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Although noble metal nanoantennas have distinctive optical properties and local electric field enhancement, con-
siderable non-radiative ohmic losses occur at the optical frequencies, consequently creating significant absorption
and unwanted heating. Combining the plasmon mode of metal nanoantennas with the anapole mode of high
refractive index dielectric materials offers a promising alternative to increase the electric field strength with mini-
mal loss. Herein, a silicon disk with slots and two Au rings with a coupling mechanism are described. To elucidate
the field enhancement mechanism, the near-field enhancement features and near-field electric field distributions
are explored by a numerical simulation and multipole decomposition analysis. By opening the slit to generate
high-intensity hot spots inside the disk, the electric field can be enhanced significantly, and nearby molecules can
directly contact these hot spots. The resulting large field enhancement suggests significant applications to strong
photon-exciton coupling and nonlinear photonics. ©2023Optica PublishingGroup

https://doi.org/10.1364/AO.489456

1. INTRODUCTION

With the advent of metamaterials and transformation optics,
plasmonic applications have grown significantly in recent years,
leading to the emergence of novel physical phenomena and
device applications in advanced optics and optoelectronics
[1,2]. Among them, controlling and manipulating light on the
microscale and nanoscale is one of the challenging issues [3]. In
fact, owing to the significant field enhancement and tiny mod-
ule volume, metal plasma nanostructures have received a lot of
attention in the last decade. These structures not only produce
resonance modes with subwavelength field limitation, known
as local surface plasmon resonance (LSPR), but also produce
strong light matter interactions. However, the non-irradiation
ohmic loss of noble metal nanostructures of pure metals such
as gold and silver is quite high at the optical frequencies, conse-
quently causing significant absorption and undesirable heating
[4]. Since efficient control of nano-level visible light is essen-
tial to future light-on-chip integration, optical information
processing, and other technologies, the non-irradiation ohmic
losses and thermal effects are show stoppers for pure metal
nanostructures and have significant negative impacts on the
overall performance, as well as universality and development.
In order to address these drawbacks, dielectric nanostructures
with similar resonance properties, high refractive indices, low
loss, and capacity to support electric and magnetic resonance at

optical frequencies are suitable alternatives [1,5] and semicon-
ductors such as Si, Ge, and GaP constitute a more flexible class
of plasmonic materials [6].

Under visible light irradiation, the nanoantenna can com-
press the optical energy into a volume less than the diffraction
limit due to LSPR effects [7,8], and this process creates a
substantially enhanced local electric field (a “hot spot”) in
the vicinity of the metallic nanoantenna arising from LSPR
[9,10]. The high-intensity electric field enhancement bodes
well for a variety of nanophotonic technologies, including
surface-enhanced Raman scattering [11], surface-enhanced
fluorescence emission (SEF) [12], augment surface-enhanced
infrared absorption (SEIRA) [13–15], photothermal biosensing
[16], and nano-lasing [17]. Therefore, it is necessary to promote
near-field augmentation of nanoantennas, since it is essential
to the development of nanophotonics. To improve the near-
field electric field, several strategies have been proposed, for
example, the nanoantenna structure with a tailored complex
geometry [18], surface morphology [19], or creation of two
symmetrical plasma metal nano-dimer structures with a short
distance. Even though there has been some advancement in the
field strength factor, it is still crucial to achieve low loss. Silicon
is the suitable replacement for high refractive index dielectric
nanomaterials due to the universal nature and simple processing
of semiconductor devices. Silicon nanophotonics are numerous
and diverse, including waveguides (discrete, unidirectional
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without energy loss, etc.) [20,21], modulators [22], directional
light sources of directional light sources [23], detectors, and
phase super surfaces [24]. In this work, a hybrid structure con-
sisting of metal and high refractive index dielectric materials
is designed for a high local electric field enhancement. The
nanostructures with a metal nanoring and silicon nanodisk are
investigated before integrating the two structures and a structure
in which the two rings and a disk overlap are created. The use
of high refractive index dielectric materials significantly lowers
non-irradiation ohmic losses while maintaining the plasma
resonance properties of metals. The anapole mode response was
improved, achieving an ultra-strong electric field augmentation.

The electric field intensity (|Emax/E0|) peak is about 10
and about three times that of a single disk. A slit is cut in the
middle of the disk, and the hybrid dielectric metal nanoan-
tenna’s electric field augmentation is investigated for various
settings in order to advance our understanding of the electric
field enhancement mechanism. In the manufacturing process
during production, we can fabricate our structure by employing
the conventional nanofabrication and thin film deposition
processes.

