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ABSTRACT: The rapid advancement of air/water interface coatings tran-
scends multiple domains. These coatings, valued for expansive coverage, facile Lub e
acquisition, and economic efficiency, hold pivotal roles in nanosurface B‘nghlﬁzs
engineering. Conventional approaches to achieving 2D periodic structures, m
such as electron-beam lithography, suffer from cost and complexity challenges. Monolayer T
Nanosphere lithography presents an alternative avenue by harnessing the
inherent self-assembly propensity of colloidal nanoparticles and offers
simplicity, cost-effectiveness, and compatibility with various techniques. The
use of nanosphere lithography in coating metal templates gains traction in
plasmonics because of its simplicity and speed. The fusion of plasmonics and
biosensing enables label-free detection with unprecedented sensitivity,
revolutionizing areas such as medicine, diagnostics, and environmental
monitoring. In the realm of label-free biosensing, attaining uniform large-area
fabrication is critical for robust sensing signals. Detecting spectral variations in low analyte concentrations necessitates a precise
response profile. The creation of a potent and accessible local electromagnetic field is vital for enhancing light—biomolecule
interactions. We introduce a hybrid plasmonic substrate via nanosphere lithography, combining antenna and aperture responses. The
hybrid plasmonic design caters to the prerequisites of efficient label-free biosensing, uniform large-scale fabrication, narrow spectral
response, and strong local electromagnetic fields. The hybrid plasmonic substrate promises to advance label-free biosensing
capabilities by integrating antenna and aperture responses, facilitating sensitive and robust biosensing applications. Demonstrating
these parameters resulted in a high refractive index sensitivity of up to 553 nm/RIU. The hybrid nature further facilitated an
impressive detection limit of 0.5 ng/mL for label-free protein IgG detection.
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1. INTRODUCTION

The incorporation of air/water interface coatings into various
fields has seen rapid advancement in the last few decades. Due
to their properties, such as applicability to large areas, ease of

Various production methods can be employed to generate
2D periodic structures on diverse surfaces. These techniques
encompass electron-beam lithography (EBL), block copolymer
lithography, extreme-ultraviolet lithography (EUVL), capillary
force-assisted lithography, fracture and cracking methods, and
focused-ion beam milling.ll_17 Nevertheless, these methods
exhibit several disadvantages. Notable factors among them
include cost, installation requirements, processing time, and
the limited range of designs that could be achieved.
Nanosphere lithography is suggested as a solution to address

acquisition, and low cost, the resultant coatings play a crucial
role in the nanofabrication of surfaces.” > The utilization of
colloidal nanoparticles in coatings at the air/water interface,
along with the deposition of these particles as thin films on
diverse surfaces, also encompasses an important lithography

technique known as colloidal lithography or nanosphere
lithography.® Colloidal nanoparticles, owing to the spherical
shape, arrange themselves into regularly organized, stable
structures under suitable conditions to minimize Gibbs
e:nergy.7_9 Due to the Marangoni effect in water, colloidal
nanoparticles can form well-ordered two-dimensional (2D)
structures when gradually introduced into ethanol-based
solutions.'” The coatings created at the air/water interface
are subsequently transferred onto various surfaces, resulting in
the formation of periodic 2D structures.
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these challenges. Nanosphere lithography aims to harness the
capability of colloidal nanoparticles to self-arrange into a
monolayer at the air/water interface, thereby creating
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Figure 1. [llustration of the fabrication process. (a) Formation of a monolayer coating using polystyrene nanospheres. (b) Oxygen plasma etching
for nanosphere size reduction, depicted from both top and side perspectives. Nanosphere diameters were reduced to approximately 250 nm, with
gaps between adjacent nanospheres measuring ~70 nm. (c) Subsequent to size reduction, nanospheres were coated with a 100 nm-thick layer of
aluminum. (d) Side view showcasing the substrate post aluminum coating. (e) Surface modification with protein IgG, along with a detailed side

view of an individual nanosphere after the modification process.

structures in a hexagonal close-packed (HCP) pattern. It offers
advantages such as simplicity and cost-effectiveness in
fabricating periodic 2D patterns, as well as the ability to vary
the resulting patterns due to its seamless integration with
various techniques."®

