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ABSTRACT: We introduce a hybrid metal−dielectric nanoantenna consisting of
a metallic bullseye nanostructure and a dielectric waveguide layer, for directing the
photon emission of embedded colloidal nanocrystal quantum dots. This structure
overcomes the intrinsic losses of plasmonic nanoantennas on one hand and is
much more scalable than dielectric nanoantennas on the other. The experimental
results demonstrate a very low divergence angle beam, allowing a collection
efficiency of 30% of the quantum dot emission into a numerical aperture of 0.55.
The experimental results are well reproduced by numerical simulations, which
predict a maximal collection efficiency larger than 25% directly into a single mode
fiber having a numerical aperture of 0.12 without the need for any additional optics. Such hybrid nanoantennas can significantly
improve the performance of quantum dot based devices, from displays to single-photon sources.
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Colloidal semiconductor nanocrystal quantum dots
(NQDs) have been under the spotlight of scientific

research for more than a decade as versatile sources of light.
They are already used commercially for displays and show
promising features for various applications ranging from lasing1

to biological labeling2 and quantum information,3 where
especially in the latter cases single NQDs are used as single-
photon emitters. One of the problems with using NQDs as
light sources is that due to their spherical or cylindrical
symmetry most of the photon emission is not collected with
low numerical aperture optics, so the efficiency of simple and
scalable NQD-based devices is strongly reduced. This is
especially limiting for practical systems requiring coupling to
optical fibers.
One approach to improve the directionality and photon

collection efficiency is the use of metallic nanoantennas. There
are many designs for metallic nanoantennas, such as plasmonic
patch antennas,4 linear plasmonic gratings,5 split ring
resonators,6 Yagi-Uda nanoantennas,7 and circular (bullseye)
plasmonic lenses. The bullseye geometry is a natural choice for
emission pattern shaping, due to its circular symmetry, which is
the desired symmetry for a beam of light for most
applications.8−10 All the structures above rely on plasmonic
mode interference that directs the emission. Plasmonic modes
have a low volume and higher density of states than a uniform
dielectric environment, which often induce lifetime shortening
of the NQDs (Purcell effect). This effect is desired since it has
the potential to increase the total photon flux out of the NQDs,
but it is accompanied by an increase of the probability for a
nonradiative recombination.11 This loss mechanism reduces the
determinism of photon emission in plasmon-based single-

photon sources, which can be detrimental for quantum
technology applications. In addition, the proximity to the
metal required for efficient coupling of the NQD to the
plasmonic modes increases the probability for two-photon
emission from the NQDs due to an increase in the biexciton
emission rate. This limits their performance as pure single-
photon-emitting devices.12,13

Another approach to improve the directionality is the use of
purely dielectric nanoantennas. Such structures have been used
for efficient extraction of light from light-emitting diodes,14

where due to the high index of the host semiconductor, most of
the light is emitted into the device and does not propagate out.
Dielectric nanoantennas feature both high directionality and
low loss.15,16 In addition, dielectric nanoantennas can have both
high quality and large Purcell factors, but this comes with a
narrow frequency bandwidth, which is undesirable for room-
temperature NQD emitters, as the bandwidth of even single
NQDs is around 10−20 nm. Another problem with dielectric
nanoantennas comes from the substantial emission into the
substrate, and overcoming it requires a very demanding
fabrication.15,16

In this work we present a hybrid metal−dielectric nano-
antenna that utilizes the advantages of both metallic and
dielectric nanoantennas:5,17−20 on one hand, the NQDs can be
located at a large distance from the metal and hence do not
suffer from metal-related losses. On the other hand, high
directionality in a broad spectral range can still be achieved by
the efficient diffraction induced by the metallic bullseye
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nanostructure. With such a device we experimentally direct the
emission of a few NQDs, with a very small divergence angle of
only 3.25°, and show a collection efficiency larger than 30%
with a numerical aperture (NA) of 0.55, which is nearly 4 times
better than from free-standing NQDs.
A 3D schematic of an ideal, hybrid nanoantenna−NQD

single-photon source and of a cross section of the device is
depicted in Figure 1a,b, respectively. The device consists of a

