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Abstract

Surface plasmon resonance (SPR) sensors based on nanostructured metasurfaces offer enhanced sensi-
tivity through engineered electromagnetic responses. In this study, we present an analytical–numerical
investigation of the plasmonic behavior of gold nanopillar (Au-NP) and nanohole (Au-NH) arrays
under both p- and s-polarized illumination, employing the Effective Medium Theory (EMT) in combi-
nation with the Transfer Matrix Method (TMM). This framework provides a consistent and computa-
tionally efficient description of the macroscopic optical response of multilayer plasmonic systems. For
p-polarization, the nanostructure geometry strongly modulates the real and imaginary parts of the
effective permittivity, with nanoholes supporting stronger SPR coupling and reduced optical losses
compared to nanopillars. Under s-polarization, the effective permittivity remains largely invariant,
driven mainly by filling fraction. The analysis reveals that polarization-dependent effects arise from
variations in boundary-condition coupling rather than distinct localized resonances, aligning with
classical plasmonic theory. Benchmarking against analytical dispersion relations and published ex-
perimental data for Au/BK7 systems shows close agreement within ±2°, confirming the physical
consistency of EMT–TMM predictions. No full-wave simulations or experiments are presented; all
results derive from analytical-numerical modeling. Rather than proposing new excitation mechanisms,
this study provides a validated theoretical framework for understanding how polarization and nanos-
tructural filling fraction jointly modulate SPR coupling in thin-film metasurfaces. The results offer a
foundation for rational design and optimization of plasmonic coatings and SPR sensors with tunable
surface sensitivity.

Keywords: Au nanopillars (Au-NPs); Au nanoholes (Au-NHs); nanostructured metasurfaces;
effective permittivity; filling fraction

1. Introduction
Surface plasmon resonance (SPR) is a cornerstone phenomenon in nanophotonics and plasmonic

sensing due to its exceptional sensitivity to refractive index variations at metal-dielectric interfaces.
When electromagnetic waves interact with conduction electrons at these interfaces, collective oscilla-
tions are excited, producing evanescent fields that are highly localized and responsive to environmental
changes. This property makes SPR indispensable for biosensing, chemical detection, and optical field
manipulation at the nanoscale. In nanopatterned metasurfaces, the plasmonic response is primarily
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dictated by the spatial arrangement and electromagnetic coupling of subwavelength metallic elements
such as nanoholes (NHs), nanopillars (NPs), and hollow nanopillars (HNPs), whose geometry de-
termines the balance between localized surface plasmon resonances (LSPRs) and extended surface
plasmon polaritons (SPPs) [1–14].

LSPRs, characterized by non-propagating resonant modes, dominate when metallic elements act
as isolated nanoantenas, enabling strong field confinement for applications such as surface-enhanced
Raman spectroscopy (SERS) and refractive index sensing. In contrast, extended SPPs correspond to
propagating electromagnetic surface modes that can be excited through prism-based configurations,
such as the Kretschmann or Otto arrangements, allowing energy coupling via evanescent waves. As
discussed by Maier [15], Sarid and Challener [16], and Gupta et al. [17], the excitation of propagating
SPPs depends not only on material properties but also on the effective optical continuity of the
nanostructured metallic layer. This continuity can be modulated by design parameters such as the
filling fraction and periodicity. Even periodically nanostructured metal films can sustain SPP-like
modes, provided the effective permittivity supports phase matching between the inciden field and the
plasmonic mode.

This study investigates the effective optical behavior of metamaterials composed of Au nanopillars,
nanoholes, and hollow nanopillars, exploring whether structures typically optimized for localized
plasmonic effects can also sustain Kretschmann-type SPR excitation when properly designed. Although
such metasurfaces are often regarded as discontinuous and hence unsuited for delocalized SPP
propagation, theoretical considerations grounded in Effective Medium Theory(EMT) suggest that,
under certaing filling conditions, the composite layer can exhibit an effective dielectric function
conductive to SPR. In this framework, the unit cell is adopted, where the filling fraction serves as the
fundamental parameter linking nanostructural geometry to macroscopic optical response.

f =
Vinclusion
Vunit cell

, (1)

The filling fraction directly governs the effective permittivity of the composite medium, deter-
mining whether the system behaves in a metallic-like or dielectric-like regime under illumination.
In this context, the Transfer Matrix Method (TMM), integrated with the Maxwell-Garnett effective
medium approach, is employed to model reflectance spectra as a function of the incidence angle and
polarization. This analytical combination allows for systematic exploration of how design variables
such as layer thickness, inclusion geometry, and filling fraction modify the optical dispersion character-
istics and reflectance minima predicted in the Kretschmann configuration. The approach is explicitly
design-oriented, using EMT not to describe nanoscale plasmonic interactions in full detail but to
capture macroscopic resonance trends that guide the engineering of metasurface-based plasmonic
sensors.

The polarization state of the incident light plays a critical role in determining the feasibility of SPR
excitation. Only transverse magnetic (TM) or p-polarized light possessing an electric field component
normal to the metal-dielectric boundary satisfies the boundary conditions for coupling to SPPs[11,14].
This principle, well established in classical plasmonic theory and verified experimentally in numerous
nanostructured systems [11,14–17], underpins the design strategy adopted here. By examining both
p- and s-polarized light responses, the study assesses how anisotropic geometries and polarization
dependent field distributions influence the real and imaginary parts of the effective permittivity,
offering new insights into how metasurfaces can replicate or enhance the SPR behavior of continuous
thin films.

Overall, this work provides a systematic, model-based analysis of how geometry, material compo-
sition, and polarization collectively determine the effective optical behavior of Au-based metasurfaces
under SPR conditions. Rather than asserting direct observation of localized near-field phenomena,
this study focuses on establishing a quantitative relationship between the filling fraction, the effective
permittivity, and the macroscopic reflectance response. This formulation lays a theoretical foundation
for the rational design of metasurfaces optimized for high-sensitivity Kretschmann-type SPR sensors,
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highlighting how control of the filling fraction at the unit cell level enables precise tuning of the
plasmonic resonance characteristics.

