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Abstract: High directional emission and high radiative quantum efficiency are strongly needed when
moving a single optical nano-emitter (such as a quantum dot) into the practical realm. However,
a typical optical nano-emitter struggles to meet the requirements above, which limits its practical
applications in next-generation nano-photonic devices such as single-photon sources. Here, to achieve
these features simultaneously, we propose and theoretically investigate a composite plasmonic an-
tenna consisting of a hemispherical solid immersion lens (SIL) and a bowtie plasmonic nano-antenna,
wherein a high directional emission of 10◦ and 2.5 × 103 of Purcell factor have both been enabled.
Moreover, we find that directionality and the Purcell factor can be manipulated independently in our
antenna, which provides a novel platform for the optimization of single-photon sources.

Keywords: surface plasmon polaritons; solid immersion lens; Purcell factor; directionality

1. Introduction

Classic luminescent emitters mostly have properties of relatively long luminescence
lifetimes and directionless emission, which limits the development of optical devices re-
quired for next-generation quantum computation and quantum communication, such as
high-speed nano-scale light emitting [1–3] and single-photon sources [4–6]. Particularly,
the single-photon source is playing a fundamental role in the fields mentioned above.
To move single-photon sources into the practical realm, a series of challenging require-
ments must be met, including a high spontaneous emission rate [7] and high radiation
directionality and photon coherence (indistinguishability) [8]. However, when optimizing
the performance of single-photon sources, it is difficult to improve the radiation direc-
tionality while maintaining a high spontaneous emission rate at the same time, which
greatly limits the development of the single-photon source. To achieve these features
simultaneously, a platform is needed for optimizing and controlling the parameters of the
embedded emitters. So far, the Purcell effect, a phenomenon whereby the spontaneous
lifetime of a quantum source can be influenced by its interaction with the environment, is
mainly used to enhance the spontaneous emission rate. It is widely utilized in whispering
gallery microcavities [9,10], photonic crystals (PCs) [11], optical nano-antennae [12,13],
and metamaterials [14,15]. Optical nano-antennae, such as nano-cube antennae [16,17],
single-bowtie antennae [15,18,19], and metal double-rods antennae [20], can significantly
enhance the spontaneous emission rate. For example, George Kountouris’s team designed
a dielectric bowtie cavity whose Purcell factor could be as high as 104 [21]. As for novel
metal micro- or nano-antenna, surface plasmon polaritons (SPPs), employed in the bowtie
antenna mentioned above, are electromagnetic waves that occur at the boundary between
a metal and a dielectric material. Its potential applications span a wide array of fields,
including quantum communication [21], energy [22], biology [23], and sensing [24], pro-
viding an excellent platform for exploring light–matter interactions. However, highly
directive far-field radiation patterns are not always available in such antennae due to
their compact structure. For antennae of a larger size, it is easier to realize high radiation
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directionality, such as with the Yagi-Uda antenna [25,26], the split ring resonator [27], the
concentric-ring structure [28,29], and hemispherical solid immersion lens (SIL) [30–32]. For
instance, Yan Chen’s team use the GaP hemispherical SIL [SIL1], and D. H. Ahn’s team
use a GaAs–polymer double solid [32]. Both of their structures perform high direction-
ality. Unfortunately, compared to nano-antennae, the micro-antenna’s larger size means
that their Purcell factor struggles to reach a satisfactory value [30]. In recent years, many
research teams have endeavored to enhance both the spontaneous emission rate and direc-
tionality of single-photon sources, yielding significant advancements. Zhaogang Dong’s
team designed the silicon nano-antenna mix arrays, exhibiting a Purcell factor of ~47 and
achieving enhanced directionality by ~2.45 fold [33]. Hamza Abudayyeh’s team suggested
a composite consisting of a nano-cone and a circular Bragg grating, which achieved a
Purcell factor of 20 alongside record-high directionality [34]. A. Barreda’s team studied
different geometries and material combinations for a dimer of cylinders and proposed a
hybrid structure composed of a gold dimer and silicon nano-particles whose Purcell factor
was over 3000 and which present high radiation directionality [35]. However, as of now,
there exists no research endeavor aimed at integrating the advantages of both SIL and
single-bowtie antennae.

