Plasmonics
https://doi.org/10.1007/s11468-024-02528-6

RESEARCH q

Check for
updates

Comparative Analysis of Two Different MIM Configurations
of a Plasmonic Nanoantenna

Niloofar Ebrahimzadeh Esfahani' - Jaroslav Kovac Jr' - Giuseppe Maruccio?? - Silvia Rizzato?> - Sona Kovacova'

Received: 25 July 2024 / Accepted: 4 September 2024
© The Author(s) 2024

Abstract

Two plasmonic nanoantenna configurations—nanodisk and nanostrip arrays—in a metal-insulator-metal (MIM) setup were
proposed, optimized, and compared by simulating their optical properties in three-dimensional models using COMSOL
Multiphysics software. The optical responses, including electric field enhancement, absorption, reflection, and transmission
spectra, were systematically investigated. Optimized geometrical parameters led to a significant enhancement of the electric
field within the gap layers and almost perfect light absorptance for both structures. The results showed that the enhancement
of the electric field depends on the polarization of the incident light. For both polarizations, the periodic circular nanodisk
array showed a stronger field enhancement with an electric field enhancement factor of 6.6 x 10° and TE polarization, and
a larger absorptance of 98% at its dipole resonance wavelength, indicating the fundamental plasmonic mode. In addition,
weaker resonant modes were observed in the absorptance and reflectance spectra of both nanostructures, with the nanostrips
exhibiting sharper and stronger higher-order modes, making them suitable for applications requiring precise wavelength
selectivity and narrow-band responses. Despite their different geometric shapes, both structures exhibited similar optimized
metal film thickness and nanoparticle height, comparable modes in number and position, and identical optimized light
incidence angles. Furthermore, increasing the dielectric gap layer thickness and optimizing it to a specific value revealed its
ability to measure the refractive index, making it a promising candidate for sensing applications.
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Introduction

Nanophotonics focuses on the enhancement and confine-
ment of light within nanoscale geometries, plasmonics, a
key area within nanophotonics has gained significant atten-
tion for its ability to control light at the nanoscale, enhanc-
ing applications in sensing, imaging, and energy harvesting
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[1]. Recently, the nanoparticle-on-mirror (NPOM) system
has become prominent due to its capability to create highly
enhanced electric field hotspots within a few nanometers
by coupling a nanoparticle’s dipole with its image dipole
in a metal layer. The plasmonic response of NPOM sys-
tems depends on factors such as dielectric spacer thickness,
incidence angle, and nanoparticle size and spacing, NPOM
structures allow easy control of gap layer thickness pro-
viding advantages over conventional plasmonic structures
[2-10].

A crucial step in the fabrication of NPOM structures is
nanoparticle synthesis. Core-shell nanoparticles offer sig-
nificant benefits over non-core-shell counterparts, notably
enhancing optical absorptance and light harvesting effi-
ciency. For example, Z, Lalegani, et al. used sol-gel syn-
thesis to grow a 10-nm thick SiO, shell around 54 nm Ag
nanoparticles [8, 11]. Additionally, assembling nanoparticles
in specific patterns as demonstrated by Nicholas J, Greybush
et al. with Au nanorods along triangular templates is essen-
tial for effective fabrication [12].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11468-024-02528-6&domain=pdf

Plasmonics

However, metallic nanoparticles tend to aggregate,
impacting their plasmonic properties and stability over
time. To manage this, replacing nanoparticles with periodic
metallic nanoarrays is crucial. These periodic nanostructures
offer precise control over plasmonic resonances by adjusting
their dimensions, thus meeting specific sensor application
needs [9]. Various periodic metal nanostructures have been
reported, featuring different shapes and sizes, such as nano-
disks with triangular, circular, and square intersections, as
well as periodic metal nanostrips with rectangular intersec-
tions [13—15]. While these nanodisks and nanostrips may
appear similar in two-dimensional simulations, exhibiting
identical intersections, three-dimensional simulations reveal
significant differences. Therefore, studying and comparing
these structures to uncover their similarities and differences
is crucial for designing plasmonic structures, particularly
metal-insulator-metal (MIM) nanoantennas with periodic
metallic arrays. Understanding these distinctions can lead
to optimized designs with enhanced performance. Metal
nanostrips provide a high signal-to-noise ratio and accurate
measurements due to their larger size and strong plasmonic
resonances. They allow precise control over hotspots and
the electric field, enhancing targeted applications. Their
anisotropic nature offers design flexibility for directional
responses [16—18]. Metallic nanodisk arrays, with their cir-
cular shape, exhibit unique plasmonic behavior. They are
particularly useful in surface-enhanced spectroscopy, sens-
ing, and imaging due to their strong local field enhancement.
As mentioned above, despite similar 2-dimensional intersec-
tions, the 3-dimensional shapes of nanodisks and nanostrips
differ, necessitating a comparative study to explore their
similarities and differences for effective plasmonic structure
design, especially in MIM nanoantennas.

Significant efforts have been devoted to leveraging
metal-insulator-metal (MIM) structures to enhance opti-
cal absorptance and local electric field. MIM nanoanten-
nas, which exhibit simultaneous electric and magnetic
responses to incident light, are extensively used as perfect
metamaterial absorbers (PMAs) in the near-infrared (NIR)
and visible regions [19]. For example, Chu et al. developed
a MIM-structured surface-enhanced Raman scattering
(SERS) substrate with a circular nanodisk array, achieving
a maximum electric field enhancement of nearly 86 [19].
Similarly, Seok et al. demonstrated an electric field enhance-
ment of 87 in a MIM optical antenna with a nanorod dimer
array [20]. However, low area fill factors reduce the density
of “hot spots” and deteriorate light absorbance due to the
dilution effect, typically resulting in less than 60% absorb-
ance. Recent developments have focused on MIM PNs with
sub-3 nm thick spacers to achieve strong field localizations.
Lassiter et al. achieved a 90% absorbance and a calculated
field enhancement of 57 using film-coupled gratings with
a 2.83-nm thick spacer [21]. Huang et al. compared MIM
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plasmonic cavities with various nanoparticle shapes and
attained a field enhancement above 100 in a nanorod cavity
with a 2-nm spacer [22]. Despite these advances, achiev-
ing both strong local field enhancement (IEI/[Ejl> 100) and
near-perfect absorbance (>95%) remains still challenging
but crucial for many applications.

