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Abstract

Surface plasmon resonance (SPR)-based optical fibre sensors have transformed label-free
biosensing; however, single-interface evanescent field interactions continue to limit their
sensitivity. This study presents a novel m-configuration optical fibre-based surface plas-
mon resonance sensor that greatly increases sensitivity by enabling dual plasmonic exci-
tation on two symmetrically polished surfaces coated with optimized metallic thin films
(Ag, Au, or Cu). We show, using finite element method simulations in COMSOL Mul-
tiphysics v6.3, that the t-configuration increases the interaction volume between the ana-
lyte and guided light, resulting in an enhanced sensitivity of 3300 nm/RIU for silver at
refractive index (RI) 1.37-1.38, which is a 120% improvement over traditional D-shaped
sensors (1500 nm/RIU). The maximum field norm for the m-configuration sensor is ap-
proximately 1.4 times greater than the maximum observed for the D-shaped SPR sensor
at an analyte RI of 1.38. The sensor’s performance is evaluated using full-width half-max-
imum, wavelength sensitivity, and wavelength interrogation metrics. For the r-configuration
sensor at an analyte RI of 1.38, the values of the FWHM, figure of merit, detection accuracy,
and confinement loss were 36 nm, 94.29 RIU, 0.94, and 38.5 dB/cm, respectively. The results
obtained are purely simulated using COMSOL. With the support of electric field confinement
analysis, a thorough theoretical framework describes the crucial coupling regime that causes
ultra-high sensitivity at low RIL This design provides new opportunities for environmental
monitoring, low-abundance biomarker screening, and early-stage virus detection, where it is
necessary to resolve minute RI changes with high precision.

Keywords: SPR; D-shaped optical fibre; rt-configuration; dual plasmonic coupling; finite
element method (FEM); biosensing

1. Introduction

The use of optical fibre sensors based on surface plasmon resonance (SPR) has revo-
lutionized label-free biosensing by providing high-sensitivity, real-time biomolecular in-
teraction detection [1]. Surface plasmon resonance (SPR) is a quantum optical phenome-
non caused by the coherent oscillation of free electrons at the interface of a metal and a
dielectric when excited by incident light. These resonant oscillations, known as surface
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plasmon polaritons (SPPs), are transverse magnetic (TM) polarized electromagnetic
waves that propagate along the interface before decaying evanescently into both media.
SPP excitation requires both energy and momentum conservation, which is normally met
at a specific wavelength or angle of incidence. This resonance is seen as a sharp attenua-
tion in the reflected or transmitted light spectrum. The resonant condition is highly sensi-
tive to changes in the local refractive index within the evanescent field’s penetration
depth. Any change shifts the phase-matching requirement, affecting the resonance posi-
tion. This fundamental sensitivity serves as the physical foundation for SPR-based sens-
ing, which allows for the direct detection of molecular interactions and biochemical ana-
lytes without the use of labels [2,3]. Clinical diagnostics and drug discovery have made
extensive use of traditional SPR systems, such as prism-coupled Kretschmann and Otto
configurations [4]. However, because of their bulkiness and alignment sensitivity, minia-
turized fibre-optic alternatives have been developed [5]. D-shaped SPR sensors are at the
forefront of this movement because of their increased evanescent field interaction, com-
pact form factor, and remote sensing capabilities [6]. To produce controlled evanescent
field interaction while preserving structural integrity, researchers carefully polished one
side of the fibre to reveal the core and then deposited a thin metal film [7,8]. Later studies have
concentrated on improving the many aspects of D-shaped SPR sensors, such as the metal film
properties, polishing depth, and interrogation techniques [9,10]. By showing that the best sen-
sitivity occurs when the metal layer thickness is maintained between 40 and 50 nm and the
residual cladding thickness is decreased to roughly 0.5-1 um, Homola and colleagues” work
revealed crucial design principles [11]. While reducing optical losses, these parameters pro-
vide an adequate evanescent field strength at the metal-dielectric interface [12]. Despite these
benefits, fundamental restrictions in plasmonic field confinement and interaction volume still
limit the sensitivity of single-interface D-shaped sensors, especially for low-concentration an-
alytes where minute RI changes (~10-10- RIU) need to be resolved [13].

In the development of SPR sensors, material selection for the plasmonic layer has also
been the subject of extensive research [14]. Due to its well-characterized optical character-
istics and chemical stability, gold has long been the standard; yet, its ultimate sensitivity
is limited by rather large optical losses in specific wavelength ranges [15]. Although silver
has a stronger field enhancement and smaller losses than other metals, its practical use
has historically been limited due to its oxidation tendency [16]. The use of ultra-thin alu-
mina or graphene layers, among other recent developments in protective coating technol-
ogies, has reignited interest in silver-based SPR sensors [17]. Although copper performs
less than both gold and silver, it has also been investigated as a less expensive option [18].
Sensor performance across a range of wavelengths is greatly influenced by these metals’
dielectric characteristics, especially their frequency-dependent permittivity as defined by
the Drude-Lorentz model [19].

