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Abstract: The design and optimization of plasmonic nanohole arrays (NHAs) as transducers for
efficient bioanalytical sensing is a rapidly growing field of research. In this work, we present a
rational method for tailoring the optical and functional properties of Au NHAs realized on planar
transparent substrates. Experimental and numerical results demonstrate how the far- and near-field
properties of the NHAs can be controlled and optimized for specific sensing applications, proving a
valuable insight into the distribution of electric fields generated on the nanostructured metal surface
and the depth of penetration into the surrounding media. Metal thickness is found to play a crucial
role in determining the sensing volume, while the diameter of the nanoholes affects the localization of
the electromagnetic field and the extent of the decay field. The remarkable surface and bulk refractive
index sensitivities observed a rival performance of more complex geometric designs reported in the
recent literature, showcasing their outstanding potential for chemo-biosensing applications.

Keywords: metal nanoholes array; plasmonic modes; refractive indexl transducers; refractive index
sensitivity; near-field properties; sensing volume; numerical simulations

1. Introduction

Each year, the materials science research community demonstrates a growing interest
in nanophotonic devices that rely on the optical properties of metal nanostructures. This
renewed interest can be attributed to the vast array of applications that can harness the
resonant photon-induced collective oscillations of free electrons. Driven by incident light,
plasmonic modes are responsible for a huge enhancement of the electromagnetic (EM) field
near the metal nanostructure surface, decaying rapidly with a distance from the surface
depending on the excited plasmonic mode and on the nanostructure geometry. In this
nanoscale volume, any local increase in the refractive index (RI), due to molecular binding
events close to the surface, can be probed by the EM field, resulting in changes in the
far field spectral readout. Both local and volumetric RI changes can be monitored by the
spectral modulation of the transmitted or reflected light or by metal-enhanced spectro-
scopies like surface-enhanced Raman scattering (SERS) and surface-enhanced fluorescence
spectroscopy (SEFS).

To achieve an optimal sensing response from the plasmonic transducer, careful consid-
eration of its geometric features is essential. These features play a crucial role in determining
the specific plasmonic modes excited, the localization and enhancement of the EM field,
and the extent of the decay field into the dielectric. A tailor-designed plasmonic transducer
will guarantee that the volume occupied by the analyte-recognition element couple will be
perfectly fitted to the sensing volume. In this way, the investigated biorecognition event
would occur exactly within the shallow decay field where the plasmonic field strength is
stronger, leading to an optimized sensing response.
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In this frame, a crucial issue is the proper engineering of plasmonic nanostructures
properties to efficiently probe the local refractive index variations upon the biomolecular
surface-binding events yielding high refractometric and local sensitivities [1-10].

Nanohole arrays in thin metal films have emerged as highly effective plasmonic plat-
forms for local refractive index detection in diverse sensing applications. This transducing
platform offers several technical advantages that contribute to its widespread adoption.
Notably, the ability to excite resonances in a collinear optical configuration enables seam-
less integration into low-cost, user-friendly, and portable platforms. This ensures compact
device size, straightforward measurement setup, and effortless sensor integration with
imaging systems [11].

Incident light can excite various plasmonic modes in metal nanohole arrays. These
include localized surface plasmon modes at the rim of the nano apertures and propagat-
ing surface plasmons on the metal-dielectric interface, which are induced by the grating
order of the array. The coupling between these modes, and potentially with additional
diffractive modes, leads to the emergence of multiple resonances characterized by dips
and peaks in the transmittance spectrum. They can be tailored by changing geometri-
cal parameters of the array or the experimental configuration [12-14] finding different
applications depending on their peculiar sensing abilities. Thick metal nanohole arrays
(i.e., hundreds of nanometers) have been largely explored in the literature both from an
optical and functional point of view. Pioneering work of Masson research group [15-19]
showed that grating coupling conditions are greatly influenced by the periodicity of the
array while hole diameters affect the transmission intensity more. In such holey metal
thick films, they recognized the phenomenon of extraordinary light transmission (EOT),
an unexpected intensity enhancement of the transmitted light compared to the incident
light when normalized to the holes” aperture areas. The transmission peaks showed an
interesting response to bulk RI changes close to the metal interface, while local changes
were probed by Raman spectroscopy.