It is important to emphasize that the present work is entirely theoretical and computational in
nature. The analysis integrates the Effective Medium Theory (EMT) and the Transfer Matrix Method
(TMM) to establish a predictive relationship between the filling fraction of nanostructured metasurfaces
and their effective optical response in the Kretschmann configuration. The objective is to elucidate
fundamental design trends and parametric dependencies in multilayer and nanostructured plasmonic
systems, providing a rigorous analytical framework that connects macroscopic reflectance behavior
with effective permittivity modulation. No experimental measurements or direct simulations are
included; all results are derived from analytical modeling and literature-reported optical parameters.
The study therefore does not aim to reproduce specific experimental spectra but rather to systematize
the optical mechanisms governing coupling efficiency and resonance conditions in plasmonic thin
films. Future validation through full-wave simulations and experimental reflectance measurements is
proposed to verify the analytical predictions and to assess the quantitative limits of the EMT–TMM
approach. Building upon this framework, the results presented here constitute a comprehensive
analytical validation of the EMT–TMM approach for plasmonic metasurfaces, demonstrating con-
sistency with established theoretical predictions and previously reported experimental observations.
Accordingly, the study provides a complete theoretical foundation for the rational design of SPR-based
devices.

2. Materials and Methods
2.1. Momentum Mismatch

In the Kretschmann configuration, a high-index dielectric substrate (e.g., BK7 glass) is required
to enable coupling between the incident electromagnetic field and surface plasmon polaritons (SPPs)
propagating at the metal–dielectric interface. The primary limitation arises from the momentum mis-
match between photons in free space and surface plasmons confined to the interface. The wavevector
of free space light is

k0 =
2π

λ0
, (2)

whereas that of the surface plasmon polariton is

kSPP =
ω

c

√
εmεd

εm + εd
, (3)

where εm and εd denote the complex permittivities of the metal and dielectric, respectively. Since
|kSPP| > |k0|, direct illumination cannot satisfy the phase-matching condition, and light is therefore
reflected without exciting the plasmon mode [18–22]. In this configuration, prism coupling enhances
the tangential component of the incident wavevector, allowing resonance when kx = kSPP [16]. The
subsequent modeling therefore focuses on planar multilayer configurations supporting surface plas-
mon polariton (SPP) excitation in the Kretschmann geometry, without considering any localized
plasmonic effects. This ensures that the theoretical framework remains within the validity domain of
the transfer-matrix formalism used in later sections.

In our study, the unit-cell effective medium model is adopted to compute the composite permittiv-
ity εeff( f ) in structured materials (e.g., multilayers, metasurfaces, nanoparticle arrays); in this model,
f = Vinclusion/Vunit cell. This macroscopic description consistently links the structural geometry to the
SPR coupling condition within the limits of effective-medium applicability.

2.2. Maxwell’s Equations and Boundary Conditions

When coupling light to an interface, such as in the Kretschmann configuration or other plasmonic
arrangements, the electromagnetic behavior is governed by Maxwell’s equations subject to appropriate
boundary conditions at the interface between distinct media. These equations determine the spatial
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distribution of electric and magnetic fields and describe the emergence of both propagating and
evanescent modes depending on the dielectric and geometrical parameters of the system. For time-
harmonic fields with angular frequency ω, Maxwell’s curl equations in the frequency domain are
expressed as

∇× E = −iωµH, ∇× H = iωεE, (4)

where ε and µ denote the permittivity and permeability of the medium, respectively. These
relations form the basis for analyzing the coupling of electromagnetic fields across material interfaces.
At the boundary between two media, such as a dielectric and a metallic film, the following continuity
conditions must be satisfied: 1) tangential components of the electric field E and magnetic field H are
continuous across the interface, and 2) normal component of the electric displacement field D = εE is
also continuous, assuming no surface charge is present. These boundary relations ensure that energy
and phase are consistently transferred from one medium to another, for example, from a prism to a
metallic layer in plasmonic excitation configurations.

The boundary conditions were solved assuming laterally homogeneous layers. As such, the
analytical formulation captures only propagating SPP modes in planar stacks and excludes any
localized or near-field resonances that would require full-wave numerical treatment. Assuming a
monochromatic plane wave incident upon the interface, the electric field can be written as

E(r, z) = E0ei(k·r−ωt), (5)

where k is the wave vector and r(x, z) denotes the position vector. For planar geometries, the wave
vector can be decomposed into components parallel (kx) and perpendicular (kz) to the interface, leading
to

E(x, z) = E0eikx x+ikzz, (6)

with
kz =

√
k2 − k2

x, (7)

where k = nω/c is the wavenumber in the medium and n the refractive index. This decomposition
enables distinction between propagating and evanescent solutions. When kx < k, the perpendicular
component kz is real, and the resulting field corresponds to a traveling wave that propagates through
the medium. Conversely, if kx > k, then kz becomes imaginary, and the field takes the evanescent form

E(x, z) = E0eikx xe−αzz, (8)

where αz =
√

k2
x − k2 is a real attenuation constant. Such fields decay exponentially away from the

interface and are responsible for the subwavelength confinement characteristic of surface plasmon
polaritons. Therefore, solving Maxwell’s equations with the above boundary conditions yields two
fundamental classes of field solutions: (i) traveling waves, which carry energy through the bulk
medium, and (ii) evanescent waves, which remain localized near the interface and enable strong
field enhancement in plasmonic systems. In plasmonic coupling configurations, particularly under
p-polarized illumination, these evanescent modes play a dominant role in enabling light confinement
and resonance excitation at metal–dielectric interfaces.

2.3. Plasmonic Condition

For surface plasmon resonance (SPR) to occur at a metal–dielectric interface, the evanescent
electromagnetic wave generated by the incident light must couple with the collective oscillations
of free electrons in the metal. This coupling requires conservation of both energy and momentum
between the incident photons and the surface plasmon polaritons (SPPs). The in-plane wavevector
matching condition is therefore essential for efficient excitation of the plasmonic mode.
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This plasmonic condition identifies the angular resonance associated with classical Kretschmann-
type SPP coupling. It does not describe field confinement or strong-coupling behavior, which cannot
be resolved using the present analytical approach.

From Maxwell’s equations, the propagation constant of the SPP along the interface is expressed as

kSPP = k0

√
εmεd

εm + εd
, (9)

where k0 = 2π/λ0 is the free-space wavenumber, εm(λ) is the complex permittivity of the metal, and
εd is the permittivity of the dielectric medium (e.g., air or glass). The fields decay exponentially away
from the interface with decay constants

αd =
√

k2
SPP − k2

0εd, αm =
√

k2
SPP − k2

0εm, (10)

which describe the spatial confinement of the electromagnetic field within the dielectric (z > 0) and the
metal (z < 0), respectively. For a propagating SPP mode to exist, the real part of the metal permittivity
must satisfy Re(εm) < 0 and |Re(εm)| > εd. These conditions ensure that the field is bound to the
interface and decays evanescently into both media. The resulting dispersion relation highlights the
hybrid nature of SPPs, combining electromagnetic and charge density wave characteristics that depend
sensitively on the optical constants of both materials.

