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This study explores the design and optimization of a planar plasmonic nano-slit array for scalable high-sensitivity
refractive index sensing in the visible–near infrared (Vis-NIR) spectrum. This functionality arises from the exci-
tation of surface plasmons (SPs) at the metal–dielectric interface, whose resonance position is acutely sensitive
to minute variations in the refractive index (RI) of the adjacent medium. While many sensors report higher sen-
sitivities, they often suffer from complex designs or multilayer architectures, which limit their practical viability
and scalable production. Addressing this critical trade-off, the optimized geometry yields a high sensitivity of
458 nm/RIU, establishing an optimal balance between competitive performance and structural simplicity for scal-
able fabrication. Parametric analysis confirms that the sensitivity scales linearly with periodicity across the tested
spectral range, while the figure of merit (FOM) is maximized at a periodicity of P = 500 nm, providing a clear
design rule for efficient sensor fabrication. © 2026 Optica Publishing Group under the terms of the Optica Open Access

Publishing Agreement

https://doi.org/10.1364/JOSAB.587162

1. INTRODUCTION

Surface plasmons, which are collective oscillations of free elec-
trons at a metal–dielectric interface, have attracted extensive
research interest because of their remarkable ability to confine
and enhance electromagnetic fields beyond the diffraction limit
[1–3]. These unique properties have enabled a wide range of
applications, including high-sensitivity refractive-index sensors
[4–9], electromagnetic wave modulators [10,11], splitters
[12,13], absorbers [14], and wavelength filters [15,16]. The
earliest excitation of surface plasmons through prism-coupled
thin films, as demonstrated by Otto (1968) and Kretschmann
(1971), marked a significant milestone in plasmonics [17,18].
However, the bulky and alignment sensitive configuration of
these systems limits their practical and commercial viability.

To overcome these limitations, subwavelength periodic
metallic nanostructures capable of satisfying momentum-
matching conditions to excite SP have emerged as compact and
scalable alternatives [6,19–21]. These structures exploit various
plasmonic modes—propagating surface plasmon polaritons
(SPPs), localized surface plasmon resonances (LSPRs), and gap
plasmons to achieve efficient coupling and field confinement

[22–26]. Among these, periodic nanostructures such as
nanoholes and nanoslits have gained particular attention for
their enhanced sensitivity, straightforward fabrication, and
ease of positioning analytes directly within highly confined EM
fields. Furthermore, extraordinary optical transmission (EOT)
through subwavelength apertures [27] enables efficient light–
matter interaction, surpassing conventional diffraction-limited
optical platforms.

Over the past decade, significant efforts have been made to
enhance the performance of plasmonic sensors by engineering
advanced designs, such as multi-periodic gratings, hyper-
bolic metamaterials, hybrid plasmonic–photonic cavities, and
metasurface-inspired architectures [25,28,29]. These designs
leverage intricate geometries to achieve sharper resonance and
higher field localization. Nevertheless, such complex struc-
tures require precise nanoscale fabrication, which increases
the cost and limits scalability. Additionally, the broad reso-
nance linewidths caused by radiative and ohmic losses reduce
the detection resolution and overall figure of merit (FOM),
underscoring the persistent trade-offs between sensitivity and
simplicity of fabrication [30].
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Motivated by these challenges, we propose a RI sensor based
on a simple planar nano-slit grating operating in the Vis–NIR
regime. In contrast to many previous nano-slit-based sensors
that rely on additional surface features such as grooves, dielectric
capping, or structural asymmetry to achieve narrow resonances
[31–33], we leverage recent advances in nanofabrication to
employ sub-25 nm slit widths. This dimensional regime has
remained largely underexplored for RI sensing in uncapped
planar nano-slits. By operating in this deep-subwavelength
limit, radiative losses are effectively suppressed, enabling nar-
row resonance linewidths without introducing asymmetric
slits or capping layer. Our approach therefore trades structural
complexity for lithographic resolution, enhancing sensing
performance while preserving the planar simplicity required for
scalable fabrication. The proposed design is optimized through
rigorous numerical simulations, yielding an optimal period of
500 nm and a slit width of 20 nm. By simultaneously addressing
sensitivity, fabrication complexity, and resonance linewidths,
the proposed design provides a practical pathway toward com-
pact and high-performance plasmonic sensors for biochemical
and environmental monitoring applications.