To balance sensitivity and signal-to-noise ratio, recent developments in D-shaped
SPR sensors have concentrated on improving geometric parameters, such as metal film
thickness (40-50 nm) and width (10 um), as well as material selection (Ag, Au, and Cu). Due
to its strong plasmonic response and low optical losses, as measured by the ratio of the real
to imaginary parts of its dielectric function (1/x), silver has shown excellent performance in
the visible-to-near-infrared (NIR) range [20]. Even the most advanced single-polished D-
shaped devices, however, are unable to provide the sensitivity needed for new applications
where analyte concentrations frequently dip below picomolar levels, including low-abun-
dance biomarker screening or early-stage virus detection. This constraint is caused by the
single-sided interaction geometry and the limiting evanescent field penetration depth,
which inherently limit the sensor’s capacity to amplify minute RI fluctuations [21].

To address these challenges, we propose a novel pi (t)-configuration fibre optic-
based SPR sensor. The m-configuration sensor is created by side-polishing two opposite
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sides of a single-mode optical fibre. The cladding is partly removed, creating a geometry
that resembles the Greek letter “IT” (pi), where the two vertical legs represent the two
polished regions, and the horizontal bar represents the remaining cylindrical cladding
and core region in the centre. The m-configuration geometry is a symmetrically layered,
dual-channel SPR sensor whose novelty lies in the specific optical and plasmonic interac-
tions this symmetry enables. By permitting simultaneous SPP excitation at both metal-
dielectric boundaries, this dual-interface design essentially redefines the dynamics of the
sensor’s interaction and increases the overlap of the evanescent field with the analyte. By
utilizing constructive interference between the two plasmonic zones, the m-configuration
produces a synergistic sensitivity boost that is especially noticeable in the low-RI range
(1.37-1.38), where traditional sensors show declining returns. According to theoretical
models, this geometry functions close to a critical coupling situation, where the combined
effects of improved field confinement and mode hybridization cause minor RI perturba-
tions to produce disproportionately large resonance wavelength shifts [22].

These predictions are supported by finite element method (FEM) simulations in
COMSOL Multiphysics v6.3, which show that the m-configuration has a remarkable sen-
sitivity of 3300 nm/RIU for silver at RI 1.37-1.38, which is 120% better than the single D-
shaped design (1500 nm/RIU). Silver’s special plasmonic characteristics, such as its low
damping coefficient (y) and strong negative real permittivity (&), are responsible for this
nonlinear response. These characteristics maximize field enhancement at the dual inter-
faces while minimizing optical losses [23]. However, because of their larger intrinsic losses
and interband transitions, gold and copper show more moderate benefits in the mt-config-
uration, highlighting the material-specific character of this enhancement [24]. The sensor’s
superiority for low-RI biosensing applications is confirmed by rigorous metrics including
amplitude sensitivity, full-width half-maximum (FWHM), and detection accuracy (DA),
which further quantify its performance.

This work has far-reaching consequences that go well beyond incremental sensitivity
improvements. The dual-plasmonic architecture of the m-configuration sensor fills a cru-
cial gap in the detection of diluted analytes, including viruses, exosomes, and environ-
mental pollutants, where conventional SPR systems fall short. Its seamless integration into
lab-on-a-chip and point-of-care platforms is ensured by its compatibility with current fi-
bre-optic fabrication procedures, such as side-polishing and magnetron sputtering [25]. In
addition to expanding our basic knowledge of multi-interface plasmonic coupling, our
work opens the door for next-generation biosensors that can function at the cutting edge
of molecular detection. To fully realize the potential of this revolutionary technology, fu-
ture research will investigate multiplexed detection approaches, biofunctionalization
techniques, and experimental validation.

2. Theoretical Design and Numerical Modelling

The novel dual-plasmonic excitation architecture of the t-configuration optical fibre-
based SPR sensor marks a significant departure from conventional single-interface de-
vices. This sensor’s theoretical framework introduces new considerations for coupled-in-
terface phenomena while expanding upon basic SPP propagation principles. The pro-
posed m-configuration sensor is fabricated by precisely polishing a typical SMF with a
germanium-doped silica core and pure silica cladding to generate two opposing, parallel
flat surfaces. The core is brought to 700 nm away from each surface to provide robust
evanescent field access. This important phase can be accomplished with a V-groove pol-
ishing jig that ensures parallelism and precise control over the residual cladding thickness
[26]. Photolithography defines the key m-configuration structure. A layer of positive pho-
toresist is spun onto the sample and soft-baked. The sample is then subjected to UV light
via a photomask, resulting in two parallel sensing layer patterns on either side of the fibre
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[27]. After development, the sensing region pattern is transferred to the photoresist, leav-
ing the fibre cladding exposed in the areas where metal will be deposited via thermal
evaporation or magnetron sputtering techniques [28]. A thin adhesion layer, such as tita-
nium, is deposited via electron beam evaporation, followed by a 45 nm layer of metal (Ag
or Au) with a precise 10 um width, which functions as both the sensing and plasmonic
layers. The lift-off operation, which involves immersing the sample in a resist remover
solvent, removes surplus metal from the photoresist, revealing clean, well-defined paral-
lel metal sensing layers of the m-configuration on the fibre cladding.

