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Abstract: Optical nanoantennas can efficiently harvest 
electromagnetic energy from nanoscale space and boost 
the local radiation to the far field. The dielectric-metal 
nanogap is a novel design that can help to overcome the 
core issue of optical loss in all-metal nanostructures while 
enabling photon density of states larger than that in all-
dielectric counterparts. This article reports that a crystal-
line spherical silicon nanoparticle on metal film (SiNPoM) 
nanoantenna can largely enhance the spontaneous emis-
sion intensity of quantum dots by an area-normalized 
factor of 69 and the decay rate by 42-fold compared with 
quantum dots on glass. A high total quantum efficiency 
of over 80%, including ~20% for far-field radiation and 
~60% for surface plasmon polaritons, is obtained in 
simulation. Thanks to not only the low optical loss in die-
lectric nanoparticles but also the appropriate gap thick-
ness which weakens the non-radiative decay due to the 
quenching from metal. Mie resonant modes additionally 
provide the flexible control of far-field emission patterns. 
Such a simple optical nanoantenna can be combined with 
various nanoscale optical emitters and easily extended to 

form large area metasurfaces functioning as active regions 
in light-emitting devices in applications such as advanced 
display, wireless optical communication, and quantum 
technology.
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1  �Introduction
Spontaneous emission as a fundamental optical process 
has recently attracted great interest due to its potential 
application in various fields such as optical intercon-
nection [1], optical wireless communication [2, 3], and 
quantum technology [4]. The related study is also benefi-
cial to understand other optical emission processes such 
as the stimulated emission [5–7] and the two-photon emis-
sion [8, 9]. However, low brightness and slow emission 
rate have been bottlenecks to hinder such devices moving 
into practical realm. An optical antenna provides a prom-
ising solution to amplify and enhance the spontaneous 
emission by increasing the local density of states (LDOS) 
of photons in the proximity of antennas [10, 11], namely 
the Purcell effect [12, 13]. Besides, nanogaps in optical 
antennas can also create “hot spots” with large electric 
field enhancement to largely increase the excitation rate 
of emitters located in nanogaps [14, 15]. In the past years, 
optical antennas with nanogaps can be mainly classified 
into two categories; all-metal plasmonic antennas [16–22] 
and all-dielectric antennas [23, 24]. The formers, such 
as plasmonic nano-dimers [16], bowtie structures [17], 
nanopatch antennas [18] and nanogaps created by gold 
nanorods on metal film [22], have the ability to realize an 
extremely small mode volume via the nanogap and thus 
enhance the spontaneous emission rate. However, gold, 
as one of the commonly used plasmonic materials, intro-
duces inevitable optical loss that strongly increases the 
non-radiative decay rate and thus limits the total quantum 
efficiency (QE) [21]. Silver nanoparticles have much lower 
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intrinsic loss enabling higher QE [4, 19, 20] but still suffers 
from the oxidization and the quality and shape control 
in nano-fabrication. In contrast, all-dielectric structures 
have the advantage of small optical loss, but achieve 
only modest LDOS enhancement and cannot forbid the 
leakage of emitted photons into the dielectric substrate. 
A hybrid structure consisting of dielectric nanostructures 
on a metal film with a nanogap between them can reduce 
the dissipative loss while maintaining relatively high 
LDOS enhancement [25]. This dielectric-plasmonic con-
figuration has been used for nanolaser and amplifier [5–7, 
26–30]. Recently, there was a successful demonstration 
that the photoluminescence intensity could be amplified 
in a platform consisting of chemically synthesized silicon 
nanoparticles on metal film (SiNPoM) with quantum 
dots in the gap [31]. However, the very small gap results 
in strong quenching process due to the short distance 
between the quantum dots and the gold film, which limits 
the QE. In addition, the influence of the generated surface 
plasmon polaritons (SPPs) on the metal film on the QE 
was not explored, which might further reduce the photon 
radiation efficiency. Both the value and the composition 
of the QE are critical for the design of optoelectronic and 
quantum devices.

In this work, we propose an effective solution to 
address the above two key concerns with a SiNPoM antenna 
consisting of a crystalline spherical silicon nanoparticle 

(SiNP) situated on a gold film covered successively by a 
thin Al2O3 separation layer and a self-assembled CdSe/ZnS 
quantum dot monolayer (~10 nm thickness), as shown in 
Figure 1A. Several key figures of merit defining the emis-
sion properties are studied, including the decay rate, 
the QE, the far-field radiation pattern, and the emission 
intensity. The appropriate gap thickness between the SiNP 
and the metal film is critical to obtain enhanced emission 
decay rate and intensity, and lift the QE.