2. SURFACE PLASMON POLARITONS

The SPP wave vector K spp is derived from Maxwell’s equa-
tions for transverse magnetic (TM) polarization at a planar
metal–dielectric interface [30,34,35]:

K spp = K0 ·

√
εm(ω) · εd (ω)

εm(ω)+ εd (ω)
, (1)

where K0 =
2π
λ

is the wavevector of free space waves, εm (com-
plex and negative) and εd (positive) are the permittivity of
the metal and dielectric, respectively. This highlights the
momentum mismatch (K spp > K0) between the free space
photons and SPPs, implying that the momentum mismatch
must be overcome by certain mechanisms for the SPPs to be
excited. Traditionally, this has been achieved using Otto and
Kretschmann configurations, which suffered from practi-
cal limitations. Periodic nanostructure arrays can overcome
momentum mismatch by introducing a reciprocal lattice vector
to compensate for the extra momentum required. For a nano-slit
array with period P, the grating contribution modifies the SPP
wavevector as follows [35]:

K spp = K0 sin θ +mG = K0 sin θ +
2πm

P
, (2)

where m is an integer and G is the grating constant. With a
grating structure, plasmons can be excited even at normal inci-
dence (θ = 0). At normal incidence, the equation becomes
K spp =

2mπ
P .

Using Eq. (1), we obtain

λspp =
P
m
· Re

√
εmεd

εm + εd
. (3)

This dictates the sensing mechanism: a change in the refrac-
tive index of the analyte results in a shift in the resonance
wavelength. The larger the shift in the resonance position for

a unit change in the refractive index, the more sensitive is the
structure for sensing applications. Mathematically, the sen-
sitivity is defined as S = 1λ

1n , where 1λ is the change in the
resonance position, and1n is the change in the refractive index
of the analyte [25,34]. Since εm < 0 for metals, from Eq. (3),
it is essential that εm + εd < 0 for the SPPs to be excited. This
requirement is predominantly fulfilled by noble metals such as
gold (Au) and silver (Ag), which exhibit the necessary negative
real permittivity within the Vis–NIR spectrum.

Let us assume that the refractive index of the analyte (nd )
varies as na and nb . Using the relation εd = n2

d in Eq. (3), for
m = 1, the sensitivity is given by

S =
1λ

1n
=
λspp(nb)− λspp(na )

nb − na

= P ·

√
εm

(
nb
√
εm + n2

a − na

√
εm + n2

b

)
(√
εm + n2

a

)(√
εm + n2

b

)
(nb − na )

. (4)

Therefore, it is evident from Eq. (4) that the sensitivity is directly
proportional to grating periodicity.

However, sensitivity alone does not provide a complete assess-
ment of a sensor’s performance. Although some sensors offer
higher sensitivity, they suffer from broader resonance peaks. The
full width at half-maximum (FWHM) of a resonance peak plays
an essential role, because it directly affects how precisely the peak
position can be determined as it shifts with changing refractive
index. A narrow FWHM allows for better tracking of small
shifts, thereby enhancing the resolution with less ambiguity,
particularly in noisy or low-resolution spectral environments.
The figure of merit is defined as FOM= S

FWHM . A sensor
with a higher FOM balances sensitivity and precision, ensures
detectability of small RI changes in real-world conditions (noise
and resolution limits) and is more efficient and reliable.

3. MODELING AND SIMULATION

Simulations were performed using the finite element method
(FEM) to solve Maxwell’s equations and model the opti-
cal response of the proposed refractive index sensor using a
two-dimensional (2D) model of the nano-slit grating in the xz-
cross-section. The simulated structure, shown in Fig. 1, consists
of a gold film of thickness t deposited on top of a SiO2 substrate
of thickness ts . The gold layer is entirely immersed within a sur-
rounding simulation domain, whose refractive index matches
that of the analyte under investigation. The optical properties of
gold were modeled using experimentally measured permittivity
data (Johnson and Christy). The silica (SiO2) substrate and the
analyte were modeled as non-dispersive over the simulated spec-
tral window. The model dimensions and simulation parameters
are summarized in Table 1.

