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Abstract: The characteristics of gap plasmon formed by nanoparticle-on-mirror (NPOM) structure
composed of metal nanoparticles (MNP) and metal thin films have aroused the interest of various
optoelectronic devices. The resonant spectrum obtained by the internal coupling effect of gap can
be flexibly controlled by the polarization of incident light and the thickness of the dielectric layer
between MNP and metal thin films. We have theoretically studied the resonance spectra of
polarization-dependent gold ellipsoidal nanoparticles (GENP) and gold thin films in the gap region
of NPOM structures. GENP and gold thin films are separated by a dielectric layer with a refractive
index of 1.36. We observe that the intensity of the local electric field resonance peak in the gap region
is inversely proportional to the polarization angle. Similarly, the intensity of the local electric field
resonance peak in the gap region is inversely proportional to the thickness of the dielectric layer.
We have obtained more than 2200 V/m local electric field intensity (dielectric layer thickness 0.3nm).
Finally, the resonant peak wavelength of the electric field in the gap region of the NPOM structure
is also controlled by the polarization angle of the incident light and the thickness of the dielectric
layer.

Keywords: metal nanoparticles; coupling effect; plasmon

1. Introduction

The Localized surface plasmon resonance (LSPR) properties of metal nanoparticles (MNP) have
attracted wide attention. It has potential applications in solar cells, catalysis, surface enhanced Raman
scattering (SERS), fluorescence enhancement, biosensor, subwavelength imaging, random laser and
many other fields [1-7]. This mainly makes use of the excitation of the incident light to the free
electrons on the surface of the MNP. When the frequency of the incident light is consistent with the
oscillation frequency of the electrons on the MNP surface, the surface plasmon resonance will occur
[8-10]. The electric field on the surface of MNP will be greatly enhanced because of the resonance
effect. The size and morphology of MNP have an important influence on the intensity of local electric
field [11-13]. Therefore, based on the characteristics of local electric field on the surface of MNP, it
has important applications in plasmon mode and surface structure of materials [14,15].

Compared with the size of MNP, the morphology of MNP has a greater influence on the local
electric field on the surface of MNP. They can affect the intensity of the resonance spectrum, the
wavelength of the resonance peak and the width of the resonance spectrum. Studies have shown that
MNP with tip structure (nano-stars, nano-flowers, etc.) form a larger local electric field on their
surface, which is due to the hot spot effect at the tip position [16,17]. In addition, when two MNP are
close to each other, hot spots will also be formed in their sub-wavelength gap region. Due to the
coupling effect between MNP, the local electric field intensity is higher than that on the surface of
single tip MNP [18]. Similarly, when MNP and metal thin films are close to each other to form
nanoparticle-on-mirror (NPOM) structures, hot spots with strong local electric field enhancement
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will appear in the gap space between them [19-22]. The electric field intensity in the gap region of the
NPOM structure is greatly enhanced, at the same time, it is accompanied by the broadening of the
resonant spectrum and the shift of the resonant wavelength. The preparation of NPOM structure
does not depend on complex equipment, but also has good stability and tunability of resonance peak,
which makes it have potential applications in many fields. At present, scholars' research on NPOM
is mainly focused on the thickness of the dielectric layer between MNP and metal thin films. When
the thickness of the dielectric layer is less than 4nm, there is only one gap mode in the NPOM
structure. However, when the thickness is greater than 4nm, both gap mode and MNP mode will
appear [19]. The morphology of MNP has a great influence on the electric field resonance in gap
space. For example, when M. Lequeux studies [21] the NPOM structure composed of cylindrical
nanoparticles, although the structural parameters of cylindrical nanoparticles are changed, the
resonance peak wavelength in the gap region can only be controlled in a small range. Therefore, it
can not be widely used in many application fields. And then, MNP with various morphologies
(ellipse, mushroom, bowtie) have been proposed to study the optical enhancement properties of
NPOM structures [23-25]. Among them, the most representative one is that Jubb [23] compared the
NPOM SERS substrate composed of three kinds of ellipse, mushroom, bowtie nanoparticles. The
results show that the Raman signal of ellipse nanoparticles is stronger than that of mushroom and
bowtie nanoparticles. In fact, in addition to the thickness of the dielectric layer and the morphology
of MNP, the polarization angle of the incident light also has an important influence on the local
electric field optical enhancement properties of NPOM [26-28]. Although the coupling effect of two
particles and the NPOM structure can produce a strong local electric field in the gap region. However,
in the preparation of the two structures, the subwavelength distance between the two adjacent MNP
needs to be accurately controlled by physical method. It not only needs to rely on complex equipment,
but also has high cost and takes a long time. The thickness of the dielectric layer in NPOM structure
can be accurately controlled by spin coating method, and various morphologies of MNP can be
prepared by chemical synthesis. To sum up, the NPOM structure based on MNP and metal thin films
has a greater prospect.