With the help of this symmetric arrangement, counter-propagating SPP modes can
be excited simultaneously and interact coherently with the guided core mode to create an
interference pattern that increases sensitivity to changes in the refractive index [29]. The
rt-configuration optical fibre-based SPR sensor’s 3D schematics are displayed in Figure
1la, and its 2D cross-section is displayed in Figure 1b.

cladding

analyte

(a)

Figure 1. (a) The 3D schematic of m-config D-SPR sensor; (b) sensor design in 2D with core design
parameters (residual cladding thickness D = 700 nm, the metal film width w =10 um, and the metal
film thickness t = 45 nm).

The proposed sensor’s operational principle is determined by the interaction of
waveguide optics and electro-optics. The COMSOL Wave Optics Module used a Port
boundary condition to excite the fibre’s fundamental eigenmode (HE11). To assess the sen-
sor’s spectral response, the source was defined as a forward-propagating light wave with
a wavelength parametrically swept across the visible to near-infrared spectrum (600 nm
to 1200 nm). This frequency-domain study provided steady-state field distributions and
transmission data at each discrete wavelength, allowing for a thorough analysis of spec-
tral performance. Light is confined within the optical fibre core through total internal re-
flection (TIR). This occurs when light propagating in the core strikes the interface, the
cladding, at an angle greater than the critical angle [30]. The solution of Maxwell’s equa-
tions under these boundary conditions generates guided modes, each with a separate
propagation constant, 3. The HEi1 mode used in this study has an evanescent field that
extends a fraction of a wavelength into the cladding. It serves as a vital probe for external
perturbations, as it is sensitive to changes in the surrounding dielectric environment.

The m-configuration sensor’s electromagnetic behaviour is controlled by altered
phase-matching requirements that take dual-interface coupling into consideration. To in-
corporate contributions from both metal-dielectric interfaces, the conventional SPR con-
dition, which is written as Re(Bspp) = Re(Bguigea), Where Bspp and Bgyigeq Stand for the
propagation constants of the surface plasmon and guided modes, respectively, must be
extended [31]. This results in a set of interconnected equations that characterize the hy-
bridized plasmonic modes:
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ﬁeff = .Bguided + ABy + AP, (1)

where AB; and Af, represents the disruption to the propagation constant that each plas-
monic contact induces. The Drude-Lorentz model is used to represent the frequency-de-
pendent dielectric function of the metal, &p,(,,, adding interband transition and free-elec-
tron contributions [32]:

w? (053

- + Ae
w? +iyw P2 —w?—ilw

)

em(w) = &4

where w,, is the plasma frequency, y is the damping coefficient, and the summation ac-
counts for Lorentz oscillator terms representing interband transitions. For silver and gold,
these values are obtained from the literature [20] and yield excellent agreement with ex-
perimental data across the visible to near-infrared spectrum.

COMSOL Multiphysics v6.1 with the Wave Optics Module was used to numerically
analyze the m-configuration sensor. A full-vectorial finite element method (FEM) tech-
nique was used to solve Maxwell’s equations in three dimensions. The analysis involves
the propagation of light in the optical fibre (wave optics). The propagation of light in the
optical fibre was modelled using the wave equation, derived from Maxwell’s equations.
For a time-harmonic field, the equation for the electric field EO is [33]:

Vx (VxEy)— k3e By =0 (3)

where ko = w,/Ho&, is the wave number in free space, &, is the permittivity of free space, 1,
is the permeability of free space, &, is the relative permittivity (dielectric constant) of the ma-
terial and w is the angular frequency. In our 2D models, this equation was solved as an ei-
genfrequency problem to find the supported modes and their effective indices, n.;.

A 125 pm diameter fibre segment with two sharply contrasted polished regions, each
with a 10 pm wide metal coating, was part of the computational domain. While a scatter-
ing boundary condition managed outgoing radiation, a perfectly matched layer (PML)
boundary condition with a quadratic absorption profile was used to reduce spurious re-
flections. A port boundary condition with incident power normalization of 1 W was ap-
plied at the input, and the transmitted power and mode overlap were determined at the
output using a matched port. The continuity condition was applied to all interior inter-
faces, including the core-cladding boundary and the dielectric-metal interfaces, to ensure
proper physical behaviour of tangential field components. The sensing layers in the -
configuration were explicitly modelled as lossy metal thin-films using a Transition Bound-
ary Condition (TBC), which accurately reflects the finite conductivity and field penetra-
tion effects necessary for a realistic performance assessment. A physics-controlled very-
fine triangular mesh was used to precisely optimize the mesh, guaranteeing numerical
accuracy while preserving computational performance. With the surrounding analyte me-
dium modelled as a homogeneous dielectric with a tuneable refractive index, material
dispersion was integrated using Sellmeier equations for silica and experimental data for
metal dielectric functions. The Sellmeier equation is used to calculate the RI of the silica
cladding and the Ge doped core [34]:

BA2 B2 By

=1
n() +}\2_Cl AZ_CZ AZ_C3

(4)

where By, B,, B3, Cy,C,, and C; are Sellmeier’s constants, 7 is the optical fibre core or clad-
ding wavelength-dependent RI, and A is the incident light wavelength in microns.

