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Surface plasmon polaritons (SPPs) are oscillations of electrons at the interface between a metal and a dielectric
material, induced by incident light. They are applied in nanophotonics and plasmonics, enhancing light-matter
interactions for the development of devices like sensors and optoelectronics. The research results of SPPs of metal
nanostructures have made significant progress in the fields of nano radio and television integration,
superstructured materials and biosensors, but the performance and response mechanism of current metal
nanostructures still need to be further studied and understood. Therefore, this study explored the hybrid
mechanism of SPP of metal nanostructures and the factors affecting absorption characteristics. By combining a
gold nanoparticle array with a Fabry Perot cavity, when the refractive index of the surrounding dielectric
environment changed from 1.30 to 1.38 at intervals of 0.02, two reflection valleys shifted significantly towards
the red, and the sensitivities of reflection valleys 2 and 3 were 300 nm/Refractive Index Unit (RIU) and 600
nm/RIU, respectively. The result indicated that the sensor exhibited high sensitivity in different refractive index
environments. The study also designed a multiple partition multiplexing structure to verify the sensing
performance of plasmon nanostructures in different refractive index environments. The research findings
indicated that adjusting the width of the second dielectric layer influenced the absorption of specific modes,
resulting in fluctuations in absorption intensity between 92% and 100%. The study revealed that the hybrid
mechanism of SPPs in metal nanostructures, coupled with a Fabry-Perot cavity and gold nanoparticle array,
exhibited high sensitivity to refractive index changes, offering potential for the development of highly responsive
sensors in diverse environments.
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Introduction still a series of unresolved problems and

unknown factors. First, the study of surface

With the  vigorous development of plasmon hybridization of metal nanostructures
nanotechnology, plasmon hybridization on the faces challenges between theory and experiment
surface of metal nanostructures and related [2]. The establishment of theoretical models
absorption properties have become the focus of requires a more accurate description of the
much attention in the disciplines of materials complex electromagnetic field distribution on the
science and optics [1]. Although some important surface of nanostructures, while experimental
research results have been achieved, there are methods require higher sensitivity and resolution
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to capture small optical changes. This synergy
between theory and experiment will provide in-
depth understanding. Second, although the
absorption properties of surface plasmons in
metallic nanostructures have been studied to
some extent, the absorption behavior under
different materials, structures, and wavelength
conditions is still unclear [3]. Therefore, in-depth
study of the changes of absorption properties
under different conditions is crucial for
nanostructure  design and  performance
optimization.

Surface Plasmon Polariton (SPP) hybridization of
metal nanostructures can provide new design
ideas and functional expansion for optical
devices and nanophotonics. Khurana and Jaggi
used transmission electron microscopy and
scanning electron microscopy to characterize the
morphology and size of nanostructures and
measured the resonance wavelength and
absorption properties of local surface plasmon
resonance (LSPR) using UV visible spectroscopy
[4]. To explore the property of dimers in metal
nanostructures, Gerislioglu et al. conducted a
study using Au dimers on Au substrates as an
example [5]. By changing the dielectric
environment of the dimer structure on the
membrane, they observed a wide range of high-
order mixed plasmon exciton families present in
the visible spectrum. LSPR and Laser rangefinder
(SLR) of dimer structure on a single film have
highly sensitive response to refractive index. To
overcome the limitations of surface coverage and
particle aggregation on sensitivity and resolution
of traditional LSPR fiber optic sensors, Lu et al.
introduced a new self-assembly template
technology [6]. Based on nano thickness block
copolymers, a 33 nm single layer of gold
nanoparticles was formed through a poly
(styrene-b-4-vinylpyridine) layer, which had high
uniformity and density and could be used for
LSPR sensing. Dong and Bandaru investigated the
interaction of specific surface plasmon modes by
numerically simulating the behavior of surface
plasmon modes [7]. In the metal dielectric metal
arrangement, there were interactions between
specific surface plasmon modes. Gupta and
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Banaszak had explored the interaction of specific
surface plasmon modes in metal dielectric metal
structures, studying their absorption spectra by
studying geometric changes in nanostructures
[8]. The absorption property of metal
nanostructures offers a basis and support for the
development of efficient energy conversion,
precision medicine, and photonics applications.
Wei et al. chose 2-anthraceneformic acid as the
enantiomer of the head to head dimer, designed
and prepared metal nanostructures, and
manipulated molecular chirality by controlling
their chirality [9]. The prochirality molecule 2-
anthracoic acid was adsorbed on the metal
nanohelix, and its enantiomeric preference was
observed in photoinduced cyclodimerization. Wu
et al. altered the properties of the dimer
structure on the membrane by regulating its
dielectric environment [10]. Characterization and
analysis of LSPR and SLR of dimers were
conducted by using spectroscopic techniques.
Research has found that Au dimers on Au
substrates had bright ‘bonded’ dimer plasmons
and lower energy magnetic charge transfer
plasmons. Sohal et al. studied the role and
application of MnO; nanostructures in biosensors
[11]. MnO; nanostructures were prepared using
inexpensive, flexible, portable, and non-toxic
electrode surfaces. Different forms of MnO,
nanostructures were prepared and applied to
electrochemical sensors. To solve the problem of
how to improve optoelectronic devices and
optical communication systems, Chen et al. used
magnetic dipole resonance in metamaterial to
enhance the broadband near-infrared absorption
of single-layer graphene [12]. Through numerical
simulation, it analyzed the optical absorption
properties of single-layer graphene in
metamaterial structure and realized the control
of absorption properties by electrically
modulating. To achieve customized design
features, Bhattacharjee and Bose focused on the
application of core-shell nanostructures in