A significant part of literature has been devoted to understanding the physical origin
of EOT in thick metal nanohole arrays: it is agreed that the phenomenon is attributed to the
strong coupling between the different plasmonic modes efficiently excited by incoming light
at the metal/dielectric interfaces. The same Masson research group has also shown how
the passage from enhanced transmission to attenuated transmission (CGAT) conditions
is regulated by the reduction in the diameter of the nanoholes. Further research groups
have focused their attention on the role of the metal thickness in the modulation of the
above optical properties. A significant part of the incident light energy is demonstrated
to be dispersed in the glass substrate and the effect is amplified by a reduction in the
metal thickness [7,20-24]. In the above conditions, EOT can leave the place to enhanced
absorption spectral properties, often attributed to the so-called Fano interference effects due
to interference of diffractive modes with the continuum state [25-29]. This approach has
been particularly useful to explain the optical behavior of ultrathin plasmonic nanoarrays
of varying size and shape [30].

The use of metal nanohole arrays as Rl sensing transducers has garnered significant
interest in the sensing research community, particularly when considering EOT or enhanced
absorption phenomena. In this context, sensing performance has been evaluated in terms of
refractive index sensitivity (RIS) or Raman response [9,31-33]. However, a comprehensive
investigation into the relationship between the far- and near-field properties of Aunanohole
arrays and their functional properties, relative to their geometrical features, is still lacking
or reported with a limited scope.

To this purpose, the aim of this work is to offer a rational design method for easy
identification of optical and functional properties of Au nanohole arrays realized on planar
transparent substrates relating them to their geometry and arrangement. By playing with
geometrical features, namely the thickness and the diameter size, an accurate rational design
of metal NHA is offered, giving the possibility to guide the functional properties of the
selected transducer to a specific application where its analytical performance is maximized.
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Both RIS data and surface sensitivity are obtained through experimental methods
and analyzed using numerical simulations. These simulations provide valuable insights
into the extent of electric fields extending from metal surfaces into the surrounding me-
dia. By combining experimental and numerical results, we can establish guidelines for
selecting the appropriate transducer, ensuring optimal functional properties for a specific
analytical problem.

2. Materials and Methods
2.1. Ordered Gold Nanoholes Arrays Fabrication

Ordered gold nanohole arrays were fabricated starting from the self-assembly of
polystyrene (PS) nanospheres (Sigma-Aldrich, Darmstadt, Germany, nominal diameter
500 nm in aqueous suspensions with a concentration of 10 wt%) at an air/water interface
organized in a close-packed array (CPA) with hexagonal symmetry and successively de-
posited onto glass substrates and used as a mask for successive metal evaporation. The
adopted experimental technique and the home-made apparatus are detailed in our previous
works [34,35].

After PS-CPA mask realization, a non-close packed array (NCPAs) of PS nanospheres
was successively obtained by oxygen plasma etching procedure (Diener ATTO, Diener
electronics), which induces a progressive and controllable reduction in the diameter of the
spheres, preserving both the periodicity and the order of the starting array. Oxygen plasma
treatment was carried out in 120 s in time, with cooling pauses of 60 s each, and repeated
until the desired size of the spheres was reached. To obtain suitable masks adopted in our
study, specific oxygen plasma treatments lasting 720 s and 840 s were used.

The fabricated NCPAs deposited onto glass substrates were used as lithographic
masks to obtain two-dimensional (2D) distributions of gold nanoholes. A preliminary
evaporation (electron beam evaporation method) of 2 nm titanium as the adhesion layer
and a successive 30 nm (thin metal layers) or 100 nm (thick metal layer) were carried out to
realize suitable families of investigated plasmonic transducers.

After metal deposition, the colloidal mask was removed by a mechanical process using
an adhesive tape in the case of the larger spheres, while a chemical process by an ultrasonic
bath of toluene was employed in the case of the smaller ones.

2.2. FEM Simulations

A computational technique based on finite element method (FEM) was used for
predicting the optical behavior and the unique electromagnetic properties of the developed
plasmonic metamaterials. In particular, the radio frequency (RF) module of COMSOL
Multiphysics was used to investigate the electric field distribution and the far-field spectra
of nanohole arrays characterized by hexagonal geometry. Owing to the spatial symmetry of
the metal nanostructures and the perpendicular excitation using a linearly polarized light,
the significant computational resources often required by 3D simulations was overcome
by restricting the computational domain. Accurate results can be achieved by applying
appropriate boundary conditions, that allow to model the periodic unit cell reported in
Figure 1. The geometry of the computational domain was built by considering a hexagonal
CPA of polystyrene nanospheres with nominal diameter of 500 nm. Starting from the
bottom of the computational domain reported in Figure 1a, the first domain is a Perfectly
Matched Layer (PML) followed by the glass substrate, on which the metal layer with gold
nanoholes have been modeled. As reported in Figure 1b, a thickness of 30 nm or 100 nm
has been considered for the plasmonic material with nanoholes characterized by perfectly
circular shape. The last domain at the top represents the external environment.
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Figure 1. Geometrical domains used for the simulation of a hexagonal array of nanoholes in thin
metal film (a). An example of mesh element distribution and local refinement for the simulation of a
thin polyelectrolyte layer (b) and a schematic illustration of the simulated unit cell (c).