In this work, the plasmonic condition is examined through the effective parameters of nanos-
tructured thin films composed of nanopillar and nanohole arrays. Although the effective-medium
approach provides a useful first-order description of their collective response, it must be emphasized
that this approximation is strictly valid when the feature dimensions are significantly smaller than
the operating wavelength. For structures with dimensions approaching hundreds of nanometers
comparable to the optical wavelength the quasistatic assumption underlying the Effective Medium
Theory (EMT) becomes limited. In such cases, the predicted permittivity values serve only as indicative
averages rather than exact descriptors of localized plasmonic behavior. Accordingly, the present analy-
sis focuses on identifying the spectral regions and polarization conditions under which momentum
matching for SPR is expected to occur, without implying the presence of strong coupling or localized
plasmon effects. This conservative interpretation aligns with the theoretical framework of the Transfer
Matrix Method (TMM) and ensures that the obtained plasmonic conditions are physically consistent
within the limits of the employed analytical model.

2.4. Dispersion Relation

The dispersion relation, derived from Equation (9), expresses how the surface plasmon wavevec-
tor kSPP depends on the complex permittivities of the metal and dielectric media. To evaluate the
dependence of SPP excitation on metal thickness, dispersion and reflectance were computed using the
Transfer Matrix Method (TMM). This approach is valid for stratified, continuous films and provides
accurate predictions of reflectance minima corresponding to SPP excitation. This relation dictates the
confinement and propagation of surface plasmon polaritons (SPPs) along an interface, where electro-
magnetic fields decay exponentially away from the metal–dielectric boundary. The real component of
kSPP governs the propagation length along the interface, whereas the imaginary component determines
the confinement normal to the surface, which increases with higher dielectric contrast between εm and
εd.

2.4.1. Metal-Air Interface

For the classical case of a metal–air interface Figure 1a, with εd ≈ 1, the dispersion relation
simplifies to:

kSPP = k0

√
εm

εm + 1
, (11)

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 December 2025 doi:10.20944/preprints202512.1749.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.1749.v1
http://creativecommons.org/licenses/by/4.0/


6 of 21

where k0 = 2π/λ is the free-space wavevector. This expression governs the propagation of SPPs at the
metal–air boundary and forms the basis of the Kretschmann configuration, in which light is incident
through a high-index prism onto a thin metal film with air on the opposite side [23].

Figure 1. (a) BK7/air, (b) BK7/Ti/air, and (c) BK7/Ti/Au/air configurations illustrating increasingly complex
multilayer plasmonic systems. The schematic represents the refractive indices of each layer as n0 (BK7 substrate),
n1 (Ti layer), n2 (Au layer), and na (air superstrate).

The calculated dispersion relation corresponds to a continuous Au–air interface and serves as a
reference for assessing coupling efficiency in multilayer stacks. The results are not intended to describe
localized resonances associated with nanostructuring.

The surface plasmon resonance (SPR) condition is achieved when the in-plane momentum of
the incident light matches kSPP, producing a characteristic minimum in reflectivity as a function of
incidence angle:

k0np sin θ = Re(kSPP), (12)

where np is the refractive index of the prism and θ the incidence angle. This resonance is purely optical
and does not imply strong coupling or field enhancement beyond that expected from classical SPP
theory.

2.4.2. Transfer Matrix Method (TMM)

While the single metal–air interface represents the simplest SPP system, practical plasmonic
devices often employ multilayer configurations (Figure 1b-c) to enhance coupling efficiency or spectral
tunability. To describe these systems, the Transfer Matrix Method (TMM) provides a rigorous formalism
for calculating the reflection and transmission of stratified media [24–27].

Each interface between materials with refractive indices ni and ni+1 is characterized by Fresnel
reflection (ri,i+1) and transmission (ti,i+1) coefficients, combined in the interface matrix:

Ti,i+1 =
1

ti,i+1

(
1 ri,i+1

ri,i+1 1

)
. (13)

wave propagation within each homogeneous layer of thickness di and refractive index ni is described
by the propagation matrix:

Pi =

(
eikz,idi 0

0 e−ikz,idi

)
, kz,i = k0ni cos θi. (14)

The total system matrix M is obtained by sequential multiplication of propagation and interface
matrices, allowing calculation of reflection and transmission amplitudes at the input boundary. This
approach remains valid under the assumption that each layer is continuous, homogeneous, and
optically isotropic [24–31]. It should be noted, however, that ultrathin metallic films (e.g., Ti layers
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below ≈ 3 nm) may exhibit discontinuous growth or island formation [28], which cannot be accurately
described within this framework.

The transfer-matrix results were benchmarked against analytical SPP dispersion relations to
ensure consistency. The implemented TMM formalism was benchmarked against known analytical
dispersion relations and experimental data from standard Au/BK7 systems, verifying its quantitative
accuracy within ±2◦ in predicting the SPR resonance angle. Although TMM reliably reproduces the
angular position of the resonance dip, it cannot provide local field distributions or confinement factors,
which would require full-wave (FDTD or FEM) analysis. The present use of TMM is therefore restricted
to identifying qualitative coupling trends as a function of gold thickness.

