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A plasmonic metal-insulator-metal (MIM) biosensor with a star-shaped resonator is proposed and numerically
investigated for highly sensitive, label-free detection of the Prostate-Specific Antigen (PSA) biomarker. The star-
shaped resonator integrated within the MIM waveguide supports multiple resonance modes, thereby enhancing
light-matter interactions and confining the electromagnetic field strongly within the sensing region. The optical
response and sensing performance of the biosensor were analyzed using the Finite-Difference Time-Domain
(FDTD) method. The proposed design achieves remarkable sensitivity values of 3168 nm/RIU and 2025.98 nm/

RIU for two distinct resonance modes. Compared to previously reported sensor designs, this MIM biosensor
exhibits superior detection capability and a high figure of merit (FOM), making it a promising candidate for real-
time, non-invasive PSA antigen detection and other biomedical sensing applications.

1. Introduction

Prostate cancer is one of the most prevalent malignancies among
men worldwide and remains a leading cause of cancer-related mortality.
Owing to its often-asymptomatic progression at early stages, timely
detection through regular screening is crucial for improving treatment
outcomes and patient survival (Kokabi et al., 2023; Soldanescu et al.,
2023; Song et al., 2023).

One of the primary tools for prostate cancer screening is the mea-
surement of Prostate-Specific Antigen (PSA), a glycoprotein secreted by
epithelial cells of the prostate gland. Under normal physiological con-
ditions, PSA is present in the bloodstream at low concentrations. How-
ever, elevated PSA levels may signal prostate abnormalities, including
benign prostatic hyperplasia (BPH), prostatitis, or malignancy (Ilic et al.,
2018; Merriel et al., 2022). Owing to its widespread use in clinical
practice, PSA testing has become a cornerstone of prostate cancer
screening programs. Nonetheless, conventional PSA detection methods,
such as immunoassays, Western blot, and chemiluminescent immuno-
assays, are often limited by false positives, low specificity, and the need
for complex laboratory procedures (Nordstrom et al., 2018). Although
PSA blood testing is widely used for prostate cancer detection, this
commonly employed serum biomarker has significant drawbacks. These
include its insufficient capacity to reliably differentiate between patients
who have prostate cancer and those who do not, as well as its inability to
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identify individuals with aggressive disease variants. These limitations
are particularly pronounced when total PSA levels fall below 10 ng/mL
(Hori et al., 2013).

To address the limitations of traditional methods, biosensor tech-
nologies have emerged as a promising approach for detecting PSA.
Among these, Surface Plasmon Resonance (SPR) biosensors stand out for
their high sensitivity, real-time monitoring, and label-free detection.
SPR operates based on surface plasmons, which are hybrid electro-
n-photon oscillations that arise at the interface between a conductor and
a dielectric as a result of coupling between electromagnetic waves and
collective charge oscillations in the metal (Dionne et al., 2010). These
surface-confined modes enable strong electromagnetic field localization
at the metal-dielectric interface and exhibit high sensitivity to local
refractive index variations, making them particularly effective for bio-
sensing applications (Song et al., 2023; Ravindran et al., 2023; Das et al.,
2023).

In this context, SPP-based Metal-Insulator-Metal (MIM) waveguides
have gained attention as effective biosensing platforms. These wave-
guides consist of a thin dielectric layer sandwiched between two
metallic layers, enabling the propagation of SPPs. along the interfaces
between the metal and dielectric materials (Bliokh et al., 2018). The
strong confinement of electromagnetic energy within the narrow
dielectric gap enhances sensitivity to refractive index variations,
enabling precise detection of biomolecular interactions without labeling
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(Cao et al., 2024; Wang et al., 2022; Abdi and Bahador, 2024).

Several key parameters characterize the performance of PSA bio-
sensors, including sensitivity (S), full width at half maximum (FWHM),
figure of merit (FoM), and quality factor (Q), which collectively deter-
mine the sensor's resolution and detection capability (Farooq et al.,
2022). Compared with conventional fiber- and silicon-based sensors,
plasmonic sensors offer compact size and strong field confinement,
enabling efficient integration into nanoscale optical platforms.