In recent decades, well-ordered 2D periodic structures
obtained via nanosphere lithography have found numerous
fields, including nanofabrication, electronics, optics, plas-
monics, biosensing, and photovoltaics.”'*~>” Coating the
template structures obtained using nanosphere lithography
with various metals and using them for plasmonics studies is a
simple and fast method that has attracted the attention of
researchers. The size of the spheres in the 2D template could
be adjusted as desired, enabling homogeneous hotspots to be
generated, resulting in uniform signals. A variety of
applications of 2D periodic structures make plasmonics a
leading edge of scientific research that has emerged as a
transformative avenue in the realm of biosensing.”® This
fascinating field exploits the unique interactions between light
and matter at the nanoscale to craft innovative sensing
platforms with high precision and sensitivity.”” The combina-
tion of plasmonics and biosensing could allow the detection of
the smallest molecular interactions, enabling label-free
detection that goes beyond traditional methods.”® Using
intricate nanostructures that harness the power of localized
surface plasmon resonances, plasmonic biosensing has allowed
us to see the subtle details of molecular binding events in real-
time.”’ This potent amalgamation has led to the development
of ultrasensitive and selective biosensors, revolutionizing fields
such as medicine, environmental monitoring, and diagnostics.
As plasmonic biosensing continues to evolve, it forges an
exciting path toward enhanced understanding, innovative
applications, and the promise of a more intricate compre-
hension of the biological world.

In the realm of label-free biosensing applications, several
critical factors converge to define the efficacy of our approach.
First, the realization of large-area fabrication characterized by
exceptional uniformity holds paramount importance, as it
serves as the foundation for robust sensing signals. Equally
significant is the pursuit of a narrow response capability
tailored to effectively track minute spectral variations even
within the milieu of low analyte concentrations. Furthermore,
the establishment of a substantial and easily accessible local
electromagnetic field stands as a pivotal prerequisite. This
dynamic field acts as a critical catalyst in generating potent
sensing signals, thereby accentuating the intricate interplay
between light and biological molecule interactions. The
harmonious integration of these principles forms the corner-
stone of our technology, positioning it as a pioneering force in
advancing label-free biosensing capabilities.

In this article, we introduce a hybrid plasmonic substrate
that uniquely combines plasmonic excitations stemming from
both antenna and aperture responses, realized through
nanosphere lithography. The hybrid plasmonic substrate
addresses key requisites for efficient, label-free biosensing
applications. Within such contexts, achieving large-area
fabrication with uniformity becomes pivotal to engendering
robust sensing signals. Equally critical is a narrow response,
adept at monitoring minute spectral fluctuations, especially in
the presence of low analyte concentrations. Moreover, the
creation of an expansive and readily accessible local electro-
magnetic field proves indispensable in fostering sensing signals
arising from interactions between light and biomolecules. Our
hybrid plasmonic substrate employs a scalable and remarkably
precise fabrication technique, centered around the develop-
ment of an aperture-antenna hybrid structure. Through this
inventive configuration, a fusion of antenna and aperture
responses is realized, effectively inciting a plasmonic resonance
associated with nanoscale optical behavior. This resonance
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facilitates not only highly sensitive detection capabilities but
also the generation of substantial and easily accessible
electromagnetic fields. As a result, the hybrid plasmonic
substrate assumes a pivotal position at the forefront of
advancing label-free biosensing capabilities.

2. MATERIALS AND METHODS

2.1. Substrate Fabrication. 2.1.1. Glass Substrate Preparation.
Glass slides were procured from ISOLAB (Wertheim, Germany) and
cut into square pieces measuring 2 X 2 cm to function as substrate
materials. These pieces were subjected to a thorough cleaning process
involving organic solvents, namely acetone, ethanol, and deionized
water. Each cleaning step was accompanied by a 15 min session of
sonication. Following the complete cleaning procedure, the
organically cleansed surfaces underwent treatment with a UV—
ozone cleaner (ProCleaner Plus Bioforce Nanosciences, USA) prior
to the coating procedure.