2  �Results and discussions
In the SiNPoM system, the sizes of CdSe/ZnS quantum 
dots are ~10 nm and the crystalline SiNPs are prepared by 
femtosecond laser ablation in liquid and the diameters are 
from 80 to 200 nm [32]. To prepare the sample, a 100 nm 
thick Au film with a 5  nm thick Cr adhesion layer was 
first evaporated on a silicon substrate by electron beam 
evaporation (0.1 nm/s for Au and 0.05 nm/s for Cr). Then 
a thin layer of Al2O3 (1–20 nm) was deposited on the top 
of the gold film by atomic layer deposition (ALD) with an 
average deposition rate of 1 nm/17 min. Afterwards, 20 μl 
colloidal quantum dot water solution (1 × 10−4 nmol/L) was 
drop on the Al2O3 surface and dried at room temperature. 
The sample was then rinsed by deionized (DI) water and 
dried by N2 gas. The diluted SiNP solution was dropped on 
the quantum dot monolayer and rinsed by DI water after 
30  min for completing adhesive assembly. Finally, after 
drying by N2 gas again, a sample with sparse SiNPs situ-
ated on the quantum dot monolayer was well prepared. 
The gap thickness is the sum of thicknesses of the Al2O3 
layer and the quantum dots monolayer. Figure 1B shows 
the scanning electron microscope (SEM) image of a single 
SiNPoM antenna with the quantum dots on the substrate. 
In the experiment, each SiNPoM antenna was character-
ized by dark-field scattering microscopy. The measured 
scattering spectra, as seen in Figure 1C, clearly show the 
Mie resonance features of the antennas with different sizes. 
In each spectrum curve, the dominant resonant peak rep-
resents the vertical (normal to the ground plane) magnetic 
dipole resonance MD⊥ of the SiNP induced by the oblique 
p-polarized incident light, while the secondary peak at 
the shorter wavelength corresponds to the parallel electric 
dipole counterpart EDǁ induced by the s-polarized light, 
agreeing with previous studies [33, 34]. Both resonances 
have red shift with the increase of SiNP size. Full-wave 
simulations based on the finite element method (COMSOL 
Multiphsyics) were conducted to get the scattering spectra 
(see Supplementary Material), where the refractive index 
of SiNP was taken from that of crystalline silicon [35] and 

Figure 1: Silicon nanosphere on metal film nanoantenna.
(A) Schematic of the SiNPoM antenna. (B) SEM image of a SiNPoM 
antenna with the quantum dots monolayer in the gap. (C) Measured 
(solid) and simulated (dashed) dark-field scattering spectra of 
SiNPoM antennas (with 5 nm Al2O3 layer) with different diameters 
of 162 nm (green), 174 nm (yellow) and 190 nm (red), where the 
resonances are red-shifted with the increase of the SiNP size. (D) 
High-resolution TEM image of a SiNP, reflecting the crystallinity.
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has a very small imaginary part. The refractive index of 
the gold film is modeled from Johnson and Christy’s data 
[36]. The agreement of MD⊥ bandwidths between the 
measured and the simulated spectra indicates the SiNP 
has low optical loss like crystalline silicon. Besides, the 
high-resolution transmission electron microscope (TEM) 
image of a SiNP shown in Figure 1D also gives the evidence 
of the crystallinity.

The photoluminescence (PL) intensity enhancement 
factor (EF) is determined by the excitation rate that can be 
enhanced by the local electric field at the excitation wave-
length, the QE, and the collection efficiency related to the 
far-field emission pattern,
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= ⋅ ⋅

rr rr
�

(1)

where γexc is the excitation rate at the excitation wave-
length, QEphoton is the photon QE defined by QEphoton = γphoton/
(γphoton + γspp + γnr), where γphoton is the photon decay rate, γspp 
is the SPPs decay rate, γnr is the non-radiative decay rate 
induced by absorption of materials, η is the collection effi-
ciency dependent on the numerical aperture (NA) of the 
first lens, and the superscript “0” indicates the quanti-
ties from the reference sample such as quantum dots on 
glass substrate. The excitation rate enhancement 0

