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ABSTRACT We report the design of highly efficient optical antennas employing a judicious synthesis of

metallic and dielectric materials. In the proposed scheme, a pair of metallic coupled nanoparticles permits large

enhancements in both excitation strength and radiative decay rates, while a high refractive index dielectric

microsphere is employed to efficiently collect light without spoiling the emitter quantum efficiency. Our

simulations indicate potential fluorescence rate enhancements of 3 orders of magnitude over the entire optical

frequency range.
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plasmons - colloidal lens

hotoluminescence signal detection

of fluorescent molecules or quantum

dots is a crucial issue in many photo-
nic applications. The recent concept of opti-
cal nanoantennas is based on using plas-
monic nanostructures to tailor the
electromagnetic environment near a quan-
tum emitter in order to enhance the photo-
luminescence signal by optimizing (a) the
local excitation rate, (b) the emission rate,
and (c) the collection efficiency."? During
the past decade, several types of metallic
nanostructures, in particular, coupled me-
tallic particles®° and subwavelength
holes,”® have demonstrated their ability to
confine light in nanometer scale volumes
and strongly enhance the excitation rate of
single emitters placed in their vicinity.

Reciprocally, nanoscale metallic structur-

ing modifies the local density of states,’
thereby modifying the radiation properties
of nearby photoemitters. Metallic structures
introduce electromagnetic relaxation chan-
nels such as plasmonic modes that can
strongly enhance the total decay rate.'*""
However, due to their lossy nature, nonradi-
ative relaxation rates can become prepon-
derant when an emitter is located too close
to a metallic structure.’® ' This quench-
ing effect can spoil the benefits of plasmon
excitation. Consequently, it is crucially im-
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portant in nanoantenna applications to de-
termine the quantum efficiency, defined as
the ratio between the radiative and total
decay rates, particularly for small separa-
tions between the emitter and the metallic
structure. Photoluminescence enhance-
ment thus relies on a trade-off between ex-
citation rate enhancements and high quan-
tum efficiencies.?®

Additionally, recent papers have ad-
dressed the important issue of the angular
redistribution of radiated power induced by
the structured local environment. Recently,
the Yagi-Uda radio antenna has been suc-
cessfully downscaled to the optical range to
obtain high directionality of light
radiation.?’ ~2* The high directionality ob-
tained with these structures requires cou-
plings between the emitted light and the
plasmon modes, necessitating a rather large
number of nanoparticles. The size of a me-
tallic director can be reduced to two
coupled nanoparticles'”?* but at a price of
a lower directivity. The design of an optical
antenna based on a fully plasmonic ap-
proach is still challenging since high direc-
tionality can suffer from ohmic losses inher-
ent to metallic structures and requires
precise manufacturing techniques to align
several particles. Dielectric materials have
usually been disregarded in this context be-
cause their extinction cross sections are
comparable in size to their geometrical
cross section, thus producing weak excita-
tion rates. However, it has been demon-
strated that high refractive index dielectric
materials can induce a redirection of the di-
polar emission.>®” 22 Arrays of dielectric
nanoparticles have also shown their ability
to redirect light.?° The considerable advan-
tage of transparent (lossless) dielectrics is
that they preserve the quantum efficiency.
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Figure 1. (a) Antenna schematic: a dielectric microsphere (D = 500 nm, nro, taken from Yamada et al.®®) and two silver
nanoparticles separated by 8 nm (D = 60 nm and n,4 taken from Palik®?) are embedded in a dielectric background of refrac-
tive index no = 1.3. A dipolar emitter is placed equidistantly from the silver spheres along their axis of separation. (b) Radia-
tion diagram at A = 525 nm, (c) collection angle (3 dB half-width), (d) total (dashed line) and radiative (solid line) decay
rate enhancements, and (e) quantum efficiency for a perfect emitter (red line) and a poor emitter, n; = 0.1 (black line).

This work demonstrates that a judicious combina-
tion of dielectric and metallic materials can produce a
highly directional compact optical antenna, which
strongly enhances both local field excitation and radia-
tion rate of a dipolar emitter. We will see that desirable
properties occur in conjunction with a large quantum
efficiency, thereby ensuring a high fluorescence emis-
sion rate.

