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ABSTRACT: Deterministic GHz-rate single photon sources at room temperature
would be essential components for various quantum applications. However, both
the slow intrinsic decay rate and the omnidirectional emission of typical quantum
emitters are two obstacles toward achieving such a goal which are hard to overcome
simultaneously. Here, we solve this challenge by a hybrid approach using a complex
monolithic photonic resonator constructed of a gold nanocone responsible for the
rate enhancement, enclosed by a circular Bragg antenna for emission directionality.
A repeatable process accurately binds quantum dots to the tip of the antenna-
embedded nanocone. As a result, we achieve simultaneous 20-fold emission rate
enhancement and record-high directionality leading to an increase in the observed
brightness by a factor as large as 800 (130) into an NA = 0.22(0.5). We project that
these miniaturized on-chip devices can reach photon rates approaching 1.4 X 10°

photons/s and pure single photon rates of >10” photons/second after temporal purification processes, thus enabling ultrafast

light—matter interfaces for quantum technologies at ambient conditions.

KEYWORDS: single-photon source, quantum dots, colloidal nanocrystals, Purcell factor, plasmonic resonator, nanoantenna,

directional emission

uantum light sources have witnessed rapid develop-

ments in the last few decades culminating in state of

the art results primarily using quantum dot sources'
and mulfiplexed parametric sources.” As a result, attempts have
been made to use single photon sources in realistic quantum
applications. For example, a quantum dot source was recently
used to feed a 60 mode Boson sampler” resulting in a Hilbert
space on the order of 10'. Semiconductor quantum dot
sources were also utilized for quantum computation purposes
by demonstrating a high fidelity controlled-NOT gate® and
more recently generating a photonic cluster state.”” For a
quantum key distribution (QKD), for example, operation over
a fiber-link of 120 km was demonstrated using a single
quantum dot source.” More recently, entangled photon pairs,
emanating from a space-borne parametric source, were
distributed to two distant ground locations separated by
1200 km.” These significant efforts point to the importance of
developing bright single photon sources approaching GHz
photon rates in order to enable realistic deployment of such
technologies.10 Solid-state emitters, e.g., self-assembled quan-
tum dots (SAQDs),"" defects in crystals,'> and colloidal
quantum dots (CQDs),">'* offer distinct advantages including
superior single photon properties and the convenience and
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scalability of a solid-state matrix. However, solid-state emitters
typically have isotropic emission and a radiative lifetime on the
order of several to hundreds of nanoseconds in the absence of
any photonic structure. This eventually leads to a severe
restriction in terms of the useful photonic rate that can be
collected into the desired mode.

Engineering both the decay rate and the emission pattern,
however, is no trivial task. This is clarified in Figure 1A, which
shows the typical trade-offs associated with such an endeavor:
in the presence of an optical resonator the rate of an emitter is

modified by the Purcell factor which is proportional to % (Qis
the quality factor and V is the mode volume), whereas the

angular emission pattern is Fourier limited by the mode
volume. Therefore, in a single resonator, both a high Q factor
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Figure 1. Overview of the trade-off between rate enhancement and directionality for room-temperature sources. (A) The color plot displays
the Purcell factor as a function of the quality factor and mode volume in the weak coupling regime. Overlayed are a few regions typically
considered: plasmonic resonators, antennas, and micropillar cavities (MPCs). The top axis displays the bandwidth of a photonic structure
with a given quality factor compared with the line width of typical room-temperature and cryogenic quantum emitters. (CQDs: colloidal
quantum dots, SAQDs: self-assembled quantum dots, NV: nitrogen vacancy centers in diamond, SiV: silicon vacancy centers in diamond).
(B) Ilustration of the nanocone bullseye antenna considered in this study that combines an antenna and resonator for rate and directionality
enhancement. FDTD simulations displaying (C) Purcell factor and collection efficiency (NA = 0.5) of a full device with a randomly oriented
dipole source over a broad spectral range and (D) the near field intensity of a vertically polarized dipole source displaying a strong
enhancement near the nanocone apex resulting in the Purcell enhancement.

