its gradual decay
along the propagation direction are clearly visible in these plots. The ability of the sensor
to detect minute changes in the RI of the SM is demonstrated by the strong localization of
the electromagnetic field at the interface, which validates effective plasmon excitation.

Sensing layer (©

ZrSe,

Sensing layer

V/m

At n=1.34
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0.5
0.4
0.3
0.2
0.1

0 ¢

10°nm

Figure 4. Electric field distribution 2D plot (a) at ns = 1.33, (b) at ns = 1.34, and (c) at ng = 1.35; 3D
plot (al) at ng = 1.33, (b1) at ng = 1.34, and (c1) at ng = 1.35.
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The SPP mode of the suggested sensor structure is shown in Figure 5 for various
analyte Rls (ns = 1.33-1.35). The spatial distribution of the electric field intensity throughout
the proposed structure is depicted in the 2D field plots in Figure 5a—c, where the color
scale denotes the magnitude of the electric field (blue denotes lower field intensity and
red denotes strong field enhancement). The Ag-SnSe,—ZrSe; interface exhibited strong
localization of the maximum electric field, indicating effective excitation of the SPPs. This
strong localization occurs because the incident p-polarized light from the CaF, prism
couples with the free electrons in the Ag layer to generate SP waves that travel along
the metal-dielectric interface. The ZrSe; and SnSe; layers increased the confinement
of the evanescent electromagnetic field close to the sensing interface and improved the
light-matter interaction. A discernible shift in the electric field distribution was observed
as the Rl rises from 1.33 to 1.35. A stronger interaction between the plasmonic field and
analyte molecules is indicated by an increase in the intensity and penetration depth (PD) of
the evanescent field into the sensing region. Because even a slight change in the analyte RI
modifies the plasmon resonance condition and changes the field distribution, this behavior
validates the high RI sensitivity of the proposed structure. The spatial variation in the
SPP mode is further demonstrated by the 3D plots in Figure 5al-cl, which exhibit a
prominent electric field peak at the metal-2D material interface and a fast exponential
decay away from the interface along the vertical direction. This distinctive decay shows
that the electromagnetic energy is tightly contained close to the sensing interface, which is
a basic property of SP waves. The improved field confinement of the proposed structure
increases the interaction between the plasmonic field and SM, which directly improves the
sensing performance. Thus, the suggested structure provides strong plasmon excitation,
high field confinement, and improved analyte interaction, which improves the sensitivity
and DA of the SPR sensor, according to the electric field distribution analysis.

The normalized electric field normalized of the Surface Plasmon Polaritons (SPPs)
mode for RlIs ng = 1.33 and 1.35 is plotted against the distance between the prism and
the SM in Figure 6. A clear comparison of the field intensity and penetration behavior
in various layers of the structure is made possible by normalizing the electric field with
respect to the maximum electric field at the metal-dielectric interface. Figure 6a, which
corresponds to the conventional structure (CaF,-Ag-SM), shows that the excitation of the
SPP mode causes the electric field to exhibit a sharp peak close to the Ag layer interface.
Following the evanescent field behavior, the field exponentially decayed into the SM after
reaching its maximum value. The 1/e factor, which indicates the distance at which the
electric field intensity drops to 1/e (approximately 37%) of its maximum value, can be used
to characterize the field’s decay. The effective interaction region between the plasmonic
field and analyte is determined by this distance, which is referred to as the PD. The peak
normalized electric field shifts and slightly increases as the RI increases from 1.33 to 1.35,
suggesting stronger plasmon coupling. The normalized electric field near the interface in
Figure 6b, which depicts the suggested structure with extra layers (proposed structure),
is noticeably stronger than that in the conventional structure. The field enhancement
within the ZrSe; and SnSe; layers, which enhances plasmon excitation and electromagnetic
confinement, is shown in the inset. Additionally, a slightly longer 1/e decay length was
indicated by the evanescent field extending farther into the SM. The light-matter interaction
at the sensing interface is enhanced by this stronger and longer field interaction, which
improves the sensing performance and increases the sensitivity of the proposed SPR sensor.
The maximum electric field intensity and PD for the conventional and suggested SPR
structures at various Rl are summarized in Table 1. The peak electric field intensity for
the conventional structure increased dramatically with RI, peaking at 148,244.6 V/m at
RI = 1.34 with a PD of 215.24 nm. In contrast, the proposed structure exhibited a moderate
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PD of 167.675 nm and a higher peak intensity at RI = 1.33 (134,305V /m), suggesting stronger
field confinement near the sensing interface. The PD in the suggested structure increased
to 217.785 nm as the RI increased to 1.35. This improves the sensing performance by
strengthening the interaction between the evanescent field and SM. It should be mentioned
that better sensing performance is not always ensured by deeper penetration. The degree
of electromagnetic field confinement and the intensity of plasmon-analyte interaction close