microwave absorption materials [13]. By
adjusting the structure of its core and shell,
microwave absorption enhancement was

achieved, and the optical absorption properties
of the electric modulation and switching unit of
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single-layer Graphene in the near-infrared region
were displayed.

Many scholars have studied the properties of
metal nanostructures. Although there are
already many theoretical models and
computational methods used to describe and
predict the optical properties of metal
nanostructures, further improvement in their
accuracy and reliability is still needed. Therefore,
this study combined advanced theoretical
models and experimental techniques and
focused on the SPP and absorption of metal
nanoparticles to deeply explore the hybridization
mechanism of surface plasmons in metal
nanostructures and the absorption properties
related to them. By integrating theoretical
models and advanced experimental techniques,
this study aimed to reveal the microscopic
distribution of electromagnetic fields on the
surface of nanostructures and systematically
study the effects of different parameters on
plasmons to improve the resonance energy,
absorption effect, and related properties. It was
expected that the results of this study would help
solving the current problems between theory
and experiment and providing in-depth
theoretical support and experimental guidance in
the fields of nanophotonics, nano-
optoelectronics, and sensor technology.

Materials and Methods

Preparation of SPPs materials based on prism
coupling technology

The SPP is a phenomenon of electromagnetic
wave coupling with free electronic oscillation on
the metal interface. The electrons are excited to
form SPP, which enhances the energy of the
electromagnetic field at a specific frequency [14].
This resonance phenomenon can occur in
different wavelengths such as visible and infrared
light and is highly dependent on factors such as
the shape, size, material, and refractive index of
metal nanostructures, as well as the surrounding
environment. The preparation of SPPs using
prism coupling technology included multiple key
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steps. First, a suitable substrate was selected
before a thin layer of highly conductive metal
film, usually gold or silver, was precisely
deposited on its surface. The characteristics of
this metal film would directly affect the
excitation effect of subsequent SPPs. Metal
nanostructures were one of the key platforms to
achieve perfect absorption, and the precise
design and control of their properties were the
key to experimental success. By using Fabry-
Perot (FP) cavity resonance or localized surface
plasmon resonance, efficient absorption of light
of specific wavelengths or frequencies could be
achieved. The core of this method was to match
the photon frequency and the Vvibration
frequency of metal nanoparticles or metal
conduction electrons to achieve local field
enhancement and reflection attenuation, which
was expected to play an important role in fields
such as solar energy collection. The study also
designed a plasmonic biosensor structure, which
was placed on a silica dielectric layer and
contained an array of gold nanoparticles. These
particles were arranged in the center of the FP
cavity. The gold nanoparticle array exhibited
periodic distribution in the x- and y-axis
directions, and the specific periods were Px and
Py, respectively. By incident light hitting the
plasmonic nanostructure at a normal incident
angle, its electric field direction was distributed
along the long axis of the elliptical nanoparticle.
The design of this structure could not only adjust
the wavelength and absorption intensity of
plasmon resonance, but also was expected to
achieve specific detection and identification of
biomolecules. The various parameters obtained
from SPPs after preparation were listed in Table
1. By adding an opaque gold film with a thickness
of 400 nm on the substrate, the transmission of
light could be effectively eliminated, making the
transmittance almost zero. Therefore, the
absorptivity A could be expressed as A=1-R,
where R was the reflectivity. The Metal-
Dielectric-Metal (MDM) structure exhibited
three absorption peaks at wavelengths of 661,
864, and 1,198 nm with absorption rates
exceeding 99.9%, which made the MDM
structure ideal as a perfect absorber for tri-band