Metal-insulator-metal (MIM) waveguide-based plasmonic refractive
index sensors have attracted considerable attention due to their high
sensitivity and label-free detection capability. Various structural modi-
fications have been proposed to enhance sensitivity and FoM. For
example, asymmetric split-ring resonator (SRR) designs have achieved
sensitivities of up to 1630 nm/RIU and FoM values of 180, demon-
strating the impact of structural asymmetry on field localization (Zafar
et al, 2025). Hybrid configurations incorporating graphene have
further enhanced performance, with reported sensitivities up to 662.3
nm/RIU and extremely high FoM values, driven by material-assisted
light-matter interaction (Lotfi et al., 2024). Multi-mode and cavity-
coupled designs, such as micro-ring-U-shaped resonators, have ach-
ieved sensitivities exceeding 2100 nm/RIU, highlighting the importance
of multi-resonance engineering for improving sensing performance
(Yadav et al., 2024).

Independent tunability and geometric optimization have also been
widely explored. Ring—cavity configurations have demonstrated sensi-
tivities up to 2300 nm/RIU with independently controllable Fano reso-
nances (Cao et al., 2024), while key-shaped and E-shaped resonators
have reported sensitivities of 1520 nm/RIU and 2453.75 nm/RIU,
respectively (Zhao et al., 2023; Rahad et al., 2024a). These studies
confirm that precise geometric control significantly enhances SPP
coupling efficiency and light-matter interaction.

More recently, waveguide-based MIM plasmonic sensors have been
further advanced through improved coupling strategies and geometry-
assisted performance enhancement. Butt et al. numerically investi-
gated a MIM waveguide refractive index sensor incorporating a semi-
circular cavity side-coupled to a bus waveguide, demonstrating
enhanced extinction ratio and a sensitivity of approximately 941 nm/
RIU (Butt et al., 2023). Their study also addressed practical coupling
challenges by integrating mode converters to efficiently excite plas-
monic modes within nanoscale MIM waveguides, highlighting the suit-
ability of such platforms for point-of-care sensing applications.

In a related effort, Guchhait et al. proposed a square-ring resonator-
based MIM waveguide sensor for refractive index sensing, in which
systematic optimization of the resonator geometry yielded a high
sensitivity of up to 2700 nm/RIU (Guchhait et al., 2024). Their results
revealed that both the number of resonator elements and the coupling
length critically influence the resonance linewidth and sensitivity,
emphasizing the importance of geometric tuning in achieving ultra-
sensitive detection, particularly for nanoplastic contaminants in water.

Furthermore, Kazanskiy et al. investigated the role of mode con-
version in MIM waveguide-based plasmonic sensors by introducing
silicon-tapered waveguides to enhance light injection efficiency. Their
modified ring-resonator-based design achieved a sensitivity of approx-
imately 1155.7 nm/RIU and a figure of merit of 25.9, demonstrating that
coupling optimization and mode-matching strategies are key factors for
improving the practical performance of MIM plasmonic sensing systems
(Kazanskiy et al., 2023).

In this study, we present a robust plasmonic biosensor for the
detection of PSA. The sensor's performance is attributed to the strong
localization of plasmonic fields within its resonator structure, facili-
tating highly sensitive and selective PSA detection. Changes in the
refractive index (RI) due to PSA binding events result in a distinct shift in
the resonant wavelength, enabling precise monitoring of biomolecular
interactions. This capability is crucial for the early diagnosis and
monitoring of prostate cancer, providing a reliable and efficient plat-
form for clinical applications. The high sensitivity and enhanced FOM
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demonstrate the sensor's potential for real-world biomedical di-
agnostics, offering a promising approach to non-invasive, label-free PSA
detection.

2. Modeling and analysis

To accurately investigate the optical performance of the proposed
plasmonic sensor, comprehensive numerical modeling is employed. This
modeling framework enables precise simulation of the interaction be-
tween electromagnetic waves and the sensor's nanostructured geometry,
allowing prediction of resonance behavior and sensitivity to refractive
index changes. The optical response is governed by the excitation and
propagation of SPPs at the metal-dielectric interface, which are highly
sensitive to the geometric and material parameters of the structure
(Wang et al., 2017).