In this article, numerical simulations are performed
within the framework of rigorous Mie theory combined
with a multiple scattering formulation.>® 32 The single
emitter is simulated as a dipolar source modeled by tak-
ing the first electric term in a multipole (Mie) expan-
sion. The generalized Lorentz—Mie calculations are per-
formed with a truncation order of N = 20 for the
individual scatterers. The total emitted power, Py, and
the radiative emitted power, P,,q, are calculated by inte-
grating the radial component of the Poynting vector
over a spherical surface surrounding the source at re-
spective distances of 1 nm and 5 pm. The total and ra-
diative decay rate enhancements are then obtained by
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normalizing the emitted power in the presence of the
antenna by the emitted power in the homogeneous
background medium: ',y = Pyot/Po and I'rag = Prag/Po.
The quantum efficiency is then defined as

l—‘rad

he (Fige + (1 = m)/my) m

where m); represents the intrinsic quantum efficiency of
the emitter (v; = 1 for a perfect emitter).

RESULTS AND DISCUSSION

The schematic of the antenna being considered is
displayed in Figure 1a. The optical antenna consists of
a TiO, dielectric microsphere?”*3 (D = 500 nm) and two
silver nanospheres (D = 60 nm separated by 8 nm) em-
bedded in a dielectric background of refractive index
no = 1.3. A dipolar-like source oriented along the x-axis
is placed 30 nm from the dielectric microsphere and
centered equidistantly along the axis joining the silver
spheres. Figure 1b displays the radiation pattern of the
antenna (polar plot of the radiated power per angle
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Figure 2. Characterization of a TiO, m|crosphere as an optical antenna. (a) Microsphere is embedded in a background me-
dium of refractive index index n, = 1.3. The refractive index of TiO, is taken from ref 33, (b) collection angle (3 dB half-width),
(c) radiative decay rate, (d) colored map of the electric field intensity, and (e) radiation diagram at A = 440 nm.

unit) for a dipole oscillating at A = 525 nm (\ is the
wavelength in vacuum). Contrary to free space radia-
tion, Figure 1b exhibits a highly directional emission
with an angular aperture (3 dB half-width) = 15°. Calcu-
lations displayed in Figure 1c show that the collection
angle remains below 25° for a wavelength range from
400 to 700 nm. More interestingly, this highly directive
radiation is concurrent with a strong enhancement of
the radiative decay rate. The radiative decay rate en-
hancement (full line) displayed in Figure 1d surpasses
2 orders of magnitude over the entire optical frequency
range. Moreover, the spectral feature of I',4 shows sev-
eral peaks higher than 103, revealing electromagnetic
structural resonances that will be attributed later to the
excitation of cavity resonances occurring in the high re-
fractive index microsphere. In other words, this optical
antenna does not require an optimization of the elec-
tromagnetic resonances in order to be efficient, but an
optimization of the electromagnetic couplings between
the dipolar emitter and electromagnetic resonances
permits radiative decay factors I'.q as high as 10° The
high quality of the antenna is confirmed in Figure 1e,
which shows a quantum efficiency greater than 0.5 for
N\ > 450 nm. Even more spectacularly, we remark that
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the quantum efficiency of a poor emitter (black line in
Figure 1e) is essentially the same as the quantum effi-
ciency of a perfect emitter (red line). Further calcula-
tions show that this property is fulfilled for any intrin-
sic quantum efficiency higher than 1073, This behavior
is mainly due to the giant decay rates enhancements
which render the term (1 — m;)/m; in eq 1 negligible
compared to [y

In summary, this simple and compact system turns
out to be a highly performant antenna over the entire
optical spectrum and is characterized by a high direc-
tionality, strong decay rate enhancements, and a high
quantum efficiency. In the remainder of this work, we
investigate the properties of the dielectric and metallic
components separately in order to better understand
the unique performance of this optical antenna.

