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Abstract: This paper presents a simulation-based finite-difference time-domain method supported by the
experiment for a metal-dielectric structure consisting of gold and PMMA discs stacked on top of one another on
a glass substrate to analyze multiple resonant modes induced on the built-in structure. We found that altering the
thickness and radius of the topped-up PMMA makes it possible to control the excited modes at corresponding
extinction spectrum peak locations. Our conclusion is entirely confirmed by simulation and experiment that uses
the PIMI methods algorithm, which creates images of field distribution with adequate information regarding Sind,
@, and 1-dp.
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. Introduction

Plasmonic nanostructures exhibit strong electric field enhancement by the resonant oscillation of free
electrons. Plasmonic nanostructures comprise coherent oscillations of free electrons that can be induced in metallic
nanoparticles by the incoming light, a phenomenon called Localized surface plasmon resonances, or LSPRs. It is
known that the restoring force is applied to the oscillating electrons, strengthening the electric field close to the
particle surface [1, 3]. A metal nanostructure's plasmon resonances (modes) can be defined as dipole, quadrupole,
or high-order modes depending on the surface charge distribution induced by the incident light. The plasmonic
mode is primarily sustained by the nanostructures mounted on surfaces with higher refractive index (RI) values
than air, with a near-field distribution restricted to the substrate [11]. These modes are sensitive to nanostructure
size, shape, morphology, the chosen metal material, and the RI of the surrounding medium [4, 5]. A plasmonic
nano-object may exhibit high-order resonances such as the quadrupole, hexapole, octupole, and dipolar mode
excitation [6, 9].

Similarly, the plasmonic modes can be categorized into bright and dark categories based on their optical
properties [10]. In some instances, the redistribution of the field also coincides with the spectral development of
a new mode with the opposite field distribution and highest field strength at the top of the nanostructure [12, 14].
Symmetry breaking caused by the addition of substrate results in the coupling of dark and bright modes. This can
be accomplished by depositing a nanoparticle or constructing a nanostructure using deposition methods onto a
dielectric substrate [15, 17]. The "image" of dipolar plasmon results from the nanoparticle placed on a dielectric
substrate with a significant quadrupolar field component across the nanoparticle. This introduces a coupling
between its dipolar and quadrupolar plasmons, leading to hybridized plasmon superpositions of dipolar and
quadrupolar modes. Two bright modes for a single silver nanocube near the substrate were demonstrated
experimentally and numerically by Sherry et al. [18].
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Fig. 1. Principle Diagram for the built-in nanostructure. Fig. 1(a) shows the front view. Fig. 1(b) Presents the
extinction cross-section curve for the PMMA disk of diameter 1500 nm and various thicknesses. Fig. 1(c) presents
the SEM image of the PMMA topped up on a gold disk placed over a glass substrate. Fig.1(d) presents the PIMI
parameters for the two different thicknesses at the same wavelength.

Based on the hybridization theory, Zhang et al. suggested a model account for forming these modes [19].
The Authors [20] also propose an experimental and numerical study of the hybridized plasmonic modes of silver
nanocylinders and de-hybridization after covering the silver layer with a polymer that induces uncoupled
multipolar resonance. We here use a PMMA disk topped on gold, a diameter of 3000 nm and a thickness of 70
nm, placed on the glass substrate. Using polarization parametric indirect microscopic imaging parameters (PIMI)
[24]., we present a thorough study of the multiple excited modes. We further elucidate the impact of the geometry
on the multiple-mode excitation. This work enables the precise description of the excited mode corresponding to
the ideal wavelength using pictures of Sing, ¢, and I-dp of distributed field.

1. Methods for metal-dielectric structure, gold disc, and a resist material (PMMA) disk stacked one
on top of another, topped on a silica substrate

Numerical modeling analyzes the field distribution patterns and explicit extinction cross sections of a
metallic gold disk on the quartz glass. The parameter we used here for simulation for a metallic gold disk on the
quartz glass was the same as those used for a topped-up resist disk on a metallic gold disk patterned on quartz
glass. We employ Lumerical simulation FDTD tools [21] to simulate this scenario. A single sample, whose
PMMA thickness and diameter are 100 nm and 1500 nm, respectively, was used for the experiment. Figure 1(a)
illustrates schematic geometrical structures of a plane wave incident light along the negative z-axis perpendicular
to the cylindrical disc of resist material on a cylindrical layer of metallic gold over the quartz glass. The following
simulation uses a PML (Perfectly matched layer-absorbing border) as a boundary condition and defaults mesh
sizes. The computationis 10 x 10 x 1.5 ,um3. The Lorenz-Drude model [22] was used to describe the dielectric
behavior of a micro gold disc. The surrounding medium's refractive index was fixed at 1.0 for air, the PMMA's
refractive index was assumed to be 1.5, and the glass refractive index was determined from Palik [23]. The hybrid
metal-dielectric structure's field intensity distribution is set up using simulations and experiments based on PIMI
[24].