Additionally, we simulated the presence of 10 polyelectrolytes monolayers by in-
troducing a 10 nm thick layer of dielectric medium with specific refractive index and
absorption properties.

The finite element discretization of the model was optimized according to the geometri-
cal features of each domain. A free triangular mesh was adopted for domains characterized
by larger geometrical features like the glass substrate and the environment. To limit the
computational cost of the problem, a swept mesh with a local refinement near the holes
edges was adopted for domains characterized by smaller geometrical details like the metal
nanohole and the polyelectrolyte layers.

The optical properties of the involved materials were described by their frequency-
dependent dielectric functions. In the visible spectral range, a complex dielectric constant
value has been adopted for the nanostructured metal layer, while a 1.5 refractive index has
been considered for the polyelectrolyte layer. Localized surface plasmon activation was
achieved simulating a linearly polarized EM wave coming from the external environment.
Appropriate boundary conditions were set for both the upper and lower edges of the simu-
lation domain to calculate the reflection and transmission coefficients of the system. Perfect
electrical conductor (PEC) and perfect magnetic conductor (PMC) boundary conditions
were set for the sides of the unit cell to simulate an infinite array of plasmonic NH with
hexagonal periodicity. Far- and near-field analyses were indeed performed simulating all
the four samples, setting the corresponding thicknesses and diameters.

2.3. Morphological and Optical Characterization

The morphology of fabricated gold nanohole arrays was investigated by atomic force
microscopy (AFM NT-MDT Spectralight, Moscow, Russia): height topographic images and
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corresponding profiles were acquired in a semi-contact mode, using commercial probes
(TipsNano AFM probes ETALON series, HA-NC: frequency 235-140 kHZ, force constant
12-3.5 N/m).

The optical transmission spectra of all samples were measured in air at normal in-
cidence using an ultraviolet-visible-near infrared spectrometer (Cary 500 UV-VIS-NIR
Spectrometer, Varian, Palo Alto, CA, USA), in the 400-1100 nm spectral range and nor-
malized to the corresponding signal of a bare glass substrate, with a spectral resolution of
1nm.

2.4. Sensitivity Performance Measurements

Metal nanoholes arrays were tested for bulk refractive index changes: their trans-
mission spectra were obtained by immersing them in aqueous solutions of glycerol at
different concentrations.

This functional characterization was performed in a liquid environment with a com-
pact optical fiber system equipped with a deuterium halogen light source, a portable
spectrometer (Avantes AVS-MC2000-5, wavelength ranging between 300-1100 nm), and a
collecting optical fiber in transmission configuration.

White light emerging from the optical fiber directly immersed into the liquid envi-
ronment hit the sample perpendicularly: the transmitted signal was then coupled into a
detection fiber and analyzed by the spectrometer.

To determine the RIS, the samples were immersed in liquids with a refractive index
(RI) increasing from 1.33 (water) up to 1.40 (obtained mixing glycerol and water, with
an increasing percentage of glycerol). Under these conditions, the spectral shift of the
wavelength position of the transmission features was detected and used to evaluate RIS
by means of the variation in position of the wavelength transmission peak and ARI, the
variation in the refractive index.

A further functional characterization of the substrates was obtained by estimating the
so-called local or surface sensitivity. It was performed by depositing an increasing number
of polyelectrolytes monolayers of controlled thickness giving rise to a variation in the
refractive index in the immediate vicinity of the metal nanohole array.

Polyelectrolytes multilayer films (PEM) were deposited with the well-known layer-by-
layer technique [36] on both nanohole arrays and clean quartz substrates, the latter having
been carried out to verify the linear growth and the thickness of the PEM.

All the analyzed samples and quartz substrates were pre-cleaned by five minutes of
ultrasonic baths in acetone, ethanol, and deionized (DI) water, and subsequently subjected
to an optimized hydrophilization process based on oxygen plasma treatment (Diener Atto,
1 mbar O,, 100 W, 5 min), performed immediately before PEM multilayer deposition.

