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To obtain large electric field enhancement while mitigating material losses, an all-dielectric nanoantenna com-
posed of a heptamer and nanocubes is designed and analyzed. A numerical simulation by the finite element method
reveals that the nanoantenna achieves the optical electric anapole modes, thereby significantly enhancing the cou-
pling between different dielectrics to further improve the near-field enhancement and spontaneous radiation. Field
enhancement factors |E/Eq|? of 3,563 and 5,395 (AM1 and AM2) and a Purcell factor of 3,872 are observed in the
wavelength range between 350 and 800 nm. This nanoantenna has promising potential in applications involving
surface-enhanced Raman scattering and nonlinearities due to its low cost and excellent compatibility. © 2023

Optica Publishing Group
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1. INTRODUCTION

Nanostructures composed of metallic and dielectric com-
ponents can enhance light—matter interactions, while
simultaneously confining light in the subwavelength range.
These structures deliver superior performance due to the near-
field enhancement and large mode volume [1-3]. By precisely
promoting the coupling of different resonance modes in hybrid
metal-dielectric nanostructures, fascinating optical phenomena
such as the nonradiative state [4—6] and Fano resonance [7,8]
have been investigated, and recent pertinent advances have
spurred the rapid development of applications in nonlineari-
ties [9-11], surface-enhanced Raman scattering (SERS) [12],
quantum imaging [13,14], and sensing [15-17].

Metal nanostructures or hybrid nanostructures consisting of
metallic and dielectric components have been studied recently
to accomplish near-field enhancement [18,19]. Yao ez a/. have
increased the field strength by combining metallic and dielectric
components in the anapole mode to exploit the mirror effect
[20]. Although advances have been made in the near field,
material losses arising from the metal imaginary part are still
unavoidable. Therefore, the use of materials with large refractive
indices to eliminate intrinsic absorption, external heating, and
material loss while retaining greater freedom has become a new
strategy to enhance the electric field intensity and biosensing
[21,22]. For example, Soret colloids [23], nanostructured car-
bon flowers [24], high refractive index Nd, O3 nanorods [25],
and TiCN nanocubes [26] have been studied in the surface plas-
mon coupled emission (technique. In addition, various methods
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have been proposed to prepare all-dielectric nanostructures. For
instance, Liu ez al. have achieved the perfect anapole mode
effect and enhanced the electric field by stacking two simple
silicon (Si) nanodisks [27]. The anapole mode is a radiation-free
resonance derived from the destructive interference between the
electric dipole (ED) and toroidal dipole (TD) moments [28]. In
particular, TD is not a third source of the electromagnetic field
independent of the electric and magnetic dipoles (MDs), but
is strictly a higher order term of the ED. Nonetheless, conven-
tional anapole modes have drawbacks such as the limitation of
the single material and lack of apparent near-field enhancement.
Prior studies have predominantly observed one single anapole
mode, but the physical mechanism of the significant near-field
enhancement by excitation of the dual anapole mode is still not
well understood.

Herein, a nanoantenna composed of two high refractive
index dielectric materials is designed. The structure composes
a Si substrate, a thin silica film as the spacer, and a heptamer of
Si. The coupling between the dielectrics is enhanced, resulting
in a substantially enhanced electric field and realization of the
double electric anapole mode. The coupling process between
the dielectrics is discussed, and the optimal structural parame-
ters are determined. An analysis of the Purcell factor (PF) reveals
that the structure has positive effects in the modulation of spon-
taneous radiation by the nano-resonators. The nanoantenna
which provides near-field enhancement and self-luminous
properties is suitable for applications in the realms of SERS and
nonlinearities.
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2. MULTIPOLE COMPOSITION METHOD

The multipole decomposition method is employed to unam-
biguously analyze the scattering properties by representing the
total scattering cross section (SCS) as a sum of contributions
of different dipole moments [29,30,31]. In the spherical coor-
dinate system, the multipole expansion usually includes the
ED moment P,, MD moment M, TD moment 7, electric
quadrupole moment Qg5 (EQ), and magnetic quadrupole
moment Qpg (MQ), and the definitions are shown below [32]:
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where 7 is the positive vector, and the subscriptso, B =x, y, z
denote the components of EQ and MQ.