A modal research study was conducted to determine the complex effective indices
(Meff = Nreqr + Nimag) of supported modes in the 6001200 nm wavelength range. This was
followed by a frequency-domain investigation to calculate transmission spectra and field
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distributions. A crucial indicator of SPR sensor performance, confinement loss, was com-
puted using the imaginary portion of the effective refractive index from the expression [35]:

Le = 8686 x (5) x (Rerf) g [4B/m] (5)

At the metal-dielectric interfaces, energy is transferred from the guided core mode
to the plasmonic modes, resulting in this loss process. The fundamental mode was prop-
agated via a sensing region that was 500 mm long. The output power normalized to input
was then calculated to give the transmission coefficient T(A) expressed as [36] follows:

T(A) = exp (4% (neff)imag'L) 6)

where L is the length of the sensing region. The sensitivity, S of a sensor is the ratio of the
change in output signal (resonant wavelength) to the corresponding change in input sig-
nal (analyte RI) [37]. Resonance wavelengths were identified as minima in the transmis-
sion spectrum, with sensitivity, S, calculated from the spectral shift AA,..; per analyte re-
fractive index unit (RIU) change An,.

AL
S (mmRIU™Y) = —=

An, @)

The resolution, R, of a sensor is a measure of the smallest detectable change in the an-
alyte RI or concentration. A dimensionless quantity that combines the FWHM and sensitiv-
ity to evaluate the sensor’s performance is the figure of merit (FOM). The full width at half
maximum (FWHM) of the spectra is a measure of the sharpness of the resonance [38].

A}\min
= — 8
R < 8)
= 9
FOM F I 9)

A sensor’s coupling efficiency 7(A) refers to how much incident light in the optical
fibre effectively couples into the surface plasmon mode at the metal-dielectric interface.
It is a determining factor in the sharpness of the resonance peak and the sensor’s sensitiv-
ity [39]. It is usually expressed as a percentage and is given as

N =1-TQ) (10)

The field penetration depth, d, is the depth from the metal-dielectric interface into
the dielectric at which the amplitude of the electric field decays to 1/e of its value at the
interface. This exponential decay is because of the electromagnetic wave interacting with
the electrons in the metal [40]. This is expressed as

(11)

1/2
A |lem + &ql
P o

&
where &, is the complex permittivity of the metal, g, is the permittivity of the dielectric,
and A is the wavelength of incident light.

Convergence testing and comparison with published single-interface D-shaped sen-
sor data were used to validate the numerical model [20]. By gradually increasing the ele-
ment size until variances in the calculated effective index dropped below 0.1%, mesh in-
dependence was verified. Additional confirmation of the expected dual-interface coupling
behaviour was carried out for the m-configuration by analyzing field distributions. With
distinctive exponential decay into the analyte and fibre core areas, the electric field profiles
amply demonstrated symmetric enhancement at both metal-dielectric interfaces. The op-
erating principle of the dual-coupled design was confirmed by power flow analysis, which
showed the anticipated energy transfer from the core mode to plasmonic interfaces. These
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thorough numerical investigations offer a solid theoretical basis for the remarkable sensi-
tivity improvement seen in the m-configuration sensor.

3. Results and Discussion
3.1. Wavelength Sensitivity Analysis

When compared to conventional single-interface D-shaped sensor designs, the -
configuration SPR sensor’s spectral response demonstrated a notable improvement in
wavelength sensitivity. The m-configuration showed an exceptional sensitivity of 3300
nm/RIU for silver-coated sensors that analyzed RI changes from 1.37 to 1.38. This is a 120%
improvement over the 1500 nm/RIU attained by the D-shaped equivalent. At higher re-
fractive index changes, this nonlinear amplification decreased; when detecting changes
from 1.38 to 1.39, the m-configuration showed 4400 nm/RIU versus 4200 nm/RIU for the
D-shaped design. The m-configuration’s distinct field distribution shifts the operating
resonance wavelength for a given analyte RI, resulting in a significant 120% enhancement
for silver in the 1.37-1.38 RIU range. Silver’s complex permittivity (e(w) = &' +¢€") is
strongly dependent on wavelength. This resonance condition in the lower RI range
overlaps with a spectral region where the real part of the permittivity (¢') is more negative
and material loss (controlled by &”) is minimal [41]. This results in a sharp and high-
quality-factor plasmon resonance. The m-configuration sensing layers’ strong, symmetric
field confinement enhances the ideal resonance, resulting in a significantly greater
differential wavelength shift, dl/ dn» compared to the D-shaped design for that
incremental RI change. In the 1.38-1.39 RIU range, both sensors” resonance wavelengths
change to a spectral region with high optical losses in silver (¢” becomes bigger). In this
lossier regime, the benefit of the m-configuration’s field structure fades, as the plasmon
resonance broadens for both sensor types. As a result, their diverse sensitivities converge.
This metal-specific, resonance-dependent performance highlights that the enhancement
factor is not a universal constant but a function of the operating point relative to the
material’s dispersion. The m-configuration offers the greatest advantage when it enables
operation at a metal’s “hot-spot” for plasmonic excitation. Similar patterns were seen in
the implementations of copper and gold, although the enhancement was less noticeable.
For analyte RI change from 1.37 to 1.38, gold showed 3300 nm/RIU (nt-configuration) ver-
sus 3200 nm/RIU (D-shaped), and for 1.38-1.39, 4300 nm/RIU compared to 4200 nm/RIU.
With an increasing refractive index, the sensitivity curves as functions of wavelength
showed a characteristic red shifting of resonance dips. The m-configuration showed a
wider dynamic range and more pronounced dip formation, especially in the 650-850 nm
spectral region where silver’s plasmonic response is most efficient.