2.4.3. Filling Fraction and Effective Medium Approximation

For periodic or nanostructured interfaces, such as arrays of nanopillars (NPs), hollow nanopillars
(HNPs), or nanoholes (NHs), the homogeneous layer assumption of TMM is no longer strictly valid.
To approximate the optical response of such patterned systems, the effective permittivity εeff can be
estimated using the Maxwell–Garnett effective medium theory (EMT) [29]:

εeff = εh
(1 + 2 f )εi + 2(1 − f )εh
(1 − f )εi + (2 + f )εh

, (15)

where f is the filling fraction, εi is the inclusion permittivity (metallic nanostructures), and εh is the
host permittivity. This model allows integration of EMT into the TMM formalism to approximate
the average optical response of metasurfaces. The filling-fraction model based on Effective Medium
Theory (EMT) is presented here solely for approximate comparison of effective permittivity trends.
Given that the characteristic feature sizes (160–250 nm) are not negligible compared to the operational
wavelengths (500–1500 nm), the EMT results should be interpreted qualitatively. The model is not
used to predict localized plasmon or near-field effects, which lie outside the quasistatic regime on
which EMT is based. It must be emphasized, however, that the validity of EMT is restricted to
inclusions much smaller than the operational wavelength (typically < λ/10) [30]. For nanostructures
with characteristic dimensions of 150–250 nm operating in the visible or NIR range, the quasistatic
assumption no longer holds, and εeff may not accurately capture localized or resonant phenomena
such as LSPR, EOT, or ENZ effects. Consequently, results derived from EMT–TMM analyses should be
interpreted as qualitative trends rather than quantitative predictions. Previous numerical benchmarks
and experimental comparisons [15,31] indicate that the Maxwell–Garnett effective medium theory
remains quantitatively reliable when the structural feature size is smaller than approximately λ/8.
For larger inclusions approaching λ/3, deviations between EMT-predicted and full-wave–calculated
permittivities can reach 25–30 %. Accordingly, the results reported here should be regarded as accurate
for identifying relative permittivity trends and coupling conditions, but not for predicting absolute
resonance magnitudes. This quantified boundary establishes the operational domain of the EMT–TMM
framework applied throughout the present study.

2.4.4. Modeling Strategy

In this work, the TMM framework is employed to investigate optical responses in a series
of Kretschmann-type systems: BK7/air, BK7/Ti/air, BK7/Au/air, BK7/Ti/Au/air, and BK7/Ti/Au
nanostructured layers (NPs, HNPs, NHs) (Figure 1). The study adopts a bottom-up modeling approach:
first optimizing the Ti interlayer thickness for coupling enhancement, followed by the Au layer
optimization, and finally incorporating nanostructural filling fractions.

The optimization procedure is limited to parametric evaluation within the model’s valid range;
it does not constitute a global optimization or predictive design tool. The computational analysis
presented herein should not be confused with full wave electromagnetic simulations (e.g., FDTD or
FEM). The EMT-TMM approach is analytical and numerical, assuming homogenized, laterally uniform
layers. Therefore, while it provides physically consistent reflectance and effective permittivity trends,
it does not capture near field distributions or localized resonance features that would be accessible
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through full wave numerical models. Therefore, while the results provide insight into how individual
parameters influence optical coupling in multilayer plasmonic systems, quantitative validation requires
full wave electromagnetic simulations or experimental confirmation.

3. Results
This section presents a systematic study of the plasmonic response in gold based thin films

and metasurface configurations, progressing from conventional surface plasmon resonance (SPR)
phenomena to the optical behavior of nanostructured systems. The objective is to clarify how varia-
tions in material composition, geometry, and layer thickness influence plasmonic coupling, damping,
and resonance conditions. The first part examines SPR excitation in planar gold films of different
thicknesses within the Kretschmann configuration. Reflectance spectra are analyzed to determine the
conditions for efficient coupling, highlighting the balance between electromagnetic field confinement
and optical losses. This provides a quantitative reference for the dependence of plasmonic response on
film thickness. The second part investigates the effect of titanium as an adhesion layer, focusing on
how Ti thickness alters resonance efficiency and damping. The analysis identifies practical limits that
ensure adequate film adhesion while minimizing optical degradation, acknowledging that ultrathin
Ti layers may exhibit discontinuity. The third section considers the combined BK7/Ti/Au multilayer
configuration, evaluated using the transfer matrix method (TMM). This model explores the inter-
play between layer thickness, refractive index contrast, and resonance strength. Finally, gold-based
metasurfaces comprising nanopillar and nanohole arrays are discussed. Their periodic structuring
introduces both localized and propagating plasmonic modes, analyzed through effective medium
and TMM approaches to reveal general spectral trends within their valid physical range. Overall, this
structured progression from thin films to metasurfaces provides a coherent theoretical framework for
understanding and guiding the design of gold based plasmonic systems.

3.1. SPP Modes Supported by Gold Thin Films

The excitation of surface plasmon polaritons (SPPs) in metallic thin films depends sensitively
on film thickness, which governs both optical field penetration and coupling efficiency at the metal–
dielectric interface. To clarify this dependence, the reflectance response of planar gold (Au) films with
thicknesses of 250, 125, 100, 80, and 75 nm was calculated using the transfer matrix formalism under
p-polarized illumination (Figure 2).

Figure 2. Reflectance as a function of incidence angle for gold thin films of thicknesses 250, 125, 100, 80, and 75 nm.
The deepening of the reflectance minimum with decreasing film thickness indicates enhanced coupling to the
surface plasmon polariton mode.

These simulations aim not to predict localized plasmon or extraordinary optical transmission
effects which require full wave electromagnetic models, but rather to identify the angular conditions
supporting classical Kretschmann-type SPP excitation. The computed reflectance spectra exhibit a
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progressive evolution of the plasmonic response as the Au film thickness decreases. For the 250 nm film,
the reflectance remains nearly constant across the incident angle range, confirming that the evanescent
field generated at the prism-metal boundary does not effectively reach the outer interface to excite an
SPP. A shallow and broad reflectance minimum appears for the 125 nm film, indicating the onset of
partial coupling between the incident mode and the surface plasmon. At 100 nm, the dip becomes
more pronounced, revealing enhanced field overlap. The strongest and sharpest minimum occurs for
the 75 nm film, where the reflectance approaches a local minimum but remains finite, consistent with
partial not complete plasmonic absorption. To assess the accuracy of the implemented Transfer Matrix
Method (TMM) formulation, reflectance spectra were compared with reported experimental trends for
Au films in the Kretschmann configuration [15,24]. For a 50–80 nm Au layer on BK7 glass, the present
model predicts a reflectance minimum at incidence angles between 43◦ and 45◦, in close agreement
(within ±2◦) with measured resonance angles reported in Refs. [15,24]. This consistency confirms that
the analytical formalism correctly reproduces the canonical surface plasmon resonance (SPR) response
of continuous Au films. Hence, subsequent results for multilayer and metasurface geometries can
be interpreted as physically consistent extrapolations of this validated baseline. These results align
with established experimental and theoretical reports showing that efficient SPP coupling in Au films
occurs for thicknesses between approximately 45 nm and 80 nm, depending on the refractive indices
of the substrate and sensing medium [15,16]. The present data confirm that reducing Au thickness
enhances coupling strength and angular sensitivity, while thicker layers suppress plasmon excitation
due to insufficient field penetration. The choice of a 75 nm gold thickness in this study reflects a
design compromise rather than an optimization claim. In practice, films below 60 nm often suffer
from discontinuities or island formation, particularly when deposited over a titanium adhesion layer.
Because ultrathin (1–2 nm) Ti films may not form continuous, optically homogeneous layers, their
contribution is treated here as an interfacial boundary condition rather than a uniform optical spacer.
A slightly thicker Au film thus ensures structural continuity and reproducible optical characteristics
without compromising SPP visibility. This thickness range (70–80 nm Au with 1–3 nm Ti) corresponds
to standard values employed in experimental Kretschmann-type configurations, where it provides
optimal compromise between field penetration depth (≈200 nm in glass) and reflectance minimum
contrast [19,24,32]. These parameters also guarantee good adhesion and surface smoothness under
typical magnetron-sputtering or thermal-evaporation conditions [32].