PEMs were assembled by dipping substrates for 10 min each in a 2.0 mg/mL 0.1 M
sodium chloride (NaCL) aqueous solutions (DI water) of Poly(diallyldimethylammonium
chloride) (PDDA, 20 wt.-% aqueous solution, Mw: 200,000-350,000, Sigma-Aldrich Co.),
positively charged, and Poly (sodium4-styrene sulfonate) (PSS, MW:70,000, powder, Sigma-
Aldrich Co.), negatively charged, alternately. After every deposition step, each substrate
was rinsed for one minute with DI water. The entire sequence was repeated until the
desired number of layers was obtained (3, 6, 9, 12, 15, 18, 21, 24, 27, 30).

The thickness of the deposited layers was estimated by means of the AFM measure-
ment on a sample obtained by depositing a predetermined number of PEMs in correspon-
dence with an intentional scratch, given the verified hypothesis of a linear growth of the
thickness with the number of layers. A thickness of 1 nm per layer was estimated, confirm-
ing the result reported in the literature under the same experimental conditions [37,38].

The transmittance spectra of the nanostructures were collected in air every three PEMs
with a compact optical fiber system equipped with a deuterium halogen light source and a
portable spectrometer.
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3. Results and Discussion
3.1. Optical and Morphological Description

Three representative AFM images of the fabricated nanohole gold arrays, with 500 nm
periodicity, are shown in Figure 2. In the top line, AFM topographic images of a
(3 x 3) um? area of the three samples are shown. The corresponding profiles are re-
ported in the bottom line: from left to right, the LD100 (Figure 2a) sample is characterized
by a diameter of (320 £ 20) nm and a height of (100 = 10) nm, the SD100 (Figure 2b) sample
has a diameter of (230 = 20) nm and a height of (100 £ 10) nm, the SD30 (Figure 2c) sample
has a diameter of (240 &= 20) nm and height of (30 £ 5) nm. As expected, AFM images reveal
very regular hexagonal nanohole patterns obtained with an NSL-based tuning technique,
already described in detail in our previous work [35]. Some polystyrene residuals, visible
in the SD30 sample inside the holes, do not affect the quality of the substrate, having been
shown their negligible effect on the optical and sensing properties [39].
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Figure 2. AFM atomic force microscopy height images of the three samples with diameters of
(a) (320 = 20) nm, (b) (230 £ 20) nm, (c) (240 £ 20) nm. In the bottom line, topographic image profiles
show the corresponding height of the gold film: 100 nm (a,b) and 30 nm (c), respectively. Scale bars:
1 um.

The experimental and calculated normal incident transmission spectra of each sample
in water solution are reported in Figure 3. The monitored spectral positions in each
sample have been identified with different subscripts, each for the different color region
of the visible spectrum. As one can see by comparing experimental (solid lines) and
calculated (dashed lines) spectra, the overall correspondence of the trend with the same
number of resonances of the experimental and theoretical transmittance curves is evidenced.
Nevertheless, it is possible to notice some differences between modeled and experimental
curves, particularly in the position of some resonances and in the width or intensity of
others. These inevitable discrepancies are due to differences between real samples and
modeled ones: the former being formed by numerous hexagonal symmetry domains with
different orientations, while the latter are made up of a single domain. Moreover, the
simulated structure has sharp edges and flat surfaces which instead appear mostly rounded
and irregular in the real ones.
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Figure 3. Experimental (solid line) and calculated (dot line) transmittance spectra of the of nanoholes
array samples in water: principal resonances are highlighted for LD100 samples in (a) for SD100
samples in (b) and for SD30samples in (c). The acronym LD stand for Larger Diameters while SD for
Smaller Diameters. The different investigated thicknesses (100 and 30 nm) are reported at the end of
samples names.

For instance, experimental Anjr peaks consistently appear broader than their cal-
culated counterparts. This phenomenon can be attributed to the mode primarily being
generated by propagating plasmons resulting from lattice effects. As such, this mode
represents a convolution of several resonances due to various diffraction orders [40]. Ad-
ditionally, the physical sample consists of numerous domains with different orientations,
each contributing lattice modes slightly displaced from one another. The convolution of
these modes results in a broadening effect on the peak observed.

In a previous study, we analyzed the optical behavior of these nanostructures, with a
particular focus on their performance as SERS substrates [41].

Here we propose a deepening analysis of the optical properties, focusing on their
sensing capability. Briefly, the presence of numerous resonances in transmittance spectra
shown in Figure 3 is due to the coupling between localized plasmonic resonances (LSP)
and surface plasmonic polaritons (SPP): the former are due to the interaction of light with
nano-sized holes in the metal film, while the latter are generated at the two interfaces
between the metal and the surrounding dielectric media, due to the grating-like nature of
the nanohole arrays which provide the extra momentum for free space coupling. The SPPs
at both sides of the metal film combine through the waveguide dark multipole modes in the
nanoholes [42], generating hybridized modes, which weaken the transmission through the
holes but yield sharp peak features. This band structure should have potential applications
such as high-resolution biosensors [43].