In this paper, the NPOM structure composed of gold nano-ellipsoid particles (GENP) and gold
thin film will be studied theoretically with the help of finite element method. We keep the size of the
GENP unchanged. Firstly, we compare and analyze the distribution characteristics of the electric field
intensity on the surface of the GENP in the homogeneous medium and the electric field intensity in
the gap space of NPOM structure. Then it is analyzed that the NPOM structures of three kinds of
dielectric layer thickness are affected by the polarization angle of incident light. For each constant
thickness of dielectric layer, the variation characteristics of local electric field intensity in gap region
are studied by changing six different polarization angles of incident light. Finally, the influence of the
thickness of the dielectric layer of NPOM structure on the intensity and wavelength of the local
electric field resonance peak in the gap region is further studied. NPOM structure has strong optical
enhancement properties because of its coupling effect, which has potential applications in the fields
of SERS, fluorescence enhancement, catalysis and so on.

2. Simulation Model and Methods

The structural model diagram of the NPOM structure is shown in Figure la. The NPOM
structure composed of GENP and gold thin film is separated by the dielectric layer, and the thickness
of the dielectriclayer t can be adjusted arbitrarily. The aspect ratio of GENP is 2, namely r+~=2r,. Among
them 7.=30nm, r=15nm. Throughout the article, the size and aspect ratio of GENP remain unchanged.
As shown in Figure 1b, the refractive index no around the GENP is 1, and the refractive index n of the
dielectric layer is 1.36. The thickness of the gold film is 100nm. GENP and gold thin films are
composed of gold materials, and their optical parameters are from the literature [29]. The polarization
angle of the incident light can be adjusted, in which the polarization angle in the horizontal direction
is 0°, as shown in Figure 1b. After the completion of the theoretical model, we use the finite element
method to simulate it. In the process of calculation, the model needs to be meshed. The smaller the
mesh size is, the better the convergence of the calculation results is, and the more accurate the


https://doi.org/10.20944/preprints202405.0801.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 May 2024 doi:10.20944/preprints202405.0801.v1

calculation results are. However, the smaller the grid size means the more the number of grids, the
higher the performance requirements of the computing machine, but also requires more computing
time. Therefore, under the premise that the performance of the calculation machine can meet the
simulation calculation, in order to ensure the convergence of the calculation, and save the calculation
time as much as possible. Our grid size is set to a maximum of no more than 2nm. In the gap region
between the GENP and the gold film, the grid size is set to 0.2nm. In the process of calculation, some
electromagnetic waves will be scattered into space. When they meet the surrounding boundary, they
will reflect, thus interfering with the calculation results of the model. In order to solve this problem,
we set up a perfect matching layer around the model, whose main function is to absorb scattered
electromagnetic waves. Through many simulation calculations, the thickness of the perfectly
matched layer is optimized. When it is 100nm, the scattered electromagnetic wave can be completely
absorbed. In this paper, we calculate the electric field in the form of ratio, that is, E/Eo. Where Eo
represents the value of incident electric field, and E represents the value of electric field in the
presence of particles. The near-field intensity we are studying all refers to the maximum value of E/Eo.

ib (b) L 800 nm 1
' E 0°

Dielectric layer

Gold film
Light

PML /100 nm

Figure 1. Schematic configuration (a) and calculation model (b) with NPOM structures separated by
a dielectric layer.