The interpretation of Figure 2 is therefore limited to identifying the qualitative dependence of
reflectance on film thickness within the validity range of the transfer matrix method. No claims are
made regarding localized plasmon modes, extraordinary transmission, or strong coupling effects,
which require full wave modeling for rigorous confirmation. The trends predicted nonetheless provide
a consistent framework for selecting Au thicknesses that balance plasmonic sensitivity with fabrication
reliability in Ti/Au-based Kretschmann configurations.

3.2. Titanium-Induced Losses and Their Effect on SPR Excitation

The influence of titanium (Ti) thickness on surface plasmon resonance (SPR) excitation was
systematically analyzed through reflectance simulations as a function of incident angle for BK7/Ti/Au
(75 nm)/air multilayer systems, Figure 3. These calculations reveal a pronounced dependence of the
plasmonic coupling efficiency on the optical absorption of the Ti adhesion layer. Titanium is commonly
employed to promote adhesion between gold (Au) and dielectric substrates due to its mechanical
stability; however, its intrinsic losses can significantly attenuate the surface plasmon polariton (SPP)
mode. The range of Ti thicknesses considered in this study (1–40 nm) covers realistic deposition values
from minimal adhesion layers (1–3 nm) to intentionally thicker interlayers used to modulate damping
and adhesion in experimental studies. Varying the Ti layer within this interval allows assessment of
optical losses across the full practical spectrum of Ti/Au interfaces employed in plasmonic sensors.
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Figure 3. Simulated reflectance spectra for isolated Ti layers (top row) and for BK7/Ti/Au (75 nm)/air configura-
tions (bottom row) at Ti thicknesses of 1, 5, 10, 20, and 40 nm.

The results indicate a monotonic broadening and suppression of the SPR dip with increasing Ti
thickness. For Ti layers thicker than approximately 20 nm, the characteristic reflectance minimum
is no longer evident, indicating that excessive absorption inhibits efficient plasmonic coupling. This
behavior aligns with previously reported observations in multilayer SPR systems, where nonradiative
damping in the adhesion layer reduces field confinement and resonance contrast [33]. For intermediate
thicknesses (5–10 nm), a shallow resonance feature is still predicted, though the reflectance remains
relatively high, confirming that damping losses persist. In contrast, when the Ti layer is reduced to 1 nm,
the simulation exhibits a distinct and well defined reflectance minimum, consistent with efficient SPR
excitation. While this result suggests that minimizing Ti thickness can enhance plasmonic performance,
it must be interpreted with caution: at such ultrathin scales, Ti films are often discontinuous and
may form island-like morphologies rather than continuous layers. Consequently, the optical response
predicted by the transfer matrix method (TMM) should be considered an approximation rather than a
physically complete representation of the experimental system [32,33]. The high imaginary component
of Ti’s dielectric function accounts for its strong optical absorption, which introduces nonradiative
energy dissipation and reduces the effective propagation length of SPPs. Therefore, any increase in Ti
thickness inevitably leads to greater ohmic losses. The simulations support the general conclusion
that maintaining the adhesion layer within the nanometer range minimizes these losses, in agreement
with previous studies on Ti- and Cr-based adhesion layers [32–34]. However, the present results do
not constitute an optimization in a strict sense, as no systematic parameter fitting or experimental
verification was performed.

Overall, the reflectance analysis demonstrates the competing roles of Ti, while it ensures me-
chanical stability at the Au–substrate interface, it simultaneously introduces optical losses that can
deteriorate the plasmonic response. Reducing Ti thickness improves SPR definition by maintaining
stronger field localization at the metal–dielectric boundary. These findings underscore the necessity of
balancing structural adhesion and optical performance in multilayer plasmonic designs rather than
prescribing an absolute “optimal” thickness. Further experimental studies or full-wave simulations
(e.g., finite-element or finite-difference time-domain methods) would be required to validate the trends
predicted in this simplified modeling framework.
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3.3. Models: Nanopillars (NPs), Nanoholes (NHs), and Hollow Nanopillars (HNPs)

The plasmonic behavior of metasurfaces composed of gold nanostructures, specifically nanopillars
(NPs), nanoholes (NHs), and hollow nanopillars (HNPs) was investigated with emphasis on how
geometry influences their collective optical response rather than on absolute resonance prediction
(Figure 4). These structures were considered as representative periodic metallic–dielectric systems
supporting surface plasmon resonances (SPRs), and their effective optical properties were evaluated
using a simplified analytical approach. While full-wave electromagnetic simulations would provide a
more rigorous description of localized field distributions, the present analysis employs the Effective
Medium Theory (EMT) and the Transfer Matrix Method (TMM) to offer first-order, qualitative insights
into the effective permittivity (εeff) behavior as a function of structural filling factor. The limitations of
EMT are acknowledged, since the nanostructure dimensions (160–250 nm) are not negligible compared
to the operational wavelengths (500–1500 nm), and therefore quasistatic assumptions may not strictly
apply. The filling factor defined as the ratio of the metallic cross-sectional area to the unit cell area was
identified as a key parameter governing the average metallic contribution within the metasurface. For a
periodic array with 250 nm pitch, varying the nanopillar diameter between 160 nm and 250 nm changes
the filling factor from approximately 0.32 to 0.79, resulting in a systematic increase in both the real and
imaginary components of the effective permittivity (Figure 5). These variations reflect the gradual
transition from sparse to dense metallic coverage, which modulates the average plasmonic response
of the metasurface. Consequently, the trends predicted here should be interpreted qualitatively and
used to support the discussion of structural-optical correlations rather than as quantitative predictions
of resonance conditions. The predicted dependence of εeff on the filling factor aligns with previously
reported analytical and experimental studies on plasmonic metamaterials [15] and nanostructured
gold surfaces [12], where decreasing metal coverage reduces the effective polarizability and induces a
blue-shift of the overall plasmonic response.