Journal of Biotech Research [ISSN: 1944-3285]

2023; 15:419-432

Table 1. Simulation experiment parameter setting.

Serial number High Value Width Value
1 h1 150 Wx1 426
2 h; 100 Wyx2 100
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Figure 1. MDM structure.

plasmons. By combining the FP cavity resonance
and the plasmon resonance effect in MDM
nanostructures, perfect absorption could be
achieved to effectively dissipate the incident
energy by exciting magnetic and electrical
resonances. To further improve the absorption
efficiency and spectral control performance, the
study proposed an MDM structure, which was
composed of a gold grating, an Al,O3 grating
composite layer, and a gold substrate, which
achieved perfect absorption in three bands from
visible light to near-infrared. Simulation studies
using the finite difference time domain method
showed that the realization of this structure
mainly relied on the complex interactions
between gap plasmon resonance, FP cavity
resonance, LSPR, and SPPs. The designed MDM
structure was shown in Figure 1, where the gold
grating layer and Al,Os grating layer played a key
role. The gold grating layer was divided into
horizontal and vertical Al,Os grating layers. Figure
1 also showed a two-dimensional plane view of
the XZ and YZ planes of the system. Among them,
hi, h2, hs were gold and Al,Os grating layer’s
thickness, and gold substrate, respectively. wx:
and wx2 were the width of the horizontal and
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vertical Al;Os grating layers, while wys was the
period per unit cell. A polarized plane wave
propagating in the negative direction was used as
the excitation source. The boundary conditions
were applied to the periodic absorption layer in
the x and y directions. The wavelength of the
incident plane wave ranged from 0.6 to 1.4 pum.
The study used a grid size of 8 nm x 8 nm x 8 nm,
set the refractive index of Al2Os to 1.76 and the
surrounding medium to air. When comparing the
effect of FP cavities on reflection spectra,
experiments used gold nanoparticle arrays
placed directly on a silicon dioxide substrate
without FP cavities. The transmission spectrum
normally was represented by the red solid line
when light was incident. The blue dashed line
represented the reflection spectrum of the FP
cavity without gold nanoparticles.

Regulatory factors and mechanisms affecting
the surface absorption properties of metal
nanoparticles

The excitation of localized surface plasmons

(LSPs) can generate strong electric field
enhancement effects on the surface of
nanoparticles, significantly improving the



Journal of Biotech Research [ISSN: 1944-3285]

2023; 15:419-432

efficiency of many nonlinear optical processes.
For smaller sized nanoparticles g = ;1 , when

placed in a uniform electrostatic field
E = Eor cos @, the internal electric field of the
nanoparticles is E_ and the external electric
field is Eout / while @ and @, represent the

potential of the internal and external fields,
respectively. The relationship between them can
be represented by Equation (1).

{Ein = _V(Din’ Eout = _V(pout (1)

Vi, =0(r<a),V’e,, =0(r <a)

When two different media meet, the potential
value at their interface must be equal as shown
in Equation (2).

a¢in a(Dout
= r=a
. (r=a)

=g o
or m

5 (2)

¢in = ¢0Ut’g

where ¢ was the dielectric constant of the
particle. g was the dielectric constant of the

surrounding medium environment. In the model,
the potential inside the metal ball was as follows.