2. MULTIPOLE COMPOSITION METHOD

The finite element method based on the commercial COMSOL
Multiphysics software is implemented in the numerical sim-
ulation. The boundary conditions of the matched layer are
applied to the nanostructures in a vacuum. The refractive index
of the dielectric slab is set to 3.5, and Au is taken from Palik’s
handbook [25]. The surrounding index for the simulation is
n = 1.

Different multistage modes are calculated, and their contri-
bution to the scattering spectrum can be ascertained using the
multistage decomposition approach which includes electric
dipole moment Pα (ED), magnetic dipole moment Mα (MD),
toroidic dipole moment Tα (TD), electric quadrupole moment
Qe
αβ (EQ), and magnetic quadrupole moment Qm

αβ (MQ) as
follows [26,27]:

Pα =
1

iω

∫
Jαd3r , (1)
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1

2c
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1

10c
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]
d3r , (5)

where j denotes the polarization current density excited
in the antenna, r is the distance vector, and the subscripts
α, β = x , y , z denote the components of EQ and MQ. The
radiation power I of these different multipole moments can be
derived as follows [28]:
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The total scattering cross section can be approximated as

Csca =
I

Iinc
, (7)

where Iinc is the radiation power of the incident light wave. The
near-field electric field intensity enhancement is calculated by
the following formula:

NI= (E/E0)=
(√

E 2
ex + E 2

ey + E 2
ez

)
/E0, (8)

where E0 represents the incident electric field intensity, which
equals 1 V/m.

3. RESULTS AND DISCUSSION

The optical properties of a single ring structure are shown in
Fig. 1. Gold nanoparticles have a wide range of applications
in the field of nanoantennas due to their distinctive physical
characteristics. Au nanoparticles are highly biocompatible, non-
oxidizing, and chemically inert when compared to materials
such as silver and copper [29]. We choose Au as the material and
dielectric functions extracted from Palik’s handbook, and the
index of the surrounding medium is taken to be 1. A numerical
simulation is carried out using commercial COMSOL software.
Figure 1(a) shows the scattering cross sections of the Au ring.
The inner and outer radii of the gold ring are Rin = 390 and
Rout = 490 nm, respectively. The Au ring is excited by a nor-
mal incident plane wave and irradiated with y -polarized light.
A peak appears at a wavelength of 1103 nm in the scattering
spectrum. In order to understand this peak in the scattering
spectrum, we calculate the contributions from different mul-
tipole modes to the spectrum, as shown in Fig. 1(b). It is clear
that the peak at 1103 nm originates from the electric dipole
(ED) and TD. Moreover, the ED is dominant throughout the
spectrum and the contributions of the EQ and MQ are negli-
gible. The electric near-field distribution profile of the ring on
the x -y plane (x = 0) is calculated at the resonance wavelength
of λ= 1103 nm, as shown in Fig. 1(c). The electric field of the
golden ring exhibits an outstandingly symmetrical distribution.
The electric field enhancement caused by dipole resonance
is symmetrically concentrated on both sides of the ring, and
the red arrow representing the current direction also forms a
subtle loop on both sides. There is a significant enhancement
of the electric field on the ring, and this field distribution is very
important to strong coupling of the disk-ring structure.

The refractive index of the Si nanodisk is set to n = 3.5,
and the height and bottom radii of the nanodisk are 100 and
230 nm. To reveal the anapole modes governed by the disk, the
contributions from different multipole modes to the scattering
spectrum of the nanodisk are shown in Fig. 2(a). An obvious
resonance dip can be found around λ= 974 nm revealing the
excited anapole mode. This results from the electric dipole and
ring dipole interference and interplay, which creates a zero point
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Fig. 1. Optical responses of a single ring. (a) Scattering spectrum of
the gold ring with a height of 100 nm. The inset shows the schematic of
the structure with plane wave excitation, and the origin of the coordi-
nate system is placed at the center of the ring. (b) Contributions from
different multipole modes to the scattering spectrum of the individual
ring: ED, MD, TD, EQ, and MQ. The MD contribution approaches
0 and is covered by the red line. (c) Near-field profiles on the z= 0
plane of the ring. The wavelength is λ= 1103 nm.

and causes a wave valley to emerge [30]. ED and TD contribute
significantly to the scattering cross section, which is an electric
dipole state [31]. The inset shows the schematic of the structure,
and the origin of the coordinate system is placed in the center of
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Fig. 2. Optical responses of a single disk. (a) Contributions from
different multipole modes to the scattering spectrum of the individual
disk and (b) near-field profiles on the z= 0 plane at λ= 974 nm with
the dashed line showing the edge of the disk.

the nanodisk. Figure 2(b) shows the electric field distribution
on the z= 0 plane. Similar results have been reported [32–35].
The direction of the electric field flow is shown by the red arrow
on the surface. A closed loop is visible in the electric field arrows
inside the disk, which shows a circular model with steady polar-
ized surface currents. This also implies that a classic anapole
mode has emerged [30].