The transmission spectra for D-shaped SPR sensor and the 7-configuration SPR sen-
sor configuration using silver metal thin-film were obtained for analyte refractive indices
varying from 1.37 to 1.42 and are shown in Figure 2a and 2b, respectively.

https://doi.org/10.3390/photonics13020147



Photonics 2026, 13, 147

8 of 17

e 9o
N ®

e
o

Transmission Coefficient (T)
o o o [=] o
[ T O

o

Transmission Coefficient (T)

0.3 —n=1.42

——n=1.41

0.2 —n=1.40

n=1.39

0.1 n=1.38

—n=1.37

650 750 850 950 1050 1150 600 700 800 900 1000 1100 1200

Wavelength (nm) Wavelength (nm)

Figure 2. Transmission spectrum for (a) D-shaped SPR sensor; (b) mt-shaped SPR sensor.

The inset in each figure shows a 2D schematic of the SPR sensors. The wavelength of
light was varied from 600 to 1200 nm, covering part of the visible and near-infrared region.
Since the same metal thin film was used for each of the sensing surfaces for the m-config-
uration SPR sensor configuration, only one distinct resonance dip corresponding to the
plasmonic interactions of the metals with the analyte was observed. The m-configuration
dual-interface design enhances interaction between the guided mode and the surface plas-
mons, leading to sharper resonance dips for small RI changes. To quantitatively compare
the performance improvement offered by the mt-configuration relative to the conventional
D-shaped design, an enhancement factor (EF) was calculated for each performance metric.
The enhancement factor for sensitivity, EFs, is defined as the ratio of the sensitivity of the
n-configuration sensor, S, to the sensitivity of the D-shaped sensor, Sp, for the same
range of analyte refractive index change:

Sn

EFg =
ST,

(12)

An EFs > 1 indicates a performance enhancement by the m-configuration, with the
value quantifying the factor of improvement. This same ratio-based methodology was
applied to calculate enhancement factors for other metrics, such as the electric field vector,
FWHM, detection accuracy, FOM, penetration depth, and coupling efficiency.

Through rigorous numerical simulations, the spectrum performance characteristics
of both traditional D-shaped SPR sensors and those with a m-configuration were quanti-
tatively assessed. The comparative wavelength sensitivity statistics for various metal coat-
ings and Rl ranges are shown in Table 1. Silver performs exceptionally well in the mt-con-
figuration, according to the data, especially at lower refractive indices where the dual-
interface coupling effect is most noticeable. With a nonlinear trend, the sensitivity en-
hancement converges with conventional D-shaped designs at higher indices after reach-
ing its maximum significance in the 1.37-1.38 RI range.

Table 1. Comparison of wavelength sensitivity and enhancement.

Metal Thin n-Configuration D-Sl.la.p.ed Enhancement
Film RIRange Sensitivity (nmRIU) Sensitivity Factor
(nmRIU™)
Ag 1.37-1.38 3300 1500 2.20x%
1.38-1.39 4400 4200 1.05x
Au 1.37-1.38 3300 3200 1.03x
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1.38-1.39 4300 4200 1.02x
Cu 1.37-1.38 3100 2900 1.07x
1.38-1.39 4100 4000 1.03x

The observed sharp enhancement peak and subsequent drop in performance are
quantitatively explained through effective index analysis. Figure 3 reveals that in the 1.37-
1.38 refractive index window, the real effective index of the m-configuration’s core mode
Re(n.rr) = 1.4567 and Re(n.rr) = 1.4561, respectively, converges with the real part of
the SPP effective index Re(ngpp), satisfying the resonant phase-matching condition
Re(n.rr) = Re(ngpp) for optimal excitation. This precise alignment maximizes the eva-
nescent field coupling and yields the peak enhancement factor of 2.20x. For analyte indices
beyond 1.38, the SPP dispersion curve steepens considerably, outpacing the shift in the
core mode’s effective index. This divergence introduces a significant phase mismatch, dis-
rupting resonant coupling and causing the enhancement to fall to 1.05x.