3. Results and Discussion

3.1. Electric Field Distribution on the Surface of GNEP and NPOM Structure

Under the excitation of incident light, the surface of MNP will form a local electric field.
Similarly, there is a local electric field in the gap region of the NPOM structure composed of MNP
and thin films. But their structures are different, so there must be some differences in the local electric
field distribution. In order to obtain the distribution of the surface electric field between them, we
select the position coordinates of the surface of the GENP (Figure 2a green line) and the interior of
the gap of the NPOM structure (Figure 2b white line), and extract the electric field intensity E/Eo on
each coordinate position. As shown in Figure 2a, the position coordinates of the surface of GENP are
normalized. It can be seen from the figure that the largest position of the electric field is located on
the surface of the GENP, and the electric field in the space attenuates rapidly with the increase of the
distance from the surface of the GENP. At the distance from the 60nm on the surface of the GENP,
the electric field intensity has decreased by 30%. Therefore, when using MNP for electric field
enhancement applications, the control of the surface distance of MNP is very important. The
normalized electric field values in the NPOM structure gap (along the white line) composed of GENP
and gold thin films are shown in Figure 2b. We can see from Figure 2b that the electric field intensity
in the gap region is the largest, but the electric field intensity in the central position is minimized.
There is a pole in the central position. Then the electric field intensity decreased, and the decrease
was much larger than that on the surface of GENP. Away from the center 30nm, the electric field
strength decays by 70%. Finally, with the increase of the distance from gap, the electric field intensity
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tends to be stable. We can also see their electric field distribution from the illustrations in Figure 2a,b.
Compared with GENP, the local electric field of NPOM structure is mainly concentrated in the gap
region. Next, we will systematically study the optical enhancement properties in the gap region of

the NPOM structure.
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Figure 2. (a) The normalized electric field on the surface of GENP (along the green line) in a
homogeneous medium, and (b) The normalized electric field value in the gap space of NPOM
structure (along the white line) composed of GENP and gold thin films..

3.2. Electric Field Distribution of NPOM Structure at the Thickness of 0.3nm Dielectric Layer

Under the action of coupling effect, the local electric field intensity in the gap region of NPOM
structure is much larger than that on the surface of single MNP. The main factors affecting the local
electric field intensity in the gap region of NPOM structure are the polarization angle of the incident
light, the thickness of the dielectric layer between the MNP and the film, the material of the dielectric
layer, the morphology of the MNP and so on. The polarization angle of the incident light is a very
important parameter. The resonance peak wavelength and intensity of the electric field in the gap
region can be adjusted by changing the polarization angle. As shown in Figure 3, we keep the
thickness of the dielectric layer 0.3nm and the refractive index of the dielectric layer 1.36. The effects
of six different polarization angles of incident light (0°, 15°, 30°, 45°, 60°, 75°) on the local electric
field intensity in the gap region are simulated systematically. As shown in Figure 3al-a6, the surface
electric field distribution of GENP under different incident light polarization angles is shown. It can
be seen in Figure 3al that when the polarization angle is 0°, the electric field is mainly localized in
the gap space and is symmetrically distributed. When the polarization angle increases to 15°,
although the electric field is still localized in the gap space, it can be seen that the electric field has
been asymmetrically distributed. Since then, as the polarization angle continues to increase, there
will be more electric field distributed on the surface of the GENP, not just confined to the interior of
the gap space. As shown in Figure 3a5, when the polarization angle increases to 60°, a weak electric
field distribution appears at the top of the GENP. In Figure 3a6, we can clearly see a strong local
electric field distributed on the top of the GENP (polarization angle 75°).