Figure 4. Illustrates the primary nanostructural configurations examined: (a) a continuous gold film supporting
extended surface plasmon polaritons (SPPs); (b) a nanohole array, where periodic voids enable localized and
waveguide-assisted plasmonic modes; (c) a nanopillar array embedded in a dielectric medium supporting strong
near-field localization at the metal–dielectric interfaces; and (d) a nanohollow array consisting of concentric
metallic rings that can sustain hybridized plasmonic modes. Panels (e) provide top views defining the geometric
configurations corresponding to nanoholes and nanopillars, respectively.
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Figure 5. Schematic representation and reflectance spectra of gold nanopillar metasurfaces with varying filling
factors. The nanopillars have a fixed height of 75 nm and diameters of 250 nm, 200 nm, and 160 nm, corresponding
to filling factors of 0.785, 0.503, and 0.322, respectively.

In future work, the integration of full-wave electromagnetic simulations and experimental valida-
tion will be essential to confirm the qualitative permittivity trends predicted here and to quantitatively
identify the corresponding plasmonic resonance modes.

3.4. Nanopillars (NPs)

In this study, all nanopillars were designed with a 75 nm height, a dimension chosen primarily for
fabrication feasibility and consistency with standard lithographic constraints, rather than for achieving
a specific surface plasmon resonance (SPR) response. This thickness represents a compromise between
structural robustness and optical tunability commonly used in nanofabricated gold metasurfaces.

For the highest filling factor (0.785) (Figure 5a), where the nanopillars nearly form a continuous
metallic layer, the effective permittivity obtained from the Effective Medium Theory (EMT) model
reaches εeff = 25.877 + 6.487i. This value suggests a predominantly metallic effective behavior;
however, given that the pillar dimensions (160–250 nm) are comparable to optical wavelengths, the
quasistatic assumptions underlying EMT are only approximate. Consequently, the computed εeff

should be regarded as a qualitative descriptor of average optical response rather than a quantitative
indicator of localized plasmonic activity. The corresponding reflectance spectrum exhibits a dip that
can be interpreted as a guided mode-like feature within the EMT framework. Although a higher
metallic filling factor increases effective permittivity and enhances field overlap within the gold region,
the accompanying imaginary component indicates stronger absorption losses. This trade-off can lead
to reduced resonance sharpness when damping dominates, consistent with general plasmonic behavior
reported in metasurface literature [15,35].

As the filling factor decreases to 0.503 (Figure 5b) (εeff = 3.293 + 0.132i), the reflectance response
shows a gradual reduction in metallic character, indicating weaker near-field coupling between
neighboring pillars and a transition toward partially confined optical modes. In this intermediate
configuration, the structure behaves as a weakly modulated reflective surface where plasmonic and
photonic effects coexist but are not strongly coupled. At the lowest filling factor (0.322) (Figure
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5c), where the nanopillars are sparsely distributed, the effective permittivity decreases further to
εeff = 2.23 + 0.36i, approaching values typical of dielectric-like media. In this regime, the metasurface
primarily supports leaky or weakly guided modes, and the optical field localization at the surface is
considerably reduced.

These findings illustrate that within the limits of the TMM–EMT model, reducing the filling factor
leads to a progressive transition from a metallic to a quasi-dielectric effective response. However,
because EMT does not resolve spatial field variations or account for scattering from individual pillars,
phenomena such as LSPR, epsilon-near-zero (ENZ) behavior, or Fabry–Pérot resonances cannot be
conclusively inferred from this analysis. A more accurate description of these effects would require
full-wave numerical simulations (e.g., finite-difference time-domain or finite-element methods) or
experimental validation.

Therefore, the present EMT-based results are intended to provide qualitative insight into how
geometric parameters influence the average optical properties of nanopillar metasurfaces rather
than to predict localized plasmonic resonances. This approach highlights the trend of decreasing
optical confinement with lower metallic coverage, consistent with the general behavior of periodic
nanostructures but without implying the direct excitation of true SPR modes.

3.4.1. Hollow Nanopillar (HNPs)
Case Study I—Solid Gold Nanopillar

To examine the electromagnetic response of the nanopillar metasurface, the effective permittivity
of gold (Au) nanopillars was estimated using the Maxwell–Garnett relation. This approach was
adopted as a first-order analytical approximation to qualitatively assess the volumetric influence of
metallic inclusions embedded in a dielectric environment. However, it must be emphasized that for
structural dimensions on the order of 160–250 nm and operating wavelengths around 630 nm, the
quasi-static assumptions underlying the Effective Medium Theory (EMT) are qualitative indicators of
optical trends.

From Figure 6, the dimensions of the unit cell are Lc = 250 nm and Hc = 250 nm, giving a total
volume Vc = 1.563 × 107 nm3. The gold nanopillar has a diameter DAu = 133 nm (including the rim
thickness) and height HAu = 250 nm, leading to a volume VAu = 4.243 × 106 nm3. The corresponding
filling fraction is f = 0.272.
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Figure 6. Au–Hollow Nanopillar (Au–HNP). (a) Dimensional geometry, (b) Hollow nanopillar (Au–HNP), and (c)
Solid nanopillar (NP).

The effective permittivity εeff is obtained by substituting the filling fraction into the Maxwell–
Garnett equation [36], with air as the host medium (εd = 1) and the gold permittivity at λ = 630 nm
given as εm = 11.74 + 1.2611i. The calculation yields εeff = 1.9471 + 0.0254i. The real part of εeff

corresponds to the averaged refractive behavior of the composite medium, while the imaginary part
is associated with dissipative optical losses within the metallic component. Although this analytical
estimate does not capture retardation or localized surface plasmon resonances, it provides a reference
for evaluating the relative optical response between solid and hollow geometries.

3.4.2. Case Study II—Hollow Gold Nanopillar

In the second configuration, illustrated in Figure 6c, the same unit-cell dimensions are considered
(Lc = 250 nm, Hc = 250 nm), but the nanopillar incorporates a hollow core. This geometry allows us
to qualitatively explore how the reduction in metal volume and the introduction of a dielectric cavity
influence the effective permittivity of the composite.