The anapole mode produced by the all-dielectric nanoan-
tenna depicted in Fig. 1 is composed of two simple cubes made
of Si and silica, and the heptamer is composed of Si. The plane
wave is linearly polarized along the x axis, and propagation is
parallel to the y axis (red symbol). The diameter and height of
the cylinders forming the Si heptamer are D =100 nm and
h =50 nm, and the gap between the cylinders is G = 0.5 nm.
In addition, a Si cube with a height H; of 50 nm and length
L; of 300 nm is chosen as the substrate considering the man-
ufacturability of the structure. Meanwhile, a SiO; layer with
a length L, of 300 nm and height H, of 5 nm is introduced
between the heptamer and substrate as the gain medium to
boost the near-field interactions and enhance the coupling
between the heptamer and substrate [19]. The refractive index
of the Si medium is 3.5, and the dielectric constant of SiO, is

(a)

Fig. 1.
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obtained from Palik’s book [33]. The all-dielectric nanostruc-
ture is placed in the air with a refractive index of » = 1.0, and the
electromagnetic field is analyzed by the finite element method
based on COMSOL 6.0 Multiphysics.

3. RESULTS AND DISCUSSION

In order to elucidate the physical mechanism, the optical char-
acteristics of the dielectric substrates (the combination of SiO,
and Si nanocubes) are studied. Figures 2(a) and 2(b) exhibit the
SCS and electric field intensity |E/Eq|* of the dielectric sub-
strates (shown in the inset) from 319 to 800 nm. Two distinct
dipsare observed in the scattering spectrum at the wavelength of
A =397 nm and A = 604 nm. Correspondingly, in the electric
field enhancement curve, the maximum values are observed
with the |E/Eq|? up to 2.8 and 5.7. Furthermore, the contribu-
tion of different multipoles to the total SCS of the combination
of SiO, and Si nanocubes (shown in the inset) is also calculated,
as shown in Fig. 2(c). It can be seen that the contribution of
the other multipoles is negligibly small at the resonance wave-
lengths of A =397 nm and A = 604 nm. The sharp reduction
of the SCS at these two wavelengths mainly originates from the
destructive interference between the ED and TD moments,
which is known as the electric anapole mode [28].

In order to better demonstrate the coupling between different
structures and dielectric substrates (the combination of Si and
SiO; cubes), the trimer, pentamer, heptamer, and octamer of Si
are introduced to the surface of the dielectric substrates, and the
calculated SCS and electric field enhancement factor |E/Eq|?
are given in Fig. 3. It can be observed in Figs. 3(a)-3(d) that
the introduction of these four structures significantly enhances
the electric field enhancement compared to the individual
dielectric substrates, which is attributed to the strong coupling
effect between the dielectric substrates and the introduced
structures. Figures 3(a) and 3(b) exhibit the scattering and elec-
tric field enhancement properties of the trimer and pentamer,
respectively. The locations of the two distinct dips of the SCS
correspond to the two peaks of the electric field enhancement,
which is consistent with the theory of the anapole mode of field
enhancement stemming from the spatial overlap and destructive
interference between multipoles [34]. However, the differ-
ence is that the obtained |E/Eg|? is obviously distinct. For the

(b)

- i
W # IaTt sl aim iy

H,
’ L u
(¢)
L,
b L, —

(a) Schematic diagram of the three-dimensional nanoantenna. (b) Front view and (c) top view of the nanoantenna.
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Fig. 2.

Schematic diagram of the (a) SCS, (b) electric field enhancement factor |E/Eq|?, and (c) multipole decomposition of the dielectric sub-

strates. The illustrations in (a) and (b) depict the structure of the dielectric substrates.