2.1.2. Solution Preparation. A stock solution containing 320 nm
diameter carboxylated polystyrene (PS) latex nanospheres (Mag-
Sphere, 10% w/v, USA) was used without dilution to prepare the
solution. The coating mixture was combined with ethanol and
ethylene glycol to ensure suitability for application at the air/water
interface, and it was subjected to an ultrasonic bath. The solution
underwent continuous sonication during the coating process to
prevent any possible agglomeration. All solvents were used as received
at room temperature.

2.1.3. Monolayer Coating Process. The prepared solution was
applied onto the cleaned glass slides using an air/water interface. The
clean glass slides were placed inside a glass Petri dish, and sufficient
deionized water was added. The prepared PS nanosphere solution was
then gradually dripped along the edge of the Petri dish. The dripped
solution spread across the water surface, initiating the formation of
the polymer template in a monolayer HCP arrangement. This process
continued until the entire surface of the water was covered. Once the
water surface was covered, the water in the Petri dish was slowly
drained, allowing the PS nanosphere template to adhere to the glass
slides. The covered glass slides were placed in an oven at 60 °C for 20
min to ensure any residual water evaporated, thereby stabilizing the
nanospheres on the surface. Figure 2a displays the field-emission
scanning electron microscope (FESEM, Gemini 500, Zeiss, Germany)
image captured after depositing the nanospheres onto the glass
surfaces. Figure 3d illustrates the iridescent characteristics of the
surface resulting from the application of nanospheres onto the glass
surface.

2.2. Size Reduction Process. The PS nanospheres came into
contact with each other, forming an HCP arrangement upon being
coated onto the glass surfaces. The process of reducing the
nanosphere size involved the use of an inductively coupled plasma-
reactive ion etcher (ICP-RIE, SI 500, Sentech, Germany). Employing
an oxygen plasma with an O, flow rate of 50 sccm for 75 s, the
nanosphere diameters were reduced from 320 to 250 nm. Figure la—
d illustrate the gaps that emerged between the diminished spheres. It
is presumed that the nanospheres retained their spherical geometry
throughout the etching process. Following exposure to the oxygen
plasma, a gap of approximately 70 nm was established between the
nanospheres, as depicted in Figure 1d. Figure 2b demonstrates the
reduction in nanosphere sizes while maintaining the HCP arrange-
ment. Figure 2c illustrates the gaps that emerged between the
nanospheres following their size reduction.

2.3. Metal Coating Process. Aluminum (Al) was selected as the
target material due to its superior plasmonic properties, such as the
ability to excite narrow farfield features and generate strong local
electromagnetic fields. Noble metals such as silver (Ag), gold (Au),
and copper (Cu) are well-known for their strong surface plasmon
resonance effects, particularly in the visible to near-infrared
region.””** However, Al presents several unique advantages that
make it an attractive alternative. First, aluminum is much more cost-
effective due to its abundance, making it suitable for large-scale and
commercial applications. Additionally, although aluminum is prone to

Figure 2. SEM images of etched nanospheres and coated surfaces. (a)
Monolayer coating of polystyrene nanospheres on a glass substrate.
(b) Size reduction of nanospheres after 75 s of oxygen plasma
treatment. (c) Zoom-in view of (b) where the gaps between the
nanospheres are ~70 nm and diameters of nanospheres are 250 nm.
(d) Nanospheres after 100 nm of Al coating. Scale bars are 200 nm in
(a, b), and 100 nm in (c, d).

oxidation, the resulting oxide layer can act as a protective barrier in
various environments, thereby enhancing the durability and stability
of plasmonic devices. These factors make aluminum a compelling
choice for our application needs.

