ORIGINAL PAPER
www.lpr-journal.org

Unidirectional, Ultrafast, and Bright Spontaneous Emission
Source Enabled By a Hybrid Plasmonic Nanoantenna
Guoce Yang, Qixin Shen, Yijie Niu, Hong Wei, Benfeng Bai,* Maiken H. Mikkelsen,*
and Hong-Bo Sun
level, which limits the speed of optical devices that are needed in next-generation
optical interconnect and quantum
communication, such as high-speed
nanoscale light emitting diodes (LEDs)[8]
and single photon sources.[9] Directional
and high speed nano-LEDs can potentially be used in data centers to reduce
the energy consumption.[10] On-demand
single photon sources with high emission rate and good directionality can
attain high repetition rate and near-unity
collection eﬃciency.[11] In addition, the
omnidirectional far-ﬁeld spontaneous
emission from nanoemitters can be collected by using antenna structures and
high numerical aperture (NA) optics.[12]
But the collection eﬃciency of emitted
photons directly into low NA optics,
such as a single mode ﬁber, is quite low,
which hinders the on-chip integration.
Thus, the poor emission directionality
and long lifetime (corresponding to the
slow decay) are two main challenges
for practical applications based on
spontaneous emission. The use of plasmonic nanoantennas with
nanocavities[13] is one of the most eﬀective solutions to obtain
ultrafast spontaneous emission due to their ability to extremely
localize and enhance the photon density of states, which in turn
results in enhanced spontaneous emission[14,15] due to the Purcell
eﬀect.[16] On the other hand, an optical antenna is able to couple
the emitted light into the antenna modes and then reradiate photons into speciﬁc spatial directions.

Ineﬃcient and wide-angle emission as well as low emission rate of optical
nanoemitters (such as quantum dots) have been strongly limiting their
practical applications in next-generation nanophotonic devices, such as
nanoscale light-emitting diodes (LEDs) and on-chip single photon sources.
Optical nanoantennas provide a promising way to deal with these challenges.
Yet, there has been no solution that can overcome these drawbacks
simultaneously on a single device. Here, a hybrid plasmonic nanoantenna
consisting of a silver nanocube positioned at the center of a gold
concentric-ring structure is proposed, which can simultaneously enhance the
emission directionality and decay rate of quantum dots embedded in the
nanogap beneath the nanocube while maintaining high quantum eﬃciency.
Coupling quantum dots to this nanoantenna can result in 60% of the emitted
photons collected by the ﬁrst lens with a numerical aperture (NA) of 0.5 and
21% for a NA of 0.12. The total emission intensity and decay rate are
enhanced by 121-fold and 424-fold, respectively, compared with quantum dots
on a glass substrate. A high quantum eﬃciency above 50% is obtained in
simulation. This novel platform can be applied to enhance various types of
optical nanoemitters and to develop high-speed directional nano-LEDs and
single photon sources.