A key aspect of this modeling involves accurately representing the
metal's complex permittivity. Silver (Ag), used as the plasmonic material
in this design, exhibits strong plasmonic resonances in the near-infrared
and visible regions (Goetz et al., 2020). Its frequency-dependent
permittivity is described using the Lorentz-Drude model, which ac-
counts for both free-electron (intraband) and bound-electron (inter-
band) contributions. This model provides a reliable basis for simulating
silver's dispersive behavior, ensuring the fidelity of the numerical
results.
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The permittivity function of Ag is described by two main compo-
nents: the interband and intraband contributions, denoted as /) (), and
e®(w) respectively. These components are modeled using the Lorentz
and Drude models, as shown in Egs. (2) and (3). In these models Q, =
V/fowy; w, and wjrepresent the plasma and resonance frequencies, while
foand fidenote the oscillator and resonance strengths. The damping ef-
fects are characterized by the damping constant Iy and the damping
frequency Tj.

Among all metals, silver is particularly favorable for plasmonic ap-
plications due to its exceptionally low damping constant, which mini-
mizes energy losses and enhances field confinement (Bezares et al.,
2017). The parameter k, representing the number of oscillators in the
Lorentz model, is set to 5 for silver. The detailed numerical values used
for these physical parameters in the permittivity function of silver are
provided in (Aghaei and Bahador, 2022; Rakic et al., 1998).

In this study, incident light excites SPPs within a MIM waveguide,
propagating from the input and output ports. During this propagation,
the light undergoes three primary interactions with the structure: a
portion of the energy is reflected, another part couples into the star-
shaped cavity resonator, and the remainder continues along the wave-
guide and exits through the output port. These interactions result in
distinct resonance dips in the transmission spectrum, as depicted in

Table 1
Extracted TCMT fitting parameters for the dominant resonant modes.

Mode Resonance Qi Q, Coupling Baseline factor
wavelength (o) regime (Ao (
M';de 411418 nm 100 110 Near-critical 0.8
Mode  5604.69 nm 90 g5  Under 0.87
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Fig. 2(c), where two prominent resonant modes are observed. (See
Table 1.)

Each of these resonances corresponds to a specific coupling condition
between the waveguide and the cavity, indicating distinct mode exci-
tations. This is further validated by the magnetic field distributions
illustrated in Fig. 2(a) and (b), which demonstrate the spatial field
localization associated with each resonance wavelength. These profiles
confirm the excitation of two separate resonant modes within the star-
shaped cavity.

The system's optical behavior near these resonance wavelengths can
be effectively modeled using temporal coupled-mode theory (TCMT)
(Souza et al., 2016). TCMT offers a robust theoretical framework for
describing and analyzing the energy exchange dynamics between the
waveguide and the resonator, providing deeper insight into the reso-
nance characteristics and coupling mechanisms of the plasmonic sensor
(Li et al., 2010).

j26+1/Q-1/Q,
Tj25+1/Qi+1/Q,

The quality factors of the cavity, representing different loss mecha-
nisms, are denoted as Q;for intrinsic losses and Q, for losses due to
coupling with the waveguide. The term ‘&’ refers to the normalized
frequency deviation, defined as § = @ — wo/wo where o is the operating
frequency and o is the resonance frequency. Using these definitions, the
transmission expression is derived from the corresponding theoretical
equations.
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Indices 1 and 2 correspond to the first and second resonant modes,
respectively. The terms 1/7; and 1/t represent the decay rates of the
resonant field due to intrinsic losses and waveguide coupling losses,
respectively. By applying Eq. (5), the transmission spectrum can be
calculated for various incident light frequencies. Notably, when the
incident light frequency matches the resonance frequency Oi, the
transmission spectrum exhibits distinct peaks.

To validate the physical interpretation of the resonant behavior, the
temporal coupled-mode theory (TCMT) model was employed to analyze
the dominant resonant modes of the proposed star-shaped resonator.
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The sharp tips and extended perimeter of the star-shaped geometry
enhance electromagnetic field confinement and strengthen the wave-
guide-resonator interaction, thereby directly influencing both the
intrinsic and external coupling quality factors. Local TCMT fitting was
performed in the vicinity of each resonance, and good qualitative
agreement with the FDTD results was observed in terms of resonance
wavelength, linewidth, and transmission dip depth, as illustrated in
Fig. 1. The extracted fitting parameters are summarized in f 1.