1.457 - —@—Rneffpi —®—RneffD — @ — SPP
1.4565 1
1.456 1
1.4555 1
1.455 1
1.4545 1
1.454 1

1.4535 1

Real Effective Index

1.453 1

1.4525 1

1.452 1

1.4515 T T T T T T Y
1.36 1.37 1.38 1.39 14 141 142 143

Analyte RI

Figure 3. Phase matching plot showing Re(nspp) and Re(n.ss) for D-shaped and m-shaped SPR

Sensors.

Beyond simple phase-matching, the m-geometry relies on constructive interference be-
tween counter-propagating SPP modes. While a marginal effective index mismatch persists at
ng = 1.39, the more critical factor is the alteration in the SPP propagation length Lspp, which
is highly sensitive to the imaginary part of the metal’s dielectric function, Im (&,4). In the op-
timal 1.37-1.38 range, Lspp is tuned to satisfy the m-phase accumulation condition over the
sensing length. A slight increase in analyte index perturbs Im(ngpp), reducing Lspp and de-
grading the interferometric enhancement that defines the m-sensor’s superior performance.
Thus, the narrow operational window is not a drawback but a direct manifestation of the sen-
sor’s heightened selectivity, making it exceptionally suitable for detecting subtle refractive in-
dex changes within a precisely defined background medium.

The dispersion curves in Figure 4 provide quantitative evidence of the enhanced cou-
pling mechanism in the m-configuration. It shows a plot of the Re(n.s) against

https://doi.org/10.3390/photonics13020147



Photonics 2026, 13, 147

10 of 17

wavelength for the core, D-shaped SPP, and m-configuration SPP modes. At the analyte
refractive index of 1.38, the m SPP mode intersects the core (HEi1) mode precisely at its
resonance wavelength of 669 nm, fulfilling the condition Re(ngpp) = Nyre required for
optimal phase-matching and critical coupling (orange dot in the inset). In contrast, the
single-interface SPP mode of the D-shaped sensor does not intersect the core mode at its
resonance peak (674 nm), confirming its suboptimal coupling, as seen by the blue dot in
the inset of the figure. This exact spectral alignment in the m-sensor creates a steeper ef-
fective-index slope (%), which directly translates into the observed large wavelength
shift and heightened sensitivity, confirming that the performance enhancement stems
from a tuned hybridization and critical coupling condition.

1.459
——Real neff D -~ Real neff pi core
1.458 ittt
I
1.457 -
X 1
1.456 :
1.455 ) N
1.454 ™

1.453 \

1.452 N\
1.451 N

Real n_eff

1.45
>N,
1.449
D S —
650 750 850 950 1050 1150 1250

Wavelength (nm)

Figure 4. Dispersion relations for the core (HE11) mode, D-shaped SPP mode, and rt-hybridized SPP
mode at RI=1.38.

3.2. Electric Field Confinement and Enhancement

The m-configuration and conventional D-shaped sensors showed significant vari-
ances in field distribution, according to full-wave electromagnetic simulations. With peak
field intensities almost 1.4 times higher than those seen in single-interface designs, the
dual-interface design generated symmetric electric field augmentation at both metal-die-
lectric interfaces. The expected exponential decay profile was followed by the field pene-
tration depth into the analyte medium; however, the opposing evanescent fields from both
interfaces resulted in a slightly prolonged interaction volume. Particularly at resonance
wavelengths, the constructive interference patterns between the two plasmonic zones
were evident in the |E|? field maps, resulting in localized “hot spots” of increased elec-
tromagnetic energy density. Figure 5 shows the simulated electric field intensity distribu-
tion at the metal-dielectric interfaces of the SPR optical fibre sensors for the (a) D-shaped
and the (b) m-configuration. These images provide an impression of the localization and
intensity of the plasmonic excitation, confirming the phase-matching conditions of the
SPR modes. The mt-configuration benefits from a symmetric and direct field path between
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two closely spaced, parallel sensing regions. This geometry efficiently concentrates the
field lines within the fibre structure, leading to a higher peak field intensity. In the D-
shaped configuration, the sensing region on a single plane adjacent to the fibre core creates
a highly localized but less intense field. The field fringes significantly into the surrounding
low-permittivity medium, reducing the overall field concentration within the fibre itself
compared to the confined, cladding-filled path in the mt-configuration.

(b)
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Figure 5. Electric field distribution for (a) D-shaped SPR mode; (b) 7t-config SPR mode.

Using similar metal thin-films in a dual-sensing-region m-configuration arrangement
advances the field of SPR-based fibre optic sensing and has the unique benefit of separat-
ing the geometric contribution to crosstalk (opposite-side polishing) from material effects.
This offers a baseline for the many hybrid arrangements as sensing regions.