The optical responses of the coupled system that consist of
the Si nanodisk and Au ring as are shown in Fig. 3. Figure 3(a)
shows the schematic of the coupled system under plane wave
illumination. Here there are two configurations of the Si disk
and Au ring: a single disk and ring (top right) and a single disk
with two rings (bottom right). The incident wave is polarized
along the y axis, and the origin of the coordinate system is placed
at the center of the ring. The first type of disk is positioned at
(0, 0, 100 nm), which is 100 nm above the ring center. The
bottom of the second type is the same as the bottom of the first
type, with an additional ring placed on top to create a symmet-
rical structure. The index of the surrounding medium is also 1.
Figures 3(b) and 3(c) depict the surface charge distributions of
the first type and second type coupling structures at incident
wavelengths of 925 and 937 nm, respectively. We select both the
upper surface of the lower ring and lower surface of the disk. The
induced charges are distributed on the surface of the disk and
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Fig. 3. Optical responses of the coupled system of a disk of Si
and Au rings. (a) Schematic of the coupled system under plane wave
incident illumination; (b) surface charge distribution of the first type
at the incident wavelength of 925 nm; (c) surface charge distribution
of the second type coupling structures at the incident wavelength of
937 nm; (d) second structure distribution of the electric field in three
dimensions; (e) near-field profiles on the z= 150 plane at λ= 926 nm
of the second type of structure; (f ) comparison of the scattering spectra
of the ring disk coupling system; (g) near-field enhancement of the
ring, disk, and coupling system.

ring with positive and negative charges represented by red and
blue, respectively. The positive and negative charges are evenly
distributed on both sides of the disk with clear boundaries.
The charge density distribution reveals that the peak value of
the anapole corresponds to the dipole resonance mode. Since the
electric field distribution diagrams of the two coupling systems
are relatively similar and the effect of the second type of coupling
system is obviously better than that of the first type after cal-
culation, only the three-dimensional electric field distribution

diagram and plane near-field electric field distribution of the
double-ring-disk coupling structure are shown in Figs. 3(d)
and 3(e), respectively. In order to gain insight into the electric
field enhancement effects of the coupled system, the intensity
enhancement curves of the Au ring antenna (red solid line)
and Si disk (orange solid line), as well as the single ring disk
(green solid line) and double ring disk (yellow solid line) are
shown in Fig. 3(d) (green solid line). These significant peaks
correspond to the wave trough position in the scattering spec-
trum. Figure 3(e) displays the Au ring, Si disk, and two types of
coupling system electric field strength enhancement curves. The
first coupling system antenna exhibits a near-field augmentation
that is two times greater than that of the disk antenna, while the
second one is improved 3.5 fold.

The enhanced anapole response indicates that a large electric
field enhancement can be achieved in this system by introducing
a small slot in the disk [36,37]. Although the small slot effect on
the coupling system electric field enhancement is not obvious, it
can be improved by altering the slot size and form. The signifi-
cant improvements observed can be attributed to the excitation
of a hybrid plasmon that involves extensive localized charge
distributions of the opposite sign on both sides of the gap. This
is similar to the dipolar bonding dimer plasmons that are present
in nanoparticle dimers [38]. Additionally, the groove may facili-
tate easy contact between the enhanced electric field and other
objects. We select the second kind of coupling system with a
greater electric field enhancement effect. On its disk, we made
a small cuboid gap and calculated the contributions from dif-
ferent multipole modes to the scattering spectrum of the hybrid
nanostructures, as shown in Fig. 4. The internal illustration
shows the structural diagram of the hybrid structure. As shown
in Fig. 4(b), we intercept the surface charge distribution of the
disk assembly at a wavelength of 862 nm. It is obvious that a
large number of dense positive and negative charges are covered
on both sides of the gap. The charge density on the disk assembly
surface is an order of magnitude higher than that in a connected
system with no gaps. The generation of a dipole resonance mode
generates a well-defined distribution of positive and negative
charges on both sides. Figure 4(c) shows the three-dimensional
electric field diagram of the slotted coupling structure. Most
of the energy is contained in the cuboid slit, as indicated by the
electric field distribution diagram of Fig. 4(c), where practically
all the fields circulate in the disk plane. The field enhancement
factor is the highest at 82.4. The charge distribution at the
cuboid gap opening displays a dipole distribution when the
wavelength is 862 nm. The superiority of this coupling system is
demonstrated by the high concentration of positive and negative
charges on each side of the gap, as well as outstanding electric
field amplification.