Using an electron beam evaporator (NVTS-400, Nanovak,
Tiirkiye), the metal coating was applied to PS nanospheres with
reduced diameters. Al was deposited onto the substrates at a chamber
pressure of 107 torr. The coating thicknesses were determined as 25,
50, and 100 nm, with an evaporation rate of 0.4 A/min for all cases.
To ensure uniform coating, the substrate holder rotated at a constant
speed of 20 rpm. Figure 1c,d provide an illustration of the coatings
formed during the application process. Figure 3a—c present the
FESEM images of the coatings at various thicknesses. Figure 3d
depicts the appearance of coating 320 nm nanospheres in a monolayer
arrangement on glass substrates. Figure 3e displays, from left to right,
the transparency characteristics of Al-coated surfaces at thicknesses of
25, 50, and 100 nm, respectively.

2.4. Experimental Setup for the Spectral Measurements. A
comprehensive light source in the form of a broadband white light-
emitting diode was employed to illuminate the plasmonic chip. The
light emitted by the plasmonic substrate underwent collection
through a 100X objective lens housed within an inverted microscope
(Zeiss Axio Observer 7). This collected light was coupled to a
multichannel spectrometer (Avantes B.V., Netherlands) using a light-
coupling setup, which featured an achromatic and an objective lens
with a fiber collimator. Within the multichannel spectrometer, the
spectral range of interest was segmented into five individual
spectrometers that functioned simultaneously. A slit width of 5 ym
was chosen to ensure a high spectral resolution of 0.9 A. In order to
ensure reliable calculations derived from the experimental data, the
transmission response of the plasmonic structure underwent a process
of refinement using a Savitzky—Golay filter.

2.5. Surface Modification for Analyte Attachment. The
bonding of analytes onto the Al surface was achieved through a
process of physisorption. We followed a two-step incubation protocol
for the formation of the protein bilayer consisting of proteins A/G
and IgG. The initial step involved the incubation of protein A/G onto
the plasmonic substrate’s surface. Protein A/G attaches to the Al
surface through the mechanism of physisorption. Subsequently, the
protein IgG was introduced and incubated on the same surface.
Protein IgG attaches to protein A/G through its Fc region. After each
round of protein incubation, the chip’s surface underwent a thorough
rinsing procedure using both phosphate-buffered saline and DI water.
This step was crucial to effectively eliminating any unbound protein
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Figure 3. Surface behavior of size-reduced polystyrene nanospheres with varied Al coating thickness. SEM images (a—c) and transmission spectra
(d—f) of Al-coated surfaces with a thickness of 25, 50, and 100 nm (Scale bars = 100 nm). (g) Iridescent behavior resulting from the Bragg
diffraction effect observed on surfaces with the nanosphere template after the coating process. The iridescence is visible at varying angles of incident
light. (h) Distinct transparency behaviors of surfaces with different Al coating thicknesses, from left to right: 25, 50, and 100 nm. Despite the
gradual decrease in transparency with thicker coatings, the surfaces maintain appreciable transparency even after a 100 nm coating.

remnants from the surface, ensuring a well-prepared substrate for
further analysis.

2.6. Finite Difference Time Domain Simulations. In order to
elucidate the fundamental physical mechanisms governing the
plasmonic resonances sustained by the Al hybrid plasmonic substrate,
finite difference time domain (FDTD) simulations were executed.
The simulations were conducted utilizing a unit cell encompassing a
solitary particle, where periodic boundary conditions were imple-
mented across the plane of the hybrid plasmonic substrate (xy-plane),
while a perfectly matched layer boundary condition was employed
along the direction of propagation (z-axis). For discretization along all
directions, a mesh size of 1 nm was chosen. An x-polarized light
source was employed to irradiate the plasmonic substrate.

3. RESULTS AND DISCUSSION

3.1. Fabrication of PS Monolayer on Glass Surfaces.
The solution containing PS spheres was prepared using
ethylene glycol and ethyl alcohol. The objective is to enable
the application of a coating across extensive surfaces at the
interface between air and water, with the goal of achieving a
single layer of coating. It is critical to minimize any disruption
to the template structure when transferring the monolayer
template onto the substrate. In order to ensure this, PS sphere:
ethyl alcohol: ethylene glycol ratios were determined as 3:3:2,
respectively. These ratios were determined and refined by