exc exc/γ γ  
equals to 2 0 2

exc exc| | /| | ,E E  where Eexc is the electric field at 
the excitation wavelength. The EF is position dependent 
due to the inhomogeneous environment created by the 
antenna geometry. The measured total EF should be the 
average value <EF >  over the excitation spot area. First, 
the quantum dot emitters in the nanogap underneath 
the SiNP get the largest excitation rate enhancement, 
where the maximum value can reach over 30 (Figure 2A). 
Besides, the presence of the SiNP results in the signifi-
cantly increased LDOS and thus leads to large decay rate 
enhancement in the whole projection area under the SiNP 
despite the non-uniformity of the LDOS spatial distribu-
tion in the nanogap. The largest LDOS enhancement 
(>120 ×) occurs at the center beneath the SiNP, mainly due 
to the sphere-plane configuration (Figure 2B). However, 
the fastest decay rate does not always indicate the highest 
photon QE due to the absorption (non-radiative) decay 
and the SPPs decay channels [37]. Simulations show 
a photon QE of above 20% (Figure 2C). Taking the SPPs 
mode as a form of in-plane radiation into account, the total 
QE is defined as QEtotal = (γphoton + γspp)/(γphoton + γspp + γnr). 
Figure 2D shows the high total QE, and the pattern of the 
QE in the gap has a good spatial overlapping with the 
LDOS, so that the emitters at the center of the gap have 
not only the largest decay rate enhancement but also the 
highest QE (>80%).

It is obvious that emitters at the position of maximum 
excitation electric field will get the largest excitation rate 
enhancement. With the emitter fixed at this location and 
the emission wavelength varied, the decay rate enhance-
ment spectra also show resonances corresponding to the 
Mie scattering of the antenna (Figure 2E). Absorption 
decays mainly happen at shorter wavelength due to the 
inter-band transition loss in the gold film. The metal loss 
monotonically and sharply decreases with the increase 
of emission wavelength out of the inter-band transition 
range, so that the total QE increases to a very high level 
and is no longer strongly limited by the intrinsic ohmic 
loss in the metal film (Figure 2F). Though the energy of 
SPPs dominates the aforementioned total QE, some out-
coupling nanostructures, such as gratings, can help to 
decouple the SPPs and further lift the photon QE. Besides, 
the direct on-chip integration to plasmonic circuits will 
also benefit from such a large SPPs QE.

Figure 2: Electric field enhancement, LDOS enhancement, and QE in 
the nanogap underneath the SiNP.
(A) Simulated electric field enhancement distributions in the cross-
sectional plane (upper panel) and the quantum dot monolayer 
plane (lower panel) of the SiNPoM at the excitation wavelength of 
532 nm where the dashed line represents the projection area of 
the SiNP with the diameter of 174 nm and the Al2O3 layer is 5 nm 
thick. (B–D) Simulated maps of the LDOS enhancement relative to 
a dipole in a vacuum space (B), the photon QE (C) and the total QE 
(D) as a function of dipole position under the SiNP at the emission 
wavelength of 640 nm. (E) Simulated decay rate enhancement 
from various decay channels by fixing the dipole at the position 
of maximum excitation electric field enhancement. (F) Simulated 
emission wavelength dependent total QE, the SPPs QE and the 
photon QE.
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The far-field emission pattern of emitters coupled to 
an optical antenna is also important for practical appli-
cations. For example, the omnidirectional emission is 
useful in free-space wireless optical communications (Li-
Fi), while unidirectional emission is versatile in on-chip 
optical interconnections. Fundamentally, the far-field 
emission pattern is mainly determined by the induced 
effective electric dipole or magnetic dipole modes. A 
recently developed multipole decomposition approach 
[38] gives a deep insight into the mechanism. There are 
some previous works [33, 39] investigating the scattering 
features of SiNPoM antennas excited by far-field illumi-
nation, showing that the induced effective dipole modes 
strongly depends on the polarization and incident angle 
of the excitation field. Hence, it is necessary to study the 
near-field excitation case because it is a completely differ-
ent scenario. Here, the dipole emitter is placed at the posi-
tion of maximum excitation field and has a vertical dipole 
orientation in simulation. With such an orientation, the 
dipole emission can be more strongly boosted through the 
Purcell effect compared with that in horizontal orienta-
tion. The decomposed effective electric dipole peff and the 
magnetic dipole meff are calculated as follows:

	
3

eff ( )d= ∫p P r r
� (2)

	
3

eff
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2
ω= − ×∫m r P r r
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where P(r) is the polarization of antenna induced by exter-
nal electromagnetic field (here is the point electric dipole 
source) and ω is the emission frequency. The volume inte-
gration domain encloses the entire SiNP and the gold film. 
The multipole decomposition results (see Figure 3) show 
a significant resonant phenomenon occurring in each 

effective dipole intensity spectrum. The effective electric 
dipole peff and the magnetic dipole meff have different 
units and their values cannot be compared directly. Con-
sidering the fact that the power ratio of an electric dipole 
and a magnetic dipole with the same frequency equals to 
|peff | 2 · c2/ | meff | 2, we normalized meff to meff/c in order to 
make it comparable with peff, where c is the light speed. 
Overall, the full spectrum can be decomposed into three 
regions: (i) the horizontal effective dipoles dominant 
resonant region (at the wavelength of around 560 nm in 
Figure  3A), (ii) the complex resonant region including 
both horizontal and vertical dipole modes (at around 
620  nm in Figure 3A), and (iii) the vertical dipole domi-
nant resonant region (at around 750  nm in Figure  3A). 
Quite different from the far-field excitation case, the verti-
cal electric dipole source in the nanogap cannot induce 
the vertical magnetic dipole mode mz any longer. A rigor-
ous near-field to far-field transformation method [40] was 
used to calculate the far-field emission patterns at these 
three different regions (Figure 3B–D). There are good 
agreements between the three emission patterns and the 
effective dipole modes excited in the antenna. Appar-
ently, the horizontal effective dipoles px and my generate 
the directional emission normal to the ground x–y plane 
(Figure 3B), while the vertical effective dipole pz creates 
a butterfly-like sideward emission pattern (Figure 3D). 
Such a feature in the SiNPoM antenna gives a possibility 
to control the far-field emission pattern with more degrees 
of freedom in the same architecture.

In order to experimentally probe the PL intensity and 
the decay rate enhancement, a 532  nm continuous wave 
laser beam and a picosecond pulse laser beam were coupled 
into a microscope objective (100 ×) with a NA of 0.9 and 
focused on the antenna. The emitted light was collected by 
the same objective and directed into the spectrometer and 
the single photon avalanche detector with 550  nm long-
pass filters. As shown in Figure 4, the PL spectrum exhibits 
dramatic amplifications: about 17-fold enhancement com-
pared to that from quantum dots on glass, about 37-fold 
enhancement compared to that from quantum dots on a 
gold film with 5 nm Al2O3 spacing layer, and about 188-fold 
enhancement compared to that from quantum dots on a 
bare gold film. A figure of merit of the enhancement factor 
is usually normalized to the excitation spot area and the 
projection area of a single antenna according to

	

out antenna
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( )/
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where I is the PL counts from the SiNPoM antenna 
acquired by the spectrometer, Iout is the PL counts from 

Figure 3: Multipole analysis and the far-field feature of a SiNPoM 
antenna.
(A) Emission wavelength dependent multipole decomposition of 
the emission field induced by a vertical electric dipole located at 
the position of maximum excitation field. (B–D) Far-field emission 
pattern at three typical Mie resonance wavelengths of 560 nm (B), 
620 nm (C) and 750 nm (D).
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the area within the laser spot but outside the SiNP pro-
jection area, Iref is the counterpart from the reference 
sample, Aantenna is the projection area of the SiNP, and Aspot 
is the excitation laser spot size (here the spot diameter is 
around 360  nm). Here, Iout is defined by Iout = Ibg · (Aspot–
Aantenna)/Aspot, where Ibg is the PL counts measured from the 
area without the SiNP. The enhancement factor defined by 
Eq. (4) removes the influence of quantum dots in the laser 
spot but not underneath the SiNP. Using Eq. (4), we can 
obtain the enhancement factors as 69, 115, and 826 com-
pared to the above three different aforementioned refer-
ences. It is worth noting that the normalized enhancement 
factor of 826 is comparable to and even larger than the 
previously reported value [31] even if a much thicker gap 
(15 nm) in our sample is used. The measured decay curves 
in Figure 4B show that the emission from quantum dots 

coupled to a SiNPoM antenna are significantly boosted 
compared with the quantum dots on glass, indicating a 
decay rate enhancement factor of 13. The total decay rate 
with the presence of the nanogap is also accelerated, com-
pared with quantum dots on a gold film with 5 nm Al2O3 
spacing layer. Although the decay rate of quantum dots 
on a bare gold film is even faster, the emission intensity 
is quite low mainly owing to the dominant non-radiative 
decay.