1. Introduction
Typical optical nanoemitters such as organic molecules,[1,2]
semiconductor quantum dots,[3,4] solid state defects,[5] and 2D
materials[6,7] are playing fundamental roles in the ﬁeld of
nanophotonics and quantum technology. However, the intrinsic lifetime of spontaneous emission is usually on nanosecond
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2. Results and Discussion
A 3D schematic of the proposed nanoantenna is shown in
Figure 1a. This hybrid plasmonic antenna consists of gold
concentric rings on a gold ﬁlm (i.e., the bullseye structure)
and a silver nanocube at the center. The period, width, and
height of the rings are 560 nm, 280 nm and 50 nm, respectively. CdSe/ZnS core–shell quantum dots (whose emission
wavelength is 640 nm in water solution) are ﬁlled in the
nanogap between the silver nanocube and the ground gold
ﬁlm, where gap plasmon resonance can happen. The plasmonic
nanogap performs like a nanocavity that can conﬁne light
into an extremely small mode volume and thus can lead to
large Purcell enhancement and increased quantum eﬃciency
by tuning the cavity resonance to the emission wavelength.
The resonance wavelength depends on both the nanocube
size and the gap thickness that is mainly determined by
the size of quantum dots (≈10 nm). The colloidal quantum
dots were characterized by transmission electron microscopy
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In order to realize highly directional emission, there have
been some antenna designs, such as the Yagi–Uda antenna,[17–19]
the split ring resonator,[20] the concentric-ring structure,[21–24]
the hexagonal array,[25] and the metal nanowire.[26] By comparison, the concentric-ring structure, namely the bullseye antenna, has exhibited superior emission directionality normal
to the ground plane due to its circular symmetry. Good emission directionality has been experimentally obtained for various
quantum emitters coupled to bullseye antenna, such as ﬂuorescent molecules,[21] quantum dots,[27–29] and nitrogen-vacancy
centers.[30,31] However, only modest emission rate can be obtained
in such structures.[31] To accelerate the spontaneous decay process, a plasmonic nanogap, as a typical plasmonic nanocavity, is
an ideal choice to increase the photon density of states by conﬁning light into a small nanoscale volume. Typical examples include
the bowtie antenna[32] and nanodimer antenna[33] as the representatives of horizontal nanogaps, and the nanopatch antennas as
the representatives of vertical nanogaps.[34] The latter can sharply
enhance the Purcell factor, that is, the ﬁgure of merit of the decay
rate enhancement.[35] But the broad far ﬁeld radiation pattern[15]
still limits the collection eﬃciency of radiated light into low NA
optics. So far, there has been no design featuring both remarkable lifetime reduction and directivity enhancement. Therefore,
the hybridization of plasmonic nanocavity and bullseye nanoantenna provides an achievable solution to meet both requirements.
In this work, a ﬁlm-coupled nanocube is integrated into a
bullseye antenna, forming a cube-bullseye hybrid plasmonic
nanoantenna. It can utilize the advantages of both structures to
enhance the spontaneous decay rate of quantum dots and obtain high directionality of emission in the direction normal to
the ground plane. We experimentally demonstrate that the hybrid
plasmonic nanoantenna can dramatically shorten the lifetime of
quantum dots ﬂuorescence by a factor of 420 and enhance the intensity by 120 times, by referring to quantum dots on glass substrates. Meanwhile, 60% and 21% of the emitted photons can be
collected by optical systems with NAs of 0.5 and 0.12, respectively,
which are the typical NAs of a multimode ﬁber and a single-mode
ﬁber.

0
750

Figure 1. The cube-bullseye hybrid plasmonic nanoantenna and the measured spectra. a) 3D illustration of the hybrid plasmonic nanoantenna
consisting of gold concentric rings on a gold ﬁlm and a silver nanocube
situated at the center of the rings. The nanocube and the gold ﬁlm are separated by a monolayer of CdSe/ZnS quantum dots with diameter of ≈10 nm.
b) Dark-ﬁeld image of the hybrid plasmonic antenna, where the red spot at
the center corresponds to the scattering of the nanocube positioned at the
center; inset: SEM image of the cube-bullseye hybrid plasmonic antenna.
c) Blue: the scattering spectrum of the cube-bullseye hybrid plasmonic antenna; Red: the ﬂuorescence spectrum from quantum dots coupled to the
fabricated hybrid plasmonic antenna using an exposure time of 1 s; Brown:
the ﬂuorescence spectrum from a gold bullseye structure without the silver
cube using an exposure time of 30 s; inset: SEM images of the fabricated
antennas with (red box) and without (brown box) a silver nanocube at the
center of the gold rings. d) The ﬂuorescence spectra from diﬀerent reference samples of quantum dots on glass (blue), on bare gold ﬁlm (brown),
and in the nanogap between the silver nanocube and the gold ﬁlm (red),
using the exposure time of 1 s. The measured scattering spectrum of the
silver nanocube is shown as the black curve, whose resonance wavelength
matches the emission wavelength of quantum dots.
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⟨EF⟩ =

I∕Acube
Iglass ∕Aspot

(1)