A normally incident (θ = 0◦) TM-polarized plane wave
in the Vis–NIR range (300–900 nm) was launched via Port
1 in the analyte region above the grating with β = k0nd . Port
2, located below the substrate, was used to monitor transmis-
sion, with its propagation constant matched to the substrate
refractive index. To model an infinite periodic array, periodic
boundary conditions were applied to the lateral boundaries.
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Fig. 1. Perspective view of the proposed structure.

Table 1. Simulation Parameters and Geometrical
Specifications

Parameter Category Parameter Value/Setting

Geometry Grating period (P ) 500 nm
Slit width (w) 20 nm
Gold thickness 50 nm
Analyte domain height 500 nm
Substrate domain
height

500 nm

PML thickness 700 nm

Optical settings Incident polarization TM
Wavelength range 300 nm–900 nm
Gold permittivity
model

Johnson and Christy

Substrate refractive
index

1.45 (Constant)

Boundary conditions Lateral (x ) Periodic boundary
condition (continuity)

Top/bottom (z) PML

Since the illumination was at normal incidence (θ = 0◦), a
continuity periodicity condition (E src = Edst and Hsrc = Hdst)
was employed. The top and bottom boundaries were terminated
using perfectly matched layers (PMLs) to absorb outgoing
radiation and suppress artificial reflections.

Adaptive meshing was employed with mesh refinement cus-
tomized for each region. Areas with large field gradients, such
as the metal–analyte interface where SPPs form, were meshed
very finely with a minimum element size of 0.1 nm. However,
regions of lower interest, including the air domain and the PML
are meshed relatively coarsely to balance the simulation accuracy
and efficient computational resource usage.

4. RESULTS AND DISCUSSION

The electric field distribution at a resonant wavelength of
691 nm (P = 500 nm) is shown in Fig. 2. The field profile helps
explain the physical origin of the sensing capability, revealing
two simultaneous resonance mechanisms. First, strong field
confinement is observed within the nano-slit, corresponding
to a localized cavity mode (gap plasmon) driven by the Fabry–
Perot resonance of the slit waveguide. Second, the strong field

Fig. 2. Cross-sectional view of the absolute electric field magni-
tude (|E |) distribution at the resonant wavelength for P = 500 nm,
w= 20 nm.

Table 2. Sensing Metrics for the Slit-Width (w) Sweep
(t= 50 nm, P= 500 nm)

Slit Width w

(nm)
Sensitivity S
(nm/RIU)

FWHM
(nm) FOM

10 456 48.25 9.5
15 455 19.5 23.35
20 458 12 38
25 452 15.1 30

distribution extending along the upper metal–analyte inter-
face confirms the excitation of SPPs. Crucially, the SPP mode
exhibits an evanescent tail that significantly penetrates the ana-
lyte medium. This spatial overlap between the electromagnetic
field and analyte ensures that the resonance condition is intrinsi-
cally coupled to the environment, thereby allowing even minute
variations in the bulk refractive index to induce a measurable
spectral shift.

The resonance wavelength λres is defined as the peak maxi-
mum of the dominant metal–analyte SPP mode. To ensure
consistent extraction of sensing metrics, each spectrum is fitted
using a Fano line-shape model, from which λres and the full
width at half-maximum (FWHM) are obtained. Figures 3(a)–
3(d) show the transmittance spectra of the device as a function
of the gap width (w), illustrating the spectral response to varia-
tions in the analyte refractive index (nd ). As shown in Fig. 3(a),
the spectrum is characterized by two distinct resonance fea-
tures. The primary mode, appearing at approximately 690 nm
(labeled Peak 1), corresponds to the excitation of SPPs at the
metal–analyte interface. As the refractive index of the surround-
ing medium increases from 1.32 to 1.38, this peak exhibits a
significant redshift, confirming the strong interaction between
the evanescent SPP field and the analyte. Conversely, the sec-
ondary peak at longer wavelengths (∼760 nm) is attributed to
SPPs excited at the buried metal–substrate (SiO2) interface.
Because this interface is physically isolated from the sensing
environment, its resonance position remains relatively static and
is excluded from further sensing performance analysis.