22796

iterative experimentation. A straightforward setup was made to
integrate the produced solution into the air/water interface.
With the aid of this homemade setup, it becomes feasible to
evenly distribute the prepared solution throughout a
substantial surface area while minimizing imperfections. The
configuration comprises a Petri dish and a pipet. The substrate
intended for coating is positioned within a Petri dish and
subsequently supplemented with water. The water quantity
must be adequate to facilitate the Marangoni flow, meaning
that enough water should be added to fully submerge the
entire substrate in the Petri dish. The prepared solution was
gradually dispensed over the water surface, one drop at a time.
To get optimal results, it is necessary to create a diaphragm
area of the solution on the substrate precisely at the place
where the drop is deposited. Consequently, the PS spheres
glide across the substrate as they are put onto the water. The
solution was continuously dispensed from the same location
until it completely covers the entire air/water contact. In order
to transfer the monolayer film structure onto the substrate, the
water was gradually extracted from the edge of the Petri dish
using a pipet. The Petri dish was maintained at a temperature
of 60 °C for a duration of 20 min in order to eliminate any
remaining liquid and facilitate the proper adhesion of the
monolayer film to the substrate surface in a functional manner.
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Figure 4. Numerical analyses of the hybrid plasmonic substrate. (a) Comparison of the experimental (black) and calculated (red) normalized
transmission spectra of the hybrid plasmonic substrate. The inset in the figure illustrates the polarization and propagation direction of the incident
light source, along with the electric field intensity distribution (IE,* + IEyl2 + |E,I?) related to the transmission resonance, calculated at z'. (b) Cross-
sectional profile depicting the electric field intensity supported by the plasmonic hybrid substrate. (c) Magnetic field distribution (IH,|) across the
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xy-plane, calculated at z’ and z". (d) Spectral position (top) and the line width (bottom) of the transmission resonance of three different chips. The
squares correspond to the mean values and the errors bars are double the standard deviation regarding the measurements from 10 separated

locations with the size of 150 X 150 ym on each chip.

The successful formation of a monolayer structure of
nanospheres at the air/water interface and the accurate
transfer of this layer onto the desired substrate are two critical
steps in the design of plasmonic sensors. The well-coordinated
assembly of the nanospheres and the precise formation of the
HCP shape enable consistent plasmonic behavior across all
regions of the sensor. Achieving this uniformity depends on
adjusting the surface tension of the water to ensure that the
nanospheres are organized without clumping together. Ethanol
was used to modify the surface tension of the water, ensuring a
well-ordered 2D arrangement. Ethylene glycol was employed
to prevent the agglomeration of the nanospheres and to
guarantee the acquisition of the template structure over a
considerable area. Additionally, room temperature was
maintained to establish reproducibility and stability, and the
nanosphere solution underwent frequent sonication to prevent
agglomeration prior to the coating process.‘?’5 Figure 1la
illustrates the schematic representation of the monolayer
template after its transfer onto the glass substrates. Due to the
HCP film formation, the beads are in direct contact within the
film structure. In Figure 2a, the formation of the monolayer
and the close proximity of the beads to each other are depicted
after the beads have been transferred onto the glass surfaces.
The HCP form of the polymer film template significantly
influences the behavior of the subsequent metal coating, which
is applied in the next step to enhance plasmonic behavior. The
metal coating, designed to be applied onto the film consisting
of closely situated nanospheres, is deposited onto the glass
substrate through the minimal gaps between the nanospheres.
However, due to the increasing thickness of the coating, a thin
film layer gradually forms on the nanosphere template over
time. As the resultant film structure behaves like a flat surface,
the generation points of “hot spots” that influence plasmonic
behavior diminish, leading to a corresponding decrease in
plasmonic activity. This outcome is anticipated, as the
literature often notes that rough surfaces tend to generate
more hot spots compared to flat surfaces.”>*® This implies the
need to create more space between the spheres.