The electric field norm |E| is a crucial parameter for understanding a sensor’s behaviour
especially in relation to its spatial resolution and sensitivity. The arclength is the distance from
the sensor’s surface into the dielectric (analyte or surrounding medium). Figure 6a and 6b
shows the graph of the sensors electric field norm against the arc length for the t-configuration
and the D-shaped SPR-based fibre sensors, respectively. The maximum field norm for the m-
configuration sensor is approximately 140 V/m at an analyte RI of 1.38, which is 1.4 times
greater than the maximum observed for the D-shaped SPR sensor. The higher magnitude in
electric field at the peak indicates a higher response to changes in that precise location, even-
tually leading to a localized region of high sensitivity, which is ideal for applications where a
high spatial resolution is needed to detect an event at that location.

Analysis of field distributions provide critical insight on the mechanics underlying
plasmonic coupling. Key parameters of the field at resonance (RI = 1.38) are summarized
in Table 2. Constructive interference between the two plasmonic interfaces is responsible
for the improved field confinement in the mt-configuration, which preserves enough pen-
etration depth for analyte interaction while producing concentrated areas of strong elec-
tromagnetic energy density. The D-shaped sensor shows a slightly higher penetration
depth, d,, compared to the t-configuration sensor. A larger d,, allows a sensor to detect
changes deeper into the analyte, which might be beneficial for some applications. How-
ever, a higher sensitivity sensor, which is driven by a more concentrated field, is often a
more critical performance metric for detecting small changes in RI at the sensor’s surface.
This is a deliberate design choice that optimizes the sensor for applications requiring high
precision and a low detection limit, rather than for bulk sensing.
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Figure 6. Graph of electric field norm vs. arc length for (a) m-configuration; (b) D-shaped sensor.

Table 2. Electric field characteristics at peak wavelengths.

Parameter n-Configuration D-Shaped  Enhancement Factor
Peak |E| (V/m) 140 100 1.40x
Field Penetration Depth (nm) 243 247 0.98x
Coupling Efficiency (%) 84.5 67.5 1.25x

3.3. Sensors Performance Metric Comparison

For the m-configuration and D-shaped optical fibre sensors, various performance
metrics such as the FWHM, figure of merit (FOM), and confinement loss are compared at
analyte RI of 1.38.

As indicated in Table 3, a thorough performance evaluation was carried out utilizing
several quality indicators. Due to the combined effect of reduced resonance width and in-
creased sensitivity, the r-configuration performs better on all measures, including the figure
of merit (FOM). This implies that the m-configuration SPR-based optical fibre sensor has a
better ability to accurately determine the true value of the refractive index or concentration
of an analyte. The m-configuration increases confinement loss while decreasing resonance
FWHM, which is a significant finding. This design improves the coupling efficiency from
the core mode to the surface plasmon, which explains the rationale for confinement loss. In
contrast, the FWHM is determined by the propagation loss of the plasmonic mode itself.
The smaller FWHM suggests that the m-configuration enables a plasmonic mode with re-
duced inherent dissipation, resulting in a sharper resonance and greater sensing resolution,
despite the larger power transfer from the core. The sharp resonance peak as seen in Figure
2b shows a smaller FWHM, implying an improved SNR. Hence, the signal from the analyte
is strong and clearly distinguishable from background noise. This proposed sensor can re-
solve smaller differences in the RI, making it suitable for detecting minute molecular bind-
ing events or low concentration of analytes in a sample.

Table 3. Comparison of sensors performance metrics (RI =1.38).

Metric n-Configuration (Ag) D-Shaped (Ag) Enhancement
FWHM (nm) 36 38 0.95x
FOM (RIU™) 94.29 39.47 2.4x
Confinement Loss (dB/cm) 38.5 8.2 4.7x
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Confinement Loss (dB/cm)

Figure 7a,b shows the graph of confinement loss against the incident light wave-
length for the m-configuration and D-shaped SPR sensors, respectively.
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Figure 7. Confinement loss spectra for (a) m-configuration; (b) D-shaped sensor.

Confinement loss in this design context is the amount of light that leaks out of the
core of the optical fibre and is absorbed by the metallic thin film. The m-configuration
shows a higher confinement loss compared to the D-shaped sensor. This means that more
of the core-guided light is successfully transferred to the SPP mode. The energy from the
leaked core excites the SPPs which are highly confined to the metal surface. This causes
an increase in the evanescent field extending into the analyte. The higher the confinement
loss, the more intense the evanescent field. A comparison of this design with existing de-
signs from literature is presented in Table 4.

Table 4. Comparison of the performance of this m-configuration Ag optical fibre SPR sensor with

other optical sensors published in the literature.