to the sensing interface have a significant impact on the sensitivity of an SPR sensor.
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Figure 5. SPP mode 2D plot (a) at ng = 1.33, (b) at ng = 1.34, and (c) at ns = 1.35; 3D plot (al) at

ng = 1.33, (b1) at ng = 1.34, and (c1) at ng = 1.35.
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Figure 6. Electric field normalized (a) conventional (CaF,—-Ag-SM) sensor. (b) Proposed structure.

Table 1. Measured the maximum electric field and PD.

Conventional Structure Proposed Structure
RI Peak Intensity (V/m) PD (nm) Peak Intensity (V/m) PD (nm)
1.33 93,782.51 203.02 134,305 167.675
1.34 148,244.6 215.24 110,815 206.045
1.35 145,997.2 213.05 72,025 217.785

3.2. Sensitivity and Minimum Reflectance Performances

For two RIs of the SM, ng = 1.34 and ng = 1.35, Figure 7 illustrates the sensitivity of the
SPR sensor with respect to the thickness of the Ag layer while considering varying SnSep
thicknesses (0, 1, and 2 nm). The plots clearly show that the sensitivity is not monotonic
but rather reaches an optimal value at a specific Ag thickness, where the coupling between
the SPs and incident light reaches its maximum. Considering ns = 1.34, as the Ag thickness
increases from lower values, the Ag layer becomes continuous and supports stronger
plasmon oscillations, increasing the sensitivity, as shown in Figure 7a. Once the sensitivity
reached an optimal region, which was approximately in the mid-thickness range, it began
to decline. A thicker Ag layer weakens the ability of the evanescent field to penetrate the
analyte region and increases optical damping, which causes this reduction. The sensitivity
is still the lowest when the SnSe; layer is absent (0 nm) because there is less interaction
with the biomolecules. The response was improved by adding 1 nm SnSe, because of
the improved field confinement and increased charge transfer at the interface. The best
performance was observed for 2 nm SnSe,, where a greater resonance shift was produced
by a stronger adsorption capacity and better overlap between the plasmon field and SM.
Because ng = 1.35 (Figure 7b), there are some variations in the ideal thickness. A higher
surrounding RI shifts the condition for the strongest coupling by altering the plasmon-
propagation constant. Consequently, the Ag thickness that offers peak sensitivity undergoes
a slight shift. Once again, the performance was significantly improved by adding SnSe;.
According to the curves, the sensitivity increased with the SnSe; thickness up to the optimal
value; thereafter, more material would probably cause losses and widen the resonance.
For various SnSe; thicknesses and SM Rls, Figure 7c,d show that Ry, varies with the Ag
film thickness. Ryin is a measure of the SPR dip’s depth and the effectiveness with which
incident light energy is converted to SPs; a lower value denotes a stronger coupling and
higher resonance quality. When comparing the curves for ns = 1.33 and 1.34 in Figure 7c,
it is evident that Ry, decreases as the Ag thickness approaches the ideal region in the
mid-thickness range. The photon—plasmon momentum matching was at its peak at this
point, producing a very deep dip. Rpn increases again when the Ag layer is thicker because
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thicker layers increase absorption losses and stop the evanescent field from penetrating
into the sensing region, while thinner Ag layers are not continuous enough to support SP
oscillations. The impact of SnSe; is clear: as its thickness increases, the dip tends to go
deeper, close to the optimum, because the extra layer strengthens the field confinement
and enhances the interaction at the metal-dielectric interface. It is crucial to remember that
this study’s variation in Ag and SnSe; thickness is meant for parametric optimization and
comprehending how structural parameters affect sensing performance. Prior to analyte
detection in practical applications, the SPR sensor needs to have a fixed configuration.
Nevertheless, additional thickness may introduce damping away from the ideal, which
explains the sharp rise in Ry, at higher Ag thicknesses. A similar behavior is shown
in Figure 7d when the RI shifts from ng = 1.33 to 1.35; however, the location and size of
the minimum shift are different. At a slightly different Ag thickness, the best coupling
occurred because a higher surrounding RI altered the plasmon wave vector. Once again,
the appropriate SnSe; incorporation considerably lowers Ry, confirming the enhanced
sensor performance and stronger SP excitation.
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Figure 7. Sensitivity vs. Ag thickness at (a) ng = 1.34 and (b) ns = 1.35; Rpin vs. Ag thickness
(c) ng = 1.33 & 1.34 and (d) ng = 1.33 & 1.35 with various SnSe, thicknesses.