The following expression gives the dispersion relation for the core
mode (Chou Chao et al., 2020; Yokoya et al., 2012; Dionne et al., 2006;
Li et al., 2015):

I
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Accordingly, w and A represent the width of the waveguide and the
incident wavelength within the insulator, respectively. The permittivity
of the insulator and the metal (Silver) are denoted by €; and &p,. The term
Bspp refers to the propagation constant of SPP mode, while ne is the
effective refractive index associated with this mode. The wavenumber in
free space is defined as kg = 2m\\.

The detection efficiency of the proposed sensor can be evaluated
using the following equation (Dionne et al., 2010):
s, = AAL::( nm/RIU) (10)

Here, Al refers to the change in resonant wavelength observed
between two consecutive refractive index values, while An, represents

the variation between those adjacent refractive indices (Dionne et al.,
2010).
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Fig. 1. Local temporal coupled-mode theory (TCMT) fitting of the dominant resonant modes of the proposed star-shaped MIM plasmonic sensor. (a) Comparison
between the FDTD-simulated transmission spectrum and the TCMT-fitted response for Mode 1 around A ~ 4114.18 nm. (b) Corresponding local TCMT fitting for
Mode 2 around A ~ 2694.69 nm. In both cases, good qualitative agreement is observed in terms of resonance wavelength, linewidth, and transmission dip depth,

confirming the validity of the TCMT-based physical interpretation.
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where Apigy and Ai,w The wavelengths are at half the peak intensity. The
figure of merit (FOM) is defined as (Dionne et al., 2010):

FoM = (RIU) a2

FWHM
A larger figure of merit indicates the combined effect of enhanced
sensitivity and reduced resonance linewidth, both of which are critical
for reliable sensing performance. Accordingly, the proposed structure is
designed to improve the FoM by systematically optimizing the cavity
geometry and waveguide parameters.
The quality factor (Q) provides a quantitative measure of the reso-
nance sharpness and is defined as (Dionne et al., 2010):

/1res

Q= FwrM

(13)

where 1.sdenotes the resonance wavelength. A higher quality factor
indicates stronger field confinement and more efficient plasmonic os-
cillations. In the proposed sensor, the Q-factor is carefully optimized to
reduce energy losses and achieve sharp resonance features, thereby
enhancing its suitability for label-free biosensing applications.
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2.1. Simulation and structure analysis

The proposed plasmonic biosensor is based on a MIM waveguide
configuration, specifically designed for the label-free detection of PSA, a
clinically significant biomarker for prostate cancer. As illustrated in
Fig. 2, the structure comprises an Ag layer as the plasmonic medium, a
PSA analyte region with a refractive index of n = 1.33 (representative of
biosensing environments), and a supporting quartz substrate, which
provides mechanical stability, reduces optical losses, and is selected due
to its cost-effectiveness and excellent structural durability.

At the core of the sensor lies a star-shaped analyte cavity, symmet-
rically embedded in the silver layer. This unique cavity geometry is
engineered to enhance light confinement and increase surface plasmon
resonance sensitivity by promoting stronger interactions between the
incident electromagnetic field and the analyte. A narrow slit adjacent to
the cavity efficiently couples the waveguide to the resonator, supporting
strong localized surface plasmon resonance (LSPR) modes. The excita-
tion is provided by a transverse electric (TE)-polarized mode propa-
gating along the x direction, effectively coupling into SPP modes at the
metal-dielectric interface. This efficient coupling leads to distinct
resonance dips in the transmission spectrum, as shown in Fig. 2c. The
refractive index values of the PSA analyte are varied based on

Port 2
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Fig. 2. (a) Three-dimensional schematic of the proposed metal-insulator-metal (MIM) plasmonic sensor, consisting of a silver (Ag) layer, the analyte region, and
Substrate material (quartz), surrounded by perfectly matched layer (PML) boundary conditions, with input (Port 1) and output (Port 2) ports. (b) Two-dimensional
view of the structure and its geometrical parameters, including the waveguide length (L), coupling gap (g), curvature radius (R), and thickness (w). (c) Transmission
spectrum as a function of wavelength, exhibiting two distinct resonance modes.
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biologically relevant data, as presented in Table 2, to evaluate the sen-
sor's performance under realistic conditions.