The gap thickness plays an important role in all-metal 
plasmonic structures. But how it influences the emission 
from the SiNPoM antenna is still not clear. We first inves-
tigated the gap thickness dependence of the excitation 
rate and the QE in theory. In simulations the intrinsic QE 
of 30% of quantum dot colloids used in experiments was 
taken into account. As seen in Figure 5, simulations show 
that the average excitation rate monotonically decreases 
with the increase in the gap thickness due to the weakened 
excitation field (Figure 5A), while the average total QE has 
the most opposite trend and remains over 70% for the 
gap thickness larger than 20 nm. On the other hand, the 
photon QE reaches the maximum when the gap thickness 
approaches 20  nm (Figure 5B). The collection efficiency 
into a NA of 0.9 is above 75%, much larger than 17% from 
a glass sample, and does not have a significant change for 
different gap thickness (Figure 5C). Hence, the total PL 
intensity enhancement curve does not vary much for gap 
thickness less than 15  nm but drops much for thickness 
larger than 20  nm combining all above influences. The 
experimentally measured PL intensity enhancement for 
samples with different gap thicknesses shows good agree-
ments with the simulation results as shown in Figure 5D. 
To further demonstrate the ability of the SiNPoM antenna 
to control and boost the decay rate, time-resolved emis-
sion measurements were proceeded with samples with 
different gap thicknesses. As shown in Figure 5E and F, 
apparently, the decay rates in all samples are enhanced 
and increase with the decrease of gap thickness, which 
coincides with the theoretical predictions. The measured 
largest decay rate enhancement of 42-fold correspond-
ing to the fitted lifetime of 330 ps occurs on the sample 
with a 10 nm gap and meanwhile the PL intensity is also 
enhanced by a factor about 10 relative to the glass sample. 
Even faster decay can be achieved using thinner gap and 
the PL enhancement is maintained. Such a good feature 
makes it possible to be applied in fast modulation with 
optical pump. On the other hand, without considering the 
excitation rate enhancement by optical pump, both the 
total QE and the photon QE reach almost the maxima at 
the gap thickness of 20 nm with the decay rate enhanced 
by about 10-fold, which could be applied towards brighter 

Figure 4: Enhancements of spontaneous emission intensity and 
decay rate.
Photoluminescence enhancement (A) and emission decay (B) from 
a SiNPoM antenna compared with samples as control references. 
Red: quantum dots coupled to a SiNPoM antenna; Blue: quantum 
dots on glass; Yellow: quantum dots on a gold film with 5 nm Al2O3 
spacing layer; Black: quantum dots on a bare gold film; Grey in (B): 
Instrument response function.
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and faster electrical pump light-emitted devices, and effi-
cient single photon sources with high radiative rate.

3  �Conclusions
In summary, the investigated SiNPoM antenna is shown 
to be a powerful platform for the control of various spon-
taneous emission properties with the high intensity, fast 

decay, high QE, and desirable radiation pattern. We exper-
imentally showed that a large decay rate enhancement 
with a factor of 42 corresponding to a lifetime of 330 ps 
is obtained from a sample with the smallest gap of 10 nm 
and the largest photoluminescence (PL) amplification 
factor of 17 is obtained from a sample with a 15 nm gap, 
both of which are compared with quantum dots spread 
on a glass substrate as reference. A high QE over 80% is 
obtained in simulations, including a photon QE of 20% 
and a SPPs QE of 60%. Smaller gap size leads to sharply 
increased decay rate but the gap thickness less than 15 nm 
will significantly increase the quenching effect and thus 
reduce the QE contributed to the fluorescence intensity. 
Such a simple structure can be readily scaled to a large 
area forming novel light-emitting metasurfaces, which can 
be used in advanced optoelectronic devices and efficient 
quantum sources operating at any interested wavelength 
as long as appropriate size of the SiNP is designed. Fur-
thermore, such a hybrid integration between low-loss die-
lectric nanoparticles and various plasmonic films could 
be extended to boost emission processes in a broader 
spectral region such as epsilon-near-zero materials in the 
infrared region and graphene monolayer in the terahertz 
region.
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