In order to quantitatively obtain the variation of the local electric field intensity with the
polarization angle in the gap region of the NPOM structure, we further calculate the resonance
spectrum of the electric field intensity in the gap region, as shown in Figure 3b. It can be seen from
the figure that the electric field intensity decreases with the increase of polarization angle. At the
same time, the wavelength of the resonance peak shows a red-shift with the increase of the
polarization angle. In order to more intuitively see the change of the resonance peak intensity and
wavelength with the increase of the polarization angle, we process the resonance peak intensity and
wavelength position of the resonance spectrum in Figure 3b, as shown in Figure 3c. It can be seen
from the figure that when the polarization angle is small, the wavelength of the resonance peak
rapidly red-shifts with the increase of the angle. With the increase of polarization angle, the change
trend of resonant wavelength becomes smaller and smaller. When the polarization angle increases
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from 60° to 70°, the wavelength of the resonance peak has almost no red-shift. However, the
relationship between the electric field intensity of the resonant peak and the polarization angle is the
opposite. When the polarization angle is small, the electric field intensity of the resonance peak
changes little with the increase of the polarization angle. With the increase of polarization angle, the
electric field intensity of the resonance peak begins to decrease rapidly. The electric field intensity of
the resonance peak corresponding to the polarization angle of 60° is about 1550V/m, but when the
polarization angle increases to 75°, the electric field intensity of the resonance peak has decreased to
1125V/m. The results show that the resonance peak intensity and wavelength of the electric field in
the gap region of the NPOM structure can be accurately adjusted by changing the polarization angle
of the incident light.
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Figure 3. (al-a6) Electric field distribution of NPOM structure with different polarization angles at
the thickness of 0.3nm dielectric layer. (b) The resonance spectrum curve of the electric field intensity

in the gap region under different polarization angles. (c) The relationship between the polarization
angle and the electric field intensity.

3.3. Electric Field Distribution of NPOM Structure at the Thickness of 1nm Dielectric Layer

The polarization angle of the incident light has an important influence on the resonance peak
intensity and wavelength of the local electric field in the gap region of the NPOM structure. In
addition, the thickness of the dielectric layer between the MNP and the thin film is also an important
factor affecting the resonance peak intensity and wavelength of the local electric field in the gap
region. We set the thickness of the dielectric layer to 0.3nm in Figure 3. Then we set the thickness of
the dielectric layer to Inm and keep other conditions unchanged to study the effect of polarization
angle on the local electric field distribution in the gap region. The results are shown in Figure 4al-a6.
When the polarization angle is 0°, the electric field intensity is mainly localized in the gap space and
still shows a symmetrical distribution. With the increase of polarization angle, the local electric field
in gap space appears asymmetrical distribution, but the electric field is still localized in gap space.
When the polarization angle increases to 60°, the local electric field in the NPOM structure is no
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longer only localized in the gap space. As the polarization angle continues to increase to 75°, we see
an obvious local electric field at the top of the GENP. The distribution of local electric field on the
surface of NPOM structure is similar to that when the thickness of dielectric layer is 0.3nm. However,
for the specific numerical changes, it is also necessary to process the data of the electric field
distribution map, and the result is shown in Figure 4b. In Figure 4b, we see the same trend as in
Figure 3b. The electric field intensity in gap space decreases with the increase of polarization angle.
The wavelength of the resonance peak is red-shifted with the increase of the polarization angle.
However, the intensity and wavelength of the resonance peak have changed obviously. As shown in
Figure 4c, when the polarization angle is 0°, the intensity and wavelength of the local electric field
resonance peak are 800V/m and 570nm, respectively. When the thickness of the dielectric layer is
0.3nm, we can see from Figure 3c that the intensity and wavelength of the corresponding local electric
field resonance peak are 2250V/m and 615nm, respectively. Similarly, it can be found from Figure 4c
that the smaller the polarization angle is, the more obvious the wavelength of the resonance peak
changes with the angle. With the increase of polarization angle, the change of resonant wavelength
is no longer significant. On the contrary, the larger the polarization angle, the more obvious the
change of the electric field intensity of the resonance peak with the polarization angle. However,
when the polarization angle is small, the change of the electric field intensity of the resonance peak
is no longer obvious with the increase of the polarization angle.
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Figure 4. (al-a6) Electric field distribution of NPOM structure with different polarization angles at
the thickness of 1Inm dielectric layer. (b) The resonance spectrum curve of the electric field intensity
in the gap region under different polarization angles. (c) The relationship between the polarization

angle and the electric field intensity.