These types of structures also show grating resonances, the so-called Rayleigh-Wood
(RW) anomalies, which interact with plasmonic resonances and have a non-negligible role
in the overall optical behavior [41].

Furthermore, in the thinnest films, the coupling between the SPPs at the two metal in-
terfaces generates a suppression of transmission toward an enhancement of absorption [27].

Although it exhibits higher transmittance values on average compared to 100 nm
thick samples due to its thinner film, the 30 nm thick sample shows a less intense peak
at the longer wavelength (ANr) (Figure 3c) than the 100 nm thick samples (Figure 3a,b).
Additionally, the absorption is more pronounced, as seen in the dip at Ag. Furthermore, both
of these resonances are redshifted by more than 100 nm in the thinner samples compared
to the thicker ones. These phenomena have been previously observed in ultra-thin films
(<100 nm) and explained in earlier studies [27,44].

Furthermore, as seen in the corresponding spectrum of Figure 3¢, the thin sample
exhibits two additional resonances compared to the others: the Ag and Ag resonances are
doubled, each consisting of a maximum and a minimum, indicated by * and **, respectively.

As shown, increasing the diameter shifts the resonances to longer wavelengths, while
decreasing the diameter results in a spectral shift towards shorter wavelengths. By further
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modulating the diameter, metal composition, and array symmetry of the nanostructured
gold films, the operational frequency range of the proposed plasmonic sensors is expected
to be further expanded. By leveraging these design parameters, precise control over the
plasmonic resonances can be achieved, enabling the development of sensors tailored for
specific applications across a broader spectral range.

3.2. Sensitivity Performances

In plasmonic optical sensors, sensing performance depends on the sizes of the ana-
lyte and probe. Larger analytes cause more significant refractive index changes, making
detection easier. Conversely, smaller probes require improved resolution to detect localized
changes. Therefore, the plasmonic transducer must be able to detect both volumetric
and localized variations in the refractive index [37]. This property is strictly linked to the
distribution of electric fields generated on the nanostructured metal surface and the depth
of penetration into the dielectric.

The transducer response also depends on the distance of the analyte from its metal
surface where the probe field is located. This dependence is closely linked to the penetration
depth of the local evanescent electromagnetic field generated by the plasmonic modes
and extends from the metal structure towards the surrounding dielectric medium with
an exponential trend which, as a first approximation, can be described by the following
relationship [45]:

AX = fpuicAn {1 - EXP(—Z;)] 1)

where AA represents the response of the transducer (variation of the wavelength of the
extinction peak); 1,k is the RIS, i.e., the wavelength displacement of the peak per unit
of refractive index, which is sometimes referred to as bulk sensitivity; An is the variation
of the refractive index (RI) of the surrounding dielectric medium; d is the thickness of the
dielectric layer; 0 is the plasmonic decay length [46,47].

From Equation (1), in the limit d > ¢ the asymptotic shift AA(0) = #7,xAn is
obtained, from which the definition of the bulk RIS follows:

_ AA(e)
Noulk = “An ()

On the opposite, if d < 6, approximating the exponential in Equation (1) to the
first-order series expansion, a linear expression is obtained:

2d 2 An
M) 2= 2(0) + 1= (1 2] = a(0) + 2y ©
which leads to the surface or local sensitivity 7, ¢, defined as the derivative of AA calculated
atd = 0 and normalized to An:

1 0A

Nsurf = An od 4)

d=0

We sought to experimentally obtain the two functional characterizations. For this
purpose, Figure 4 compiles the transmission spectra of the three samples after immersing
them in aqueous solutions with increasing refractive indices. As shown, the highlighted
resonances undergo varying degrees of spectral redshift as the refractive index increases.
The insets magnify the features exhibiting the most pronounced shifts. Different behaviors
are evident among the investigated samples and even within the same sample at different
spectral positions. The expected spectral redshifts can appear in transmission maxima and
minima, displaying varying behaviors within the same sample and among different sam-
ples. This variation is likely due to the distinct nature of the plasmonic modes responsible
for the transducing process.
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Figure 4. Transmittance spectra of the three sample families immersed in liquids with increasing
refractive index (solid lines). Dotted lines represent transmittance spectra in air. For thinner samples
SD30, Ag and Ag spectral features present a maximum and a minimum, indicated by * and **,
respectively. The magnification of the resonances exhibiting the most intense shifts are shown in
the insets.