Figure 1(a) shows the arrangement of an Au disc with a constant radius of 1500 nmand thickness of 70 nm and
a PMMA disc with a changeable diameter from 500 nm to 3000 nm at a difference of 500 nm for each thickness
that ranges from 80 nm to 100 nm at a difference of 5 nm.
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Il.  Result and Analysis:
A. A metallic gold disk on a glass substrate without topping PMMA resist

This study focuses on a metallic gold disc that produces a non-uniform electric field due to the incident
field when its diameters exceed one-fourth of the illumination wavelength. This causes a phase or amplitude
change, depending on the distribution of the surface charge, which in turn excites several resonance modes. Fig.
2(g) (red curve) shows the extinction cross-section curves that most likely result from surface plasmons generated
in a micro gold disc, which have significantly dipped at 487 nm, which is sensitive to the size of the gold disc and
tiny peaks at 580 nm and 667 nm, respectively. Depending on the thickness of the gold disc, a higher-order mode,
like quadrupolar and hexapolar, are assumed to have generated the two smaller peaks at 574 nm and 667 nm. The
tiny dip between these modes indicates the interference between them.
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Fig. 2 shows PIMI parameters for a gold disk on a glass substrate and the Cross-section spectrum. Fig. 2(a-c)
shows PIMI parameters for the field distribution for a single gold disk at a wavelength of 487 nm, 574 nm, and
667 nm, respectively. Fig. 2(d-f). shows PIMI parameters for the field distribution for a gold disk on a glass
substrate at a wavelength of 493 nm, 604 nm, and 687 nm.
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Fig. 2(g) (green curve) shows the extinction cross-section of a gold disc with a fixed diameter of 3000
nm and thickness of 70 nm placed on a glass substrate. The glass has a higher refractive index than air, creating a
different dielectric environment for the gold disc, dramatically affecting the extinction cross-section curve. For
each resonance frequency, the values of the cross-section are typically decreased when the gold disc is in contact
with the substrate. This is because there is a possibility that interaction between the plasmon modes in the disc
and the modes supported by the substrate will lead to energy dissipation and dampening of the plasmon resonances,
which leads to the curve redshifted along with the decrease in values of Extinction Cross section. The plasmon
modes have changed due to the coupling between the gold disc and the mode supported by the glass substrate,
which is a typical side effect of plasmon hybridization. The surface plasmon's electromagnetic fields may interact
with the glass substrate when the gold disc is close to it, changing the resonance characteristics of the plasmons.
Therefore, PIMI parameters of the distributed field for different wavelengths observed in the peaks and valleys
are created by using PIMI imaging techniques to scattered fields that the monitor with its XY plane records
oriented at a few micrometers distant from the top surface of the gold disc. Fig. 2(a) shows PIMI parameters for
the field produced at the wavelength of 487 nm, which we can observe as the single gold. Similarly, Fig. 2(b, c)
display the PIMI parameters of the field at a wavelength where the two peak modes emerged at 574 nm and 667
nm, the same as gold on a glass substrate.
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B. A topped-up resist disk on a metallic gold disk patterned on quartz glass

First, the PMMA disc we used for my first experiment had a 1500 nm diameter and a 100 nm thickness.
When | compared the experimental result to the simulation result for the same sample, | found that the findings
from the simulation and the experiment were quite close. Based on this information, we continued to perform
simulations with various diameter and thickness settings, considering that the results would also apply to
additional samples with varying diameters and thicknesses.
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Fig. 3 Shows the PIMI parameters of a PMMA disk of diameter 1500 nm and variable thickness topped up on a
gold disk on a glass substrate. Fig. 3(a, b). shows PIMI characteristics for the field distribution at a wavelength of
574 nm for 100 nm thickness were acquired experimentally and by simulation, respectively.