We first investigate the properties of a single high re-
fractive index dielectric microsphere. Recent studies
have demonstrated that dielectric microspheres oper-
ate as efficient near-field “lenses” with performances
comparable to the state of art of high numerical aper-
ture microscopes such as immersion lenses.?”283>~37
Figure 2b displays the angular 3 dB half-width of the
emerging propagative beam produced by a dipole lo-

www.acsnano.org



0.7
2000{ !
> 0.6
(6]
1500 <
L g5+
o
2 1000 5
g 1 0.4
[~
3 L
s}
L 500 € 039
g
& 0.2
04

600 700 800 900

A (nm)

600 700 800 900 400 500

A (hm)

400 500
Figure 3. Characterization of the two silver nanoparticles (D = 60 nm) embedded in a dielectric background of refractive
index ny = 1.3. The dipolar light source is set midway between the two metallic elements separated by 8 nm and is assumed

to be oriented along the separation axis. Refractive index of silver is taken from ref 34. (b) Total (dashed line) and radiative
(solid line) decay rate enhancements, (c) quantum efficiency for a perfect emitter (red line) and a poor emitter, n; = 0.1 (black

line) as a function of the wavelength.

cated at 30 nm from the sphere surface (the dipole is
oriented along the x-axis). It clearly demonstrates that
a single TiO, microsphere 500 nm in diameter can redi-
rect dipolar radiated power into a narrow beam of 3
dB half-width below 25° over a large frequency band-
width covering almost all of the optical range. Further-
more, the radiative decay rate enhancement displayed
in Figure 2c shows several peaks in the spectrum with
moderated amplitudes. This behavior feature might
seem surprising at first since dielectric materials gener-
ally exhibit low enhancement of the radiative decay
rates. However, let us recall that the high refractive in-
dex of TiO, enables the well-known electromagnetic
resonances in the dielectric microsphere called whisper-
ing gallery modes (WGMs).383° This assertion is clearly
demonstrated in Figure 2d, which displays the electric
field intensity in the vicinity of a dielectric microsphere
dipole illuminated at A\ = 440 nm corresponding to the
narrowest peak in Figure 2c. Furthermore, the far-field
radiation pattern of emitted light at A = 440 nm (dis-
played in Figure 2e) demonstrates that the excitation of
WGMs does not significantly deteriorate the strong di-
rectional properties of the TiO, microsphere illuminated
by a dipole. The WGM resonances do, however, have
the ability to slightly enhance the radiative decay rates
of a dipolar emitter. In summary, high refractive dielec-
tric spheres can serve as simple and compact optical an-
tennas in a very wide range of frequencies. Neverthe-
less, the huge decay rates enhancements observed in
Figure 1d cannot be explained by the coupling of a di-
polar emitter with WGM resonances. One concludes
therefore that the bulk of the decay rate enhancements
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of the metallo-dielectric antenna is due to the metallic
materials in the near-field of the emitting dipole.

Coupled nanoparticles have been widely studied in
the context of nanodimers'®*° and bowtie
nanoantennas'"*' to enhance the radiative decay rate
of a single emitter. Figure 3b displays the total (dashed
line) and radiative (solid line) decay rate enhance-
ments when a dipole oriented along the x-axis is set in
the center of the cavity formed by two silver nanoparti-
cles 60 nm in diameter separated by 8 nm. A broad
peak appears corresponding to the well-known red-
shifted plasmon resonance of two coupled metallic par-
ticles.* Comparison between Figure 1c and Figure 2b
shows that the so-called superemitter'® does not sig-
nificantly modify the radiation directionality when it is
combined with a microsphere. As illustrated in Figure
3¢, the presence of metallic losses induces a drop of the
quantum efficiency of a perfect emitter (red line), par-
ticularly strong near-ultraviolet frequencies. Conse-
quently, although the efficiency of a perfect emitter is
decreased due to relaxation via nonradiative channels,
the quantum efficiency of a poor emitter is increased
several-fold (cf. Figure 3c with n; = 0.1).