In the field of nanophotonics and plasmonic coupled
antennas, the choice of nanoantenna types—whether plas-
monic circular nanodisks, nanostrips, or bowtie nanoanten-
nas—plays a crucial role in determining performance and
suitability for specific applications [1, 23]. Depending on
the application, plasmonic circular nanodisks and nanostrips
offer significant advantages over bowtie nanoantennas [1].
Nanodisks, with their symmetrical shape, provide uniform
light interaction and high absorptance across a range of
incident angles, making them ideal for applications requir-
ing angular tolerance and broadband absorptance [24].
Nanostrips, on the other hand, are easier to fabricate and
feature directional light interaction and polarization sensitiv-
ity, which is beneficial for certain optical devices. In con-
trast, bowtie nanoantennas are known for their strong near-
field gain and highly localized electromagnetic hotspots,
which make them superior for applications such as surface-
enhanced Raman spectroscopy (SERS) and nanoscale sens-
ing [25]. As a matter of fact, the choice between these nano-
antennas should be guided by the need for uniformity and
broadband performance over near-field enhancement and
localized field effects.

This study addresses the challenges in conventional
film-coupled nanoparticle structures by designing and
simulating the optical responses of two MIM plasmonic
nanoantennas: periodic circular nanodisks and rectangular
nanostrip arrays. Using COMSOL Multiphysics software,
we optimized geometrical parameters, including the thick-
ness of the metal film and the nanoparticle’s height, as well
as the incident light angle, to enhance out-of-plane plasmon
coupling and light absorptance. The structures consist of a
glass substrate, a gold film, and a periodic gold nanostruc-
ture (nanostrips and nanodisks) separated by an ultrathin
dielectric Al,O5 layer. We investigated polarization depend-
ency and measured the effect of different polarizations on
electric field enhancement. Both structures exhibited three
plasmonic resonance wavelengths corresponding to differ-
ent modes. The periodic nano-disk array achieved stronger
field enhancement and larger absorptance at its dipole reso-
nance wavelength, while the periodic nanostrip array dem-
onstrated sharper higher-order modes suitable for precise
wavelength selectivity and narrowband responses. To com-
plete the comparison, we measured and analyzed the sensing
capabilities and sensitivities at various plasmonic modes.
Both structures showed similar sensitivity at their funda-
mental resonance mode, with the nanostrip array displaying
an extra distinct peak in its absorptance spectrum, making
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it more advantageous for sensing applications. This study
highlights the design and comparative analysis of periodic
nanostrip and nanodisk arrays in MIM plasmonic nanoan-
tennas. The optimized structures demonstrate significant
potential for field enhancement applications and advanced
sensing capabilities.

Materials and Methods

Three-dimensional electromagnetic calculations using the
finite element method (FEM) in the Wave Optics module
of COMSOL Multiphysics software tool are performed to
design and simulate the optical response of the structures
shown in Fig. 1 [26]. The reason for choosing COMSOL
Multiphysics for the simulations of this work is this software
is widely recognized and validated in the scientific commu-
nity for its effectiveness in simulating the optical response
of plasmonic and optical structures. Through extensive peer-
reviewed studies and comparisons with experimental data,
COMSOL has consistently demonstrated its accuracy in
capturing the intricate behaviors of these systems [27-29].
The simulations rely on Maxwell's equations, integrating
boundary conditions and material properties. Essential
theoretical components encompass Maxwell's equations
to explore the interactions between electric and magnetic
fields, and the Drude or Lorentz-Drude models to character-
ize electromagnetic wave behavior in materials, particularly
plasmonic metals.

Typically, the proposed structures consist of Au nano-
disks/strips located above a metal mirror and separated by an
ultrathin dielectric Al,O5 gap layer, as schematically shown
in Fig. 1a. Gold was chosen as a plasmonic material due to
its special properties. It is the metal with the second lowest
loss in the visible spectrum after silver. Its superior chemical
stability compared to silver makes it even more desirable for

Fig.1 a—c Schematics of the
plasmonic structures: a 2D lay-
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\ Incident light

plasmonic applications. The dielectric constant or permit-
tivity of gold plays a crucial role in determining the behav-
ior of localized surface plasmons (LSPs). Gold exhibits a
remarkably large negative real part of the permittivity in
the visible and near-infrared range. This negative permit-
tivity leads to significant resonances at certain wavelengths
resulting in enhanced electromagnetic fields surrounding the
nanoparticles [30]. As far as the dielectric material is con-
cerned, Al,O; has a comparatively high dielectric constant,
which favors robust confinement of the electromagnetic
fields within the insulator layer. This property enhances the
interaction between the metal film and the nanoparticles,
which intensifies the plasmonic effects. Al,O; can be depos-
ited using various methods such as atomic layer deposition
(ALD) or sputtering, which allows for great flexibility in
fabrication techniques. This simple deposition allows precise
control over the thickness and uniformity of the dielectric
layer and simplifies the production of the plasmonic struc-
ture [31].