3.3. Reflectance Curve Performances

The reflectance curves of the SPR structure are shown in Figure 8 for a sensing medium
refractive index of ns = 1.330 at various Ag thicknesses while varying the SnSe; layer. The
maximum coupling angle between the incident light and surface plasmons is indicated by
the resonance dip in each curve. The plasmon excitation efficiency and sensing performance
were significantly influenced by the depth and sharpness of the dip. When SnSe; is not
present (0 nm) in Figure 8a, the Ag layer primarily controls the resonance behavior. The dip
position and depth fluctuated in response to changes in Ag thickness. Because the metal
layer may be partially discontinuous, the coupling is weaker, and the dip is comparatively
shallow for thinner layers. Effective energy transfer is indicated by a much deeper and
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sharper dip as the thickness approaches its ideal value. Once more, the dip becomes wider
and less noticeable as the thickness of Ag increases because this causes increased damping
and less evanescent field penetration into the analyte. The resonance dips in Figure 8b
with 1 nm SnSe; are notably deeper than those in the structure without SnSe;. Stronger
plasmon excitation is produced by the improved matching conditions of the extra layer
and enhancement of the electromagnetic field confinement close to the sensing interface.
The modification of the effective RI as perceived by the plasmon wave may also cause
a slight shift in the ideal Ag thickness. The enhancement is even more pronounced in
the optimal region in Figure 8c for 2 nm SnSe;. The coupling was extremely efficient, as
evidenced by the minimum reflectance approaching extremely low values. Nevertheless,
the losses in the multilayer stack increase, and the dip quality deteriorates once more if the
Ag layer becomes overly thick. Therefore, although adding SnSe; enhances the sensitivity
and interaction, damping may still be introduced by an excessive overall thickness.
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Figure 8. Reflectance curve with ng = 1.330 at various Ag thickness: (a) SnSe; thickness = 0 nm,
(b) SnSe; thickness = 1 nm, and (c) SnSe, thickness = 2 nm.