3.4. Electric Field Distribution of NPOM Structure at the Thickness of 4nm Dielectric Layer

The intensity of the local electric field in the gap space of the NPOM structure is mainly affected
by the coupling effect between MNP and gold thin films. When the thickness of the dielectric layer is
smaller than that of 2nm, the coupling effect is strong. With the increase of the thickness of the
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dielectric layer, the coupling effect decreases gradually. We further set the thickness of the dielectric
layer to 4nm while keeping other conditions unchanged. The electric field distribution of NPOM
structures with different polarization angles is shown in Figure 5al-a6. It can be found from Figure
5al that even when the polarization angle is 0°, the surface electric field is no longer localized in the
gap space, but also shows a weak electric field distribution on the surface of GENP. When the
polarization angle increases to 15°, this situation is more obvious, and the electric field is mainly
localized on the left side of the GENP. Until the polarization angle increases to 60°, the local electric
field distribution begins to appear at the top of the GENP. When the polarization angle is 75°, a clear
electric field distribution can be seen at the top of the GENP. The results show that with the increase
of the thickness of the dielectric layer, the electric field appears on the surface of GENP. As shown in
Figure 5b, we quantitatively calculate the local electric field intensity spectrum in the electric field
distribution figure. It can be found in the figure that the variation of the resonance intensity of the
local electric field in the gap space remains the same as that in Figures 3b and 4b. However, the change
of the resonant wavelength of the local electric field is obviously different. In order to see their
changes more intuitively, we do further data processing in Figure 5b (as shown in Figure 5c). We can
see more clearly from Figure 5c that when the polarization angle is greater than 15°, the local electric
field resonance wavelength does not change. However, the resonance intensity of the local electric
field still decreases rapidly with the increase of the polarization angle. What is more important is that
the resonance peak intensity and wavelength of the local electric field change obviously at the same
polarization angle. Corresponding to the case of polarization angle 0°, the intensity of the local electric
field resonance peak has been reduced to 275V/m, and the resonant wavelength is 540nm. From the
above analysis, it can be concluded that the thickness of the dielectric layer can also control the
intensity and wavelength of the local electric field resonance peak in the gap region.
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Figure 5. (al-a6) Electric field distribution of NPOM structure with different polarization angles at
the thickness of 4nm dielectric layer. (b) The resonance spectrum curve of the electric field intensity
in the gap region under different polarization angles. (c) The relationship between the polarization
angle and the electric field intensity.
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3.5. Electric Field Distribution of NPOM Structure at the Polarization Angles 0 °