-3¢
 =—— ™ F rcosé
Pin &+2¢, 0

(3)

where E  was the incident electric field. & was
the dielectric constant of metal particles. ¢ was

the dielectric constant of the surrounding
environment. E, was the electric field inside the

particles. ¢, (r,8) referred to the potential,

where r was the position vector. The electric
potential outside the metal ball was as:

&—¢&, €Cosd@
Pou = —Egrcos@+a’E, —2— (4)
E+2¢, T

where Qo Was the potential energy of the

incident electric field in Equation (3). After adding
the total potential energy of the dipole in
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Equation (4), the dipole potential energy could be
obtained as:

pcosé
= 5

47zgm|’2 )
Meanwhile, the dipole moment was shown in
Equation (6).

p=4re ra’ £ E, (6)
E+2¢g,
According to Equations (5) and (6), the
polarizability of the dipole was obtained, which
represented the degree of response of the
material to an external electric field as shown in
Equation (7).

E—¢
a=4ra® ——m
E+2¢g,

(7)
When the polarization reached the minimum

value |g+25m , the system could achieve

resonance enhancement effect, and the
conditions for resonance enhancement were as:

Re[e(w)]=-2¢, (8)

Equation (8) was the dipole SPP resonance mode
of metal nanoparticles. When the metal ball was
placed in air, the resonance frequency

W :Wp /\/5 satisfied the Frohlich criterion.

When in different dielectric environments, the
resonance wavelength of LSPs would undergo a
red shift phenomenon with changes in the
dielectric constant g _.The relative displacement

of LSPs wavelength and the change in refractive
index were then shown in Equation (9).

AZ=mAn[1-exp(-2d/1,)] (9)

where m was the volume refractive index of the
nanoparticles. An was the refractive index

change of the surrounding adsorption medium.
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d was the thickness of the effective adsorption

layer. was the attenuation length of the

I
electromagnetic field. For both air and substrate
media environments, there were usually two

Rayleigh cutoff wavelengths, /1p , corresponding

to the disappearance distribution of air
diffraction waves and the disappearance
distribution of substrate diffraction waves,
respectively [15]. For a square lattice whose
lattice constant was a, when the incident plane
passed through the base vector of the lattice, the
expression of 1 was shown in Equation (10).

Y :E[nS +sind)|
. (10)
AR :E[lisin 6]

The Rayleigh cutoff wavelength in Equation (10)
depends on the incident angle g, integer m,

and the refractive index n, of the substrate.

Therefore, when the Rayleigh cutoff wavelength
Ar approached the resonance wavelength of

LSPs, LSPs and diffraction waves would form
hybrid modes [16]. The condition for resonance
to occur was g+25m — 0, which means that

when the dielectric constant En of the

surrounding medium changed, the dielectric
constant ¢ of resonance would also change
accordingly [17]. According to the Drude model,
assuming a damping constant of ¥ , the
expression for resonance frequency could be
derived as:

Oy spr = W, 14/20] +1 (11)

According to the above relationship, the
correlation between the formant position and
the dielectric constant of the surrounding
environment was shown in Equation (12).

Ausor = A 120 +1 (12)
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where n, was the refractive index of the

medium. 4

nax aNd ﬂp were the wavelength of

the formant position and the plasmon frequency,
respectively [18]. According to Mie’s theory, the

longitudinal plasmon formant of metal
nanoparticles was shown in Equation (13).
Asr = Ay 130, +(@1 p-D)n, (13)

where n, was the dielectric constant of the

metal and P was the depolarization factor.
Relative sensitivity was defined as:

s = 1.8% 100%

14
" o An (14)

where A g was the resonance frequency of metal

nanoparticles in the air environment. The relative
sensitivity of LSPR metal nanoparticles was
shown in Equation (15).

FOM =~ _.A%

fwhm ' An (15)

where fwhm was for the half width of the

formant, in electronvolt (eV). SPPs also have
characteristics against magnetic fields, and the
magnetic resonance frequency can be increased
by continuously reducing the size of the ring
structure of SPPs. The development trend of
plasmonic nanostructures was observed in the
study, gradually extending from the initial
microwave band to the terahertz and mid-
infrared bands, and finally to the near-infrared
region [19]. To verify this trend, experiments
were conducted where the gold nanoparticle
array was placed directly on a silicon dioxide
substrate without an FP cavity and light was
vertically incident. By showing the transmission
spectrum of a gold nanoparticle array placed
directly on the substrate and simultaneously
comparing the reflection spectrum of the FP
cavity without gold nanoparticles, the optical
properties of plasmonic nanostructures in
different wavelength bands could be derived.
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Results and discussion

The SPP hybridization in metal nanostructures is
a research hotspot, which involves the key issues
of optical response and regulation. The
interaction and coupling of SPP can be realized by
introducing different materials or adjusting
structural parameters on the surface of metal
nanostructures to achieve accurate control of
light absorption, scattering, and transmission
[20]. This regulation technology has potential
applications in optical devices, sensors, optical
communication, and other fields, and provides a
new idea for realizing efficient energy conversion
and functional design of photonics devices.