Wavelength Resolution
Ref Sensor Configuration = Sensing Material RIRange Sensitivity
(RIU)
(nm/RIU)
[42] D-SPR Fibre Gold 1.35-1.43 925 -
[43] Dual core D-shaped PCF Silver 1.30-1.33 2066 -
[44] D-shaped Fibre Gold 1.37-1.39 2500 -
[9] D-shaped SPR PCF Silver 1.33-1.40 3128 -
[20] D-shaped SPR Silver 1.37-1.38 1500 8.13 x 10
This work Silver 1.37-1.38 3300 8 x 10

(mt-configuration)

Environmental robustness is an important consideration in the practical deployment
of any optical sensor. While the proposed mt-configuration demonstrates significant sensi-
tivity enhancement in a controlled refractive index window, its practical deployment must
account for environmental interferents, particularly temperature fluctuations. The
thermo-optic effect of the silica fibre, metal layers, and aqueous analyte collectively induce
a temperature-dependent resonance shift, which is a fundamental challenge for any label-
free optical biosensor [45]. A detailed quantification of this temperature sensitivity, re-
quiring coupled Multiphysics modelling of the constituent materials’ thermophysical
properties, extends beyond the scope of this theoretical investigation focused on geomet-
ric innovation. This critical engineering analysis, alongside experimental validation and
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compensation strategies, will be addressed in our subsequent work aimed at developing
a field-ready prototype.

Furthermore, humidity changes can disrupt the evanescent field by altering the effec-
tive cladding index or, more severely, by causing condensation on the plasmonic surface,
concealing the unique sensor response. While air pressure has a relatively minimal effect
due to the pressure-dependent refractive index of the ambient medium, its impact may be-
come significant in precise atmospheric sensors or controlled industrial situations [46].

4. Conclusions

A thorough theoretical and numerical analysis of the novel m-configuration SPR-
based optical fibre sensor has shown its potential for ultra-sensitive biomolecular detec-
tion. By using coupled-mode theoretical modelling and rigorous finite element analysis,
we have demonstrated that the dual-interface plasmonic coupling mechanism results in
remarkable sensitivity enhancements, especially in the critical low refractive index range
(1.37-1.38) where conventional single-interface designs exhibit limited performance.
When compared to conventional D-shaped designs, the rt-configuration’s exceptional ca-
pacity to increase the evanescent field-analyte interaction volume while maintaining
strong field confinement leads to a 120% increase in sensitivity for silver-coated sensors
(3300 nm/RIU vs. 1500 nm/RIU). The maximum field norm for the nt-configuration sensor
is approximately 1.4 times greater than the maximum observed for the D-shaped SPR sen-
sor at an analyte RI of 1.38. At the two metal-dielectric interfaces, constructive interference
between counter-propagating surface plasmon polaritons produces a steep dispersion re-
lation that amplifies wavelength shifts in response to minute changes in refractive index.
This is the underlying basis for this enhancement.

Silver’s outstanding plasmonic properties, which include low optical losses (Im(e) <
3.5) and a high negative real permittivity (Re(e) <-40) in the visible-to-near-infrared spec-
trum makes it an excellent choice for this dual-interface architecture, according to material
optimization studies. The sensor outperforms existing state-of-the-art designs while still
being practically feasible to fabricate. Its performance measures, such as its remarkable
figure of merit (94.29 RIU™) and detection accuracy (0.94), demonstrate this. By using crit-
ical coupling theory, which operates close to ideal conditions (k/a = 1) for maximum en-
ergy transfer between the guided mode and hybridized plasmonic modes, the nonlinear
response characteristics—particularly the disproportionate sensitivity enhancement at
lower refractive indices—have been explained. This fundamental knowledge of the dy-
namics of dual interface coupling creates new opportunities for designing plasmonic sen-
sors with specific sensitivity profiles. The key novelty of this research is the development
of a symmetric, mt-shaped fibre plasmonic sensor, which significantly improves on the tra-
ditional D-shaped design. This design offers a significant advantage by allowing the use
of two opposing sensing regions on the polished surfaces, which provide a concentrated
and uniform electric field that penetrates the fibre core with significantly better efficiency
than the fringe field from a single-sided sensing region. This enhanced field confinement
directly translates into increased sensitivity and resonance sharpness. Furthermore, the
symmetric geometry places the core between the sensing regions, decreasing performance
variability caused by lateral misalignment during manufacturing and resulting in a more
robust and manufacturable sensor platform than the alignment-sensitive single-sided D-
shaped fibre. The m-configuration sensor enables inherent multi-analyte detection by
functionalizing each flat surface with a different bioreceptor, allowing for simultaneous,
label-free sensing of distinct targets from a single sample—a functionality that is ex-
tremely difficult to implement reliably in a D-shaped sensor.

With immediate uses in point-of-care testing, environmental monitoring, and early
illness diagnosis, the m-configuration SPR-based fibre optic sensor is a breakthrough in
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optical biosensing technology. It is a flexible platform for next-generation biosensors due
to its ability to multiplex detection by selective functionalization of the dual sensing inter-
faces and compatibility with conventional optical fibre production procedures. To im-
prove the environmental stability of silver, future research will concentrate on the exper-
imental implementation of the design, biofunctionalization procedure improvement, and
protective coating exploration. The study’s findings could potentially transform the field
of label-free molecular detection by pushing sensitivity limits beyond existing capabilities
while preserving reliable, field-deployable sensor architectures. These principles could
also be applied to other waveguide geometries and plasmonic materials.
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