In this paper, we achieve high radiation directivity while maintaining a high sponta-
neous emission rate by leveraging SPPs and solid immersion lens. Our approach involves
the design of a hemispherical SIL-plasmonic antenna (HSPA) consisting of a hemispherical
SIL (used as an antenna) and a bowtie plasmonic nano-antenna (used as a plasmonic
resonator). We calculate the resonant modes of the HSPA and study the Purcell factor and
far field distribution for each resonant mode. Furthermore, we investigate the effect of
structural parameters on the performance of the HSPA, revealing the properties of the
individual tuning of the directional emission and the luminance of a quantum emitter.

2. Structure Description

A 3D schematic of the proposed nano-antenna is shown in Figure 1, consisting of
a GaAs hemispherical solid immersion lens (SIL), a single Au bowtie plasmonic nano-
antenna, and the Au metallic reflector. A quantum dot is placed at the center of the Au
bowtie. Here, we choose a CdSe/ZnS quantum dot rather than InGa/GaAs QDs because of
the small size of the bowtie antenna gap, which is beneficial in obtaining a large localized
optical field intensity. The design of HSPA’s geometric parameters is inspired by previous
works [18,19,30,36] and intended to obtain a more effective light–matter interaction. In
Figure 1a, hemispherical SIL is used to improve the directionality of the radiation pattern of
a quantum emitter, while plasmonic nano-antennae can increase the light–matter interaction
for the emitter buried in a solid-state environment. To maximize the hemispherical SIL’s
performance, we choose GaAs as the material of SIL, which exhibits a high refractive index
in a 500–1500 nm wavelength range. A GaAs film with thickness h1 = 185 nm is below the
hemispherical SIL. It should be mentioned that the Au bowtie is set to be embedded in
the GaAs film in order to avoid the interference of lights from the emitter and reflection
inside the SIL, which may be adverse to improving directionality. The radius of the GaAs
hemispherical SIL is set to 500 nm. The Au bowtie plasmonic nano-antenna consists of
two Au equilateral triangular prisms with 100 nm height (H) and 50 nm thickness of
each triangular prism. The quantum emitter is placed at the center of two Au equilateral
triangular prisms, while the nano-gap between two prisms is 10 nm. In this nano-gap, a
strong enhancement of the electric field intensity and an extremely small mode volume of
electric field are produced, allowing for intense interaction between the emitter and the
local field. Thus, a larger Purcell factor and greater quantum efficiency can be obtained.
Under the GaAs film, an Au film with thickness h2 = 200 nm performs a reflection layer with
a high reflectance, while the wavelength of incident light is between 500 nm and 1500 nm.
The existence of the Au mirror helps redirect light emitted downward by quantum dots
back toward the positive z-axis, thus reducing energy dissipation and effectively enhancing
directionality. Additionally, we have tested a thicker Au layer or multiple Au layers as
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the metallic reflector for the HSPA, which has no significant effect on the performance of
the HSPA. The bottom is the bulk GaAs substrate, providing rigidity to the structure. The
fabrication of HSPA is feasible, which can be supported by references [30,36–38]. Concretely,
the Au layer, GaAs layer, and GaAs hemispherical SIL can be fabricated via a sequential
deposition process on the GaAs substrate. The Au bowtie can be fabricated via etching and
deposition processes before fabricating the SIL.
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Figure 1. (a) The schematic of the HSPA from the XZ perspective showing part of the geometric
parameters of the HSPA. (b) The schematic of the Au bowtie antenna from the XY perspective
showing the geometric parameters of the bowtie. The dipole source is placed in the center of the
bowtie, which is represented by the red dot. The propagation direction of the dipole source is along
the positive half of the z-axis, while the polarization direction is along the x-axis. (c) The 3D schematic
of the HSPA.