Calibration curves (reported in Figure S1) were derived from the wavelength shift
(nm) of each resonance with varying refractive indices. The plasmonic response exhibits a
linear dependence on the refractive index of the external environment within the examined
range. RIS results, presented in the top row of Table 1, were calculated from the slope of
the calibration curves, according to Equation (2).

Table 1. Summary table of RIS and surface sensitivity for each of the four highlighted resonances of
the three sample families under examination. For thinner samples SD30, Ag and Ag spectral features
present a maximum and a minimum, indicated by * and **, respectively.

LARGE D h 100 AB AG AR ANIR
Bulk sens. (nm RIU~1) 410 £ 60 190 + 30 16 +3 480 + 70
Surf. sens. (RIU~1) 3.81 +0.17 6.25 4 0.24 2.03 +0.01 8.48 + 0.47
SMALL D h 100 AB AG AR ANIR
Bulk sens. (nm RIU1) 440 £+ 65 170 £ 25 - 450 £ 70
Surf. sens. (RIU™1) 492 +0.24 6.27 + 0.40 0.64 + 0.52 7.50 4 0.24
SMALL D h 30 AB AG AR ANIR
280 +40* 240 +£40*
Bulk sens. (nm RIU™1) 120 = 60 o 190 + 30 -
Surf. sens. (RIU~1) - 1.36 +0.11 3.15 4+ 0.19 10.0 £ 0.7

As seen in Figure 4, the 100 nm thick samples (LD100 and SD100) display very similar
results. The spectral positions Ag (associated with the transmittance minimum) and Anjr
(associated with the transmittance maximum) exhibit the highest RIS values among the
investigated spectral features, exceeding 400 nm/RIU. In contrast, the values corresponding
to the resonance Ag are about half of the highest RIS values. The minima at Ar, however, are
substantially insensitive to refractive index changes within the considered range. This result
supports the hypothesis that this resonance is primarily due to a Rayleigh-Wood anomaly
at the metal/glass interface, and therefore, not in contact with the liquid environment [28].

Thinner samples (SD30) exhibit a completely different behavior. The highest RIS value
was achieved using the spectral position related to the transmittance maximum Ag**, while
the minimum Ag+ produced a lower value, close to the minimum Ag*. The maximum Ag**
did not exhibit any detectable displacement in response to changes in the refractive index.
The minimum Ar showed an intermediate RIS value, unlike the corresponding thicker
samples, which showed a negligible response to refractive index changes. Additionally,
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the spectral position ANjr (associated with a transmittance maximum) was not sensitive to
refractive index variations, contrasting with the results from thicker samples. This indicates
that the decrease in metal thickness leads to the excitation of different plasmonic modes
compared to thicker samples, resulting in a significantly different functional response to
optical changes in the environment.

As reported in the literature, reducing metal thickness enables the coupling of plas-
monic modes excited at both metal interfaces, resulting in enhanced absorption rather than
transmission [48]. This causes a redistribution of the electromagnetic field on the surface
and metal boundaries, which affects the sensor’s ability to detect refractive index changes
at the metal-dielectric interface. To investigate this further, surface sensitivity character-
ization is necessary, as the sensor’s response to bulk refractive index changes provides
only volumetric information about the sensing probe. Since detecting receptor/analyte
binding involves changes in the local refractive index, it is crucial to evaluate the effect of
variations in the immediate environment adjacent to the plasmonic transducer (within a
few nanometers) to fully understand the sensor’s performance.

For this purpose, 30 individual adlayers of polyelectrolytes were applied as surface
coatings, as previously described, and the transmittance spectra of the analyzed samples
were recorded in air every three layers. The resulting transmission spectra are shown in the

left column of Figure 5.

Figure 5. Transmittance spectra of the typical three sample families covered with a growing number

| —To

Transmittance (%)

Transmittance (%)

Transmittance (%)

" N " " PR
500 600 mn 800 900 1000

Wavelength (nrm)

of polyelectrolyte layers: one spectrum for every three layers is reported. On the right, vertical cross
sections of the local field’s distribution of the samples with an overlay of ten layers at the wavelengths
of the highlighted resonances; corresponding horizontal cross sections at the metal/polyelectrolyte
interface are shown in the inset.