Simulation 9

We investigated a PMMA disc with changeable diameter and thickness topped on a gold disc with a 3000
nm diameter and a 70 nm thickness. The effective refractive index of the system can change when the PMMA
disc is placed on top of the gold disc, which further alters the plasmon'’s resonance frequency and the extinction
spectrum and widening of the dip. Phase variation due to changes in effective refractive index and a retardation
effect by having a significant amount of thickness and diameter of PMMA allowed us to observe multiple
excitation modes. These effects, which are not a function of hybridization, are more apparent due to retardation,
which alters the dip of the extinction cross-section curve. In addition, the fact that the interaction between the
incident light and the plasmonic modes of the gold disc is sensitive to the refractive index contrast at the interface
helps to explain the shift towards longer wavelengths. PMMA disc of all diameters, for the thickness of 80 nm,
95 nm, and 100 nm, if we compare the extinction cross-section curve with the one of gold on a glass substrate
without topped-up PMMA, the primary dip widens as the diameter increases from 500 nm to 3000 nm. Also, we
can see that the curve has been shifted vertically upward if we examine the overall curve for Fig. 4 and 7. This
widening can be observed for 85 and 90 nm after the diameter exceeds 2000 nm. The vertical shift is not substantial
for 85 nm and 90 nm thicknesses. Although the change is relatively small, the curve moves towards longer
wavelengths as its diameter increases.

17



Analysis of the impact of PMMA on the formation and variations of modes in the visible ..

10! Diameter = 500 nm %107 Diameter = 1000 nm

(@ (b)

k'S
S

—
1%
T
- —
[ 1%
T T

t=Thickness 80 nm
Thickness 85 nm

t=Thickness 80 nm
Thickness 85 nm
t=Thickness 90 nm
P=Thickness 95 nm
. | _Thickness 100 n

= Thickness 90 nm
t=Thickness 95 nm
_ |_Thickness 100 n

Extinction Cross Section (mz)
Extinction Cross Section (mz)

9 . . a 0.9 N “ .
0 4 4.5 5 5.5 6 6.5 7 4 45 5 5.5 6 6.5 7
Wavelength (m) %107 Wavelength (m) %1077
- 101! Diameter = 1500 nm A 10! Diameter = 2000 nm
() )

—

w
T
W

D

Extinction Cross Section (mz)

[

I=Thickness 80 nm
Thickness 85 nm

t=Thickness 80 nm

Thickness 85 nm
I=Thickness 90 nm
P=Thickness 95 nm
. | Thickness 100 n

4 4:5 ; 5?5 6 6.5 7 4 4?5 ; 575 6 6.5 7
Wavelength (m) %107 Wavelength (m) %107

Fig. 4 Shows the cross-section spectrum for different diameters and thicknesses of PMMA. Fig. 4(a-c). Cross-

section spectrum for the diameter of 500 nm, 1000 nm, 1500 nm, and 2000 nm with thicknesses of 80 nm, 85

nm, 90 nm, and 100 nm, respectively, for PMMA.

I=Thickness 90 nm
P=Thickness 95 nm
. | Thickness 100 n

Extinction Cross Section (mz)

When the PMMA resists, thickness is changed by 5 nm from 80 nm to 100 nm while maintaining a
diameter of 500 nm. In contrast to three excited modes at 85 and 90 nm, we observe two excited modes at 80 nm,
95 nm, and 100 nm. Compared to the curve that appears when only gold is topped on a glass substrate section, for
the thickness of 80 nm, 95 nm, and 100 nm, the total curve moves vertically upward with an increased value of
extinction cross-section. The overall intensity of the scattering at the thicknesses of 80 nm, 95 nm, and 100 nm is
increasing, as indicated by the vertical shift and wider dip in the extinction cross-section curve. However, no
noticeable shift towards the longer wavelength is visible. These thicknesses also share a similar number of higher-
order modes, but these modes are noticeably wider than the ones we saw when there was a gold disk on the glass
substrate.

Additionally, there is no vertical shift for 85nm and 90 nm thicknesses. The curve for a PMMA resist
with a diameter of 1000 nm, and various thicknesses is shown in Fig. 4(b). As the disc diameter is increased to
1000 nm, we can see similar dips but slightly widened for the 80 nm, 95 nm, and 100 nm thickness. From the
observation, for all the thickness, while observing extinction cross-section curve shows the presence of only
primary dip, whereas higher order modes are absent. Possibly the destructive interference between higher-order
modes cancels each other. Once again, as the diameter reaches 1500 nm, the extinction curve radically changes
shape and develops a series of peaks, as shown in Fig. 4(c). Compared to the large observed dip in the 85 and 90
nm thickness curves, the dip observed for the thickness of 80nm, 95nm, and 100 nm diameter widens out. Two
excited higher orders modes can be observed for all the thicknesses. Overall, the curves for 85 nm and 90nm seem
to move vertically down infinitesimally, while for 80 nm,95 nm, and 100 nm, the curve seems to be fixed at the
position without a further shift to the longer wavelength in comparison with the curves of a diameter of 2000 nm.