low-loss metallic substrate, with a circular bullseye metallic
grating and a transparent dielectric layer. A single or many
NQDs are precisely positioned inside the dielectric layer, above
the center of the circular grating.
The operation mechanism of the nanoantenna is schemati-

cally drawn in Figure 1b. When the NQD in the center of the
device is excited, it emits the photons (having a wavelength
band around a central emission wavelength, λ) preferably into
the higher index dielectric layer. The dielectric layer is designed
as a single-mode waveguide for this band of wavelengths, so the
light propagating inside the layer has a well-defined waveguide
propagation constant, β. As the light propagates in the radial
direction, it is diffracted by the periodic structure. For a grating
period of Λ, the grating Bragg vector kB = 2π/Λ is designed to
match β, so the light is diffracted into a low-divergence beam,
perpendicular to the nanoantenna surface, with a polar angle θ
≈ 0 (defined in Figure 1c).5,21 The radial symmetry of the
structure ensures the same grating periodicity is seen for all in-
plane propagation directions of the emitted light. The
prominent advantage of this design over previous plasmon-
based bullseye nanoantennas8−10 is that the lossy plasmonic
modes are now replaced by low-loss waveguide modes,
enabling long propagation distances along the grating, resulting
in a narrower width for the diffracted beams as well as less
nonradiative losses.
The efficiency of the mechanism described above strongly

depends on the geometrical parameters of the nanoantenna.
Therefore, an optimization of the nanoantenna geometry was

first performed using a 2D Comsol simulation (see Supporting
Information for details). The simulation results were in good
agreement with the measurements, as will be shown later in this
paper.
The sample dimensions (Figure 1b) for the simulations

described in this paper are a grating period of Λ = 600 nm, slit
width a = 210 nm, and dielectric layer h = 440 nm thick. The
vertical distance of the NQD from the substrate d varies from
one simulation to the other. The material chosen for the
dielectric layer was PMMA (poly(methyl methacrylate)). It is a
polymer, optically transparent around 800 nm, chemically
suitable for hosting NQDs and is a standard material in current
fabrication technologies.
Using the simulations we can visualize the electric fields

arising from the NQD emission, in the vicinity of the hybrid
nanoantenna as well as the far-field angular intensity
distribution I(θ). The simulated electric field inside the
structure is shown in Figure 2a. The dipole radiates into a
standing waveguide mode, which is the fundamental mode of
the structure. The effective wavelength inside the layer perfectly
matches the period of the grating. In the air layer above the
dielectric, fields propagating out of the structure are visible. The
phases of these fields are set so that in the far field there is a

Figure 1. (a) 3D schematic drawing of the suggested hybrid metal−
dielectric nanoantenna. A red sphere in the center of the structure
stands for a single dipole emitter, such as an NQD. (b) Cross section
of the structure, defining the geometrical parameters: period Λ, slit
width a, thickness of the dielectric layer h, and height of the NQD
above the surface d. The light emitted from the NQD (red arrows) is
guided in the radial direction inside the dielectric layer, which acts as a
slab waveguide. The periodic structure scatters the light outside of the
hybrid nanoantenna to θ ≃ 0. (c) The angles θ and φ are defined as
the polar and azimuthal angle, respectively, measured in the far field.

Figure 2. 2D COMSOL simulation of the hybrid nanoantenna. (a)
Field distribution inside the structure. (b) Log scale normalized far-
field angular intensity distribution I(θ) for d = 250 nm (blue line) and
d = 330 nm (red line). The pink-shaded area corresponds to collection
into NA = 0.12. (c) Calculated collection efficiency of the emission as
a function of numerical aperture, for an NQD height of d = 250 nm
(blue line) and d = 330 nm (red line) and for a spherically emitting
point source without an antenna (green line). (d) Collection efficiency
into NA = 0.12 as a function of d (blue line). The green line at 0.36%
shows the collection efficiency of a spherically emitting point source
without an antenna. The pink-shaded area is the location of the NQDs
in the experimental hybrid nanoantenna.
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constructive interference to θ ≈ 0, the direction perpendicular
to the surface. The angular intensity distribution I(θ) is plotted
in Figure 2b for two values of d: 250 and 330 nm. The intensity
is normalized to the total intensity into the whole space (4π).
For both values of d, the intensity emitted around θ = 0 is
higher by at least 2 orders of magnitude compared with other
angles. Since many applications require coupling the emission
directly into a single mode fiber (SMF), we mark in pink in
Figure 2b the numerical aperture NA = 0.12 of an SMF, which
corresponds to θ = 6.9°. While both values of d show strong
emission into a cone defined by NA = 0.12, one can see that for
d = 250 nm there is a nondirected emission into angles outside
of the desired cone that is higher by an order of magnitude
compared with the results for d = 330. This shows the
importance of the exact vertical position of the emitter.
An important parameter quantifying the performance of the