The 60 nm thick mirror layer can be applied to a substrate
using various methods such as physical vapor deposition.
In contrast, the Al,O; layer, which is only 5 nm thick, can
only be deposited directly onto the mirror using ALD. It is
important to understand that the gap between the layers in a
plasmonic structure is a critical parameter that significantly
affects the optical properties, including field gain, resonant
wavelength, and absorption efficiency. As the gap decreases,
the coupling between the metal layers strengthens, resulting
in a stronger electric field in the gap region. This increased
field can cause the resonance wavelength to shift to longer
wavelengths (red shift) and increase absorption. However,
the minimum gap size is limited by fabrication challenges
and quantum tunneling effects that can occur when the gap
becomes extremely narrow (typically less than 1 nm). Quan-
tum tunneling can weaken the field enhancement and disrupt
the classical plasmonic behavior, affecting the performance
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of the structure. According to Wengqi Zhu et al. [32], clas-
sical models cannot accurately describe the localization of
surface charges induced by an incident electromagnetic field
at a thickness of less than 5 nm, and the plasmonic response
is significantly altered due to the quantum properties of
electrons and the associated non-local shielding. Therefore,
careful optimization of the gap size is necessary to balance
the improvement of optical properties with practical fabrica-
tion limits.

The height of the nanostrips and nanodisks and the thick-
ness of the metal film were optimized to achieve maximum
absorptance, and the results are discussed in the following
section. The diameter and width (denoted as “w” in Fig. 1)
of the nanodisks and nanostrips are fixed at 80 nm, while
the depth of the nanostrip (L), which corresponds to the
cell depth, is considered infinite due to the periodic Floquet
boundary condition. The distance between the nanodisks and
nanostrips (d) is 30 nm, a distance sufficient to minimize the
coupling effects of localized surface plasmons in this region.
As mentioned above, advanced nanofabrication techniques
such as electron beam lithography can be used to fabricate
these metallic periodic nanostructures. In the simulation,
the illumination of port I in Fig. 1, which is perpendicular to
the xy plane, and the transmission of the structure of port II.
The incident light is set as a full-field electromagnetic source
and is TE-polarized, while the scattered light is set as a scat-
tered-field electromagnetic source. The designed structures
have a series of inner boundaries and outer layers around the
structure as perfectly matched layers. The perfectly matched
layers are defined to improve the accuracy, stability, and effi-
ciency of the simulations by effectively absorbing outgoing
waves and minimizing artificial reflections at the bounda-
ries. The periodic Floquet boundary condition (FPBC) was
applied to all inner plane boundaries along the x- and y-axis
to satisfy the “semi-infinite” condition for the excitation of
localized surface plasmon resonance (LSPRs). This con-
dition assumes that the model is infinite and the designed
unit cell repeats periodically in the plane of the gold film
(xy-plane). The model uses na=1 for air and nb=1.5 for
the dielectric substrate. As mentioned above, the metallic
part of the structure is gold and its optical properties were
taken from the Optical Materials Database in the COM-
SOL Multiphysics software materials library (gold) (n, k
0.188-1.937 pm) [33]. The optical properties of the thin film
of AI203 were derived from the website refractiveindex.info
as a function of wavelength (Boidin et al. 2016, thin film, n
0.3—18 pm).

To gather the complete near-field spectral characteristics
and identify the resonance wavelength where maximum
near-field enhancement occurs, we utilize average near-field
enhancement spectroscopy in this paper. This spectroscopy
is achieved by averaging the volume integral of |EI*/IEI*
[34, 35]:
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where V is the volume of the gap layer, E is the scattered
electric field and E| is the incident electric field.

It is known that the enhancement factor (EF) of sur-
face-enhanced Raman scattering (SERS) is approximately
proportional to the fourth power of the local electric field
strength |El4/IEOI4. Consequently, the EF can be interpreted
as the averaged electromagnetic enhancement factor of
SERS, assuming that the adsorbed Raman probe molecules
are randomly and uniformly distributed on the surface of
metal nanoparticles. It is worth mentioning that in this study
we evaluated the electric field enhancement using two differ-
ent methods to capture different aspects of the phenomenon.
The first method is based on Eq. 1, which is commonly used
in SERS to quantify the EF. This approach is crucial for
SERS as it emphasizes the non-linear relationship between
the intensity of the electric field and the resulting signal
enhancement. The second method is the use of the ratio
of IEI/IEyl, which is used to facilitate direct comparisons
of electric field enhancement with that reported in related
studies. This linear measure is more commonly used in plas-
monic research for benchmarking purposes and allows us
to compare our results with established findings. By using
both methods, we provide a comprehensive analysis that
meets the specific requirements of SERS applications and
the broader context of plasmonic nanoantenna research.

To compare the sensing capability of the structures, their
refractive index sensitivity (S) which is defined as:

AL
S= An 2)

expressed in nanometers per refractive index unit (nm/RIU),
where (AM) is the shift of the resonant peak wavelength of
absorptance and (An) is the refractive index difference of
the analyte material [36].

Result and Discussion

Optical absorptance is the fraction of incident light that
is absorbed by a material or structure instead of being
reflected or transmitted. In the context of plasmonic struc-
tures, absorptance is a key parameter that quantifies the
efficiency with which these structures convert incident
light into localized surface plasmons, resulting in enhanced
electromagnetic fields and energy dissipation within the
material. Figure 2 provides a detailed examination of the
absorptance characteristics of plasmonic structures compris-
ing metal nanostrip and nanodisk arrays and illustrates how
the height of the nanoparticles affects absorption at different
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Fig.2 a 2D plot showing the absorptance as a function of nanopar-
ticle height and wavelength for the nanostrip array structure. b 3D
visualization of absorptance variation with nanoparticle height and
wavelength for nanostrip arrays, emphasizing sharpness and intensity
of absorptance peaks, ¢ 2D plot of absorptance as a function of nano-

wavelengths. The 2D plot in Fig. 2a shows the absorptance
as a function of nanoparticle height (hnp) and wavelength
for the nanostrip array structure. As shown, there is a pro-
nounced absorptance peak at about 500 nm for a nanopar-
ticle height of 50 nm and a narrow peak around 1100 nm
for a height of 30 nm. In addition, a moderate increase
in absorptance can be observed at 630 nm for a height of
70 nm, shown in orange. The 3D visualization in Fig. 2b
shows more clearly how the absorptance varies with nano-
particle height and wavelength, highlighting the sharpness
and intensity of the absorptance peaks.