On the other hand, it's important to note that the PIMI image for one of the two higher-order modes
produced when the thickness was 80 and 85 nm seems to be the same for different thicknesses at different
wavelengths. The PIMI photos reveal that the first mode, stimulated at a wavelength of 641 for a thickness of 85
nm and depicted by the PIMI parameters in Figure 5, is likewise the second mode, excited with an 80 nm thickness
at 624 nm. Further inferences may be drawn from Figures 5 and 4 that the wavelength at which the excited mode
shows was redshifted when the thickness was increased from 80nm to 85nm.
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Fig. 5 Shows the PIMI parameters of a PMMA disk of diameter 1500 nm and variable thickness topped up on a

gold disk on a glass substrate. Fig. 5(a, b) and Fig. 5(c, d) presents PIMI parameters for the field distribution at a
wavelength of 569 nm, 641nm, and 624 nm, 691 nm for 80 and 85 nm thickness, respectively.

2

At 574 nm and 634 nm wavelengths, two higher-order modes are excited as the thickness approaches 95 nm.
Similarly, two higher-order modes are also present at a thickness of 100 nm. The first mode was excited at the
same wavelength of 574 nm for both 95 and 100 nm thicknesses. This indicates that changing the thickness at a
fixed wavelength can modify the mode shape, as illustrated in Fig 6.
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Fig. 6 Shows the PIMI parameters of a PMMA disk of diameter 1500 nm and variable thickness topped up on a
gold disk on a glass substrate. Fig. 6(a, b). shows PIMI parameters for the field distribution at a wavelength of
574 nm for 95 nm and 100 nm thickness.

No higher-order modes are visible at all thicknesses when the diameter reaches 2000 nm, as shown in
Fig. 4(d). The reason could be similar when the diameter was 1000 nm. Overall, the dip that occurred previously
for the thickness of 80 nm, 95 nm, and 100 nm was completely spread out and flatted. Further, there is very little
shift to the longer wavelength. The overall curves are significantly flat at a diameter of 2000 nm, but it becomes
substantially flatter at 2500 nm, as shown in Fig. 7(a). For this diameter, the thicknesses of 80 nm, 95 nm, and
100 nm each show three higher modes. However, the thicknesses of 90 nm and 85 nm are seen to have two higher-
order modes. Higher order modes look very strong from the thickness of 80 nm,95 nm, and 100 nm, and the
dipolar mode has disappeared.
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Fig. 7 shows the spectrums of different diameters and thicknesses of PMMA. Fig. 7(a) shows the diameter of
2500 nm, and Fig. 7(b) the diameter of 3000 cross-section spectrum for thicknesses of 80 nm,85 nm,90 nm, and
100 nm for PMMA.

The dip expands wide for 85 and 90nm thickness and has two higher-order modes. These curves move
slightly to the longer wavelength, where the overall curve pattern moves vertically upward. As the diameter of the
PMMA disk reaches 3000 nm, we can observe three higher order modes for 80 nm, 95 nm, and 100nm and
thickness, while two excited mode peaks are found for 85nm and 90 nm. The dipolar mode completely disappears
in curves for the 80 nm, 95 nm, and 100 nm thicknesses. The presence of PMMA due to such diameter does not
support any dipolar mode to occur, and only a higher mode exists. In comparison, the dipolar mode expands wide
for the 85 and 90 nm thickness; one is very faint higher while another quite significantly higher mode exists. The
85 and 90 nm dip move towards a longer wavelength and the overall curve moves vertically up slightly.

I1l.  Conclusion

By topping a thin layer of photoresist (PMMA) on a gold disc patterned on a silica substrate, we showed
that it is feasible to control and vary the fundamental and higher order mode once seen when there was only a
gold disk on the glass substrate through the control of topped-up resist thickness and diameter. Furthermore, we
have shown that with a diameter of 1500nm, some higher-order modes that arise at various wavelengths, varying
thicknesses, and different orders appear to be the same. Additionally, as the PMMA's parameters change, it
provides thorough knowledge of the evolution of the PIMI image for each specified wavelength. This method is
helpful because it provides an understandable physical explanation for the simulated PIMI pictures of the PMMA-
topped metal-dielectric structure. It is very important for understanding controlled modes shapes and their
variations generated in PMMA disks on the gold placed on a glass substrate since it has many applications,
particularly in sensors and waveguides. To extend the applicability of this approach, it is essential to generalize
the numerical implementation of the theory to various particle shapes in a practical manner, which is, in principle,
possible and now underway. It has been shown that topping a PMMA resist on a gold disc can change the restricted
and higher-order modes created by the gold disc topped on the silica substrate. This can further affect the
fundamental and higher-order modes and produce other higher-order mode fields.
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