In this study, PSA binding is modeled using effective refractive index
variations in the sensing region, which is a standard and widely accepted
approach in plasmonic biosensing. The refractive index values in Table 2
are selected to represent biologically relevant PSA concentration ranges
and to follow the widely adopted effective refractive index modeling
approach reported in the plasmonic biosensor literature. In a practical
device, the cavity surface can be functionalized with thiolated self-
assembled monolayers and EDC/NHS-mediated immobilization of
anti-PSA antibodies, resulting in a thin antibody-antigen layer. Since
this nanometric layer lies well within the penetration depth of the
confined plasmonic field, its optical effect can be accurately represented
as an equivalent refractive index change, providing a reliable basis for
evaluating the sensing performance (Damborska et al., 2017).

Geometrical parameters such as the cavity radius (R), waveguide
length (L), and width (W) are optimized to achieve maximum sensitivity
and FoM. The bus waveguide width is fixed at 50 nm to ensure excitation
of the fundamental TM mode and to achieve an optimal balance between
the effective refractive index and propagation length. The coupling
distance (g) between the waveguide and cavity is also tuned for efficient
energy transfer.

The proposed structure is excited by launching the fundamental TM
(SPP) guided mode into the MIM waveguide using a port/mode source.
Since the excitation is guided inside the waveguide, an external plane-
wave incident angle is not defined for this configuration (unlike
prism-coupled SPR sensors). Accordingly, the reported sensitivity is
evaluated from the resonance wavelength shift versus refractive index
and is not an angular-interrogation sensitivity.

Simulations are performed using the Finite-Difference Time-Domain
(FDTD) method implemented in Lumerical FDTD Solutions. A TM-
polarized mode source launches light from one end of the waveguide,
and a frequency-domain monitor collects the output signal at the other
end. Perfectly matched layers (PMLs) are applied to all boundaries to
absorb outgoing waves and prevent artificial reflections. A uniform
spatial mesh size of 0.2 nm is used to ensure numerical accuracy,
especially near metal-dielectric interfaces with high field gradients.

The star-shaped resonator was designed to enhance plasmonic field
confinement and enable multi-resonant operation within a compact
geometry. The presence of multiple sharp corners generates localized
plasmonic hot spots through the lightning-rod effect, significantly
strengthening the electromagnetic field in the analyte region. Moreover,
the star geometry supports multiple resonant modes with distinct spatial
field distributions, allowing dual-mode sensing and improved sensi-
tivity. Compared to conventional circular resonators, this design pro-
vides enhanced tunability, strong light-matter interaction, and a
balanced trade-off between performance and fabrication complexity.

Structural parameters are carefully optimized to enhance spectral
response and sensing performance. The sensor's sensitivity is evaluated
by monitoring the shift in the resonance wavelength as the analyte's
refractive index changes. The simulation results demonstrate a strong
linear correlation between the resonance shift and PSA concentration,
confirming the potential of the proposed design for high-sensitivity
biosensing applications.

Table 2
The refractive index of PSA with water (ng = 1.33) (Shokorlou et al.,
2022).
PSA concentration (pMPSA) n=ng+ An
50 1.3388
100 1.3477
200 1.3654
300 1.3831
400 1.4008
500 1.4185
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3. Results and discussion

The proposed metamaterial-based sensor is rigorously analyzed
using FDTD simulations. The computational domain is meticulously
designed to accurately model the electromagnetic interaction between
the resonator and the surrounding analyte. To suppress unwanted re-
flections and ensure accurate field evaluation, PML is implemented as an
absorbing boundary condition. A mode source is strategically positioned
near the resonator, and output monitors are placed to record the
transmission spectrum.

The sensor's optical performance is first assessed by evaluating the
magnetic field distribution at resonance. As shown in Fig. 3(a), the
primary resonance occurs at 4067 nm, with strong magnetic-field
confinement along the inner edges of the resonator. This localized
field enhancement significantly increases the overlap between the
resonant mode and the analyte region, thereby improving the sensor's
sensitivity. A second resonance mode, observed at 2657 nm (Fig. 2(b)),
presents a distinct field pattern, with the magnetic field predominantly
concentrated along the outer perimeter of the resonator. This peripheral
localization leads to a different electromagnetic coupling mechanism,
potentially offering an alternative sensing response. These two well-
separated resonance modes are manifested in the transmission spec-
trum, as depicted in Fig. 2(c). The deeper resonance at 4067 nm corre-
sponds to the first mode, while the narrower resonance at 2657 nm
corresponds to the second. The spectral distinction between the modes
underlines the sensor's capacity for multi-resonant operation, enabling
simultaneous detection of multiple analyte-induced changes. The
unique spatial field distributions associated with each mode suggest
distinct sensitivities and FOM values, paving the way for multimodal
sensing within a single platform.