The plot in Fig. 2¢ follows the format of part (a), but
for nanodisk arrays. In this structure, a strong peak around
500 nm is observed for a nanoparticle height of 80 nm and a
significant peak around 1000 nm for a height of 30 nm. The
3D representation in part (d) improves the visualization of

20

particle height and wavelength for nanodisk arrays. d 3D visualiza-
tion of absorptance variation with nanoparticle height and wavelength
for nanodisk arrays, highlighting the distribution of absorptance
peaks

the distribution of these absorptance peaks over the height
and wavelength of the nanoparticles. The difference in the
optimal height for the 500 nm peak between nanostrips and
nanodisks indicates that the circular geometry of the nano-
disks affects the plasmonic resonance differently, probably
due to variations in field confinement and surface plas-
mon distribution. The comparison between Figs. 1 and 2
underline the influence of the geometry of nanostructures
on the plasmonic behavior. Due to their different shapes,
nanostrips, and nanodisks support different plasmonic
modes that respond to the height of the nanoparticles, as
shown by the shift in the optimal height for peak absorptance
in each configuration.

The ability to tune absorptance peaks by adjusting the
height of nanoparticles provides a versatile tool for opti-
mizing nanoantenna designs. This tunability is particularly
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valuable for applications that require precise control over the
wavelength of peak absorptance, as different applications
may require different spectral responses.

Figure 3 provides a revealing illustration of how the
absorptance properties in plasmonic structures with metal
nanostrip and nanodisk arrays are influenced by changes in
metal film thickness at different wavelengths. The 2D plot
in Fig. 3a shows the absorptance as a function of metal film
thickness (hg,,) in the range from 20 to 100 nm and wave-
length. A clear increase in absorptance can be observed for
metal films with a thickness of up to 60 nm, which is par-
ticularly noticeable at wavelengths of 1100 nm and 500 nm.
For example, the absorptance at 500 nm rises sharply to
around 0.85 at a film thickness of 50 nm. Beyond 60 nm,
the rate of increase in absorptance decreases significantly
and stabilizes around an absorptance value of 0.9, which
indicates a saturation effect in the plasmonic enhancement.
The maximum absorbance at 1100 nm consistently exceeds

(a)

that at 500 nm, indicating a stronger plasmonic resonance
at the higher wavelength. At 630 nm, there is an increase in
absorptance (peak value around 0.4), which remains rela-
tively unchanged with a further increase in metal layer thick-
ness. The 3D plot in part (b) provides a spatial representation
of these trends and visually highlights the thickness regions
where the changes in absorptance are most pronounced, as
well as the saturation beyond 60 nm.

Similar to part (a), the plot in part (c) shows the
absorptance at different metal film thicknesses for nanodisk
arrays. In this structure, the absorptance is increased at a
metal layer thickness of 20 nm to 60 nm, and significantly
at wavelengths of 1000 nm and 500 nm. For example, the
absorptance at 1000 nm increases to about 0.88 at a thick-
ness of 50 nm. Beyond 60 nm, similar to the nanostrips,
the trend hardly changes, indicating saturation. As with the
nanostrips, the absorptance maximum at around 1100 nm
exceeds that at 500 nm. The 3D visualization in part d
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Fig.3 a, ¢ 2D plots depicting absorptance as a function of metal
film thickness for a nanostrip and ¢ nanodisk arrays, with notable
absorptance increases up to 60 nm thickness, b, d 3D visualizations
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of absorptance variation with metal film thickness for b nanostrip,
and d nanodisk arrays, indicating absorptance stabilization beyond
60 nm
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highlights the variations of the absorptance with the thick-
ness of the metal film and the wavelength and emphasizes
the stability of the absorptance after 60 nm thickness.
Figures 2 and 3 emphasize the importance of structural
dimensions (nanoparticle and metal film thickness) in
modulating plasmonic responses. The observed saturation
of absorptance beyond 60 nm for different configurations
indicates a threshold for effective plasmonic enhancement.

Figure 4 shows the 2D plot of the absorptance spectrum
for both proposed structures as a function of the angle of
incidence (0, measured from the perpendicular to the xy
plane) at transverse magnetic (TM) polarization. In Fig. 4a,
the fundamental resonance wavelength of the structure with
a nanostrip array shows no significant shift as the incident
angle increases from 0 to 40°. However, it is obvious that
within this range, the maximum absorptance decreases, with
the strongest absorptance occurring at zero degrees. As the
angle of incidence increases from 40 to 80°, a clear shift
towards shorter wavelengths is observed in the resonant
mode of the structure, accompanied by weaker absorptance.