3.2. Size Reduction Process in PS Monolayer Film. To
decrease intersphere contact within the PS monolayer and
enhance hot spot behavior subsequent to metal deposition, it
becomes imperative to enlarge the spacing between spheres. In
accordance with these requisites, oxygen plasma was

implemented to make in situ size reduction of individual
nanospheres while maintaining the integrity of the HCP
arrangement and the nanospheres’ positional consistency.
During the process of size reduction within ICP-RIE system,
several critical parameters come into play: ICP power, RF
power, oxygen flow, pressure, and time. To diminish the
diameter of the PS nanospheres from an initial 320 nm to an
average of 250 nm, the following conditions were applied: ICP
power of 100 W, RF power of 50 W, and oxygen flow rate of
50 scem for a duration of 75 s under a pressure of 75 mtorr.
Each nanosphere within the template interacted with the
plasma generated within the ICP-RIE setup, causing a
reduction in size while preserving their relative positions,
thus ensuring the HCP arrangement remained undisturbed.
The in situ shrinking of individual beads without any alteration
in their spatial configuration is crucial due to the nearly
equidistant spacing of the spheres within the template, which is
conducive to the creation of a uniform surface following the
metallization process. The observed diameter of 250 nm after
the beads’ reduction from their initial size of 320 nm signifies
an approximate average bead-to-bead distance of 70 nm. The
behavior of the nanospheres as they ideally and spherically
shrink onto the substrates during the etching process is
illustrated in Figure 1b, showing side and top views. SEM
images in Figure 2b, c further corroborate the efficacy of this
process, depicting in situ shrinkage of nanospheres with near-
ideal sphericity while their positions remain unaltered. Figure
2c additionally illustrates the extent to which the initially
smoother surfaces of the nanospheres are transformed after
exposure to oxygen plasma for the given duration.

3.3. Metal Coating Process. Following the fabrication of
the PS template structure with dimensions defined by oxygen
plasma, a metal coating procedure was executed to enhance the
plasmonic characteristics of the surfaces. Electron beam
evaporation was employed to deposit a metal layer onto each
polymer sphere and the intersphere gaps on the substrate.
Aluminum (Al) was chosen as the suitable metal for this
investigation due to its stability, affordability, and notable
plasmonic properties. Diverse thicknesses of Al were applied to
substrates within an average pressure environment of 107 torr.
Substrates possessing identical PS templates were coated with
varying thicknesses of Al layers (25, 50, and 100 nm), and the
impact of distinct coating thicknesses on plasmonic behavior
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Figure 5. Sensing properties of the hybrid plasmonic substrate. (a) Transmission resonance of the hybrid plasmonic substrate (black) subsequent
to the introduction of protein A/G (green) and protein IgG (blue). The inset in the figure schematically illustrates the proteins, showcasing the
affinity of protein A/G to the Fc region of protein IgG, resulting in the IgG molecule adopting a Y-shape orientation on the surface. The spectral
range where the integral calculations were conducted is highlighted in yellow. (b) Amount of the spectral shift within the transmission resonance
following the functionalization of the Al surface with protein A/G (green) and protein IgG (blue). (c) Spectral position of the transmission
resonance across different refractive indices of bulk solutions (n). The red line corresponds to linear fitting applied to the experimental data (black
squares). (d) Spectral integral values corresponding to 100 g/mL of protein A/G and protein IgG, encompassing concentration ranges between 0.1
ng/mL and 0.5 ng/mL. The system’s limit of detection (LOD) is highlighted in red.

was observed through experimentation. SEM images of the
surfaces resulting from different coating thicknesses are
presented in Figure 3a—c, depicting 25, 50, and 100 nm,
respectively. The graphs located above the figures illustrate the
experimental outcomes of the transmission spectra associated
with surfaces treated with diverse coating thicknesses. The data
derived from these experiments revealed that the transmission
behavior of the 100 nm Al-coated surfaces exhibited greater
strength compared to the thinner coatings. In light of this
finding, the subsequent stages of the experiment utilized a 100
nm Al coating, as depicted in Figure 2d, which presents the
SEM image of surfaces employed for subsequent experimental
measurements. It is widely recognized that the periodic
arrangement of the nanosphere template yields iridescent
behavior on the surface following the coating process. This
phenomenon is attributed to the Bragg diffraction effect, as
illustrated in Figure 3d, showing the iridescent characteristics
of surfaces developed in our study. This iridescence is
prominently visible from varying angles of incident light, yet
it does not entirely compromise the transparency of the
surfaces. Figure 3e demonstrates the distinct transparency
behaviors of surfaces with varying film thicknesses (from left to
right: 25, 50, and 100 nm Al coating). Thus, the metal coating
process induces modifications in the template, culminating in
consistent behavior throughout each region. As anticipated,
transparency gradually diminished with increasing coating
thickness; however, even after a 100 nm coating, the surfaces
retained significant transparency properties.