Changes in the analyte's refractive index alter the resonance condi-
tions, leading to measurable shifts in the transmission minima. These
shifts serve as the basis for detection, enabling precise quantification of
analytes such as PSA. The strong correlation between resonance
behavior and field distribution further validates the efficacy of the
proposed design in high-performance biosensing applications.

Prior to the detailed parametric sweep, the cavity radius (R) was
preliminarily constrained based on physical mode confinement,
coupling efficiency, and fabrication feasibility. Radii below 360 nm
resulted in weak plasmonic field localization and insufficient coupling
between the waveguide and the resonator, whereas radii exceeding 380
nm led to increased radiative losses and resonance broadening,
adversely affecting the figure of merit. Consequently, the 360-380 nm
interval was identified as a physically meaningful range for systematic
optimization.

In addition, the waveguide width (W) was fixed at 50 nm, following
established design guidelines from previous studies on MIM plasmonic
waveguides, where similar waveguide widths have been widely
employed to ensure single-mode SPP propagation with strong field
confinement and acceptable propagation loss (Aghaei and Bahador,
2022; Zhang et al., 2023). The waveguide length (L) was then opti-
mized by increasing the interaction length until the resonance shift
saturated, yielding an optimal L = 1100 nm.

Optimizing structural parameters is essential for enhancing the
sensing performance of plasmonic MIM biosensors. By carefully tuning
geometric features, one can significantly improve key performance
metrics such as sensitivity and FOM. In this study, the effect of varying
the radius (R) of the star-shaped cavity corners was investigated to
determine its influence on sensor behavior. As illustrated in Fig. 4(b), R
was swept from 360 nm to 380 nm, and the corresponding sensitivity
and FOM values for both resonant modes were extracted. For Mode 1,
the sensitivity gradually increases from approximately 1900 nm/RIU to
about 3050 nm/RIU as R increases. Simultaneously, its FOM improves
noticeably, reaching a peak value of around 39 RIU!. In contrast, Mode
2 shows a higher baseline sensitivity (~2850 nm/RIU), peaking at
approximately 3150 nm/RIU at R = 375 nm, after which a slight decline
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Fig. 3. Simulated field distributions for two resonant modes. (a) Mode 1 at a wavelength of A = 4067 nm, showing strong localization near the edges of the structure.
(b) Mode 2 at a wavelength of A = 2657 nm, characterized by a more symmetric field distribution concentrated at the center. The color scale represents the

normalized electric field intensity.
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Fig. 4. (a) Three-dimensional transmittance spectra of the proposed sensor as a function of wavelength and surrounding refractive index (n = 1.33 to 1.4185). The
results demonstrate a clear redshift in the resonance dip with increasing refractive index, indicating high sensitivity of the sensor. (b)Variation of sensitivity and FOM
for mode 1 and mode 2 as a function of radius (R). Sensitivity is shown on the left y-axis (in nm/RIU) and FOM on the right y-axis (in RIU"!). Mode 1 data is
represented by dotted lines with square and pentagon markers, while mode 2 data is represented by dashed lines with square and hexagon markers.

is observed. Its FOM follows a similar trend, reaching a maximum of
~41 RIU! at R = 375 nm. These findings suggest that increasing R
enhances field confinement and light-matter interactions within the
analyte region, thereby improving sensing characteristics. Among the
tested values, R = 375 nm is identified as the optimal point, delivering
superior performance in terms of both sensitivity and FOM, particularly
for Mode 2.

Based on the optimization results, a radius of R = 375 nm was
selected as it offered the best trade-off between sensitivity and FOM,
particularly for Mode 2. To maintain optimal mode confinement and
efficient SPP propagation, the waveguide width (W) was fixed at 50 nm,
while the waveguide length (L) was set to 1100 nm to ensure sufficient

interaction length between the guided light and the resonator. These
geometrical parameters serve as the basis for the subsequent simulations
aimed at evaluating the sensor's response under varying refractive index
conditions.