Here, we used the finite-difference time-domain (FDTD) method to analyze the per-
formance of HSPA. Regarding the FDTD, it replaces the solutions of the original electro-
magnetic field partial differential equations with solutions of discrete difference equations.
The calculated results are meaningful only when the solutions of the discretized difference
equations are convergent and stable. Therefore, our simulation results are robust and
reliable. The materials of Au and GaAs are in keeping with the experimental results of
Johnson and Christy and Palik, respectively. The quantum emitter is modeled by a dipole
light source with horizontal polarization along the top angle of the prisms. The perfect
match layer (PML) is used for the boundary condition of the simulation region, which can
simulate an infinite space. Referring to [39,40] and taking into account practical fabrication
capabilities and simulation efficiency, we set the accuracy of 3 nm × 3 nm × 3 nm for the
Au bowtie and 20 nm × 20 nm × 20 nm for the rest of region. Two types of light source
are used in our simulation. We first use the total-field scattered-field (TFSF) source to
excite the resonant modes of HSPA. The TFSF is a plane wave source which is commonly
employed for investigating the scattering of small particles illuminated by a plane wave.
The TFSF is incident from above the structure at a distance of 100 nm, along the negative
z-axis direction, polarized along the x-axis. Then, the “cross section” monitor is used to
collect the scattering data to obtain the scattering spectrum of HSPA, which is shown in
Figure 2a. Obviously, there are many resonance peaks in HSPA which have arisen from
specific electric field patterns excited by the external incident plane wave. And here, we
choose four of them to calculate their Purcell factor. They are marked by red dots and
display a Lorentzian shape at 1162 nm, 1478 nm, 1612 nm, and 1888 nm. The full width at
half height of the resonance peaks is 5 nm, 11 nm, 11 nm, and 16 nm, respectively. Next, a
dipole source with horizontal polarization is used to simulate the emission of the emitter in
HSPA. Figure 2b,d show the electric field distribution of the HSPA’s XZ view and the Au
bowtie’s XY view, respectively. It is clear that the electric field is strongly confined in the
nano-gap of the Au bowtie, while the local field in the hemispherical SIL is relatively weak.
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In general, a significant amount of the light will be lost and not focused on a specific desired
direction due to the geometric morphology of the single-bowtie antenna. Here, a clear
propagation of light along the vertical direction is observed in GaAs SIL, indicating a good
directionality of HSPA. To confirm this conjecture, we calculated the far-field distribution
of HSPA for each resonant peak shown in Figure 2e. It is obvious that HSPA performs good
directionality in all resonant peaks, with a difference only in radiation intensity. It means
that HSPA is most suitable for the collection of low-numerical-aperture optical devices, thus
forming an efficient light–matter interface. This pertains to the refraction of light passing
through the GaAs SIL, resulting in a spotlight effect resembling a convex lens. Then, we
calculated the Purcell factor (Fp) of HSPA with an incident light range from 1000 nm to
2000 nm. The electric field intensity and distribution around the HSPA structure is then
used to calculate the dyadic Green’s function according to the following equation:

E(r) =
ω2

ε0εrc2 G(r, r0) · µ. (1)

Here, G represents the dyadic Green function, defined by the electric field at point r
generated by a point source at point r0. µ and ε0 denote the dipole moment and permittivity
of vacuum, respectively, while εr is the relative dielectric constant. c is the velocity of light.
Since G is a 3 × 3 symmetric matrix, each component of G can be obtained using the
corresponding dipole orientation. We focus on the electric field component Gzz, which is
calculated from a dipole oriented along the z direction. The local density of states (LDOS)
along one direction, denoted as ρz(r0, ω), can be derived from the imaginary part of the
Green’s function:

ρz(r0, ω) =
6ω

πc2 [Im{Gzz(r0, r0, ω)}], (2)

where ρz characterizes the localization and intensity of the electric field produced by the
structure and is associated with the spontaneous decay rate γ of the quantum emitter. Con-
sidering a two-level quantum system with a transition at ω0 and decay r0, the spontaneous
decay rate with the influence of HSPA is given by the following:

γ =
2ω0

3ℏε0
|µ|2ρz(r0, ω0), (3)

where ℏ represents the reduced Planck constant. Finally, the Purcell factor Fp is obtained
as follows:

Fp =
γ

γ0
, (4)

where γ0 is the vacuum spontaneous decay rate of the emitter. The Purcell factor Fp as
a function of emission wavelength is shown in Figure 2c. The Fp of resonance peaks is
highlighted by blue dots, and the maximum is emphasized by a red dot.
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3. Results and Discussion