3.4. Farfield and Nearfield Properties of the Hybrid
Plasmonic Substrate. Figure 4a illustrates the transmission
behavior of the hybrid plasmonic substrate as determined
through visible spectroscopy (black curve) and FDTD
simulations (red curve). The figure highlights that the location
of the plasmonic mode aligns well between the simulation and
the experimental results, indicating that our model effectively
captures the essential characteristics of the fabricated structure.
Here, we observed a notable difference between the simulation
and the experimental response in terms of the transmission
amplitude and its line width. This discrepancy can be
attributed to several factors related to the structural differences
between the idealized model and the actual fabricated
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structures. For example, our simulations modeled the system
as perfect spheres with identical metal formations, while the
fabricated particles exhibit variations in size and shape, and the
gaps between spheres and their periodicity slightly differentiate
from each other. In Figure 4b, the cross-sectional electric field
profile reveals a pronounced enhancement of large local
electromagnetic fields concentrated within the gaps between
the Al film and the beads, as well as along the edges of the Al
particles. To elucidate the origin of the transmission resonance
supported by the hybrid plasmonic substrate, the magnetic
field distribution was examined at two positions: the top
surface of the Al (2) and along the Al particle (z”). As
depicted in Figure 4c, the mode along the x-axis (calculated at
z") arises from the interaction between the Al particle and the
aperture along the Al film. By excluding the magnetic field
distribution linked to the mode stimulated by the Al aperture-
particle interaction, the remaining distribution reveals that the
hot spots along the y-axis stem from localized surface
plasmons. Meanwhile, the standing field pattern along the x-
axis is a result of counter-propagating two surface plasmon
modes. The inset of Figure 4a offers insight into the dipolar
nature of the mode along the top Al surface, with local fields
predominantly concentrated at the rims in alignment with the
polarization direction.

In order to validate the uniformity and repeatability of our
fabrication method, we conducted an evaluation on three
different chips. Transmission responses were measured from
10 distinct locations with a size of 150 X 150 pm. Figure 4d
provides a visual representation of the measured variations,
showing the spectral position (top) and the line width
(bottom) of the transmission resonance determined from the
repetition experiment. We showed that the variation in
resonance wavelength was consistently below 1.5 nm, and
the line width variations were below 1 nm across all chips.
These findings confirm the robustness and uniformity of our
lithography-free fabrication method, enabling the production
of consistent plasmonic features over large areas.

3.5. Sensing Capabilities of the Hybrid Plasmonic
Substrate. To show the sensing potential of the hybrid
plasmonic substrate, label-free biosensing experiments were
conducted using protein A/G and protein IgG, wherein the
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attachment of protein molecules occurred through physisorp-
tion. Notably, protein A/G contains binding domains of both
protein A and protein B, exhibiting a strong affinity for the Fc
region of protein IgG. Figure Sa, b present the transmission
resonance and the corresponding spectral changes within the
resonance in the presence of protein mono- and bilayers on the
plasmonic substrate’s surface. Initially located at 509.5 nm
(black curve), the transmission resonance shifted to 512.46 nm
(green curve) upon immobilizing 100 g/mL of protein A/G
and to 521.14 nm (blue curve) with 100 g/mL of protein IgG.
These significant spectral shifts could be attributed to the high
refractive index sensitivity of our plasmonic substrate. Large
spectral shifts in plasmonic excitations are intrinsically linked
to the high refractive index sensitivity of plasmonic substrates.
Plasmonic materials exhibit strong responses to changes in the
local refractive index. When the refractive index around the
plasmonic structure changes, it modifies the resonance
conditions, resulting in a shift in the resonance wavelength.
This high sensitivity occurs because plasmonic excitations are
confined to the interface between the metal and the
surrounding dielectric material, making them particularly
responsive to environmental changes. As a result, even minor
variations in the refractive index can lead to significant shifts in
the transmission resonance, underscoring the high refractive
index sensitivity of the plasmonic substrate. In Figure Sc, the
spectral position of the transmission resonance is depicted,
concerning various refractive indices of bulk solutions, such as
DI-water (n = 1.33), acetone (n = 1.35), ethanol (n = 1.36),
and isopropanol (n = 1.37). The figure shows the relationship
between the spectral position of the transmission resonance
and refractive indices. Utilizing linear fitting (red line) on the
experimental data (black squares), a refractive index sensitivity
(S = AA/An) of 553 nm/RIU (RIU = refractive index unit)
was calculated.