SPP hybridization effect of metal nanostructures
Based on the structure proposed in the study,
numerical calculation analysis was performed.
The reflection spectrum of the FP cavity without
gold nanoparticle array at normal incidence
showed that a sharp reflection valley appeared at
714 nm, which was caused by the excitation of
the first-order cavity mode (Figure 2). The electric
field was greatly enhanced and was mainly
localized in the central region of the optical
cavity, which was also the factors for placing the
gold nanoparticle array at the center of the FP
microcavity. Only this configuration could make
the cavity mode excitation in the FP cavity to
produce an obvious strengthening of the electric
field around the gold nanoparticles, thereby
greatly promoting the LSPR excitation of the gold
nanoparticles.

1.0 -

09 -
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o
©
T

0.7

0.6 1 1 1 1

400 600 800 1000 1200
Wavelength (nm)

Figure 2. Reflectance spectrum of the FP cavity without the gold
nanoparticle array at normal incidence.

There was a broadband transmission valley at the
684 nm position (transmission valley 1), which
originated from the LSPR excitation of a single
gold nanoparticle, and its bandwidth was
significantly wider than the reflection spectrum
of the FP cavity (Figure 3a). However, when the
gold nanoparticle array was placed in the FP
cavity, the plasmon resonance mode split into
two ultra-narrow bandwidth hybrid plasmon
modes (reflection valley 2 and reflection valley 3)
(Figure 3b). The results suggested that there was
a strong interaction between the -cavity
membrane of the FP cavity and the LSPR of the
metal nanostructure, which resulted in the
splitting and narrowing of the resonance peak,
allowing the sensor to have a highly selective
spectral response within a specific wavelength
range. According to the structure designed in the
study, the two hybridization modes had very
narrow bandwidths. The widths of reflection
valleys 2 and 3 were only 10.1 nm and 21.2 nm
respectively, which were much smaller than
typical LSPR.

To investigate the sensing properties of the
designed plasmon nanostructures in different
refractive index environments in detail, the
refractive index of the surrounding dielectric
environment was changed from 1.30 to 1.38 at
intervals of 0.02. Two reflection valleys shifted
significantly towards the red as the refractive
index increased (Figure 4a). The relationship
between the positions of reflection valleys 2 and
3 and the refractive index was shown in Figure
4b. By performing linear fitting, the sensitivities
of reflection valleys 2 and 3 could be obtained
with valley offsets of 300 nm/RIU and 600
nm/RIU, respectively. These results indicated
that the sensitivity of metal nanostructures
coupled with optical cavities was very high.

Verification of key factors and mechanisms for
the absorption properties of metal
nanostructures

Based on the proposed MDM structure, where R
and T represented reflectance and
transmittance, respectively, the absorption
spectrum of this absorber was shown in Figure 5.
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(b)Calculated reflectance spectra at normal incidence when the gold

nanoparticle array is introduced into the FP cavity.

Figure 3. The transmission spectrum and the corresponding reflection spectrum.
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Figure 4. Sensing properties of plasmonic metal nanostructures.

The electric field distribution played a dominant
role in analyzing the incident light’s absorption.
By studying the unit structure of MDM structure,
the distribution of electric and magnetic fields at
a wavelength of 661 nm was illustrated, where
the gap PR between Al;Os grating layers led to
electric field density. At the wavelength of 864
nm, due to the excitation and coupling of the
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Wavelength (nm)
(b)The relationship between location and discount rate

local SPP, the electromagnetic field was mainly
confined to the gold grating slit and the corner of
the metal strip of the adjacent unit.

By changing the thickness hi of the metal grating
layer, the range was from 130 to 170 nm with
intervals of 10 nm. The results denoted that the
absorption peaks corresponding to modes 1, 2,
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Figure 5. Absorption spectra of MDM structures based on parameters.
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Figure 6. The absorption spectrum of the MDM structure with different thicknesses of the gold grating layer h1 and its corresponding h; function

relationship.