trimer, the near-field enhancement |E/Eg|? of 500 and 4282
are acquired at the wavelength of A =401 nm and A = 637 nm.
For the pentamer, the near-field enhancement |E/Eq|* of 1324
and 3338 are obtained at wavelengths of A =420 nm and
A =653 nm. Furthermore, the SCS spectrum and near-field
enhancement of the Si heptamer nanostructure are investigated
asshown in Fig. 3(c). Four prominent resonance peaks and three
dips emerge from the scattering spectra. Compared with the
trimer and pentamer, this nanoantenna has a larger SCS of up
to 0.42 um?, which greatly improves the scattering efficiency.
In addition, it is seen that the field enhancement curves of this
structure disclosing field enhancement factors is about 3563
and 5395 at wavelengths of 420 and 661 nm, respectively,
which is obviously greater than the trimer and pentamer. As
depicted in Fig. 3(d), the anapole mode is implemented at the
wavelength of 449 nm, and the electric field enhancement is
about 27. Therefore, compared with the other three structures,
the nanostructure composed of the Si heptamer, together with
the SiO; and Si nanocubes, has better optical properties; thus, it
is selected to be used for the follow-up study.

To study the underlying mechanism of the anapole mode,
we conduct multipole decomposition of the proposed nanoan-
tenna in the wavelength range between 350 and 800 nm, as

shown in Fig. 4. The two enlarged illustrations depicted in the
left and right insets provide clear evidence of a significant tilt
in the ED moment [35]. The two dips at incident wavelengths
of A =420 and 661 nm are the excitation of the first-order and
second-order anapole modes, namely AM1 and AM2, respec-
tively. By comparing the dielectric substrates (the combination
of Si and SiO; cubes) shown in Fig. 2(c), it is found that the
trend of multipole decomposition of the proposed all-dielectric
nanoantenna is extremely similar to that of the dielectric sub-
strates. They are both optical anapole modes further realized by
the destructive interference between the ED moment and TD
moment. The difference is that there is a significant enhance-
ment of the electric field intensity at AM1 and AM2, which
indicates that the introduced Si heptamer plays a crucial role in
the improvement of the electric field intensity. In other words,
the all-dielectric nanoantenna retains the radiation-free proper-
ties of the dielectric substrates at AM1 and AM2, while taking
advantage of the Si heptamer to promote the coupling between
the Si heptamer and the dielectric substrates. The results indi-
cate that the electric field enhancement is remarkably improved
by the coupling of the dielectric substrates and the Si heptamer.
According to our analysis of the field enhancement, the
electric and magnetic field distributions of the all-dielectric
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Fig. 4. Multipole decomposition of the all-dielectric nanoantenna
with the insets showing the two enlarged regions.

nanoantenna for the AM1 and AM2 modes corresponding to
wavelengths of 420 and 661 nm, respectively, are presented in
Fig. 5. Figure 5(a) shows that the high electric field is concen-
trated at the edges and junctions of the cylinders, which is due
to the fact that the electrons of the cylinders composed of the
heptamer are excited to move to the edges. The magnetic field
distribution in Fig. 5(b) illustrates that all the columns have a

relatively large magnetic field strength, particularly on the junc-
tions. The electric and magnetic field distributions of the AM2
mode at 661 nm are plotted in Figs. 5(c) and 5(d). The electric
and magnetic field features are stronger in comparison with the
AMI mode. The field is almost entirely distributed in the gap
between the middle column and surrounding six columns in
Fig. 5(c), thus generating two distinct hot spots in the magnetic
field shown in Fig. 5(d).

Many types of all-dielectric nanoantennas have been
proposed recently to exploit the effects of the electric field
enhancement factor |E/Ey|?. Nevertheless, the structural lim-
itations hamper the apparent field enhancement, and there is
still room for improvement. As listed in Table 1, a single-layer
SiO; nanodisk and Si nanoring or even double-layer AlGaAs
nanodisks are not effective for electric field enhancement. In
contrast, if a Si nanodisk is simply modified (e.g., by removing
the hole at the center), the electric field enhancement perform-
ance will be significantly improved up to a value of 100. Further,
the configuration of complex dielectric structures also plays a
crucial role in the improvement of the near-field electric field.
For example, the combination of the perforated Si nanodisk and
WSe; achieve an electric field enhancement effect of nearly 100.
The structure described in this paper exhibits a notable electric
enhancement performance, which can be attributed to two
factors. On the one hand, the complexity of structures strongly
promotes light—matter interactions. On the other hand, the Si
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Fig.5. (a), (b) Electric and (c), (d) magnetic field distributions of the nanoantenna at wavelengths of 420 and 661 nm with the insets showing the
xoy plane.