The gold volume is evaluated in two sections: (1) a bottom solid base of height HAu1 = 80 nm
and outer diameter Dex = 147 nm, with volume VAu1 = 1.358 × 106 nm3; and (2) a hollow cylindrical
shell of height HAu2 = 170 nm, outer diameter Dex = 147 nm, and inner diameter Din = 76 nm. The
total gold volume is VAu = 3.472 × 106 nm3, corresponding to a filling fraction f = 0.22. Using the
same permittivities for gold and air, the Maxwell–Garnett relation yields εeff = 1.7140 + 0.0177i.

The decrease in both the real and imaginary parts of εeff relative to Case I results from the lower
gold filling fraction and the enhanced contribution of the dielectric cavity. Physically, the hollow
structure supports stronger field localization at the inner and outer boundaries due to curvature-
induced charge accumulation; however, these localized effects lie beyond the descriptive capacity of
EMT. Therefore, the calculated effective permittivity should be regarded only as a macroscopic average
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that qualitatively reflects material composition rather than actual plasmonic resonance behavior. It
is important to note that EMT provides a homogenized optical response, which neglects spatial
field variations, phase retardation, and coupling between adjacent nanostructures. Given that the
characteristic dimensions of the nanopillars are not deeply subwavelength, the use of EMT serves
merely as a simplified analytical framework rather than a rigorous predictive tool. Accordingly, the
present EMT-based results are intended to illustrate qualitative differences between solid and hollow
configurations in terms of effective optical density and absorption characteristics.

3.5. Nanoholes (NHs)

The plasmonic response of gold nanohole metasurfaces was analyzed by varying the hole diameter
from 250 nm to 160 nm within a 250 nm periodic array Figure 7, leading to filling factors of 0.785,
0.503, and 0.322, respectively. In this section, the analysis based on Effective Medium Theory (EMT)
and the Transfer Matrix Method (TMM) is employed only to provide a qualitative interpretation of
the optical response, since the structural dimensions are comparable to the excitation wavelength.
Consequently, the retrieved effective-permittivity values should be regarded as phenomenological
indicators rather than physically rigorous quantities.

Figure 7. Illustrates the geometric configurations and corresponding reflectance spectra of gold nanohole metasur-
faces with varying filling factors. The nanoholes have a fixed height of 75 nm and diameters of 250 nm, 200 nm,
and 160 nm, corresponding to filling factors of 0.785, 0.503, and 0.322, respectively.

Unlike nanopillar arrays Figure 5, which transition toward dielectric-like behavior as the filling
factor decreases, nanohole arrays exhibit the opposite trend: the effective permittivity (εeff) becomes
more negative as the metallic coverage increases. This opposite dependence arises from the com-
plementary optical behavior of holes and pillars, consistent with Babinet’s principle in plasmonic
systems [12,15,35]. In such complementary structures, metallic continuity enhances delocalized surface-
plasmon coupling, while the presence of apertures favors coupling to propagating surface modes.
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For the highest filling factor (0.785), where the metallic coverage is nearly continuous, the effective
permittivity is εeff = −0.415 + 0.153i. Although the real part is slightly negative, the near-zero mag-
nitude implies weak field confinement, which correlates with the absence of a pronounced dip in
the reflectance spectrum. At this limit, the response remains dominated by bulk-like optical reflec-
tion rather than resonant excitation. As the hole diameter increases, reducing the filling factor to
0.503 (−2.97 + 0.42i), the negative permittivity becomes more pronounced, indicating enhanced plas-
monic coupling and a distinct reflectance minimum near 52◦. This dip is interpreted as a signature
of improved coupling to surface-plasmon-polariton-like (SPP-like) modes, although the EMT-based
approach cannot resolve their spatial distribution. At the lowest filling factor (0.322), the permittivity
reaches −5.255 + 0.65i, corresponding to the strongest coupling regime predicted in this study. The
reflectance spectrum exhibits a well-defined resonance dip, suggesting that reduced metallic coverage
promotes conditions favorable for collective plasmonic resonances. However, due to the limitations of
the analytical model, these features cannot be unambiguously ascribed to localized or propagating
SPPs without full-wave simulation or experimental confirmation.

Overall, the results indicate a qualitative correlation between decreasing filling factor and en-
hanced plasmonic coupling in nanohole metasurfaces. The trend contrasts with nanopillar arrays,
where reduced metallic content leads to diminished plasmonic behavior, further emphasizing the
complementary nature of both geometries. It should be emphasized that the present conclusions
are restricted to the optical trends obtained from EMT/TMM modeling. Quantitative predictions of
field localization, resonance strength, or extraordinary optical transmission require validation through
high-fidelity numerical simulations (e.g., finite-difference time-domain or finite-element methods) or
experimental data.

Previous studies on periodic plasmonic nanohole arrays [12,33] have demonstrated the coexistence
of extended SPPs, localized surface plasmon resonances (LSPRs), and hybrid waveguide-coupled
modes depending on the interplay between hole size, periodicity, and dielectric environment. The
present results are consistent with this framework at a qualitative level, showing that decreased hole
size (and hence lower filling factor) enhances the negative real part of the effective permittivity and
promotes stronger angular-dependent reflectance minima.

3.6. Effect of s- and p-Polarized Light

The optical response of plasmonic metasurfaces under different light polarizations remains a
subject of continued interest due to its implications for surface plasmon resonance (SPR) sensing and
tunable optical functionalities. Although the use of polarization to modulate plasmonic coupling has
been reported extensively, a systematic comparison between nanohole (NH), nanopillar (NP), and
hollow nanopillar (HNP) architectures provides additional insight into the polarization-dependent
effective medium behavior of such composite systems. In this study, we aim to clarify the limits and
applicability of the Effective Medium Theory (EMT) and Transfer Matrix Method (TMM) for describing
these phenomena, recognizing that the dimensions of the nanostructures (160–250 nm) approach the
quasi-static limit of EMT validity. Therefore, the results discussed below should be interpreted as
qualitative indicators of effective optical trends rather than absolute quantitative predictions.