From Figure 3 to Figure 5, the variation of electric field intensity in the gap region of NPOM
structure is studied when the thickness of dielectric layer is 0.3nm, Inm and 4nm respectively.
Through comparative analysis, it is found that the thickness of the dielectric layer has an important
influence on the resonant peak intensity and wavelength of the electric field in the gap region. Under
the condition of the same polarization angle 0°, the intensity of the resonance peak is 2250V/m,
800V/m and 275V/m respectively. The resonant peak wavelengths are 615nm, 570nm and 540nm
respectively. Therefore, we can also accurately adjust the resonance peak intensity and wavelength
of the electric field in the gap region by changing the thickness of the dielectric layer. Then we
systematically studied the relationship between the electric field intensity in the gap region and the
thickness of eight kinds of dielectric layer (0.3nm, Inm, 2nm, 4nm, 6nm, 8nm, 10nm, 20nm). The
surface electric field distribution of six kinds of dielectric layer thickness NPOM structures is shown
in Figure 6al-a6. It can be seen from the Figure 6al that the electric field is mainly localized in the
gap region of the NPOM structure. With the increase of the thickness of the dielectric layer, the
distribution of the electric field changes obviously. As shown in Figure 6a4, when the thickness of the
dielectric layer is 6nm, there is an obvious electric field distribution on the surface of GNEP. With the
increase of the thickness of the dielectric layer, this situation becomes more and more obvious. On
this basis, we calculate the variation of the local electric field in the NPOM structure with each
dielectric layer thickness, as shown in Figure 6b. It can be seen clearly from the resonance spectrum
that the electric field intensity in the gap region is inversely proportional to the thickness of the
dielectric layer. And the smaller the thickness of the dielectric layer is, the more obvious the change
is. However, the resonance peak wavelength of the electric field in the gap region has a blue-shift
with the increase of the thickness of the dielectric layer. Similarly, it can be seen that when the
thickness of the dielectric layer is small, the change of the wavelength is more obvious. In order to
see their changes more intuitively, we have processed the data in Figure 6b. The relationship between
the resonant peak intensity and wavelength of the electric field in the gap region and the thickness of
the dielectric layer is shown in Figure 6c. When the thickness of the dielectric layer is smaller than
that of 4nm, the intensity and wavelength of the electric field resonance peak have an obvious change
trend. When the thickness of the dielectric layer exceeds that of 4nm, the intensity and wavelength of
the electric field resonance peak tend to be stable, and the range of change is very small. Therefore,
only when the thickness of the dielectric layer is small, it is more meaningful to regulate the local
electric field intensity in the NPOM structure.
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Figure 6. (al-a6) Electric field distribution of NPOM structure with different thickness of the dielectric
layer at polarization angles 0°. (b) The resonance spectrum curve of the electric field intensity in the

gap region under different thickness of the dielectric layer. (c) The relationship between the thickness
of the dielectric layer and the electric field intensity.

4. Conclusion

The NPOM structure composed of GNEP and gold thin films is simulated theoretically by finite
element method. The effects of the polarization angle of the incident light and the thickness of the
dielectric layer on the local electric field in the gap region of the NPOM structure are studied
systematically. The results show that the intensity of the local electric field in the gap region of the
NPOM structure decreases with the increase of the polarization angle, while the wavelength of the
resonance peak shows a red-shift with the increase of the polarization angle. When the polarization
angle is small, the wavelength of the resonance peak shows a significant red-shift with the increase
of the angle. But for the intensity of the resonance peak, the larger the polarization angle is, the more
obvious the change is. Therefore, the resonance peak intensity and wavelength of the local electric
field in the gap region of the NPOM structure can be accurately adjusted by changing the polarization
angle of the incident angle. Finally, we also study the relationship between the thickness of the
dielectric layer and the local electric field intensity in the gap region of the NPOM structure. From
the resonance spectrum variation curve, it can be found that the electric field intensity in the gap
region is inversely proportional to the thickness of the dielectric layer. When the thickness of the
dielectric layer is smaller than that of 4nm, the electric field intensity in the gap region has a
significant change trend. At the same time, the resonance peak wavelength of the electric field
intensity in the gap region has a blue-shift with the increase of the thickness of the dielectric layer.
Similarly, when the thickness of the dielectric layer is small, the change of wavelength is more
obvious. When the thickness of the dielectric layer exceeds that of 4nm, the resonance peak
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wavelength remains stable. The proposed NPOM structure based on GNEP and gold thin film has
potential applications in the fields of SERS, optical gain, catalysis and so on.

Author Contributions: F.S. planned and guided the simulation study; Y.Z. constructs the simulation model; The
manuscript was written by J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Funding Scheme for Key Scientifc Research Projects in Universities of
Henan Province (Grant No. 22A140024).

Data Availability Statement: Raw data are available from the corresponding author upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

Abbreviation Definition

SERS Surface-enhanced Raman scattering
GENP gold ellipsoidal nanoparticles

MNP metal nanoparticles

NPOM nanoparticle-on-mirror
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