Table 1. Comparison of the Properties of All-Dielectric Nanoantenna with the Electric Field Enhancement Factor
|E/Eo|?

References Characteristics Wavelength range (nm)  |E/E,|? Structure diagram
D=432nm
) »H
[36] 21 nm—thickness SiO, layer 200-1000 35 LN

[37] Sinanodisk with rectangular holes 600-800 100
Combination of perforated Si nanodisk and WSe, 600-800 100
[38] Double-layer AlGaAs nanodisks with gaps 350-800 80
Combination of double-layer AlGaAs nanodisks and GaAs cylinder 350-800 60
[16] Sinanoring 500-1000 8

This work Combination of Si and SiO, nanostructure 350-800 5395
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heptamer structure facilitates the coupling of electric hot spots
to the surface of the substrate.

The structural parameters play a significant role in the
scattering efficiency improvement and field enhancement.
Figures 6(a)—6(i) show the process of optimization of the three
different parameters, including the diameter D, height h of the
cylinders, as well as the gap between the cylinders. As depicted
in Figs. 6(a)-6(c), three resonance peaks of the SCS and thus
two dips emerge from the SCS spectrum. The SCS broadens
at multiple wavelengths and exhibits a redshifting trend when
the diameter D is increased from 50 to 100 nm. It is of interest
that three resonance peaks continuously widen as the diam-
eter increases, which can be attributed to the fact that the
increase of contact area can intensify the coupling between the
cylinders, while the electric field of the AM1 and AM2 modes
increases apparently. In essence, the extent of the electric field

100
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improvement varies because of the difference in the ED and
TD interactions, as exemplified by the AM1 mode and AM2
mode. The interaction between ED and TD at AM1 mode is
significantly weaker than that at AM2, thus leading to a much
higher electric field intensity at AM2 than at AM1. According
to Figs. 6(d)-6(f), when the gap G is varied from 0.5 to 5 nm,
it presents a slight blueshifting trend on the SCS, which indi-
cates that the improvement in the scattering efficiency is not
sensitive to the variation of the intervals while the electric field
enhancement factors of AM1 and AM2 decrease sharply. This
result demonstrates that there is a strong correlation in the field
enhancement. It can be interpreted that increasing the gap
decreases the degree of intercolumnar coupling and weakens
the interactions between electrons. Further calculation and
analysis of the effects of the structural parameter (height of the
heptamer) on the SCS and field enhancement are presented
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in Figs. 6(g)—6(i). Figure 6(h) shows the dependence of the
SCS on the resonance wavelength for different heights of the
cylinders (5-50 nm). As the height h increases, three resonance
wavelengths shift to a longer wavelength, and the interaction
between the cylinders increases, thus significantly improving
the scattering efficiency. Therefore, as the height increases, a
greater number of electrons migrate to the edge of the cylinders
and are excited by photons in the nanostructure. Figure 6(i)
describes the relationship between the height and electric field
enhancement |E/Eq|? of the AM1 and AM2 modes. The field
enhancement increases initially and then decreases as h is varied
from 5-50 nm, while AM2 presents a continuous increas-
ing trend. The results demonstrate that different structural
parameters produce different degrees of coupling. In contrast
to the field feature of AM1, the electric field of AM2 displays an
upward trend with heights, and it is significantly higher than
that of AM1 for a height of 50 nm. The optimal height param-
eter is determined to be h =50 nm by considering the SCS in
Fig. 6(h). Based on our analysis, it is evident that optimization of
the structural parameters yields higher scattering efficiency and
electric field enhancement.

Enhancing the near-field capabilities of nanoantennas not
only is beneficial to electronics, but also has a large potential in
optimizing spontaneous radiation [39]. In general, the proper-
ties of the ED emission in nanostructures can be measured by
the PE as shown by the following equation [40]:

Research Article

where Py and P are the vacuum power loss without a resonator
and the emission power of an ED emitter with a resonator,
separately.