The reflectance curves assessed under ideal circumstances that produced the lowest
reflectance for the two analyte Rls are displayed in Figure 9. These curves provide clear
information on how the resonance angle, dip depth, linewidth, and overall sensing quality
are affected by the addition of SnSe; and the modification of Ag thickness. The conven-
tional structure without SnSe, (Ag = 47 nm) produced a clear resonance dip with good
coupling, as shown in Figure 9a (transition between ns = 1.33 and 1.34). However, the
angular shift was relatively small, resulting in a sensitivity of approximately 232.04° /RIU.
The sensitivity increases to 270.26° /RIU when 1 nm SnSe; is added, but the dip remains
deep, and the shift between Rls increases. A much greater displacement of the resonance
angle and a notable increase in sensitivity to 337.98° /RIU were the results of the plasmon
field’s even stronger interaction with the SM at 2 nm SnSe;. The improvement in the shift
takes precedence, resulting in the highest FoM in this set, even though Rp, increases
slightly and the curve widens. A similar enhancement trend can be observed in Figure 9b
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(transition between ng = 1.33 and 1.35); however, the optimum parameters shift because the
plasmon wave vector is dependent on the surrounding RI. With a sensitivity of 265.62° /RIU
and a comparatively narrow FWHM, the bare Ag layer exhibited strong coupling once
more, providing good DA. The shift is further enhanced to 320.94° /RIU by adding 1 nm
SnSe;, because of the improved light-matter interaction. The sensitivity remains high
(311.60° /RIU) when the thickness is increased to 2 nm, but the resonance widens (larger
FWHM), lowering the FoM and DA. This illustrates the well-known trade-off: more damp-
ing may be introduced, but the angular shift may be increased by a stronger interaction.
These findings are supported by the values in Table 2. Because the evanescent field overlaps
more with the analyte when the SnSe, thickness increases, the sensitivity increases. Simul-
taneously, the FWHM typically increases, causing the dip to widen and the DA (inverse
of FWHM) to decrease. Therefore, whether the maximum sensitivity or highest FoM is
prioritized determines the best performance. For instance, the greatest sensitivity and FoM
are provided by the 2 nm case at ns = 1.34, whereas sharper dips may be obtained from
thinner layers. After a thorough assessment of sensitivity, FoM, detection accuracy, and
minimum reflectance, one optimized structure is chosen for real-world application. Ag
is 44 nm thick, SnSe; is 2 nm thick, and ZrSe; is a monolayer in the optimized configu-
ration. Reliable and stable sensing performance is ensured by this configuration, which
offers a fair trade-off between increased sensitivity and acceptable spectral properties. The
presence of SnSe; and ZrSe; layers causes additional optical damping even though the
suggested multilayer structure greatly increases sensitivity. This leads to a wider resonance
curve (higher FWHM), which in turn lowers DA and FoM. On the other hand, because
of lower optical losses, the traditional Ag-only structure shows sharper resonance dips
with higher FoM values. This behavior demonstrates the inherent trade-off in SPR sensor
design, wherein decreased spectral sharpness frequently results from increasing sensitivity
through stronger plasmon-analyte interaction.
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Figure 9. Reflectance curve at Ry,jn: (a) ng = 1.33 & 1.34; (b) ng = 1.33 & 1.35.

Table 2. Measuring the performance at RI of 1.34 and 1.35.

FWHM o
RI of Analyte Ag(:nl_lliCk' Thiscrll('sf;m) e /IEIU) Rpin at ng = 1.33 Rumin g: 1n ;5= 1.34 n, =(;.)3 4 & n:);A 1(?’;1)& 1:1:1\3 1(/113{41[;:)
135 1.35 1.35
47 0 232.04 2.08 x 1074 5x1073 491 0.203 47.26
1.34 44 1 270.26 2.7 x 1074 1.2 x 1072 4.89 0.204 55.26
44 2 337.98 3.3 x 1072 0.164024 5.56 0.179 60.78
47 0 265.62 2.08 x 1074 3.9 x 1072 3.91 0.255 67.93
1.35 44 1 320.94 2.7 x 107* 0.161235 497 0.201 64.57
35 2 311.60 7.4 x 1072 7.6 x 1072 6.15 0.162 50.66
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3.4. Conventional Sensor

