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ABSTRACT: Quantum emitters coupled to plasmonic nanostructures can act as extremely bright single-photon sources. Interestingly, the
mode volumes supported by the plasmonic nanostructures can be several orders of magnitude smaller than the cubic wavelength, which
leads to dramatically enhanced light-matter interactions and drastically increased photon emission. However, the requirements of a small
mode volume for emission speed-up are always contradictory with a sufficiently large mode volume for efficient extraction, especially
in a single architecture. Here, we report the design of a topology-optimized plasmonic nanoantenna to alleviate the above limitation
which could greatly enhance far-field photon extraction. The plasmonic nanoantenna is composed of an optimized gold pattern and a
silicon nitride substrate, with a nanohole in the center of the gold pattern. Our design is based on density-based topology optimization
and is inherently robust to dimensions and fabrication errors. As a result, the normalized extraction decay rate (γe/γ0) can reach 5.48 at a
wavelength of 517 nm if an objective lens with a numerical aperture of 0.45 is utilized. The proposed method to alleviate the contradiction
of plasmonic mode volume could brighten the prospects for future integration of single-photon sources into photonic quantum networks
and applications in quantum information science.

1. INTRODUCTION

In recent years, quantum information science and technology
have been developed by leaps and bounds, and have become

the forefront of a new round of scientific and technological rev-
olution and industrial transformation [1–4]. A major challenge
in the field of quantum communication is the development of
single-photon sources since they are the carrier of quantum in-
formation processing, and also the basic resource for realizing
quantum technology such as quantum sensing [5–8], quantum
communication [9–13], and quantum imaging [14–16]. How-
ever, the spontaneous emission rate of quantum emitters in a
vacuum is naturally limited to about 1GHz, which limits the
speed of optical devices [17]. Therefore, the photon emission
speed-up becomes a major task on the way to implementing
high-speed quantum information applications.
The speed-up of the photon emission can be achieved by in-

creasing the density of photon states with the help of nanos-
tructures. According to the Purcell effect [18, 19], nanostruc-
tures have been designed to either increase the quality factor
or reduce the mode volume to enhance the spontaneous emis-
sion decay rate. The realization of large photon emission in di-
electric nanostructures (e.g., dielectric micro-cavities) is chal-
lenging due to the limitations imposed by diffraction [20]. Al-
though these structures exhibit high-quality factors, this often
results in slower operation rates because of the inverse rela-
tionship between the quality factor and response time. On the
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other hand, plasmonic nanostructures are capable of providing
highly confined plasmonic modes, which offers a distinct ad-
vantage in terms of photon emission [21]. By forming an ultra-
small plasmonic mode volume, plasmonic nanostructures can
provide a larger Purcell factor enhancement. This may exceed
the diffraction-limited spontaneous emission rate of photons by
two orders of magnitude [22–24]. However, plasmonic nanos-
tructures are subject to a typically small quality factor [20] and
a limited quantum efficiency [25] due to the significant loss in
metals. Thus, these challenges have led to disputes on the op-
timal choice of platforms for single-photon sources.
In parallel, on-demand single-photon sources with high

emission rates can achieve a high repetition rate [1, 26]. This
results in higher bit rates in quantum communication and
faster readout of stationary qubits [27, 28]. Regarding this
matter, plasmonic nanostructures exhibit inherent advantages
over dielectric nanostructures. To be specific, the repetition
rate is determined by the photon extraction rate of quantum
emitters, which is equal to the product of the emitter’s sponta-
neous emission rate and the outcoupling efficiency of excited
photons into optics (e.g., microscope) [26]. In other words,
the intrinsic far-field photon extraction can be achieved by
using, for example, plasmonic nanoantenna and microscope
with suitable values of numerical aperture (NA). However, the
small mode volume required for emission speed-up and the
sufficiently large mode volume required for efficient extrac-
tion are always in conflict with each other, resulting in low
outcoupling efficiency of quantum emitters into far-field [29].
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FIGURE 1. Schematic of the plasmonic nanoantenna for single-photon extraction. It consists of an optimized Au pattern and a Si3N4 substrate
below. An objective lens (NA= 0.45, corresponding to a cross-sectional angle 26.7◦) is used for the far-field photon extraction. The upper right
represents the top view of the plasmonic nanoantenna with a radius (R) of 500 nm. The lower right represents a cross-sectional view of the plasmonic
nanoantenna, showing a quantum dot situated within the nanohole.