A noticeable redshift is observed with the increasing number of adlayers, with each
spectral feature exhibiting different behavior. Surface sensitivity is reported in the bottom
row of Table 1. The calculation was performed from the linear portion of the calibration
curves, corresponding primarily to the initial layers. These values were normalized to the
refractive index variation An (accordingly to Equation (4)), determined by the difference
between the refractive index of air and that of the polyelectrolytes. Complete calibration
curves for representative samples are shown in Figure 6. As shown, LD100 samples, with
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a resonance labeled as R, demonstrates relatively low sensitivity to local refractive index
changes across the full range of investigated coating thicknesses. In contrast, the resonances
observed for the LD30 and SD100 samples, which are in the near-infrared (NIR) region,
show a very high surface sensitivity. In close proximity to the sample (within 20 nm), there
is a more pronounced spectral shift as the overlayer thickness increases; beyond 20 nm, the
resonance shift with additional polyelectrolyte layers becomes more modest. The variation
in the LD30 sample attenuates more significantly compared to the SD100 sample, which
displays a more consistent trend. This difference can be attributed to the more localized
nature of the NIR mode in the LD30 sample relative to the same mode in the SD100 sample.

140 - - LD1004, .
* SD100 2,

« LD30 A

—_—
N
o
T
—>—
'_

/E\ NIR _

£ 100} {

= _ ]
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0O 5 10 15 20 25 30
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Figure 6. Examples of calibration curves for each of the three sample families: the wavelength
variation of the resonances indicated in the legend is reported as the thickness of the deposited
PEM varies.

This behavior supports the hypothesis that plasmonic modes supported by holed metal
films in the NIR have a hybrid nature, with surface plasmon polaritons (SPPs) significantly
influencing their optical behavior [49,50]. For these modes, electromagnetic fields can
extend from the metal surface into the surrounding dielectric medium for hundreds of
nanometers, whereas localized pure plasmonic modes typically exhibit electromagnetic
field decay lengths of just a few nanometers.

This hypothesis finds strong support in numerical simulations depicting the distribu-
tion of the EM fields for the different spectral features of interest, as shown in Figure 5 from
both lateral and top views. Experimental results consistently show that spectral features
displaying a distinct and concentrated distribution of the EM field exhibit superior perfor-
mance in terms of surface sensitivity. According to Table 1, the highest surface sensitivity
value, (10.0 £ 0.7) RIU~!, was achieved at the ANr wavelength of the SD30 sample. The
sensing performance achieved with the investigated Au nanostructures rivals the litera-
ture findings for comparable arrangements employing different metals or more complex
geometries, underscoring the remarkable capabilities of the proposed simple design for
chemo-biosensing purposes [51-54]. The corresponding EM field distribution, calculated
at this wavelength (Figure 5, last image on the right), confirms its distinct localization and
amplification at the edges and inside the hole. Conversely, much lower or negligible values
were observed at shorter wavelengths for other resonances within the same sample.
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In general, it is evident that greater localization and amplification of the EM fields at
the upper interface between the metal and polyelectrolytes correspond to higher surface
sensitivity values. There is a clear correlation between the relative intensity of the electric
field and the sensitivity value. For example, the strongly localized field distribution at AN
in the SD30 sample (Figure 5) corresponds to the highest surface sensitivity value.

Conversely, at wavelengths where the electric fields are poorly localized and more
diffused (such as Ag in LD100 or Ag in SD30, Figure 5), or when localization occurs at the
lower interface between the metal and glass (such as Ag in LD100 and SD100, Figure 5),
the corresponding surface sensitivity values are negligible (see Table 1). As demonstrated
earlier for RIS, thicker samples exhibit similar functional behavior also in terms of surface
sensitivity values (Table 1), regardless of diameter size. This similarity is also evident in the
EM field distributions (Figure 5, first two lines). Figure 7 presents histograms summarizing
the bulk and surface sensitivity results for all investigated samples, offering a clear overview
of the sensing performance related to each spectral feature in the transmittance spectra.
This allows for a quick comparison between resonances within the same sample and across
different samples.

Large D h 100 Small D h 100 Small D h 30
I Bulk sensitivity [ Bulk sensitivity [ Bulk sensitivity
77 surface sensitivity i S 77 surtacs sensitivity i - 22 surtace sensitivity

4004

300

200 /
. I_%
,
0 —
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Figure 7. Summary histograms of the estimated RIS (y axis, left side) and surface sensitivity values

Bulk sensitivity (nm/RIU)
Surface sensitivity (RIU™"
Bulk sensitivity (nm/RIU)
Surface sensitivity (RIU™

Surface sensitivity (RIU

(v axis, right side) at resonance wavelengths (x axis) for the three sample families examined.