where I is the measured PL intensity from the antenna sample,
Iglass is the PL intensity from the glass sample, Acube is the projection area of the nanocube, and Aspot is the laser spot area with
diameter of ≈500 nm.
For a single ﬁlm-coupled nanocube, the emission from the
quantum dots located in the nanogap not only results in the far
ﬁeld radiation into free space but also launches the surface plasmon polaritons (SPPs) at the interface between the gold ﬁlm and
air. The electric ﬁeld distribution arising from a vertically oriented electric dipole calculated by 3D full-wave simulation (using
COMSOL Multiphysics) demonstrates the SPP mode on the surface of the gold ﬁlm (Figure 2a). The energy of SPPs completely
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(Figure S2a, Supporting Information). Here, 90-nm-sized
monodispersed colloidal silver nanocubes were chosen to keep
the resonant wavelength at around 650 nm. Two-step electron
beam lithography and lift-oﬀ process were employed to fabricate
the hybrid nanoantenna (see Supporting Information). A red
light spot, due to the scattering of the ﬁlm-coupled nanocube, can
be evidently seen at the center of the structure in the dark-ﬁeld
microscopic image (Figure 1b). The spot and the corresponding
scattering spectrum (blue spectrum in Figure 1c) clearly show
that the cube is well positioned at the center of the rings and the
gap resonance matches well with the emission wavelength of the
quantum dots. The scanning electron microscopy (SEM) images
of the samples are shown in the insets of Figures 1b,c. On the
one hand, the monolayer quantum dots can be seen at the center
of the bullseye structure in the SEM image (see the inset in
the brown box in Figure 1c); on the other hand, the resonant
wavelength also indicates the gap thickness of ≈10 nm. Actually,
two or more layers of quantum dots would make the nanogap
thicker (>20 nm) and the strongly blue shift of the resonant
wavelength. The number of quantum dots in the nanogap is
estimated around 40 by considering the density of quantum
dots and the size of the nanocube. The photoluminescence (PL)
emission peak from the sample is at the wavelength of 650 nm
(see the red spectrum in Figure 1c), which is very close to the
original emission wavelength of the colloidal quantum dots
on glass (see the blue curve in Figure 1d). The PL spectrum
from a sample without the silver cube was also measured (see
the brown spectrum in Figure 1c). The emission intensity is
16 times weaker even if a 30 times longer exposure time was
used. The measured ﬂuorescence spectrum reveals a 480-fold
PL intensity enhancement. Note that the SEM characterization
was performed after all the optical measurements had been
done. The PL spectra from monolayered quantum dots on bare
gold ﬁlm, on glass substrate, and embedded in the gap of a
single ﬁlm-coupled nanocube are also shown in Figure 1d. All
the PL spectra in Figure 1c,d were obtained using an excitation
power density of ≈20 W cm−2 at the wavelength of 532 nm.
It is seen that the PL intensity from quantum dots coupled to
the cube-bullseye hybrid antenna (red curve in Figure 1c) is
much larger than those of quantum dots on glass (blue curve in
Figure 1d) and on bare gold ﬁlm (brown curve in Figure 1d). A
121-fold enhancement (compared with quantum dots on glass)
can be calculated with an area-normalized factor deﬁned below.
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Figure 2. SPPs coupling mechanism for the directional emission. a) Simulated cross-sectional electric ﬁeld distribution in a single ﬁlm-coupled silver nanocube in absence of the bullseye structure, which is excited by a
vertically oriented electric dipole beneath the right corner of the nanocube
for maximum coupling to the gap mode. The propagation of SPPs along
the gold ﬁlm surface is observed. b) Simulated cross-sectional electric ﬁeld
distribution in the proposed cube-bullseye hybrid plasmonic antenna excited by a vertically oriented electric dipole underneath the right corner
of the nanocube, which shows the interaction between the circular grating and the SPPs. c) Simulated reﬂectance spectrum of a linear strip gold
grating on the gold ﬁlm (with strip height 50 nm and ﬁlling factor of 50%)
under normal incidence. The absorption band spanning from the wavelengths of 600 nm to 800 nm indicates the SPP mode. The absorption
around the wavelength of 500 nm is due to the inter-band transition of
gold. White dashed line: dispersion curve of the SPPs; Black dashed line:
emission wavelength of the quantum dots. d) Simulated far-ﬁeld emission
patterns from quantum dots coupled to cube-bullseye hybrid plasmonic
antennas with two diﬀerent periods of A) 560 nm and B) 650 nm, corresponding to point A (on SPP resonance) and point B (oﬀ SPP resonance),
respectively, marked in (c).