To demonstrate the advantage of the HSPA in addressing the limitations of bowtie
nano-antenna and hemispherical SIL, we employed the FDTD method to assess the per-
formance of each structure: a single hemispherical GaAs SIL, a single Au bowtie, and
the HSPA. As depicted in Figure 3a, the 2D far-field distribution for these structures at a
wavelength (λ) range of 500~1500 nm reveals distinctive patterns. The single Au bowtie
exhibits an emission pattern characterized by one main lobe and two side lobes. Despite
displaying a modest range of emission angles, its directionality is evidently less satisfactory
compared to the others. In contrast, the HSPA produces a narrower emission pattern
featuring a prominent main lobe and negligible side lobes, thus demonstrating stronger
radiation directionality. For a more visual understanding, Figure 3b presents the 3D far-
field distribution, showcasing geometries resembling triangular pyramids for both the SIL
and the HSPA, indicating excellent directionality characteristics. Conversely, the emission
pattern of the single Au bowtie, depicted as three distinct peaks, shows minimal influence
on the overall emission pattern but significantly enhances the emission intensity. This
enhancement is quantified in Figure 3c, which illustrates the Purcell factor (Fp) for each
structure across the emission wavelength spectrum. The Fp graph highlights that both the
HSPA and the single bowtie exhibit similar trends, corroborating the earlier observations.
Notably, within the λ = 500~1500 nm range, their Fp values are markedly higher compared
to those of the SIL. Specifically, the Fp values for the HSPA and the single bowtie can reach
up to 2568, while the maximum for the SIL remains below 3.

To investigate the impact of the structural parameters of the SIL on the spectral po-
sitioning of the HSPA resonant modes, we conducted FDTD to calculate the scattering
spectrum for different radii of the SIL. Figure 4a presents the scattering spectra of the HSPA
across the wavelength range of 1000 nm to 2000 nm, with the SIL radius (R) ranging from
800 to 1100 nm. The distinct scattering spectra reveal several clear resonance modes of the
HSPA, each displaying a characteristic Lorentzian shape within the emission wavelength
range of 1000 nm to 2000 nm. Notably, as the SIL radius (R) increases, the peak of each
resonant mode, marked in Figure 4a, gradually shifts towards longer wavelengths. Taking
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the resonant modes at R = 1000 nm as a benchmark, let us consider the 1612 nm mode as
an example. For every 100 nm increase in R, the resonant wavelength of the 1612 nm mode
shifts to longer wavelengths by approximately 135 nm. This behavior can be succinctly
described by the following formula: W = 1612 + 1.35(R − 1000), where W represents the
resonant wavelength of the 1612 nm mode and R denotes the radius of the hemispherical
SIL. Such a formula provides a useful tool for selecting desired light frequencies. Different
resonant modes exhibit varying emission efficiencies. In typical hemispherical cavities,
emission modes are mainly characterized by two orthogonal polarized modes—transverse
electric (TE) and transverse magnetic (TM). Due to the axial symmetry of the cavity, the
overall emission efficiency can be characterized by integrating the far-field power den-
sity over the spherical space for TE and TM modes, respectively. Consequently, FDTD
simulations were employed to calculate Fp and far-field power density for every resonant
mode within the wavelength band of 1000 nm to 2000 nm at R = 1000 nm. Figure 4b,d
illustrate the simulated far-field distribution for various TE and TM modes. Particularly for
TE modes, it is evident that the divergence of the highly directive far-field beam pattern of
the 1162 nm mode (at R = 1000 nm) is much lower compared to other resonant modes. In
contrast, the directionality of each TM mode is notably poorer than that of the TE modes, as
indicated by the distinct side lobes in their far-field distributions. Figures 2e and 4c further
present the Fp for each TE and TM mode, respectively. While each mode exhibits a distinct
Fp value, a clear trend emerges—there is a clear increase in the Fp of the corresponding
modes as the wavelength increases. Additionally, it is obvious that the Fp values of TM
modes are lower than those of TE modes. Therefore, TE modes demonstrate superior
directionality and higher spontaneous emission rates compared to TM modes within the
examined wavelength range.

Photonics 2024, 11, x FOR PEER REVIEW 6 of 11 
 

 

Notably, within the λ = 500~1500 nm range, their Fp values are markedly higher compared 
to those of the SIL. Specifically, the Fp values for the HSPA and the single bowtie can reach 
up to 2568, while the maximum for the SIL remains below 3. 

 
Figure 3. (a) Two-dimensional far-field distribution for corresponding structure at 𝜆 =500~1500 𝑛𝑚 . (b) Three-dimensional far-field distribution for corresponding structure at 𝜆 =500~1500 𝑛𝑚. (c) Simulation of the Purcell enhancement versus wavelength for three structures. 