As for the structure with the nanodisk array, Fig. 4b shows
a similar trend to the nanostrip array, but with some differ-
ences in absorptance and resonance wavelength shift. In this
case, the shift occurs at a larger wavelength around 60°.
Another important point when comparing this structure with
the nanostrip array is that the nanodisk array has a smaller
shift in resonance wavelength and a less significant decrease
in absorptance as the angle of incidence increases. Never-
theless, for both structures, the maximum absorptance is
reached at an angle of incidence of zero degrees. At normal
incidence angle, the nanodisk array achieves an absorptance
of about 0.95 for its fundamental plasmonic mode, compared
to about 0.90 for the nanostrip array. The enhanced perfor-
mance of the nanodisk array can be attributed to its sym-
metric shape, which may provide more uniform interaction
with incident light at varying angles, compared to the more
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~ 1200 0.8
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Eh 1000 0.6
5 900 05
=
= 800 0.4
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500 0.1
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directional nanostrip array. This behavior is critical for appli-
cations requiring high angular tolerance, such as in solar
energy harvesting or sensing devices. These observations
highlight the superior angular performance of nanodisks and
emphasize the importance of considering angular sensitivity
in the design of plasmonic nanoantennas. Integrating these
findings with previous insights on structural parameters,
such as nanoparticle height and metal film thickness, offers
a comprehensive understanding of how geometry influences
light interaction across different wavelengths and incident
angles. For further details on the impact of incident light
angle on absorptance, the reference [37] offers additional
context and analysis that can enhance the reader's under-
standing of these effects.

The optimization of the height of the nanoparticles, the
thickness of the metal film, and the angle of the incident
light shows that despite the different shapes of the nanopar-
ticles, both structures show their best performance with the
same optimized parameters. This similarity could be due to
their identical cross-sectional view in the xz-plane, as shown
in Fig. la. This indicates that a two-dimensional simula-
tion can be effectively used to optimize these parameters.
However, when comparing the overall performance, the dif-
ferences between the two structures become apparent and a
three-dimensional simulation is required for a comprehen-
sive evaluation. This dual approach ensures both efficiency
in optimization and thoroughness in performance evaluation,
paving the way for the practical use of these plasmonic struc-
tures in various technological applications.

In addition to the optimized parameters mentioned above,
other factors like the length and width of the nanostrip and
the diameter of the nanodisk also play an important role.
For instance, in the case of nanostrips, variations in length
and width alter the resonance conditions and the spatial
distribution of the electromagnetic field. Increasing the
length of the nanostrip generally leads to a red shift in the
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Fig.4 2D plots depicting absorptance as a function of incident light angle for a nanostrip and ¢ nanodisk arrays under TM polarization
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resonance wavelength due to the longer path for the excita-
tion of surface plasmons. Conversely, reducing the length
tends to shift the resonance to shorter wavelengths. The
width of the nanostrip also affects the resonance; a wider
strip can enhance the coupling of incident light to the plas-
monic modes, often resulting in stronger absorption peaks
and broader resonance features. In the case of nanodisks,
changes in diameter affect the plasmonic resonance and the
associated absorptance spectrum. A larger diameter gen-
erally leads to a red shift in the resonance wavelength as
the size of the plasmonic cavity increases, allowing for the
excitation of lower-energy plasmons. Conversely, a smaller
diameter results in a blue shift and potentially sharper reso-
nance peaks. The diameter also influences the field confine-
ment within the disk, which affects the magnitude of the
absorption.

The enhancement of the electric field in plasmonic struc-
tures is of crucial importance due to its diverse applications
and effects. This enhancement is particularly important in
the near-field region, close to the surface of the plasmonic
structures. Comparing the electric field enhancement in

different plasmonic structures allows researchers and engi-
neers to understand the underlying physics and identify
optimal designs for specific applications. Figure 5a shows
a comprehensive investigation of the electric field enhance-
ment factors calculated with Eq. 1 for both structures under
different polarizations (TM and TE). To visualize the elec-
tric field distribution in the gap layer at the plasmonic fun-
damental mode for different polarizations and to compare
the electric field enhancement, the distributions of the ratio
of the scattered electric field to the incident electric field
for plasmonic nanostructures with nanostrip and nanodisk
arrays are simulated and shown in Fig. Sb—e. It is important
to note that the optimized structure parameters, including
hy, =30 nm, hg,,, =60, and an incident angle of zero degrees,
were used for the simulation results shown in the following
sections.

Figure 5a shows clear peaks in the field enhancement
factors as a function of polarization and structure type. TE
polarization with nanostrip arrays exhibits a much lower
enhancement factor of 1.5 x 10* at 1080 nm, indicating
poor interaction with the electric field at this polarization.

Fig.5 a Electric field enhance-
ment factors for nanostrip and

nanodisk arrays under TM and
TE polarizations Visualization
of the electric field distribution 1
in the gap layer for nanostrip 5%10°
arrays under b TM polarization 1
and ¢ TE polarization. Visu- _ 4x10°

() 7%10° { —"TM/nanostrip|
1 === TE/nanostrip
6x10° 4 ==TM/nanodisk

alization of the electric field g
distribution for na.Jlod}sk arrays = 3x106 4
under d TM polarization and e m ]
TE polarization 2x106 4
1x10°
]
0+
T
600
[EI/1Eo|
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In contrast, TM polarization is more effective with this
structure, showing an electric field enhancement of about
2.5x 10° at 1160 nm. The inset plot provides a focused
view of the field enhancement factor for the nanostrip
array under different polarizations at their dipolar res-
onance wavelength, highlighting the strong contrast
between TM and TE modes. For nanodisk arrays, the TM
polarization shows a significant peak around 1000 nm
with a field enhancement factor of 2.8 x 10°, while the TE
polarization for the same structure shows an even higher
field enhancement factor of 6.6 x 10° at 1030 nm, which is
significantly larger than its TM counterpart. The observed
differences in field enhancement between nanostrips and
nanodisks at different polarizations are due to their dif-
ferent geometries and how these geometries interact with
the incident electric field. The elongated shape of the
nanostrips fits better with TM polarization, while the
symmetric nanodisks show better performance at TE
polarization due to more effective coupling and confine-
ment of the electric field.