dissipates during the propagation due to the Ohmic loss in the
metal if there is no other structure on the gold ﬁlm. However, the
existence of the bullseye structure can modify the propagation of
the SPPs. The simulated electric ﬁeld shows that the amplitude
of the electric ﬁeld at a lateral distance 3 µm away from the center
(shown by the white dashed line) at the gold–air interface is half
of that at the same location in the absence of the bullseye structure (Figure 2a,b), which indicates that the SPPs are partially decoupled into the upper space by the bullseye structure during the
propagation. The interaction between the bullseye structure and
the SPPs excited by the quantum dots emission can lead to directional emission. When the phase matching condition 𝛽 spp (𝜆) =
2𝜋/Λ is satisﬁed (where 𝛽 spp is the propagation constant of SPPs,
𝜆 is the wavelength of light in vacuum, and Λ is the circular grating period), the SPPs are coherently scattered by the circular grating structure and the interference leads to the wave propagation
to the free space along the direction normal to the ground plane.
For a given wavelength, there exists an optimal grating period.
To optimize the grating period and simplify the calculation, a 1D
linear grating, consisting of periodic gold strips on a gold ground
substrate, is studied because it is a good approximation along
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Figure 3. Far-ﬁeld emission patterns of the quantum dots. a,c,e) Measured k-space images and b,d,f) retrieved 2D angular far-ﬁeld emission patterns
of quantum dots coupled to a single ﬁlm-coupled nanocube without rings (top row), a cube-bullseye hybrid plasmonic antenna (middle row), and a
bullseye structure without cube (bottom row). The angular patterns are retrieved along the white dashed lines (polar angle 𝜑 = 0°) in (a), (c) and (e),
where the azimuthal angles are retrieved by 𝜃 = sin−1 (ky /k0 ).

the radial direction of the bullseye structure. The reﬂectance
spectrum as a function of the period and wavelength is calculated and shown in Figure 2c, where the reﬂection dip implies
the energy dissipation at the resonant wavelength of SPPs.
According to the phase matching condition, the optimal grating
period should be equal to the SPPs wavelength that is shorter
than the counterpart in vacuum. The relationship between the
period and the resonant wavelength due to SPPs is also clearly
indicated by the white dashed SPP dispersion curve in Figure 2c.
The emission wavelength of the quantum dots used in this work
is also marked as the black dashed line in Figure 2c. The cross
point A between the emission line and the SPPs dispersion curve
determines the optimal period of 560 nm, where the SPP resonance band overlaps well with the quantum dots emission band.
The point B on the black dashed line in Figure 2c corresponds to
a non-optimal period of 650 nm. 3D full-wave simulations and a
subsequent near-ﬁeld to far-ﬁeld transformation[36] were used to
calculate the 3D far-ﬁeld emission patterns of the cube-bullseye

Laser Photonics Rev. 2020, 14, 1900213

structure with two aforementioned circular grating periods
(Figure 2d). It can be clearly seen that the optimal period results
in better far-ﬁeld directionality than the non-optimal one. This
well-designed period was used in the sample fabrication.
In order to characterize the emission directionality and
demonstrate the important role of the bullseye structure in the
hybrid nanoantenna, a back focal plane imaging system was
built to measure the angular ﬂuorescent emission pattern of
the sample in k-space. An objective with a NA of 0.9 (Olympus,
MPlanFL N, 100×/0.9 BD, ∞/0/FN26.5) was used for both
the excitation and light collection (see Section 4). Hence, the
maximum measurement range of the emission angle is 64°
according to the NA. The k-space measurements of the emitted
photons from quantum dots coupled to a single ﬁlm-coupled
nanocube, a cube-bullseye hybrid plasmonic antenna, and a
single bullseye without the cube were performed (Figure 3a,c,e).
The corresponding angular patterns are plotted in Figures 3b,d,f.
It is shown that a single ﬁlm-coupled nanocube results in an
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D=