To investigate the impact of the structural parameters of the SIL on the spectral posi-
tioning of the HSPA resonant modes, we conducted FDTD to calculate the scattering spec-
trum for different radii of the SIL. Figure 4a presents the scattering spectra of the HSPA 
across the wavelength range of 1000 nm to 2000 nm, with the SIL radius (R) ranging from 
800 to 1100 nm. The distinct scattering spectra reveal several clear resonance modes of the 
HSPA, each displaying a characteristic Lorentzian shape within the emission wavelength 
range of 1000 nm to 2000 nm. Notably, as the SIL radius (R) increases, the peak of each 
resonant mode, marked in Figure 4a, gradually shifts towards longer wavelengths. Taking 
the resonant modes at R = 1000 nm as a benchmark, let us consider the 1612 nm mode as 
an example. For every 100 nm increase in R, the resonant wavelength of the 1612 nm mode 
shifts to longer wavelengths by approximately 135 nm. This behavior can be succinctly 
described by the following formula: W = 1612 + 1.35(R − 1000), where W represents the 
resonant wavelength of the 1612 nm mode and R denotes the radius of the hemispherical 
SIL. Such a formula provides a useful tool for selecting desired light frequencies. Different 
resonant modes exhibit varying emission efficiencies. In typical hemispherical cavities, 
emission modes are mainly characterized by two orthogonal polarized modes—trans-
verse electric (TE) and transverse magnetic (TM). Due to the axial symmetry of the cavity, 
the overall emission efficiency can be characterized by integrating the far-field power den-
sity over the spherical space for TE and TM modes, respectively. Consequently, FDTD 
simulations were employed to calculate Fp and far-field power density for every resonant 
mode within the wavelength band of 1000 nm to 2000 nm at R = 1000 nm. Figure 4b,d 

Figure 3. (a) Two-dimensional far-field distribution for corresponding structure at λ = 500~1500 nm.
(b) Three-dimensional far-field distribution for corresponding structure at λ = 500~1500 nm.
(c) Simulation of the Purcell enhancement versus wavelength for three structures.



Photonics 2024, 11, 444 7 of 10

Photonics 2024, 11, x FOR PEER REVIEW 7 of 11 
 

 

illustrate the simulated far-field distribution for various TE and TM modes. Particularly 
for TE modes, it is evident that the divergence of the highly directive far-field beam pat-
tern of the 1162 nm mode (at R = 1000 nm) is much lower compared to other resonant 
modes. In contrast, the directionality of each TM mode is notably poorer than that of the 
TE modes, as indicated by the distinct side lobes in their far-field distributions. Figures 2e 
and 4c further present the Fp for each TE and TM mode, respectively. While each mode 
exhibits a distinct Fp value, a clear trend emerges—there is a clear increase in the Fp of the 
corresponding modes as the wavelength increases. Additionally, it is obvious that the Fp 
values of TM modes are lower than those of TE modes. Therefore, TE modes demonstrate 
superior directionality and higher spontaneous emission rates compared to TM modes 
within the examined wavelength range. 

 
Figure 4. (a) Reflectivity spectra between 1000 nm and 2000 nm of the HSPA with the SIL’s radius 
(R) varying from 800 to 1100 nm. (b) Two-dimensional far-field distribution for the HSPA while R = 
1000 nm and d = 10 nm for different resonant modes in the TE mode. (c) Simulation of the Purcell 
enhancement versus wavelength for the HSPA in the TM mode while R = 1000 nm and d = 10 nm. 
Blue dots mark the Fp for each resonant mode of the TM mode. (d) Two-dimensional far-field distri-
bution for the HSPA while R = 1000 nm and d = 10 nm for different resonant modes in the TM mode. 