nanoantenna is the collection ef f iciency ε, defined as the intensity
emitted into the collection NA, normalized to the total
intensity emitted into 4π:

∫ ∫

∫ ∫
ε θ

θ φ θ θ φ

θ φ θ θ φ
=

θ π

π π

I

I
( )

( , ) sin( ) d d

( , ) sin( ) d d
NA

0 0

2

0 0

2

NA

(1)

A comparison of the collection efficiencies of the emitters
positioned on the nanoantenna and of a point source without a
nanoantenna for d = 250 nm and d = 330 nm as a function of
NA is plotted in Figure 2c. For an NQD positioned at d = 250
nm, 5% of the intensity is emitted into NA = 0.12, and the
efficiency climbs nearly linearly for increasing NA. For d = 330
nm, however, 25% of the intensity is emitted into NA = 0.12,
while increasing the NA increases the efficiency slowly until NA
= 0.8. Surpassing NA = 0.8, the collection of the side lobes
(Figure 2c) increases the efficiency to 100%. The collection
efficiency of a point source without a nanoantenna is less than
0.5% for NA = 0.12 and increases only to 50% (as the collection
is of half of the space). If the collection is into NA > 0.57, d =
250 nm will allow a more efficient emission collection. The
simulation reveals that d = 330 nm is the optimal value for
collection into NA = 0.12, as can be seen from the plot of the
calculated collection efficiency ε as a function of d (Figure 2d).
Therefore, by optimally positioning the NQD at d = 330 nm,
an efficiency as high as 25% to emit the light directly into an
SMF can be achieved. For comparison, the collection efficiency
directly into an SMF from a point source with no nanoantenna
is ε = 0.36% and is plotted for reference (Figure 2d).
Next we turn to fabricating a nanoantenna based on the

design described above, in order to check its actual perform-
ance as compared to the simulations. A schematic cross section
is depicted in Figure 3a. On top of a Ag substrate we fabricate a
bullseye structure by electron beam lithography in a lift-off
process, as shown in an SEM image (Figure 3b). The
waveguide layer thickness is h ≈ 440 nm, which is composed
of three layers of PMMA (separated by dashed lines in Figure
3a). The bottom and top layer are made of pure PMMA, and
the middle layer contains PMMA with embedded NQDs, so
the NQDs are positioned in a 100 nm thick layer around d =
250 nm. This is not the optimal height according to the
simulations, and it results from fabrication difficulties to achieve
the optimal d. The sample is excited by a tightly focused (∼1
μm waist) CW diode laser (405 nm) only at the center of the
hybrid nanoantenna, to mimic emission from NQDs positioned
only at the center.

The NQDs used in this experiment are Life Technologies
QD800 core/shell CdTe/ZnS.23 These NQDs have a Stokes
shift between the absorption and emission spectra, so losses
due to reabsorption are negligible. The NQD ensemble is
spectrally broadened (∼70 nm fwhm) by the size distribution
of the NQDs. This gives us the opportunity to measure the
emission properties from the hybrid device in a wide spectral
range.
In order to map the angular intensity distribution of the