2𝜋 𝜋∕2
0

where F(𝜃,𝜑) is the normalized angular pattern deﬁned by F(𝜃,𝜑)
= S(𝜃,𝜑)/max{S(𝜃,𝜑)} and S(𝜃,𝜑) is the pattern retrieved from
simulation or measurement. Here, we only take the upper semispherical space into account because the emission transmitted
through the 100 nm thick gold ﬁlm can be neglected. According
to the deﬁnition of Equation (2), the directivity is 1 (or equivalently 0 dB) when the radiation is a homogenous spherical wave
(namely, no beaming eﬀect); while the directivity is inﬁnitely
large, when the radiation is perfectly collimated. The measured
directivity of our cube-bullseye hybrid plasmonic antenna is
16 dB, which has a good agreement with the calculated value of
17 dB. This value is much higher than 3.7 dB for the far-ﬁeld
emission of quantum dots coupled to a single ﬁlm-coupled cube.
To further quantify the beaming eﬀect of the proposed hybrid plasmonic antenna, another important quantity collection
eﬃciency is studied, which is deﬁned as the ratio of the energy
emitted into a given NA to the total radiated energy. Eﬃcient
collection of the emitted photons using low NA optics, typically such as a ﬁber, is quite useful in practical applications of
emission devices. For example, vertical-cavity surface-emitting
laser has been successfully applied in optical communication
partly because of the high coupling eﬃciency of its radiation
into an optical ﬁber. The simulation results (Figure 4) show that
the collection eﬃciency for the cube-bullseye hybrid antenna
is much higher than that of the single ﬁlm-coupled nanocube
without bullseye. The calculated collection eﬃciency into an NA
of 0.12, a typical value for a single-mode ﬁber, can reach 21% for
the cube-bullseye hybrid antenna, which is much higher than
2.1% for a single ﬁlm-coupled cube (see the inset in Figure 4).
This shows that the existence of the bullseye structure enhances
the collection eﬃciency into low NA by 10 times. Furthermore,
an even higher collection eﬃciency of over 60% can be achieved
using a multimode ﬁber with NA of 0.5. Figure 4 also shows the
experimental collection eﬃciency 𝜂 m retrieved from Figure 3a,c,
according to the following equation:
𝜂m (NA) =

k2x +k2y ∕k0 <NA

∬√

k2x +k2y ∕k0 <0.9

I(kx , ky )
I(kx , ky )
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emission pattern with a single lobe and broad emission angle
range, because an in-plane magnetic dipole mode is formed in
the gap on resonance.[37,38] In comparison, the cube-bullseye
hybrid plasmonic antenna generates a much narrower emission pattern with a single lobe and the emitted photons are
mostly directed into the center of the k-space. The full-width
at half-maximum (FWHM) of the emission pattern is in the
range of ±7° around the normal direction. Compared with the
gold bullseye structure without a nanocube, the presence of
the nanocube in the bullseye structure does not inﬂuence the
emission pattern signiﬁcantly but largely enhances the emission
intensity (Figure 1c).
To quantitatively describe the beaming eﬀect of the emitted
light, we introduce a parameter directivity from antenna theory,[39]
a ﬁgure of merit characterizing the radiation directionality,

0.3
0.6
Numerical aperture (NA)

0.9

Figure 4. Dependence of the collection eﬃciency on NA. Theoretical (triangle) and experimental (square) collection eﬃciencies of the emission
from quantum dots coupled to a single ﬁlm-coupled nanocube (yellow)
and a cube-bullseye hybrid plasmonic antenna (red) as a function of NA.
Inset: collection eﬃciencies zoomed into the low NA range (gray area),
where the NA of 0.12 is marked by a black dashed line.

where 𝜂 theory is the theoritical collection eﬃciency. The experimentally measured collection eﬃciencies into NAs of 0.12 and
0.5 exceed 16% and 50%, respectively. These eﬃciencies are the
highest values reported so far to the best of our knowledge. The
small deviation of the experimental values from the theoretical ones can be attributed to the fabrication imperfection of the
samples and the broadband emission where not all wavelengths
match the optimal period of the gold rings.
Compared with the previous studies on directional emission
using the bullseye structure, our hybrid plasmonic antenna can
achieve very large decay rate enhancement due to the existence
of the vertical plasmonic nanogap in the center. The spontaneous
emission is boosted according to the Fermi’s golden rule because
the quantum dots are placed in an environment with highly enhanced photon density of states. To verify that our structure can
also enhance the decay rate while enhancing the directionality,
time-resolved ﬂuorescence of the quantum dots was measured.
From Figure 5, it is clearly seen that there are signiﬁcant diﬀerences of decay rates between the quantum dots on the glass substrate, on the bullseye antenna without cubes, and on the cubebullseye hybrid plasmonic antenna. A single exponential decay
dynamics with lifetime of 14 ns can be retrieved from the measured decay curve of quantum dots on glass. At the center of the
gold bullseye structure without cubes, the quantum dots have a
faster decay dynamics with a lifetime of 540 ps but the emission is
ineﬃcient due to the quenching by metal. For the quantum dots
coupled to the cube-bullseye hybrid antenna, the ﬂuorescence
shows a signiﬁcantly improved decay dynamics. The measured
ﬂuorescence response has a FWHM of 76 ps, which quite approaches the instrument response function (IRF) with a FWHM
of 68 ps. A single exponential function featured decay with a lifetime of 33 ps is retrieved with the deconvolution from the IRF.
Accordingly, a 424-fold total decay rate enhancement (14 ns/33 ps
= 424) is obtained compared with quantum dots on glass as a con-
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Figure 5. Enhanced spontaneous decay rate and quantum eﬃciency. a)
Normalized time-resolved ﬂuorescence of quantum dots coupled to the
hybrid plasmonic antenna (red), compared with that of the quantum dots
on a glass substrate (blue) and at the center of a gold bullseye structure
(brown). The IRF of the system is shown in gray. A single exponential function is used to ﬁt the decay curves of quantum dots on glass and on the
gold bullseye structure. A single exponential function deconvoluted from
the IRF is used to ﬁt the decay dynamics of quantum dots coupled to the
cube-bullseye hybrid antenna. All ﬁtting curves are shown in black. b,c)
Simulated total decay rate enhancement and quantum eﬃciency as a function of the dipole position in the nanogap between the nanocube and the
ground gold ﬁlm. The white and black dashed lines indicate the projection
boundary of the nanocube.