The variations of various structural parameters of the HSPA have different effects on 
its overall performance. To delve into the modulating impact of the hemispherical SIL size 
and the relative position of bowtie nano-antenna on the HSPA’s performance, we utilize 
FDTD to calculate the Purcell factor (Fp) and far-field radiation distribution of the HSPA 
under each parameter. This exploration aids in understanding changes in the spontaneous 
radiation rate and radiation directionality of the antenna. Figure 5a,b illustrate the effects 
of varying the radius of the hemispherical SIL on the HSPA’s performance. As depicted in 
Figure 5a, the Fp shows negligible change as the radius of the hemispherical SIL gradually 
increases, indicating that the hemispherical SIL has little effect on Fp of the HSPA. Addi-
tionally, Figure 5b reveals that within the emission wavelength band of 500–1500 nm, the 
radiation directionality reaches its optimum when the radius of the hemispherical SIL is 
set to 1000 nm. This observation provides a valuable insight into regulating the far-field 
radiation directionality of the HSPA. Next, Figure 5c,d demonstrate the effects of varying 
the gap created by the single Au bowtie on the HSPA’s performance. As shown in Figure 
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The variations of various structural parameters of the HSPA have different effects
on its overall performance. To delve into the modulating impact of the hemispherical
SIL size and the relative position of bowtie nano-antenna on the HSPA’s performance,
we utilize FDTD to calculate the Purcell factor (Fp) and far-field radiation distribution of
the HSPA under each parameter. This exploration aids in understanding changes in the
spontaneous radiation rate and radiation directionality of the antenna. Figure 5a,b illustrate
the effects of varying the radius of the hemispherical SIL on the HSPA’s performance. As
depicted in Figure 5a, the Fp shows negligible change as the radius of the hemispherical SIL
gradually increases, indicating that the hemispherical SIL has little effect on Fp of the HSPA.
Additionally, Figure 5b reveals that within the emission wavelength band of 500–1500 nm,
the radiation directionality reaches its optimum when the radius of the hemispherical
SIL is set to 1000 nm. This observation provides a valuable insight into regulating the
far-field radiation directionality of the HSPA. Next, Figure 5c,d demonstrate the effects of
varying the gap created by the single Au bowtie on the HSPA’s performance. As shown
in Figure 5d, the radiation directionality remains largely unchanged with the increase of
the gap, indicating that the bowtie has little effect on the radiation directionality of the
HSPA. Conversely, Figure 5c illustrates that, overall, as the gap increases, the Fp decreases
due to variations in the electric field enhancement. This observation offers a means by
which to modulate the HSPA’s Fp by adjusting the gap. Based on the above findings, we
further investigate the impact of various structural parameters on the overall performance
of HSPA at specific wavelengths. Taking λ = 1478 nm as an example, when the quantum
dot in the gap emits monochromatic light at 1478 nm, we can observe significant changes
in the directionality of HSPA while varying the radius of the hemispherical SIL, which is
shown in Figure 5e. Simultaneously, the Purcell factor of the HSPA shows negligible change.
Furthermore, the directionality reaches its optimum when R = 1000 nm. These observations
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align with our conclusions drawn from discussions on wavelengths ranging from 500 to
1500 nm. When we change the gap, we can also observe the same phenomenon as when
discussing wavelengths of 500–1500 nm. Upon observing Figure 5f, we also noted a similar
phenomenon while adjusting the gap, reinforcing our observations concerning wavelengths
within the 500–1500 nm range. In summary, the simulation results presented above offer
insights into regulating the far-field distribution and the Fp of the HSPA by adjusting the
radius of the hemispherical SIL and the gap of the bowtie nano-antenna, respectively.
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4. Conclusions

In summary, the HSPA proposed in this work is a new platform combining the ad-
vantages of both the hemispherical GaAs SIL and the single Au bowtie nano-antenna.
Compared to the isolated hemispherical GaAs SIL, the HSPA enhances the Purcell fac-
tor by approximately 1000 times while maintaining high directionality. Furthermore, in
comparison to the single Au bowtie nano-antenna, the HSPA overcomes the limitation of
directionality while preserving a high spontaneous emission rate. Through analysis of the
HSPA’s performance parameters using the FDTD method, we have shown that the radius
of the hemispherical SIL significantly influences the resonant wavelengths of the HSPA.
Simultaneously, the performance parameters of the HSPA in TE modes exhibit superior
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characteristics compared to TM modes. Moreover, we also found that the effects caused by
the changes in the structural parameters and demonstrated by the radii of hemispherical
SIL mainly influence the directionality and have little effect on Fp. Conversely, the effects
caused by the gap of the single bowtie nano-antenna show the opposite trend. The find-
ings of our study present a new method for optimizing the performance of single-photon
sources. The HSPA’s ability to enhance the Purcell factor, maintain high directionality,
and overcome the limitations of traditional structures makes it a promising candidate for
applications in nano-photonics and quantum optics. Our work paves the way for further
advancements in the development of efficient and high-performance single-photon sources.
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