As mentioned earlier, thicker samples (LD100 and SD100) exhibit very similar behavior
in terms of both bulk and surface sensitivities, regardless of the diameter size, as shown
by the comparison of the first two graphs on the left. This indicates that for these samples,
the optical and functional behavior is primarily determined by surface propagating modes,
which are related to the periodicity of the array rather than the diameter size. In contrast,
thinner samples display different properties. Firstly, a redshift can be observed in the
SD samples compared to the thicker ones. Additionally, thicker samples show more
pronounced Ag and Anjr intensity maxima (Figure 3a,b) compared to thinner samples. This
leads to a more significant intensity variation of these peaks as the refractive index changes,
resulting in the ANjr resonance displaying notably similar values of both bulk and surface
sensitivity in the thicker samples (see Table 1). Furthermore, this suggests that variations in
diameter for such structures have a significant impact on these resonances [55].

The histogram for the thinner sample family (SD30) (Figure 7, right) reveals completely
different sensing characteristics compared to the other two sample families. The near-
infrared resonance (ANjr) exhibits a very high surface sensitivity and, simultaneously, a
negligible RIS value within the investigated refractive index range.

In contrast, the spectral features Ag and Ag demonstrate significant volumetric RIS
values but negligible surface sensitivity. This behavior suggests that these resonances can
be used to detect binding events that do not occur directly on the metal surface, such as
when a relatively thick functional biolayer is present, when analyzing cell membranes in
real time while immersed in their culture media, or in refractometric sensors used outside
the realm of biosensing.
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This approach, which combines numerical and experimental results, helps identify
the optimal applications for the investigated transducers. The functional properties of
thicker metal nanohole transducers suggest that, in addition to sensing bulk refractive
index changes (e.g., in refractometric gas sensors [56]), they are well suited for detecting
and monitoring the growth of large biomolecules (e.g., bacteria, viruses [57-59]) when
appropriate recognition layers are anchored onto the metal surfaces. The long dielectric-
probing field characteristic of these samples ensures proper overlap between the analyte-
receptor volume and the evanescent sensing field. This advantage can also be exploited in
analytical strategies that require the use of a second or third labeled element binding to a
previously captured analyte for sensitive detection (e.g., fluorescent-tagged antibodies, Au
nanoparticles, or enzymes [60]).

Monitoring tissues and intracellular activities or secretions can also benefit from the
properties of thick metal nanohole transducers. In this context, alongside spectroscopic
experimental readouts, innovative imaging approaches can provide multiple types of
information, complementing traditional confocal imaging configurations [61-63].

A critical aspect to consider is the potential background interference from the sampled
matrix containing the analytes. This issue can arise when analyzing complex matrices
such as serum, blood, or cell lysate. However, it can be mitigated by selecting appropriate
surface treatments or sampling strategies [64,65].

In contrast, thinner metal nanohole surfaces, with their more confined field localization,
make these transducers more sensitive to surface refractive index variations and less
susceptible to background interference. The strong field localization enables the sensitive
detection of very thin layers and small biomolecules (e.g., nucleotides, aptamers [66-68]),
even at low concentrations, reducing noise from environmental effects such as changes in
buffer composition and temperature.

Surface-enhanced processes, including surface-enhanced Raman scattering (SERS)
and surface-enhanced fluorescence spectroscopy, can also find optimal application with
these types of transducers [41,69].

4. Conclusions

Gold nanohole arrays were fabricated using a straightforward combination of nanosphere
lithography, reactive ion etching, and e-beam deposition techniques. By varying the metal
thickness and hole diameter size, their far- and near-field optical properties were investi-
gated through both numerical and experimental approaches. Multiple spectral features,
visible as dips and peaks in the transmittance spectrum, can be easily adjusted in intensity,
shape, and position by modifying the array geometry or measurement configuration, due
to the different plasmonic modes excited by incident light at metal-dielectric interfaces and
their coupling.

The optical properties of these arrays were also explored from a functional perspective,
focusing on both surface and volumetric refractive index sensitivities. The remarkable re-
sults obtained (10.0 & 0.7) RIU~! and 400 nm/RIU, which make the optimized transducers
suitable for a wide range of sensing applications well surpassing performances reported in
the recent literature for similar metal arrangements. Furthermore, near-field information on
the distribution and propagation length of the enhanced plasmonic field within the probed
environment helped identify the optimal transducer for various analytical challenges. This
can serve as a valuable guide for scientists engaging in biosensing investigations using
these plasmonic probes.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors12080157/s1, Figure S1: Calibration curves
relative to bulk refractive index changes at the metal-dielectric interfaces for the three class of samples.
Related RIS results are reported in Table 1.
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