Regarding device optimization, an overall increase in trans-
mission intensity is observed as the slit width expands from 10
to 25 nm, which is attributed to the enhanced light throughput
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Fig. 3. Transmittance spectra for gratings with a fixed period of P = 500 nm, shown for different slit widths: (a) 10 nm, (b) 15 nm, (c) 20 nm, and
(d) 25 nm.

Fig. 4. Transmittance spectra for gratings with slit width fixed atw= 20 nm and film thickness of t = 50 nm, shown for varying grating periods:
(a) 450 nm, (b) 500 nm, (c) 525 nm, and (d) 550 nm.

through the wider apertures. Interestingly, while the overall sen-
sitivity remains almost invariant across different slit widths, the
figure of merit reaches a maximum at a slit width ofw= 20 nm.

The effect of slit width on the sensing performance is quanti-
tatively summarized in Table 2 for a fixed metal thickness of
t = 50 nm and period P = 500 nm.
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Fig. 5. Calculated sensitivity (S) and figure of merit (FOM) for the refractive index sensor at varying grating periods (P ), with fixed slit width
(w= 20 nm) and metal thickness (t = 50 nm).

Table 3. Calculated Sensitivity (S), Resonance
Linewidth (FWHM), and Figure of Merit (FOM) for the
Refractive Index Sensor at Varying Grating Periods (P),
with Fixed Slit Width (w= 20 nm) and Metal Thickness
(t= 50 nm)

P (nm) S (nm/RIU) FWHM (nm) FOM

450 395 12.9 31
475 434 12.75 34
500 458 12 38
525 487 14 34.75
550 515 17 30.25
600 558 20.5 27.2
650 607 27 22.5
700 664 37 18

To explore the effect of the grating period on device perform-
ance, the period P was varied from 450 to 700 nm while keeping
the width w fixed at 20 nm and the thickness t at 50 nm. The
corresponding transmission spectra are shown in Fig. 4, and the
resulting sensitivity, FWHM, and FOM values are summarized
in Table 3. As shown in Fig. 5, the sensitivity increases linearly
with increasing P in agreement with Eq. (4). However, for
larger periods, the resonance peaks become noticeably broader,
leading to a reduced FOM. Although the sensitivity continues
to increase beyond P = 500 nm, the accompanying increase in
the FWHM outweighs this effect, causing the FOM to decrease
with further increases in P . Consequently, an optimal balance
between sensitivity and linewidth is achieved at P = 500 nm,
where the FOM attains its maximum value of 38.

A comparison of the theoretically predicted resonance wave-
lengths [using Eq. (3)] and the FEM simulation results are
shown in Fig. 6. The theoretical calculation, derived solely from
the SPP dispersion relation, serves as a first-order approximation
and provides an initial validation of the expected resonances.
However, a systematic offset is observed. This is expected, as
the simplified analytical model does not consider several critical
factors, such as the thickness of the gold layer (t) and the overall
dielectric and radiation losses. Despite this offset, the resonance
wavelengths calculated from the theoretical model remain a
good initial estimate for further optimization.

The effect of gold layer thickness on the sensing performance
is quantitatively summarized in Table 4 for a fixed slit width of
w= 20 nm and period P = 500 nm. The transmission spectra
for different gold film thicknesses, shown in Fig. 7, reveal that

Fig. 6. Comparison of the resonance wavelengths between analyti-
cal calculation and the FEM simulation. The plot shows the resonance
wavelength λres as a function of the analyte refractive index (nd ). The
red line represents the resonance positions extracted from the FEM
simulation, while the blue markers denote the corresponding λres cal-
culated using the simplified analytical SPP dispersion relation [Eq. (3)]
for the m = 1 diffraction order.