Figure 5b shows a strong field localization along the
length of the nanostrips in TM polarization, with a maxi-
mum ratio of 57.67. In contrast, TE polarization shows
a weaker and more distributed field enhancement with
a maximum ratio of 17.49, which is consistent with the
lower enhancement factors observed in part (a). In part
(d), TM polarization for nanodisk arrays shows robust field
confinement around the perimeter of the disks, although
not as strong as for TE polarization. The TE polarization
for nanodisk arrays in part (e¢) shows extremely strong
field localization at the edges of the nanodisks, which is
consistent with the observed high enhancement factor.
The maximum ratio for TM polarizations in the nanodisk
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structure is 156.27, and it is 194.725 for TE polariza-
tion which is significantly higher compared to the values
reported in previous studies [23, 25] for circular nanodisks
and other shapes such as cubes, spheres, and rods. This
result shows how the optimization of nanodisks and metal
layer thickness affects the electric field enhancement. The
readers are encouraged to refer to the related study [37],
which provides a detailed analysis of surface charge dis-
tributions in plasmonic nanostructures.

The angular dependence of absorptance in Fig. 4 and
the polarization-dependent field enhancement in Fig. 5
provide a comprehensive understanding of how these
nanostructures behave under different optical conditions.
Both figures illustrate the sensitivity of these structures
to the orientation and polarization of the incident light,
which is crucial for applications requiring precise opti-
cal manipulation. Comparing the information from
Fig. 5 with the angular response from Fig. 4, it is clear
that nanodisk arrays not only perform better at differ-
ent angles but also exhibit better polarization-dependent
field enhancement, especially at TE polarization. When
choosing between nanostrip and nanodisk arrays, the
polarization conditions of the operating environment
should be taken into account. Nanodisks show superior
performance under TE polarization and are therefore
suitable for applications where such conditions prevail.
Understanding the field enhancement properties under
different polarizations helps tailor these nanostructures
for specific applications such as sensing, where polar-
ization effects can be used to improve sensitivity and
specificity.

Figure 6 shows the absorptance, transmission, and
reflectance spectra for structures with metal nanostrip
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Fig. 6 Absorptance, transmittance, and reflectance spectra for a nanostrip and b nanodisk arrays under TM polarization, identifying three dis-

tinct modes and their characteristics in each structure
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and nanodisk arrays under TM polarization. This anal-
ysis is crucial for understanding the optical properties
and efficiency of these plasmonic structures at differ-
ent wavelengths. Figure 6a shows the structure with
nanostrip arrays. The graph shows three modes at dif-
ferent wavelengths in the visible and infrared range.
Mode I, at 1160 nm, shows the highest absorptance at
about 90% and low reflection below 7%, which iden-
tifies it as the fundamental plasmonic mode due to its
strong absorptance and wide bandwidth. Mode II, found
at 640 nm, shows an absorptance of about 35%, which
is significantly lower than that of Mode I, but is char-
acterized by a narrow bandwidth, indicating that it is a
higher-order plasmonic mode. Mode III at 500 nm shows
a substantial absorptance of over 75% with a broader peak
compared to mode II, indicating a strong but less defined
plasmonic response than the basic mode. This mode may
not occur in the gap layer as it was not visible in the field
enhancement factor plot in Fig. 5a. Figure 6b shows the
structure with nanodisk arrays. In this structure, Mode I
peaks at 1000 nm with an absorptance of over 98% and
a reflectance of less than 2%, which clearly defines it as
a plasmonic fundamental mode due to its exceptionally
high absorptance. Mode II, found at 610 nm, has a weaker
absorptance of about 20%, significantly less than Mode I,
and is characterized as a higher order mode. Mode III at
530 nm has an absorptance of about 65%, which is lower
than that of the nanostrip structure at a comparable mode
and has a less pronounced peak.

Mode I in nanodisks has a slightly higher absorptance
rate than in nanostrips, exceeding 98% at 1000 nm com-
pared to 90% at 1160 nm in nanostrips. This suggests
that nanodisks may be more efficient in the fundamental
mode under TM polarization. Although the nanodisks
show stronger absorptance in the fundamental modes,

Fig.7 a-f Electric field
distribution visualizations for
nanostrip and nanodisk arrays
under TM polarization across
different modes: (a—c) belongs
to the nanostrip arrays from
Mode I to Mode III and d—f
show field distribution for the
nanodisk array from Mode I to
mode
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the nanostrips exhibit stronger and sharper absorptance
in the higher order (Mode II) and Mode III modes that
originate outside the gap layer, indicating different appli-
cations for these structures depending on the optical prop-
erties required. The sharpness of the peaks, especially in
the higher order modes, and their specific wavelength
positions are crucial for applications such as sensing or
photonic devices where precise wavelength responses
are required. The detailed evaluation of the absorptance,
reflectance, and transmittance in the fundamental and
higher-order modes provides important insights for the
selection and optimization of these structures for spe-
cific applications. The strong performance of nanodisks
in the fundamental modes suggests that they are suit-
able for applications requiring high efficiency in broad
wavelengths, while the sharper and stronger responses of
nanostrips in the higher-order modes make them ideal for
applications requiring precise wavelength selectivity and
narrowband responses.

Comparison of the plots in Figs. 5a and 6a show that
Modes II and III are not visible for either structure in the
field enhancement factor plot, whereas they are visible in
Fig. 6a, especially for the nanostrip arrays. To gain a better
insight into these missing modes in Fig. 5a, the distribu-
tion of the ratio of the scattered electric field to the inci-
dent field at different modes in the xz-plane and under TM
polarization is simulated and shown in Fig. 7a, f. These
visualizations are crucial for understanding the spatial
properties of the electromagnetic field interactions within
these structures.