trol, which coincides well with the theoretical prediction of ≈500
(Figure 5b). Vertical dipole orientation was assumed in our simulations for its dominant contribution to the decay rate enhancement compared with the horizontal dipole orientation (Figure S5,
Supporting Information). Such a high decay rate enhancement
has not been reported in previous studies on bullseye unidirectional antennas, to the best of our knowledge. Large spontaneous
emission enhancement is useful only if the quantum eﬃciency
is high and the quantum eﬃciency can be indicated by the total
intensity enhancement (Figure 1c). This large enhancement
factor EF can be mainly attributed to the excitation rate enhancement in the nanogap, the quantum eﬃciency enhancement, and
the collection eﬃciency enhancement according to
EF =

𝛾exc q 𝜂
⋅ 0 ⋅ 0
0
𝛾exc
q 𝜂

In summary, the proposed hybrid plasmonic antenna is a new
platform combining the advantages of both the bullseye antenna
and the plasmonic nanogap cavity. Compared with the single
ﬁlm-coupled nanocube without rings, the photon collection efﬁciencies of the cube-bullseye hybrid plasmonic antenna into a
NA of 0.12 and a NA of 0.5 can be increased by 10 times and
above 2 times, respectively. Meanwhile, a 424-fold enhancement
of the spontaneous decay rate and a 121-fold enhancement of the
total emission intensity have been demonstrated compared with
quantum dots on glass as a control. The theoretically calculated
quantum eﬃciency is as high as over 50%. This excellent performance is enabled by the SPPs decoupling occurred on the optimized circular periodic rings and by the large ﬁeld enhancement
in the well-controlled vertical nanogap created by the smooth surfaces of the colloidally synthesized crystalline silver nanocube
and the evaporated gold ﬁlm. This hybrid plasmonic antenna
can be used as a ﬂexible platform for the enhancement of photon emission process with high quantum eﬃciency, high decay
rate, and good directionality. Some new methods such as atomic
force microscope tip pick-place technique,[31] optical manipulation method[40] and DNA self-assembly[41] may be employed to establish this platform with more accurate control of the nanocube
position and nanopatterning in large area. In the future, the proposed hybrid plasmonic antenna can be a good candidate to realize an energy eﬃcient nano-LED with high modulation speed
and high coupling eﬃciency into optical ﬁbers or an ultrafast directional single photon source by integrating a single quantum
emitter into the structure.