Hamouleh-Alipour et al. (2022) demonstrated a metal–dielectric–metal (MDM) metasurface
exploiting plasmon-induced absorption (PIA) to enhance SPR sensitivity, where polarization control
enabled resonance tuning at near-infrared wavelengths (1133 and 1698 nm). Building on this and
related studies, we analyze polarization-dependent permittivity behavior using simplified analytical
formulations derived from the Maxwell–Garnett model for p- and s- polarized light, respectively:

ε
p
eff = εh

ε f (1 + f1) + εh(1 − f1)

ε f (1 − f1) + εh(1 + f1)
, (16)

εs
eff = εh(λ)(1 − f1) + f1ε f (λ), (17)
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3.6.1. Effective Medium Modeling

The effective permittivity εeff depends on the filling fraction f1, ranging from 0 (no inclusions) to
1 (full inclusion). At small f1, the response approximates that of the host medium (εh), while at large
f1, it approaches the permittivity of the inclusion (ε f ). This behavior illustrates the transition from
dielectric-dominated to metal-dominated regimes, which is qualitatively consistent with plasmonic
field confinement trends but not quantitatively predictive of resonance conditions.

To approximate the optical response, we applied the EMT and TMM frameworks to nanohole and
nanopillar geometries. Although these techniques neglect microscopic field variations, they provide
a homogenized description of the composite medium and allow comparative evaluation between
polarization states. Figure 8 depicts the real and imaginary parts of the effective permittivity as a
function of filling fraction for both nanohole and nanopillar arrays under p- and polarized light.

Figure 8. Effective permittivity trends for nanohole and nanopillar metasurfaces as a function of filling fraction
under different polarization states. (a, b) show the real and imaginary parts of the effective permittivity under
p-polarized illumination, respectively. (c, d) display the corresponding values under s-polarized illumination. The
nanoholes array (red) and nanopillars array (blue) exhibit complementary trends, with dashed lines indicating
reference levels.
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In p-polarization Figure 8a-b, the nanohole array shows a zero-crossing of the real permittivity
near a filling fraction of ∼85%, while the nanopillar array exhibits a pole at a similar filling ratio. These
features correspond to the effective medium’s transition between dielectric and metallic responses
rather than direct evidence of physical resonances. Under s-polarization Figure 8c-d, both arrays
exhibit monotonic trends in real and imaginary permittivity, with reduced sensitivity to geometry,
consistent with the symmetric distribution of the electric field relative to the surface.

However, these observations should not be interpreted as direct demonstrations of ENZ or EOT
phenomena. Instead, they highlight that polarization primarily influences the averaged dielectric
response through anisotropic field distributions rather than through distinct resonant coupling mech-
anisms. The complementary trends between NH and NP structures under s-polarization suggest
that polarization can modulate the effective refractive index in a controlled but limited manner. For
sensing applications, the relatively uniform response under s-polarization implies higher stability and
repeatability, whereas p-polarization remains more sensitive to geometry and material dispersion,
o ering tunability at the cost of greater variability. Thus, polarization control rather than structural
redesign can serve as a practical means to optimize the optical response of metasurface-based SPR
sensors within the valid range of the EMT approximation.

These results are obtained using the Maxwell–Garnett effective medium approximation and are
intended to illustrate qualitative polarization-dependent trends rather than exact resonance conditions.

4. Discussion
The EMT-TMM framework established here has been benchmarked against classical SPR data and

provides a consistent analytical basis for describing filling-fraction–dependent plasmonic behavior
in nanostructured Au metasurfaces. The EMT–TMM formalism established herein constitutes a fully
analytical-numerical framework that accurately reproduces canonical surface plasmon resonance (SPR)
conditions in the Kretschmann geometry. The consistency of the predicted resonance angles and
reflectance profiles with established analytical and experimental data reported in Refs. [15,24] validates
the physical soundness of the present approach. The chosen Au and Ti thicknesses therefore represent
realistic parameters for Kretschmann-type architectures, ensuring that the analytical conclusions
remain directly transferable to experimental fabrication conditions. As such, the study achieves full
theoretical closure without requiring further empirical input.

Future extensions involving full-wave modeling or device fabrication will serve to apply, rather
than verify, the foundational relations demonstrated here. Nevertheless, the homogenization assump-
tion limits its quantitative accuracy for structures with features approaching the optical wavelength. To
validate the present analytical trends, future work will integrate full-wave electromagnetic simulations
including finite-difference time-domain (FDTD) and finite-element method (FEM) models to resolve
near field distributions and compare angular reflectance minima with those predicted here. In parallel,
angle-resolved reflectance and transmission spectroscopy will be performed on fabricated Ti/Au thin
films and nanopillar/nanohole arrays to experimentally verify the predicted shifts in resonance angle
and effective permittivity trends. This combined analytical, numerical, and experimental program
will establish quantitative bounds for the EMT–TMM approach and enable predictive modeling of
metasurface-based SPR sensors.

5. Conclusions
In this work, we systematically investigated the plasmonic behavior of gold-based metasurfaces

composed of nanoholes and nanopillars, employing the Effective Medium Theory (EMT), the Transfer
Matrix Method (TMM), and polarization-resolved analysis. Our results demonstrate that both the real
and imaginary parts of the effective permittivity are strongly governed by the geometric parameters
and the volume filling fraction of the nanostructures.

For p-polarization, nanoholes and nanopillars exhibit distinct plasmonic responses due to their
respective cavity-like and protruding geometries. Nanohole arrays enhance electric field localization
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and exhibit a transition toward negative effective permittivity with comparatively lower optical losses
at small filling fractions, making them suitable for supporting Kretschmann-type surface plasmon
resonance (SPR) coupling within the EMT–TMM approximation. In contrast, nanopillar arrays, while
capable of supporting partially confined optical modes, present higher optical losses due to the
increased imaginary part of the effective permittivity at larger filling fractions. Under s-polarized
illumination, both nanohole and nanopillar arrays show monotonic and nearly overlapping effective
permittivity trends, reflecting the symmetric distribution of the electric field relative to the surface.
In this regime, the electromagnetic response is dictated primarily by the volumetric gold content,
rendering the effective optical behavior largely independent of detailed structural topology. This
polarization-induced symmetry yields a stable and repeatable optical response, suggesting that s-
polarization may be exploited for high-stability, geometry-insensitive SPR sensing. Overall, the results
indicate that polarization control can be used as a practical and non-structural tuning parameter for
optimizing plasmonic coupling in metasurface-based SPR sensors. Rather than demonstrating new
resonance mechanisms, this work establishes a qualitative and validated analytical framework for
interpreting how polarization and filling fraction jointly govern effective permittivity and macroscopic
optical response in nanostructured gold metasurfaces.
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