To evaluate the performance of our structure as a quantum
emitter, an ED source is placed in the gap of the cylinders of the
heptamer at positions A (0, 87, 25), B (25, 43.5, 25), C (87,
—50.25, 25), and D (50.25, 0, 25), as shown by the inset in
Fig. 7(a), which shows the relationship between the PF values at
these four points and the resonance wavelength. The PF value
of the ED source at A =437 nm is approximately 3872. In
comparison with other all-dielectric structures, our structure is
more effective in enhancing spontaneous radiation.

In addition, it is important to note that the dipole moment
in scattering multipoles is defined in terms of the source located
at the center of radiation. In this case, the radiation center of
the nanostructure is perfectly in agreement with the geomet-
ric center. However, in instances where the displacement of
this center occurs as a result of experimental or fabrication
discrepancies, it is clear that the scattering multipoles calcu-
lated using this method are inaccurate [41]. To evaluate the
impact of this error on the scattering multipoles, intensities of
the radiated dipoles of the shifted electric source over its shift
for these two nanostructures (dielectric substrate and the all-
dielectric nanostructure) at AM1 and AM2 are given, as shown
in Figs. 7(b)-7(e). Among them, the point (0, 0, 0) is defined
as the center of the radiation. It is located on the —z axis when
the value is less than 0. According to Figs. 7(b) and 7(c), it can

P be inferred that the scattering multipoles show a decreasing
PF = Fo’ (6) trend, and the curves are axisymmetric curves when the shifted
source moves toward the +z axis or the —z axis, which indicates
¥ Py that the radiation center has a clear symmetry for the dielectric
0= T35 (7) substrate structures. Furthermore, the intensities of the radiated
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Table 2. Comparison between Our Nanoantenna and Recently Reported All-Dielectric Nanoantennas

References Characteristics ‘Wavelength range (nm) Purcell factor

[42] The gold dimer 400-800 ~300
The Sidimer ~80

[43] All-dielectric Si nanoparticle (SINP) 20-200 ~25

[44] Si cuboid dielectric 400-850 ~18

[45] Ring in free space 600-750 ~900

This work Combination of Si and SiO, 350-800 3872
nanostructure

dipoles of the shifted electric source over its shift for the all-
dielectric nanostructure are also depicted in Figs. 7(d) and 7(e).
In contrast to the dielectric substrate, it is clear that the radiation
center is asymmetric according to the curve.

In recent years, different kinds of all-dielectric nanoantennas
have been designed, especially enhanced quantum emitters
(characterized by the PF). Nevertheless, it is widely acknowl-
edged that achieving reinforced spontaneous radiation from
an all-dielectric nanoantenna is a challenging task due to the
strong correlation between the electric field and spontaneous
radiation. In this respect, our structure has excellent radiation
characteristics asan ED emitter as shown in Table 2.

Although there has been considerable advancement in the
exploration of different nanomaterials at subwavelength scales,
a number of limitations remain. (1) Conventional anapole
modes have drawbacks such as the limitation of the single
material and lack of apparent near-field enhancement. (2)
Prior studies have predominantly observed one single anapole
mode, but the physical mechanism of the significant near-field
enhancement by excitation of the dual anapole mode is still not
well understood. This report helps to address two challenges
currently encountered by proposing the all-dielectric nanoan-
tenna consisting of the combination of the Si heptamer and
the dielectric substrates. This nanoantenna demonstrates that
the excitation of the anapole mode and the improvement of the
near-field electric field performance can be significantly induced
by promoting the coupling interaction between different single
dielectric structures. This simulation work opens a window
for flexible manipulation of the optical properties of nanoan-
tennas that can be applied in SERS [23] and transdisciplinary
nanophotonics [25,46] applications.

4. CONCLUSION

What we believe to be a novel all-dielectric nanoantenna
composed of Si and silica is designed and analyzed. This
nanoantenna realizes optical electric anapole modes at multi-
ple wavelengths, consequently overcoming the limitation of
conventional all-dielectric nanostructures which can only
realize a single anapole mode and shows insignificant electric
field improvement. Our theoretical assessment reveals that the
nanoantenna delivers great modulation performance for spon-
taneous radiation such as field enhancement factors |E/Eq|? of
3,563 and 5,395 (AM1 and AM2), as well as a PF of 3,872 for
the optimized structure. The significant results and application
potential are expected to guide future research in the fields of
nonlinearities and quantum emissions.
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