(4)

4. Experimental Section

where 𝛾 exc is the excitation rate, whose enhancement equals to
the square of electric ﬁeld enhancement in the nanogap, that is,
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0
𝛾exc ∕𝛾exc
= |Eexc |2 ∕|E0exc |2 , q is the quantum eﬃciency, 𝜂 is the collection eﬃciency into a NA of 0.9 and the superscript “0” represents the sample of quantum dots on glass. The intrinsic quantum eﬃciency of quantum dots q0 is 30%, measured in the water solution. Simulations show a PL enhancement factor of 200
resulting from the 26-fold average excitation rate enhancement,
the 1.7-fold average quantum eﬃciency enhancement by embedding in the nanogap (Figure 5c) and the 4.5-fold collection
eﬃciency enhancement (from 21% to 95%). The diﬀerence between the simulated EF of 200 and the experimental EF of 120
may originates from the non-uniform permittivity in the practical nanogap embedded with dense quantum dots. The improvement of quantum eﬃciency also leads to a larger enhancement
in the radiative decay rate with a factor of over 700 calculated by
𝛾r ∕𝛾r0 = (𝛾q)∕(𝛾 0 q0 ), where 𝛾/𝛾 0 is the measured total decay rate
enhancement of 424. Most importantly, in this single device, a
high quantum eﬃciency, a high decay rate and a high directionality have been achieved simultaneously. If electrical pump and
modulation can be applied to this hybrid antenna, it can potentially be developed as a nano-LED with high quantum eﬃciency,
high ﬁber coupling eﬃciency, and high speed.

Simulation: 3D full-wave simulations were performed based on ﬁnite
element method using COMSOL Multiphysics 5.3a. The quantum dot was
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modeled by a monochromatic electric dipole source with a vertical orientation and the emission frequency corresponding to the emission wavelength of 640 nm. An open source package was used to calculate the farﬁeld emission pattern by retrieving the near ﬁeld given by COMSOL and
doing near to far ﬁeld transformation.[36] The ﬁnal pattern results were
obtained by averaging results from dipoles positioned beneath the four
corners of the nanocube. The decay rate enhancement and quentum eﬃciencies can be retrieved by integrating the total radiative power and the
Ohmic loss occurring in metals (see Supporting Information for details).
Sample Preparation: The sample preparation combines the electronbeam lithography (EBL) and the bottom-up self-assembly method. Gold
align markers and concentric rings were ﬁrst fabricated on the top of
the gold ground ﬁlm using the EBL and metal lift-oﬀ process. Then
single PMMA holes with the diameter of 160 nm were created at the
center of concentric rings after the second EBL process with required
marker alignments. Monolayered colloidal quantum dots and colloidal silver nanocubes were then self-assembled on the top successively. Finally,
quantum dots and silver nanocubes on the PMMA layer were lift-oﬀ by
accetone. The quantum dots monolayer and single nanocubes dropped
into the aforementioned PMMA holes were left. More detailed steps can
be seen in Supporting Information.
Optical Setup and Measurements: Optical setup for measuring the
ﬂuorescent spectrum, the single nanocube scattering spectrum and the
emission pattern was built based on a commercial microscope (Olympus,
IX81) (see Supporting Information). Setup for measuring the ﬂuorescence
lifetime was built based on a separated microscope (Olympus, IX71). For
the single nanocube scattering spectrum measurement, white light was
obliquely shined on the sample through a dark ﬁeld module (Olympus,
U-MDF3) and a dark-ﬁeld objective (Olympus, MPlanFL N, 100×/0.9 BD,
∞/0/FN26.5) so that only scattered light can be collected by the objective and then imaged on the CCD camera in spectrometer (Renishaw, inVia). The area of interest was selected by modifying the slit width and CCD
pixels selection. For the ﬂuorescent spectrum measurement, a collimated
532 nm continuous wave laser was used to excite the area of interest via
the same objective and the ﬂuorescence was also collected by the same
objective and directed into the spectrometer. As for measuring the farﬁeld emission pattern, a lens system was established to image the back
focal plane of the objective on the sCMOS camera (Photometrics, Prime
BSI). The back focal plane is the Fourier plane of the sample plane and
thus includes the spatial frequency information, that is, k-space information, of the emitted light. Therefore, the angular intensity distribution can
be retrieved by imaging this plane. The k-space was calibrated by a crossgrating (see Supporting Information for details). The time-resolved ﬂuorescence measurement was performed based on a time-correlated single
photon counting (TCSPC) module (PicoQuant, PicoHarp 300). A 532 nm
picosecond pulsed diode laser was used to excite the sample, and a single photon avalanche diode was used to detect the emitted photons. In all
time-resolved measurements, the detected photon-counting rate was kept
at ≈3000 cps by adjusting the excitation power below 4 nW corresponding to the power density of 0.5 W cm−2 in order to avoid the biexciton
emission.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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