Next, we investigate the influence of the geometrical features
of the tiny grooves on the variation of the electric field enhance-
ment. A contour map is made in the correlation function curve,
as shown in Fig. 5. Increasing the cuboid gap length L causes the
wave peak to gradually rise, producing a noticeable blueshift,
as shown in Fig. 5(a), before the length is less than 160 nm.
When the wavelength is more than 160 nm, the wave peak
rises noticeably and tends to remain steady until a wavelength
of L = 260 nm, where the maximum is attained. The electric
field enhancement factor is 82.4 at this point, but a tiny decline
in the peak value follows, albeit not immediately apparent. In
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Fig. 4. (a) Contributions from different multipole modes to the
scattering spectrum of the coupling system with the slit; (b) surface
charge distribution of the disk portion at an incident wavelength of
862 nm; (c) three-dimensional electric field diagram of the slotted
coupling structure; (d) electric field distributions in the x -z plane, x -y
plane, and y -z plane.

contrast to Fig. 5(a), Fig. 5(b) demonstrates that as the width W
is reduced, the wave peak redshifts, and the peak value likewise
rises. The electric field enhancement factor reaches 88 when the
slot width is 5 nm. Obviously, the electric field augmentation
effect improves as the slit narrows. The subsequent analysis
is performed for a width of 10 nm due to the experimental
circumstances and convenience of contact with other objects.

The influence of the changing ring geometric parameters
on the electric field enhancement and resonance wavelength is
shown in Figs. 6(a)–6(c) with other coupling system parameters
unchanged. Figure 5(a) shows the results of different Au ring
sizes, where Rout − Rin is limited to 100 nm in each case. The
best electric field enhancement is found at Rs = 480 nm, and the
electric field enhancement factor is 92.4. This can be explained
as follows. By increasing the ring size, the optical response of the
ring increases. The resonance position is far from the operating
wavelength, and the distance between the disk and the ring
also increases. The combination of these factors produces the
optimal phenomenon, which is similar to the phenomenon in
Figs. 5(b) and 5(c). Another significant factor determining the
field enhancement value is the geometric shape of the ring. The
effects of the inner and outer radii are investigated as shown
in Figs. 5(b) and 5(c), respectively. When the inner radius is
Rin = 390 nm in Fig. 5(b), the outer radius increases from 450
to 510 nm. The resonance electric field enhancement reveals an
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Fig. 5. Size-dependent near-field intensity enhancement of the
cuboid gap: (a) effects of the gap length, H, on the intensity enhance-
ment spectra and (b) effects of the gap width, W, on the intensity
enhancement spectra.

ideal value close to Rout = 500 nm. The impact of increasing
the inner radius from 360 to 400 on the amplification of the
electric field is illustrated in Fig. 5(c). Similarly, the outer radius
remains unchanged at 490. At this point, the resonant electric
field enhancement is found to be 93.2 at Rin = 380 nm. Finally,
we compare it with the conventional slotted silicon disk nanoan-
tenna and single ring disks with slit nanostructures in Fig. 5(d)
to demonstrate the effects on the electric field enhancement.
Obviously, the effects rendered by the slotted double-disk-ring
coupling system are significantly better than those of the classi-
cal slotted nanodisk. In the experiments, the form and size of the
slit, disk, and ring have some variability and these parameters
affect the near-field electric field enhancement, as demonstrated
by the systematic simulation results.

4. CONCLUSION

A high-performance hybrid metal dielectric nanostructure is
designed to enhance the resonant electric field. Based on the
traditional ring and disk, the hybrid system is constructed with
a rectangular groove in the disk to increase the electric field by
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Fig. 6. (a) Resonant electric field enhancement as a function of
the outer radius of the ring with Rout-Rin fixed at 100 nm for all the
rings; (b) resonance electric field enhancement with changes of the
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changes of the inner radius of the ring; (d) electric field enhancement of
circular disks with slits and single ring disks with slit nanostructures, as
well as double ring disks with slit nanostructures.

nearly 100 times. The basic optical response of the system is ana-
lyzed by the multipole decomposition method, and the effects of
the geometric parameters and modal interactions on the spectral

evolution and intensity enhancement are studied. By analyzing 
the two factors that affect the spectral evolution and intensity 
enhancement and comparing them with the classical slotted 
disk, the electric field enhancement of the disk-ring coupling 
slotted system is found to be about 10 times. Electromagnetic 
resonance at a high electric field is expected to spur applications 
in sensing, nanoantennas, and nanophotonics, and offers excel-
lent guidance for diverse photonic applications that require 
high-field-density light-matter interactions.
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