Table 4. Sensing Metrics for the Gold Thickness (t)
Sweep (w= 20 nm, P= 500 nm)

Thickness t
(nm)

Sensitivity S
(nm/RIU)

FWHM
(nm) FOM

25 – – –
50 458 12.0 38.0
75 433 15.25 12.4

the thickness of the plasmonic material significantly affects sen-
sitivity. P and w are kept fixed at 500 and 20 nm, respectively.
For t = 25 nm, the resonances are broad and shallow despite the
significantly higher transmission. The thickness of the Au layer
is less than the skin depth, resulting in weak plasmonic coupling
and poorer resonances. Consequently, a meaningful FWHM,
and hence the FOM cannot be reliably extracted for this thick-
ness. Increasing the thickness to 50 nm offers sharper resonances
and better sensitivity, thus yielding the highest FOM and opti-
mal sensing conditions. At t = 75 nm, the resonances become
much less sensitive to changes in the ambient refractive index,
as the increased metal thickness enhances absorption losses and
suppresses transmission, leading to broadened linewidths and
poorly defined spectral features. Overall, the 50 nm thickness
provides the most favorable combination of sensitivity, peak
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Fig. 7. Transmittance spectra for gratings with a fixed period of P = 500 nm and slit width of w= 20 nm, shown for varying metal film thick-
nesses: (a) t = 25 nm, (b) t = 50 nm, and (c) t = 75 nm.

Table 5. Quantitative Comparison of Sensitivity, FOM, and Fabrication Complexity between the Proposed Sensor
against Relevant Devices in the Literature

Reference Design/Resonance Type S (nm/RIU) FOM Fabrication

Zhang et al. [36] Ag nanohole array supporting extraordinary optical
transmission

∼648 – Moderate–High

Martinez-Perdiguero et al.
[37]

Gold nanohole array fabricated by nanoimprint
lithography (EOT)

∼126 – Moderate

Malani and Viswanath [38] Long-range ordered Au nanohole array with coupled
LSPR–SPP modes

∼470 ∼14.4 Moderate

Balderas-Valadez et al. [39] Au nanohole array on porous silicon with hybrid
plasmonic–FP resonance

∼386 – Moderate–High

Guang et al. [40] Au nanohole array via nanosphere lithography exhibiting
EOT dips

∼162 2–4 Moderate

Present work Planar plasmonic nanoslit grating ∼460 38 Easy

sharpness, and signal strength for practical sensing applications.
A quantitative comparison of sensitivity, FOM, and fabrication
complexity between the proposed sensor against relevant devices
in the literature has been provided in Table 5.

5. PRACTICAL CONSIDERATIONS

Excitation of the SPP in 1D grating structures fundamentally
requires the TM polarization, which can be achieved using a
standard linear polarizer, together with appropriate alignment
of the incident field relative to the slit orientation. Features of
the order of 20 nm can been achieved using established tech-
niques such as electron-beam lithography, as well as focused
ion beam milling for prototyping [41,42]. Moreover, once a
high-resolution master mold is fabricated, large-area and cost-
effective replication of sub-20 nm features can be achieved using
nanoimprint lithography, enabling scalable fabrication [43].
Despite the need for nanoscale resolution, the sensor’s planar,
single-step design supports scalable fabrication and seamless
integration into practical sensing environments.

6. CONCLUSION

In this study, a plasmonic nano-slit array was numerically inves-
tigated to determine the optimal geometric parameters for
refractive index sensing. Analysis of the transmission spectra
revealed a distinct trade-off, while the sensitivity scales lin-
early with periodicity across the tested spectrum, the FOM
exhibits a non-monotonic trend, peaking at a periodicity of

P = 500 nm. Furthermore, optimization of the film thickness
demonstrated that a 50 nm thick metal film maximizes the
FOM by enhancing the electric field confinement. With opti-
mized parameters (P = 500 nm, w= 20 nm, and t = 50 nm),
the device achieved a sensitivity of 458 nm/RIU and an FOM
of 38. Coupled with its planar geometry, this performance
positions the proposed device as a highly practical alternative
to complex metamaterials, offering a viable pathway toward
scalable, low-cost, and chip-integrated sensing.
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