NQDs, we perform a spectrally resolved measurement I(θ, φ)
using a k-space measurement setup.10,22 The measurement
results in a 2D angular emission map defined in Figure 3c. The
measured range of θ is limited by the NA of the objective lens
used for light collection out of the sample. Due to the
symmetry of the structure and the excitation, the angular
intensity distribution at each wavelength is symmetric with
respect to the azimuthal angle φ, as can be seen in Figure 3d,e.
The angular intensity distribution at 768 nm is plotted in

Figure 3d. At this wavelength the emission takes the shape of a
narrow directional beam, with a nearly Lorentzian profile and a
divergence angle fwhm of only 3.25°. At wavelengths either

Figure 3. (a) Schematic drawing of the measured sample. The
excitation is tightly focused to the center of the sample. The NQDs
(schematically marked by purple circles) are embedded in a 100 nm
thick layer at the center of the PMMA layer, as marked by thin blue
lines. (b) SEM image of the metallic bullseye nanoantenna, fabricated
by electron beam lithography. (c) A result of an angular intensity
distribution I(θ, φ) measurement is a polar plot where the radial
direction is the polar angle θ and the azimuthal angle is φ, defined in
Figure 1c.10,22 The polar plot is limited by the NA used in the
experiment (dotted red circle). (d, e) Measured angular intensity
distribution of the emission I(θ, φ) for two emission wavelengths, λ =
768 nm and λ = 730 nm, respectively. (d) Lorentzian-shaped angular
intensity distribution at resonance of the structure at λ = 768 nm, with
a divergence angle of 3.25°. (e) Cone-shaped angular intensity
distribution off-resonance at λ = 730 nm. The color bar represents the
counts normalized to the NQD emission spectrum.
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longer or shorter than 768 nm the beam broadens and opens to
a shape of a hollow cone, as can be seen in Figure 3e for λ =
730 nm.
Figure 4a plots the measured angular emission distribution as

a function of wavelength, I(θ, λ), for φ = 0 (and its mirror

image φ = 180°). This is compared to the simulation results
(Figure 4b) with a very good agreement. The grating dispersion
is clearly seen. The two diffraction orders m = ±1 meet around
λ = 768 nm, to form the directional beam of Figure 3d. The two
orders overlap over a range of ∼20 nm, which is compatible
with the broadened line width of a room-temperature emitter.
At any other wavelength the two orders of diffraction create the
cone-shaped emission profile. Both the Lorentzian-shaped and
the cone-shaped emission show a narrow angular broadening,
as seen either from the width of the beam or from the width of
each emission lobe in the cone-shaped emission. This fact is
highlighted in the measured angular cross sections plotted in
Figure 4c for λ = 768 nm and λ = 730 nm, respectively. The
simulated angular emission for the same wavelengths are
plotted in Figure 4d. The measurement results show slightly
wider features than the simulation results, mostly due to the
emission of NQDs positioned a bit off-center of the
nanoantenna.10 The measured divergence angle θd = 3.25°
corresponds to a minimal spatial emission waist 2w0 = 2λ/πθd =
16.5 μm, which means that the emitted light propagates inside
the waveguide layer for more than 13 grating cycles (26Λ in
diameter) until it is diffracted out of the plane. Similar results
were obtained by the simulation.
Figure 4e plots the measured (black) and simulated (red)

efficiency as a function of a collection NA. The experimental
plot was extracted from the angular intensity distribution
measurement of Figure 3d by integrating the signal over
different solid angles corresponding to different NAs. In the
simulation a mean efficiency was taken for calculations of 200
nm < d < 300 nm to simulate the emission from the actual