Thus, the low outcoupling efficiency for far-field photon
extraction is the main challenge for practical applications by
using plasmonic nanoantenna and optics. Various attempts
have been made to improve the far-field photon extraction
decay rate in plasmonic nanostructures, such as metallic
structures that support gap surface plasmons integrated with
phase-matched nanofibers [30], nanopatch antennas [26, 31],
and patterned hyperbolic metamaterials [32–35]. However,
these attempts are still thought to be less practical or efficient
for the realization of single-photon extraction. Recently,
topology optimization [36–38] was applied to various inverse
design problems for quantum photonic applications. The
inverse design optimization frameworks lead to devices with
nontrivial shapes and topologies, enabling high performance
and compatibility with the predefined fabrication precisions.
In this work, we report the design of a topology-optimized

plasmonic nanoantenna to overcome the above intrinsic limita-
tions in plasmonic nanostructures. Inspired by the recent works
of topology optimization to realize efficient and coherent light-
matter interactions [36–38], we apply a density-based topology
optimization framework to optimize the single-photon sources.
This work enables far-field photon extraction into optics and
gains insight into the physics behind the complex plasmonic
nanostructures, leading to emission speed-up and efficient ex-
traction. Specifically, the plasmonic nanoantenna consists of
an optimized gold (Au) pattern and a silicon nitride (Si3N4)
substrate, with a nanohole in the center of the Au pattern (Fig-
ure 1). A quantum dot is located inside the nanohole on top of
the substrate. The diameter of the quantum dot is exactly equal
to the diameter of the nanohole, thus strong field enhancement
can be achieved. The collected power is calculated as an in-
tegral through a circular area above the emitter, which mimics
the emission collection using a commercially available objec-

tive lens (NA= 0.45, corresponding to a cross-sectional an-
gle 26.7◦). As a result, the normalized extraction decay rate
(γe/γ0) can reach 5.48 while the Purcell factor is 4200.

2. METHODS AND RESULTS
Numerical modelling is performed using a commercial finite el-
ement solver (COMSOL Multiphysics, Wave Optics Module).
Topology optimization [36] is used to design the device within
a design region situated directly on top of the substrate with a
radius of 500 nm. A three-dimensional (3D) schematic diagram
of the proposed nanoantenna is shown in Figure 1. A CdSe/ZnS
core-shell quantum dot (PL peak 517 nm and εZnS = 5.81) [39]
is placed inside the central nanohole of the Au pattern, sharing
the same diameter (d = 12 nm) as the quantum dot. To facili-
tate the placement of quantum dots, Si3N4 is adopted as the sub-
strate below as shown in Figure 1, εSi3N4

= 4.12. The dielectric
constant of Au can be taken from the experimental data [40]. To
estimate the photon emission and extraction of quantum dots,
the following assumption is applied. First, we assume that the
light-matter interaction inside plasmonic nanoantenna works in
the weak-coupling regime [41], that means the non-radiative
damping of single-photon sources is larger than the interaction
strength between the quantum dots and the plasmonic nanoan-
tenna. Thus, the outcomes are in good agreement with the treat-
ment of classical electrodynamics principles [42]. Second, the
quantum dot considered in this work is simulated as an oscil-
lating classical point dipole inside a dielectric host with a po-
larization direction parallel to the x-direction. Due to the high
photonic density of states generated by the plasmonic nanoan-
tenna, the quantum dot exhibits a large spontaneous emission.
The objective of the topology optimization is to enhance the

far-field photon extraction γe through an objective lens (NA
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FIGURE 2. Topology optimization for the plasmonic nanoantenna. (a) Normalized extraction decay rate γe/γ0 (red) as a function of the iteration
number for a full three-dimensional optimization run. The working wavelength of λ= 517 nm is chosen for illustration, since it is the radiation
spectrum of CdSe/ZnS core-shell quantum dots which is within the blue-green spectral range. The Purcell factor (blue) versus the iteration number
is also shown here. (b) Corresponding evolution of the material density distribution within the optimization region. (c) Power density distribution
in the xOz plane under the coupling of quantum dots and optimized plasmonic nanoantenna. (d) The angular pattern. The case for a nanostructure
with dielectric only is also calculated for comparison.