The design of optical antennas has been widely in-
spired by their analogues in the radio frequency range,
the Yagi-Uda antenna in particular.?’ ~2* This antenna is
typically made of three elements: the feed, the collec-
tor, and the reflector. The feed element role is to im-
prove couplings between the emitter and the antenna.
The optical analogue of the collector generally consists
of several coupled metal particles acting as a guide for
plasmon waves, while the reflector can be made from
a slightly larger single metallic particle. In our proposed
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Figure 4. (a) Colored map of the electric field intensity enhancement at A = 500 nm, (b) excitation rate enhancement, (c)

emission rate enhancement as a function of the wavelength.

metallo-dielectric antenna, the two coupled metallic
particles act as the feed element, and the chain of guid-
ing metallic particles and reflector are simply replaced
by a single dielectric sphere. The lack of a reflector in
the proposed metallo-dielectric antenna seems surpris-
ing, but it should be mentioned that optical reflector el-
ements so far have not provided clear benefits neither
in the decay rate enhancements nor in the emission di-
rectionality. Moreover, as illustrated in Figure 2, the di-
electric collector element is sufficiently performant to
channel most of the emitted power without the need
for an additional element contributing to the compact-
ness of the antenna. Let us also emphasize that several
nanofabrication techniques can potentially perform the
challenging manufacturing of the proposed hybrid
antenna.®?**2

For the sake of completeness, we investigate the
fluorescence enhancement of a molecule located in
the vicinity of the nanoantenna. The fluorescence rate
enhancement, I'ey,, can be defined as the product of the
excitation rate, I'e,, and the quantum efficiency, n.'¢2°
The excitation rate is defined as |ny - E(r)|%/|n; - Eo(rp)|%,
where n, is the dipole direction and E(r,) and Eq(rp) are
the local electric field at the dipole location r,, respec-
tively, with and without the antenna. The enhancement
of the electric field intensity is displayed in Figure 4a
when the antenna is illuminated at A = 500 nm by a
plane wave propagating along the z-axis. One observes
a huge enhancement of light intensity in a nanometer
sized volume delimited by the metallic spheres due to
the combination of light focusing by the dielectric
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spheres with the excitation of coupled plasmons in the
metallic dimer. This result was expected from Figure 1d
and reciprocity**** between the excitation and the ra-
diative decay rates. Figure 4b displays very high excita-
tion rates that can be strengthened by the excitation of
WGM. This result stems from the high extinction cross
section of the dielectric sphere, 10 times greater than
the extinction cross section of the dimer of metallic
nanoparticles at the plasmon resonance frequency.
Consequently, this antenna presents all of the required
properties for single molecular detection because both
I'exc and m are highly enhanced and concurrent with a
high directivity. This supposition is confirmed by a cal-
culation of the fluorescence rate enhancement dis-
played in Figure 4c as a function of the excitation wave-
length \, where the excitation rates and quantum
efficiencies are calculated with a wavelength shift of
20 nm, representative of common fluorophores, and Al-
exa dye in particular. One observes that fluorescence
enhancements as high as 10* are achieved.

CONCLUSIONS

This study demonstrates that appropriately de-
signed metallo-dielectric systems can serve as com-
pact, highly directive and ultra radiative antennas. Let
us emphasize that, contrary to fully metallic antennas,
the high directivity of this antenna does not result from
a plasmonic effect, and that it is efficient over a wide
range of frequencies. As a consequence, the high direc-
tivity does compromise the high radiative decay rate
enhancement offered by two coupled metallic particles,
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and it is possible to exploit whispering gallery modes
to further enhance the radiative decay rates. This work

METHODS

Numerical simulations are performed within the framework
of rigorous Mie theory combined with a multiple scattering
formulation.?° 32 The single emitter is simulated as a dipolar
source modeled by taking the first electric term in a multipole
(Mie) expansion. The generalized Lorentz—Mie calculations are
performed with a truncation order of N = 20 for the individual
scatterers. Dielectric constants are obtained from tabulated data
of the bulk material >>3*

The total emitted power, Py, and the radiative emitted
power, P,,q, are calculated by integrating the radial component
of the Poynting vector over a spherical surface surrounding the
source at respective distances of T nm and 5 pm.
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