To evaluate the performance of the proposed structure under
different sensing conditions, we analyzed the system's response to
changes in the refractive index of the PSA (analyte layer). As illustrated
in Fig. 4(a), the transmittance spectra were simulated over a wide
wavelength range (1000-5000 nm) for several refractive index values
between 1.33 and 1.4185. These values correspond to plausible varia-
tions in the biochemical environment, representing different concen-
trations of the target analyte.
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The results demonstrate that as the refractive index increases, the
resonance dip in the transmittance spectrum shifts towards longer
wavelengths (a red shift), indicating a strong dependence of the plas-
monic resonance on the analyte's optical properties. This shift confirms
the sensor's ability to detect subtle changes in refractive index (An), a
key factor in the sensitivity of plasmonic biosensors. These character-
istics make the proposed sensor an effective candidate for high-
sensitivity detection of PSA levels, which are critical for early diag-
nosis and monitoring of prostate-related diseases.

From a clinical perspective, PSA concentrations below 4 ng/mL are
commonly considered critical for early-stage prostate cancer screening
(Ilic et al., 2018; Merriel et al., 2022). The linear resonance response and
high sensitivity of the proposed plasmonic sensor indicate its ability to
resolve refractive index variations corresponding to PSA levels within
clinically relevant ranges reported in the literature. Furthermore, while
the present work focuses on the optical sensing performance, specificity
in realistic biological environments can be achieved through surface
functionalization with PSA-specific antibodies or aptamers, a widely
adopted approach in plasmonic biosensing.

To further validate the efficiency of the proposed sensor, its perfor-
mance was compared with several recently reported plasmonic and
MIM-based sensor architectures, as summarized in Table 3. The
designed structure exhibits a high sensitivity of 3109.04 nm/RIU,
placing it among the high-performing plasmonic sensing platforms. In
addition to sensitivity, the comparison highlights the figure of merit
(FOM), the operating wavelength range, and the structural complexity
of the different designs. While some previously reported sensors achieve
extremely large FOM values through complex multi-resonator or Fano-
based configurations, such approaches often involve increased fabrica-
tion complexity and tighter tolerance requirements. In contrast, the
proposed star-shaped resonator offers a balanced, practical combination
of high sensitivity and an acceptable FOM within a compact geometry
compatible with established nanofabrication techniques. These charac-
teristics make the proposed sensor a promising candidate for real-time,
label-free biosensing applications, particularly for clinically relevant
targets such as PSA in prostate cancer monitoring.

The proposed sensor can be fabricated using nanoimprint lithog-
raphy (NIL), a straightforward, cost-effective method that produces
nanoscale patterns with high precision and repeatability.

In this process, as shown in Fig. 5, a thin polymer layer (such as
PMMA) is first coated onto the substrate. A pre-patterned mold is then
pressed onto the polymer under suitable heat and pressure, transferring
the desired pattern. After imprinting, the excess polymer is removed,
and a thin silver layer is deposited to form the plasmonic structures.
Finally, the remaining polymer is lifted off, leaving the metallic nano-
structures with the designed geometry on the substrate.

Table 3
Comparison of plasmonic sensor designs.
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This simplified approach enables the fabrication of uniform, high-
quality sensors at low cost. While NIL may face challenges such as
slight misalignment or non-uniform pressure, these issues can generally
be minimized with proper process control. Alternative methods like
electron-beam lithography or focused ion beam (FIB) milling could also
be considered for future work, although they are typically more
expensive and time-consuming.

Although this study reports numerical results (no fabricated proto-
type), the proposed MIM waveguide coupled to a star-shaped resonator
is compatible with established nanofabrication workflows. MIM plas-
monic resonators in MIM waveguides have been experimentally
demonstrated using standard top-down lithography, with measured
resonant behavior (including reported Q-factors above 30) (Neutens
et al., 2012). Star-shaped plasmonic resonators have also been success-
fully fabricated by electron-beam lithography (EBL) followed by metal
lift-off for sensing studies, including star motifs with arm lengths on the
order of ~60-100 nm (Tobing et al., 2017). For scalable production, the
pattern can be replicated by NIL in a PMMA (or UV-curable resist) lift-off
stack with residual-layer removal by O: plasma, followed by Ag depo-
sition and lift-off; NIL lift-off has demonstrated metal features down to
~20 nm and line widths ~50 nm. Representative thermal-NIL process
conditions for PMMA reported in the literature are ~200 °C and ~ 10
MPa for minutes (process/tool dependent) (Unno and Makela, 2023).
Finally, reported fabrication deviations (e.g., ~6% resonator-length
deviation vs. mask values in experimental slot-waveguide stub resona-
tors) mainly shift resonance wavelengths and can be compensated by
calibration or minor geometric retuning (Naghizadeh et al., 2017).