= 0.45) with a radius of 500 nm, which is located 992 nm above
the plasmonic nanoantenna. The thicknesses of Au pattern and
Si3N4 substrate are 120 nm and 80 nm, respectively Perform-
ing surface integration at the surface of the objective lens, the
power of the photon extraction into the objective lens can be ob-
tained,We =

∫∫
F
S · ẑdxdy. The normalized extraction decay

rates can be obtained from γe/γ0 = We/W0, where γe is the
extraction decay rate. γ0 andW0 are the spontaneous emission
rate and the total radiated power of a quantum emitter in vac-
uum, respectively. In addition, the quantum emitter in a plas-
monic nanoantenna will experience an enhanced radiation rate
relative to that in a homogenous medium given by the Purcell
factor [17], FP=γtotal/γ0 = Wtotal/W0, where γtotal means the
total photon emission rate, and the total emitted powerWtotal of
the quantum emitter can be numerically computed as the inte-
gral of power flux through a spherical surface with a radius of
2 nm centered on the point dipole.
Initially, the material distribution in the optimization domain

is set to be a smooth distribution with the following permittivity
function

ε (x, y)=εAir [1− ρ (x, y)] + εAuρ (x, y) , ρ ∈ [0, 1] (1)

where ρ(x, y) is the material density distribution that varies
from 0 (air) to 1 (Au); εAir and εAu are the dielectric constants
of the air and Au, respectively. In principle, topology optimiza-
tion allows the relative dielectric constant of each discrete voxel
in the design area to be one degree of freedom, and the actual
degrees of freedom form a two-dimensional (2D) grid. To de-
sign a nanostructure that can be practically manufactured using
top-down techniques, it is crucial to maintain a consistent con-
figuration in the z-direction. The optimized distribution of 2D
materials stretches along the z-direction, leading to the creation
of a topology-optimized plasmonic nanoantenna.

3. DISCUSSION
Figure 2(a) shows the optimization process of far-field photon
extraction, which tends to saturate near the steady-state local
solution. The working wavelength of λ = 517 nm is chosen
for illustration since it is the radiation spectrum of CdSe/ZnS
core-shell quantum dots which is within the blue-green spec-
tral range [43]. The optimization starts with an initial mate-
rial distribution of ρ(x, y) = 0.5 and gradually converges to
the binary material mode at the end of the optimization cycle
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FIGURE 3. The influence of emitters on radiation intensity and directionality. Normalized extraction decay rates γe/γ0 versus (a) thickness of Au
pattern, (b) height of the quantum dot and (c) diameter of the quantum dot. The working wavelength of λ= 517 nm is chosen for illustration. Both
degraded and optimized cases for plasmonic nanoantennas are shown here. Moreover, the cases for nanostructures with dielectric only are also
shown for comparison. (d) Normalized extraction decay rate γe/γ0 when the objective lens is deviated. The deviation angle is shown in the inset.
(e) Optimized plasmonic nanoantenna when the deviation angle is θ = 40◦. The basic setup is the same as Figure 2. The power density distribution
as well as the angular pattern are also shown here.

(Figure 2(b)). During the optimization process, the photon ex-
traction increases, and when the optimization reaches its ter-
mination criteria, the performance has already become stable.
Subsequent continuation of the optimization process no longer
yields significant improvement in the normalized extraction de-
cay rates. Because achieving a fully binarized distributionwith-
out extreme binarization coefficients may require a significant
amount of iterations, with almost no change in repeated cal-
culations for the same structure. To shorten the optimization
time, once the ratio of the number of voxels in air/Au to all
voxels reaches the required threshold (binarization>80%), the
optimization stops. At this point, the material density matrix is
completely binarized by thresholding all the voxels and forc-
ing them to take a binary value, a process known as degra-
dation [44]. Therefore, the optimized nanoantenna can be ob-
tained when the optimization is stopped and then the degraded
nanoantenna can be obtained after performing thresholding op-
eration to achieve full binarization (Figures 3(a)–(c)). During
the topology optimization process, along with the enhancement
of normalized extraction decay rate that reaches 5.48, the Pur-
cell factor of the nanoantenna can also increase to 4200. Corre-
spondingly, we find significant radiation fields being extracted
into the objective lens in Figure 2(c). The simulated results