vertical position spread of the NQDs in the measured device.
We see that for NA = 0.55 the collection efficiency exceeds
30%, which is nearly 4-fold better than an NQD with no
antenna. Moreover, for NA = 0.12 (the NA of an SMF) we
achieve an efficiency of more than 4%, which is an 11-fold
enhancement with respect to an isotropic emission of an NQD
with no antenna (see Figure 2c). It is important to note that the
experimentally extracted efficiencies are only a lower bound, as
we assumed a constant angular background at angles larger than
our system’s NA, while the simulations predict a decreasing
background for larger angles. The reason for achieving an
experimental collection efficiency of only 4% compared with
the maximal calculated value of 25% is due to the imperfect
vertical position spread of our NQDs. Since in our experiment
the NQDs were not located in the ideal vertical position, the
coupling into the correct TE waveguide mode was less than
ideal. The effect of such imperfect coupling on the collection
efficiency can be understood from the calculation presented in
Figure 2d and in more detail in the Supporting Information: for
d values smaller than 250 nm the probability for emission into
the waveguide mode decreases. This is a result of an increase in
emission into the competing in-plane TM polarization and to
the out-of-plane polarization modes. These competing modes
have broader angular dispersion and larger side lobes, and their
far-field emission is therefore not well directed. This reduces
the collection efficiency to a low NA = 0.12 in our device
compared to the ideal case. To verify this, we calculated the
expected efficiency with the experimental vertical spread of
NQDs. As the NQD layer in our device is between d = 200 nm
and d = 300 nm, we average the simulated efficiency into NA =
0.12 of NQDs in this vertical spread (shaded area in Figure 2d).
This calculation yielded an efficiency of 5%, in agreement with
the experimental results. Positioning the NQD layer at precisely
d = 330 nm is predicted to enhance the efficiency for NA = 0.12
to 25%.
Another interesting point is the dip in the emission spectrum

at λ ≃ 750 nm, seen in both parts a and b of Figure 4. At this
wavelength the emission into the waveguide mode is
suppressed. It can be explained by a Fano-resonance-like
mechanism, where there is a destructive interference between
the waveguide mode and the grating mode.24

It is illuminating to compare at this point the performance of
the current hybrid design to that of previously reported
directional emission using a plasmon-based bullseye nano-
antenna.10 The current hybrid metal−dielectric nanoantenna
shows a reduction of more than 35% in the divergence of the
NQD emission angle and an improvement of nearly 30 times in
the directionality (as defined by Harats et al.10), but for a
bandwidth slightly narrower (by 30%). It is hard to
quantitatively compare the optimal efficiencies of both devices,
as the nonradiative losses of plasmon-based nanoantennas
strongly depend on the metal quality and roughness. The
hybrid design presented here, however, is much less sensitive to
these properties, which is another practical advantage.
In conclusion, we have introduced a new design for a hybrid

metal−dielectric nanoantenna that directs the photon emission
from colloidal NQDs over a spectral range of ∼20 nm,
compatible with many modern NQD spectral spreads at room
temperature, without suffering from significant losses as in
plasmon-based collimators. The hybrid nanoantenna presented
a very small divergence angle of only 3.25° along with a
broadband high directivity and a high collection efficiency. The
results are in a good agreement with the numerical simulations,

Figure 4. Experimental (a) and simulated (b) angular PL spectrum
I(θ, λ) for φ = 0, normalized to the NQD emission spectrum, showing
the dispersion curve of the device. Experimental (c) and simulated (d)
angular intensity distribution I(θ) for φ = 0 at 768 nm (blue lines) and
730 nm (red lines). (e) Experimental (black) and simulated (red)
emission efficiency as a function of numerical aperture for NQDs
dispersed between 200 nm < d < 300 nm.
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supporting the physical picture of enhanced radiation into a
waveguide layer and diffraction into a single diffraction order
perpendicular to the nanoantenna surface. The simulations also
imply that the additional background at angles beyond the
collimated cone are due to positioning of the NQDs not at the
ideal height above the substrate. We show that using such an
antenna with a more precise vertical positioning should enable
collection of more than 25% of the emitted light directly into an
SMF, without the need for any additional optics, and that with
simple optics having NA = 0.4 almost 40% of the photons can
be collected. The hybrid nanoantenna can be further optimized
to increase its efficiency by having a sinusoidal pattern, which
will have less stray light diffracted out of the main order. The
hybrid nanoantenna dimensions can be easily scaled to operate
at every desired wavelength across the spectrum and operate
with other nanoemitters, e.g, nanodiamonds.25,26 This scalable,
on-chip design can increase the efficiency of many NQD-based
devices, from NQD-based displays to NQD-based single-
photon sources, with the dielectric layer actively protecting the
NQDs from oxidation for durability and stability of the device.
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