In the numerical study, tolerance effects were considered through
systematic parametric variations of the key geometrical parameters,
including the cavity radius (R), coupling gap (g), and waveguide width
(W). These variations were performed within realistic fabrication ranges
of approximately +5 nm, which are consistent with typical deviations in
nanofabrication processes such as electron-beam lithography. The
simulation results indicate that such dimensional deviations mainly lead
to moderate shifts in the resonance wavelength, while the overall
sensing performance, including sensitivity and figure of merit, remains
largely preserved. Since the proposed design relies on distributed field
confinement along multiple edges of the star-shaped resonator rather
than a single sharp tip, small rounding effects do not critically degrade
the performance. Therefore, the selected geometrical parameters pro-
vide a practical fabrication margin and ensure structural robustness
under realistic manufacturing conditions.

4. Conclusion

This study presents a novel plasmonic biosensor that utilizes a MIM

Sensor design Sensitivity (nm/ FOM (RIU™ 1) Wavelength Key application Simulations/experimental ~ Ref
RIU) range works
Mi i U-Shaped Aghaei and Bahador,
icroring + ape 2180 18.5/15.2 ~1.8-2.1 pm Multi-analyte blood detection simulations (Aghaci and Bahador
Resonator 2022)
. . ~1050-1150 . . . .
Ring + Rectangular Cavity 2300 120.21 am Nanoscale biosensing simulations (Cao et al., 2024)
Double T-Shaped Resonator 523.5 6.6 x 10° ~450-1300 nm Hybrid material-based sensing  simulations (Lotfi et al., 2024)
High-precisi fracti
Ring + T-Shaped Resonator ~ 1012 46.18 ~0.95-2.1 pm High-precision refractive simulations (Zhao et al., 2023)
index sensing
Blood pl: trati
Key-Shaped Resonator 1520 557 x 10*  ~ 400-1600 te:t(i)ngp asma concentration simulations (Zhang et al., 2023)
Arch-Type Band-Stop Filter =~ 1780 120 530-1330 nm Optically integrated circuits simulations (Peng et al., 2024)
E-Shaped Resonator 2453.75 N/A NIR Bacterial detection simulations (Rahad et al., 2024a)
H-Shaped Resonator 1960 18.5/15.2 1.7-2.2 ym Glucose monitoring simulations (Rahad et al., 2024b)
Yadav and Metya
Panda-Ring Resonator 2092.3 46 NIR-MIR Cancer cell detection simulations (2 O;LS;V and Metya,
. Molaei-Yeznabad
coupled semi-rectangular 1872.3 76.6 1600 nm Cancer cell detection simulations (Mo ‘(Al ,(m 1bac
resonator et al., 2025)
This work 3109.04 95.28 4114 nm Prostate Cancer Cell Detection  simulations -
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(b) Spin Resin
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(c) Nanoimprint

(f) Lift_off

Fig. 5. Schematic illustration of the nanoimprint lithography process for creating nanoscale patterns: (a) silicon substrate, (b) spin-coating of the resist layer, (c)
nanoimprint using a patterned stamp, (d) Oz plasma etching to eliminate residual resist, (€) electron beam exposure for pattern refinement, and (f) lift-off process to
define the final silver (Ag) nanostructures on the substrate. Nanostructures on the substrate.

waveguide coupled with a star-shaped resonator for sensitive, label-free
detection of PSA. Numerical simulations confirm the sensor's ability to
support dual-mode resonance, significantly enhancing sensitivity and
detection resolution. The optimized structure demonstrates a peak
sensitivity of 3168 nm/RIU and a high figure of merit, outperforming
several state-of-the-art plasmonic sensors. The proposed sensor's capa-
bility to detect subtle changes in the refractive index corresponding to
PSA concentrations highlights its potential for early-stage prostate
cancer diagnosis. Its compact design, high sensitivity, and compatibility
with integrated photonic circuits make it a powerful tool for future
clinical biosensing applications.
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