The robust sensitivity of our plasmonic substrate ensures a
high limit of detection (LoD) capacity, which enables the
detection of analytes at low concentrations. Analytes with low
concentrations induce minor refractive index fluctuations,
resulting in subtle spectral changes in the transmission
resonance that might be challenging to discern. To enhance
system sensitivity digitally, spectral variations were monitored
at multiple wavelengths, generating a spectral data set
accounting for collective spectral shifts. To achieve this, we
calculated the integral of the transmission spectrum within an
integral window (depicted as the yellow region in Figure Sa),
with the window width set at 25 nm. The integral window was
positioned at wavelengths larger than the transmission
resonance following the addition of proteins A/G and IgG.
Specifically, transmission values on the right shoulder of the
transmission resonance were used for integral calculations,
while the remainder was excluded. This approach mitigates the
influence of the transmission resonance’s spectral shape. Figure
5d illustrates the spectral integral values for protein A/G and
protein IgG at concentrations ranging from 0.1 ng/mL to 0.5
ng/mL. In the figure, the black squares represent the mean of
three independent experimental data sets, with error bars
indicating double the standard deviation. Below 0.5 ng/mlL,
some of the experimental results regarding the concentrations
overlap, as indicated by their standard deviations, making it
difficult to reliably distinguish between these concentrations.
However, the spectral integral value calculated for 0.5 ng/mL
can be reliably distinguished, as it does not overlap with the
spectra integral values for the lower concentrations. The red
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rectangle highlights the concentrations where the spectral
integral values overlap with one another. Therefore, the
minimum detectable (or reliably measurable) protein concen-
tration defining the system’s limit of detection (LoD) is 0.5
ng/mL. This strong sensing capability of our hybrid plasmonic
substrate holds substantial promise for various label-free
biosensing applications.

4. CONCLUSION

In conclusion, this study underscores the rapid progress of
integrating air/water interface coatings across diverse domains,
revolutionizing nanosurface engineering with their extensive
coverage, easy acquisition, and economic viability. Colloidal
lithography emerges as a powerful technique, leveraging self-
assembling colloidal nanoparticles to achieve stable and
energy-efficient arrangements. By overcoming the limitations
of traditional methodologies like EBL, nanosphere lithography
emerges as an effective alternative, offering simplicity, cost-
effectiveness, and compatibility with various techniques. The
application of well-ordered 2D structures, fabricated through
nanosphere lithography, extends to fields ranging from
nanofabrication to biosensing. The fusion of plasmonics and
biosensing, facilitated by nanosphere lithography, introduces a
transformative era of label-free detection with exceptional
sensitivity. This groundbreaking approach is poised to
revolutionize medicine, diagnostics, and environmental mon-
itoring. The hybrid plasmonic substrate we introduce in this
article showcases promising potential for advancing label-free
biosensing capabilities. By integrating antenna and aperture
responses through nanosphere lithography, we address key
requirements for efficient biosensing, e.g., uniform fabrication,
narrow spectral response, and enhanced local electromagnetic
fields. The achieved refractive index sensitivity of 553 nm/RIU
and an impressive detection limit of 0.5 ng/mL for protein IgG
detection highlight the potency of our work in propelling the
realm of label-free biosensing toward new horizons.
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