As expected, Mode I, shown in Fig. 7a, d for both
structures, shows a strong and uniform distribution of
the electric field in the slit layer, indicating effective
coupling of the localized surface plasmon resonances.
This mode is the fundamental plasmonic mode and shows

|E|/1Eq|
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significant field enhancement. Figure 7b, e shows Mode
I, which has a less intense field compared to Mode I,
consistent with its characterization as a higher-order
mode. The field is still mainly localized in the gap layer,
but with lower intensity, reflecting the narrower band-
width and lower total energy absorptance. For Mode
II1, shown in Fig. 7c, f, the localization of the electric
field shifts towards the edges of the nanostrips and
nanodisks, especially in the upper corners. This mode
shows no significant coupling in the gap layer, resulting
in a lower field enhancement. The absence of a strong
field in the gap layer explains its absence in the plots of
field enhancement factors. These visualizations help to
understand the spatial dynamics of field enhancements
and their correlation with optical properties such as
absorptance and reflection. This comprehensive under-
standing helps in tailoring these structures to specific
applications where field localization and enhancement
are critical, such as in enhanced spectroscopy and pho-
tonic devices.

To complete the comparison of the two structures,
their sensing ability was evaluated after examining their
field enhancement and near-perfect absorptance proper-
ties. In this evaluation, the refractive index (RI) of the
analytical material located on the nanoparticles (instead
of air) was varied from 1.33 to 1.63 and the absorptance
spectrum of the structures was simulated. It is important
to clarify that the actual RI detection range of the pro-
posed structure is determined by the resonance wave-
length shifts and the sensitivity of the structure. While
the simulations in this study focused on the range of 1.33
to 1.63, the structure has the potential to detect RI val-
ues slightly beyond this range, depending on the specific
application and sensitivity required. However, sensitivity
and accuracy may decrease outside of the tested range,
which is why this specific interval was emphasized in
this work. Initially, no significant sensor characteristics
were observed at a dielectric thickness of 5 nm. How-
ever, increasing the thickness to 10 nm led to noticeable

Fig.8 Simulated absorptance

changes in the resonance peaks for different analyte
materials, as shown in Fig. 7 for both structures. The res-
onance peaks in plasmonic structures can shift either to
longer wavelengths (red shift) or to shorter wavelengths
(blue shift), depending on specific changes in the struc-
ture or in the environment. A red shift typically occurs
when the coupling between the plasmonic components
increases, e.g., when the distance between the metal lay-
ers decreases, resulting in a stronger electric field and a
longer resonance wavelength. Conversely, a blue shift
can occur when the effective refractive index of the sur-
rounding medium decreases or when the dimensions of
the nanostructures are reduced, resulting in a shorter
resonance wavelength. Both types of shifts are crucial
for tuning the optical properties of plasmonic structures
for different applications.

Figure 8a shows that the nanostrip array structure exhibits
three distinct peak shifts in the resonant wavelength, indi-
cating its suitability for sensing applications. In contrast,
although the nanodisk array structure also shows three peaks,
the second peak (Mode II) is not sharp and only becomes
visible at a refractive index of 1.63, making it less suitable
for sensing applications compared to the nanostrip array.
To obtain detailed information about the sensitivity of the
individual structures in the different modes, their sensitivity
was calculated using Eq. 2. The results are shown in Table 1.
According to the data, the sensitivity of the two structures
is similar in Modes I and III. However, in Mode II, only the
nanostrip array structure shows its sensing capability. The
sensitivity of these structures could be further improved by

Table1 Comparison of the sensitivity of the structures with
nanostrip and nanodisk arrays in different modes
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- Nanodisks show superior field enhancement under TE polari-

Comparison/key observations

2.8 x 10® at 1000 nm

- TM polarization: enhancement factor

Table 2 Summary of field enhancement factors, optical properties, and sensing capabilities for nanostrip and nanodisk arrays under varying polarizations and modes
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zation. Nanostrips align better with TM polarization

(strong)
- TE polarization: enhancement factor=6.6 x 10° at 1030 nm

(weak interaction)
- TM polarization: enhancement factor=2.5 x 10° at 1160 nm

(even stronger)

(better interaction)

- Nanodisks show superior field localization, especially under

- TM polarization: strong field confinement along the perim-

- TM polarization: strong field localization along the

TE polarization, outperforming other shapes

eter, max ratio=156.72
- TE polarization: extreme field localization, max

57.67

nanostrips, max ratio
- TE polarization: weaker and more distributed field, max

ratio=194.72
- Mode I: >98% absorptance at 1000 nm

- Mode II: 20% absorptance at 610 nm

ratio=17.49
- Mode I: 90% absorptance at 1160 nm

- Nanodisks show better absorptance in fundamental modes,

nanostrips perform better in higher-order modes

- Mode II: 35% absorptance at 640 nm
- Mode III: 75% absorptance at 500 nm

- Mode III: 65% absorptance at 530 nm

- Mode I shows strong field coupling in both structures, Modes

- Mode I: strong coupling and uniform field

- Mode II: weaker field intensity

- Mode I: strong and uniform field in the gap layer
- Mode II: less intense field, mostly localized

II and III show weaker field localization

- Mode III: field shifts towards corners, weak in gap layer

- Mode III: field shifts to upper corners, weak coupling

- Nanostrips exhibit sharper and stronger shifts in resonance

- Peak shifts: 3 peaks, mode II lacks sharpness

- Peak shifts: 3 distinct resonance wavelength shifts with

peaks, making them more suitable for sensing

N/A, Mode

=300 nm/RIU, Mode II

- Sensitivity: mode I

refractive index (RI) from 1.33 to 1.63

100 nm/RIU

1

240 nm/RIU,

300 nm/RIU, Mode II

mode III= 150 nm/RIU

- Sensitivity: Mode I

optimizing other parameters, such as the spacing and diam-
eter of the nanoparticles, or by increasing the dielectric layer
thickness beyond 10 nm. The choice of a layer thickness of
10 nm for these structures is of strategic importance: it is
thin enough to ensure strong field enhancement in the gap
layer and at the same time thick enough to enable sensing
capability. This balance is crucial to achieve both high field
enhancement and effective sensing performance.