(b) The functional relationship of h; for the three modes in Figure (a)
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Figure 7. The absorption spectrum of the MDM structure with different thicknesses of the gold grating layer h, and its corresponding h; function

relationship.

and 3 shifted red with the increase of h1, and the
absorption rates of each mode showed different
responses to the changes in hi (Figure 6). As h
increased from 130 to 170 nm, the absorption of
mode 1 first increased to 100% and then
decreased to 95%, which indicated that the
thickness h: of the metal grating layer had a
significant impact on the absorption
performance of the structure.

The change trend of the absorption spectrum
with the change of h2 and the relationship
between the corresponding  resonance
absorption peak of each mode and h; were
shown in Figure 7. According to the simulation
results, as the thickness of the horizontal
dielectric layer h; raised, the interaction between
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the metal and the dielectric grating layers
increased, thereby improving the overall
absorption capacity of the MDM structure
(Figure 7a). For mode 1, the absorption rate of h;
increased rapidly from 46% to 100% and then
decreased from 100% to 94% when the hz
increased from 60 to 140 nm (Figure 7b).
However, modes 2 and 3’s absorption rates were
almost always near 100%, independent of the
increase in ha.

The absorption spectrum evolution of MDM
structure at different vertical dielectric layer
widths wx was displayed in Figure 8. The
irregular  fluctuations of the resonance
wavelength of each mode as a function of wy: was
shown in Figure 8a, while the functional
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Figure 8. Vertical dielectric layer wx1 and its corresponding w,; function relationship.

relationship between the peak absorption
intensity and the vertical dielectric layer width
wx1 was shown in Figure 8b. The peak absorption
intensity of Modes 1, 2, and 3 could all reach over
80%, which indicated that the MDM structure
had high stability and tolerance for changes in
the vertical dielectric layer width wx1.

The MDM structure was very sensitive to changes
in the vertical dielectric layer width wy,, resulting
in significant fluctuations in the absorption
spectrum (Figure 9). When the vertical dielectric
layer width wyx. reached 100 nm, the absorption
intensity of all three modes reached 100%, which
indicated that, under a specific vertical dielectric

layer thickness, the MDM structure could achieve
efficient light absorption, and fine-tuning the
vertical dielectric layer width wx could
effectively adjust and optimize the absorption
performance of the MDM structure.

The effect of grating period wxz on the absorption
spectrum of MDM structure was shown in Figure
10a. As the grating period wys increased from 500
to 700 nm, the resonance wavelengths of modes
1 and 3 underwent a redshift phenomenon, while
that of Mode 2 remained almost unchanged. This
phenomenon indicated that the grating period
wxs had a significant impact on the resonance
properties of different modes. Further, the
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Figure 9. The vertical dielectric layer w,, and its corresponding w;, function relationship.
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absorption intensities of modes 1, 2, and 3 were
all affected by the grating period wis, especially,
when the grating period wxz was 500 nm, 550 nm,
and 700 nm, the absorption peak of mode 1 split
into two peaks (Figure 10b).

Conclusion

SPPs are electromagnetic waves excited at the
interface between metal and dielectric materials.
Its existence leads to local electromagnetic field
enhancement and energy concentration. This
study proposed to combine metal
nanostructures with other materials to form
composite structures to control their plasmonic
properties. The plasmon hybridized metal
nanostructures could be obtained through
spectroscopic techniques, electrical testing, and
microstructure characterization, which could also
be carried out through numerical simulation and
theoretical analysis. Under different refractive
index environments, the reflection valleys on the
surface of metal nanostructures showed obvious
red shifts. Specifically, the sensitivities of
reflection valleys 2 and 3 reached 300 nm/RIU
and 600 nm/RIU, respectively. The change in the
width of the vertical dielectric layer (wy,) affected
the absorption intensity of each mode, and when
(wx2) was 100 nm, the absorption intensity of
Mode 1, 2, and 3 reached the maximum. In
addition, the change of the grating period (wys)
caused the resonant wavelength of Modes 1 and
3 to red shift, indicating that the absorption
intensity was jointly affected by (wxz) and (wys).
Further research also needs to explore and
optimize more experiments to achieve more
precise control.
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