show that the normalized extraction decay rate is about 280
times larger than the one in nanostructure with dielectric only
(γe/γ0 ≈ 0.019). To characterize radiation directionality, the
corresponding angular patterns to retrieve 2D angular far-field
emission patterns are plotted in Figure 2(d). It is shown that the
plasmonic nanoantenna could improve the radiation direction-
ality to a certain extent.
One should note that during the optimization process, the

thickness of the Au pattern, the height of the quantum dot inside
the nanohole as well as the diameter of the nanohole are prese-
lected. To find the ideal thickness of the Au pattern, we perform
a series of topology optimizations for a thickness range from
100 nm to 140 nm (Figure 3(a)). We find that the optimized (be-
fore degradation) and degraded results within the range are op-
timal at a thickness of approximately 120 nm. In addition, due
to the limited accuracy of point defect localization, the design
should have robustness to resist the uncertainty of the quantum
dot’s position within the nanoantenna. Although the optimized
plasmonic nanoantenna is based on a fixed quantum dot with a
height of 80 nm, we also simulate its performance at different
heights (Figure 3(b)). When the nanohole contains no dielectric
material, the quantum dot is placed directly on the substrate,
resulting in an approximate height of zero (h = 0 nm). This
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configuration significantly reduces the normalized extraction
decay rates. Obviously, the normalized extraction decay rate
increases with the increase in height, and at a height of 80 nm,
it reaches the optimal value.
On the other hand, it is reasonable to expect that the manu-

facturing process will lead to deviations in edge positions. Due
to the placement of quantum dots inside the central nanohole,
the size of the nanohole is small, resulting in machining errors.
To facilitate the placement of a quantum dot, the diameter of
the nanohole needs to be larger than that of the quantum dot.
Figure 3(c) shows the effect of increasing the diameter of the
nanohole on the extraction decay rates. Due to the near-field
coupling, we could find that the smaller the nanohole is, the
better the performance of the plasmonic nanoantenna could be
obtained. For far-field photon extraction, it is better to position
the objective lens vertically above the nanoantenna. However,
due to the positioning technique for the objective lens, the an-
gular deviation might occur during the extraction process. We
show that the optimized plasmonic nanoantenna still maintains
good performance within the extraction offset range of−40◦ to
40◦ (Figure 3(d)). We find that when the extraction surface is
offset by ±40◦, the normalized extraction decay rate is about
1.3. To verify the effectiveness of the topology optimization
process, we do the optimization in the case where the devia-
tion angle is 40◦ (Figure 3(e)). Correspondingly, we find sig-
nificant radiation fields being extracted into the objective lens
with a deviation angle of 40◦. Since the radius of the objective
lens is 500 nm, it is possible to extract photons from an angle
range of 18.5◦ to 53.3◦. Therefore, we find that the maximum
directional angle for far-field photon extraction is less than 40◦
from the angular pattern. Nevertheless, we could realize ef-
ficient photon extraction (γe/γ0 = 2.5) if the objective lens
deviates with an angle of 40◦, which is nearly twice as much as
the original one.

4. CONCLUSION
In summary, we have designed a plasmonic nanoantenna based
on a density-based topology optimization framework. Through
a systematic study of the plasmonic nanoantenna based on
topology optimization, we have demonstrated their strong abil-
ity to alleviate the contradiction of plasmonic mode volume and
enhance far-field photon extraction into optics. We could find
that the proposed plasmonic nanoantenna functions like a com-
bination of the bowtie antenna [45] and bullseye antenna [46],
which could comprehensively improve the photon extraction
of a quantum dot positioning inside the nanohole. By lever-
aging the design flexibility offered by topology optimization,
our method effectively capitalizes on the strengths while avoid-
ing the weaknesses of conventional plasmonic and dielectric
nanostructures. Overall, the optimized plasmonic nanoantenna
could realize a normalized extraction decay rate of 5.48 with the
Purcell factor reaching 4200. More prominently, the proposed
plasmonic nanoantenna as well as topology optimization could
be readily extended to other research domains of optics and ma-
terials science, enabling on-demand single-photon sources into
photonic quantum networks and applications in quantum infor-
mation science.
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