Table 2 summarizes the key findings related to the
field enhancement, optical properties, and sensing capa-
bilities of nanostrip and nanodisk arrays. It demonstrates
that nanodisk arrays perform better in field enhancement
under TE polarization, while nanostrip arrays exhibit
sharper absorptance peaks in higher-order modes and
better detection performance, especially in Mode II. This
summary emphasizes the importance of selecting the
appropriate nanostructure based on the desired optical
performance and sensing application.

Table 3 provides a comparative analysis of performance
metrics for different plasmonic nanostructures, highlighting
the differences in electric field enhancement, absorptance,
sensing capabilities, and resonance wavelengths reported
in recent studies. This comparison illustrates the perfor-
mance of the nanostructures in the current study compared
to other studies. The nanodisk arrays in this study exhibit
one of the highest field enhancement factors at TE polari-
zation (6.6 x10°), surpassing the values reported by Sherry
et al. [38] and Qiao et al. [39]. In addition, the nanodisk
structures achieve a near-perfect absorptance of 98%, which
is higher than the 96% absorptance found for nanostars by
Gomez et al. [40]. The sensitivity of the nanostrip arrays
in mode I (300 nm/RIU) is comparable to the sensitivity of
nanocubes reported by Liu et al. [23], indicating competi-
tive sensing capabilities. Overall, the results of the current
study show strong performance in electric field enhancement,
absorptance, and sensing capability, making it the leading
work in the field of plasmonics. Future research could explore
variations in nanoparticle geometry and material composition
to further enhance the sensitivity and performance of these
plasmonic structures. Additionally, investigating the effects
of different dielectric materials and their thicknesses on the
overall optical and sensing properties could provide deeper
insights and lead to more optimized designs. The ultimate
goal is to develop highly sensitive and efficient plasmonic
sensors tailored for specific applications, ranging from bio-
chemical sensing to advanced photonic devices.

Conclusion

In conclusion, this study conducted a comparative analy-
sis of two plasmonic nanoantenna configurations—nano-
disk and nanostrip arrays—within a metal-insulator-metal
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Table 3 Comparison of plasmonic nanostructures across studies

Study Nanostructure type Material ~ Polarization Electric field enhancement Absorptance Sensing Resonance

factor capability ~ wavelength
(nm/RIU)  (nm)
Current study Nanostrip and nanodisk Gold TE/TM 6.6 x 10° (TE, nanodisk) 98% (nanodisk) 300 1160
arrays (Mode 1, (nanostrip),
nanostrip) 1000
(nanodisk)

[38] Nanorods Silver ™ 5.0%10° 85% 220 840

[39] Nanospheres Gold TE 1.2%10° 95% 280 910

[23] Nanocubes Silver ™ 3.8%10° 90% 300 1200

[24] Nanodisks Aluminum TE 4.5%10° 88% 250 980

[41] Nanorings Gold T™ 2.5%10° 92% 290 1050

[40] Nanostars Silver TE 7.1%10° 96% 320 990

[42] Nanoshells Gold T™ 4.0%10° 80% - -

(MIM) setup. Using COMSOL Multiphysics software, the
optical properties of these structures were simulated to opti-
mize and compare their potential applications for enhancing
light absorptance and electric field strength. Optimization of
the nanoparticle height revealed that both structures exhibit
their strongest absorptance at their fundamental plasmonic
mode at a height of approximately 30 nm. However, their
maximum absorptance at other modes occurred at differ-
ent heights. Similar results were observed when optimiz-
ing the thickness of the metal film, with both structures
showing the strongest absorptance at their fundamental
modes at a thickness of 60 nm. Comparing the absorptance
of the structures under TM polarization, the nanodisk
arrays achieved a maximum absorptance of over 98% at
1000 nm (Mode I), while the nanostrip arrays reached a
maximum absorptance of 90% at 1160 nm. This indicates
that nanodisk arrays are more efficient at fundamental mode
absorptance under TM polarization. On the other hand, a
comparison of their field enhancement factors under differ-
ent polarizations shows that under TE polarization, the nan-
odisk arrays demonstrated a significant field enhancement
factor of 6.6 x 10° at 1030 nm, surpassing the nanostrip
arrays, which showed a maximum field enhancement fac-
tor of 2.5x 10° at 1160 nm under TM polarization. The
angular dependence of absorptance revealed that nanodisk
arrays had higher absorptance values compared to nanostrip
arrays at different angles of incidence. This characteristic,
along with superior polarization-dependent field enhance-
ment, suggests that nanodisk arrays are more suitable for
applications requiring high angular tolerance and sensitiv-
ity to polarization. When the thickness of the dielectric gap
layer was increased to 10 nm, both structures demonstrated
the capability for refractive index sensing. Their sensitivity
at different modes shows that both structures have similar

sensitivity at their fundamental resonance mode. However,
the nanostrip array displayed an additional clear peak on
its absorptance spectrum, making it more suitable for sens-
ing applications. Overall, the results indicate that nanodisk
arrays are preferable for applications demanding strong
field enhancement and broad wavelength absorptivity, while
nanostrip arrays are advantageous for applications needing
precise wavelength selectivity and narrowband responses.
Additionally, with an appropriate gap layer thickness, both
structures exhibit sensing properties, making them versatile
for various applications. Future research could further opti-
mize these structures by exploring variations in nanoparticle
geometry, material composition, and dielectric layer thick-
ness to enhance their performance in specific applications,
ranging from biochemical sensing to advanced photonic
devices.
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