Figure 10 shows how the Ag thickness alone controls the sensing behavior of the
conventional single—Ag SPR structure without any additional 2D materials. The sensitivity
and Ry, are plotted as functions of Ag thickness in Figure 10a. Because the Ag layer
becomes a continuous support for stronger and more stable SP oscillations, the sensitivity
increases rapidly as the thickness increases from lower Ry, values. Momentum matching
between incident photons and plasmons becomes most effective close to the optimal
region, which is approximately in the 45-55 nm range. The angular shift for a change in
the RI reaches its maximum at this point, and the resonance dip is at its deepest (very
small Rp,in). Further increasing the thickness of the Ag layer resulted in increased optical
absorption within the metal and decreased evanescent field penetration into the analyte.
Consequently, the sensitivity decreased, Rpin increased, and plasmon coupling weakened.
This demonstrates the importance of precisely optimizing the Ag thickness, even in simple
structures. The reflectance curves for the two Rls corresponding to the optimized Rpin
condition are shown in Figure 10b. The result was a deep and sharp dip, confirming that the
surface plasmons were strongly excited. The dip shifts in angle as the refractive index varies,
and the sensitivity is calculated using this displacement. Compared to multilayer or 2D-
material-assisted designs, the field interaction with the analyte is reduced because only the
Ag layer is present; however, the resonance is still clean and narrow, which contributes to
good DA. Although the FoM values of the conventional Ag-only SPR sensor are higher, its
sensitivity is much lower than that of the suggested structure. Larger resonance angle shifts
result from the multilayer configuration’s enhancement of the evanescent field interaction
with the analyte. Therefore, the conventional structure might be preferred when higher
FoM and sharper resonance properties are needed, while the proposed sensor is better
suited for applications requiring high sensitivity.
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Figure 10. Structure: CaFp—Ag—SM (a) sensitivity and Ry, vs. Ag thickness and (b) reflectance curve
at Rypin value.

A comparison of the proposed SPR sensor with previously published research is
presented in Table 3. In the RI range of 1.33-1.35, the proposed structure achieves a higher
sensitivity of 337.98° /RIU, which is much higher than the values reported in previous
studies. The enhanced sensitivity suggests improved plasmonic interaction and better
sensing performance of the suggested design, even though the DA (0.179/°) and FoM
(60.78/RIU) are comparable to those of previous works. This work provides a more
thorough evaluation of sensor performance by taking into account sensitivity, DA, FoM,
and physical interaction mechanisms, in contrast to traditional comparisons that only
concentrate on sensitivity. On the other hand, by enhancing evanescent field confinement
and boosting interaction with the SM, the suggested structure greatly increases sensitivity.
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Table 3. Comparative analysis of proposed and existing work.
S DA FoM

Authors and Ref. RI of Analyte /RIU) () (RIU)
Ansari et al. [27] 1.33-1.35 294.44 - 45.93

Karki et al. [28] 1.33-1.35 295.9 0.238 70.62
Kumar et al. [29] 1.33-1.35 273.05 0.204 -

Pillai et al. [30] 1.33-1.35 235.01 - -

Proposed work 1.33-1.34 and 1.35 337.98 0.179 60.78

References

4. Conclusions

We present a multi-layer SPR sensor using Ag, SnSe;, and ZrSe; layers. The numerical
analysis shows that, compared to the conventional Ag-only structure, the addition of
SnSe; and ZrSe; layers significantly enhances the interaction between the evanescent
field and SM, resulting in larger resonance angle shifts. The sensing capabilities of the
sensor fall within the analyte’s 1.33-1.35 RI detection range. This SPR sensor response is
linear in the detection range, and the sensitivity is 337.98° /RIU and 320.94° /RIU for RI
of 1.34 and 1.35, respectively. Moreover, the maximum PD is 206.04 nm and 217.785 nm
at RI of 1.34 and 1.35, respectively. The optimized structure maintained acceptable dip
sharpness and stability while significantly increasing the sensitivity and FoM. The findings
show that the suggested SPR sensor provides a platform with increased sensitivity and a
moderate compromise in FoM and DA. This trade-off is inherent to multilayer plasmonic
systems and should be taken into account depending on the intended use, especially in
biosensing situations where obtaining incredibly narrow resonance curves is less important
than detecting minute changes in RI. Overall, the proposed sensor offers a viable path
toward extremely sensitive, dependable, and repeatable biosensing platforms appropriate
for chemical analysis, environmental monitoring, and medical diagnostics.
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