and large mode volume are required in order to achieve both
directionality and rate enhancement. Nanostructures like these
include some mature technologies such as micropillar cavities
(MPCs)" and photonic crystal cavities.'” The caveat here,
however, is that the high Q factor leads to a restrictively narrow
bandwidth, and to match this, the emitter must have an even
narrower line width, which is a requirement that is only
typically met for emitters operating at cryogenic temperatures
such as SAQDs. Even in this case, however, the high Q
resonator and low temperature emitter must be tuned into
resonance in a postfabrication step, thus limiting the scalability
of such approaches. Conversely, at higher temperatures, an
efficient structure should have a low Q factor limited by the
line width of the emitter. Room-temperature operation
therefore limits one to a choice between either antennas
(low Q, large V),"*™"? which provide control over the angular
emission pattern, or nanoresonators (low Q, small V)**~* that
lead to lifetime reduction. This limitation can be detrimental
for the practical implementation of sources based on room-
temperature emitters in general.

A few years ago, we suggested a solution to this trade-off by
proposing a composite structure shown in Figure 1B that
combines a nanocone (used as a plasmonic resonator) and a
circular Bragg grating (used as an antenna).”” In this

composite structure, the emission from an emitter would first
couple to the plasmonic nanocone before coupling to the
hybrid metal—dielectric bullseye antenna which redirects the
emission out-of-plane.”® These two components were chosen
since nanocones have consistently shown the ability to induce
large Purcell factors on the order of 100 due to the significant
field enhancement near the apex24_26 (Figure 1D) and circular
Bragg gratings have shown extraordinary results in terms of
10719232728 The combination of the two

should therefore be able to perform both required function-

emission redirection.

alities over a broadband range in a single integrated, compact
device as displayed in Figure 1C. This was confirmed in
detailed FDTD simulations®”*” which showed the promise of
such a structure in inducing both a large Purcell factor and
large directionality enhancement. In this paper, we realize this
composite structure shown in Figure 1B and experimentally
overcome the rate-directionality trade-off for single broadband
quantum emitters and demonstrate a Purcell factor of 20
alongside record-high directionality, thus demonstrating an
ultrafast source of single photons which also has a very high

collection efficiency even to low numerical apertures.
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Figure 2. Optical and spectral properties of our operating devices. (A) Scanning electron microscope and (B) optical microscope image of a
fabricated device. (C) Confocal scanning fluorescence image displaying emission only from CQDs coupled to the nanocone. (D) Spectrum
of 15 different nanocone bullseye antennas containing CQDs (gray) with the average spectrum in blue compared to reference CQDs on glass
in yellow and an empty antenna with no CQDs in orange. (E) Time-filtered second order correlation measurement using a Hanbury—
Brown—Twiss experiment displaying a single CQD coupled to the device while exciting near saturation (time gate of 2 ns). (F) Single CQD
power saturation measurement showing a saturation rate of 0.35 photons/pulse.
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Figure 3. Angular properties of our operating devices. A back focal plane image of (A) a measured fully fabricated device which displays the
strong directionality enhancement; (B) an empty antenna; (C) a measured CQD on glass; and (E) a fully simulated device. (D)
Experimental and (F) simulated angular intensity profile after integrating for the azimuthal angle @. In (D), all of the curves are normalized
to the maximum for the device. (G) Schematic representation of the back focal plane imaging technique used to measure directionality in
this study.
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Figure 4. Decay rate and collection efficiency enhancement in our devices. (A) Collection efficiency, (B) lifetime, and (C) brightness
enhancement factor measurements for 20 fabricated devices (gray lines) with the average represented in blue and best performing device in
black. Yellow lines represent measurements of the same CQDs on glass. The dotted black lines in (D) are biexponential fits for the lifetimes.
The purple line represents the instrument response function (IRF) of our system. The red lines represent FDTD simulations of the
structure. (D) Projected photons per pulse (green) and projected photon rate (orange) at different excitation laser repetition rates. The
solid lines represent single photons originating solely from exciton emission whereas the dashed lines represent the single photon rate after
time-gated filtering (2 ns). The blue dashed line represents the repetition rate at which the measurement was made.

RESULTS AND DISCUSSION

The proposed device, shown in Figure 2A, is a combination of
an Au plasmonic nanocone located at the center of a hybrid
metal-dielectric bullseye antenna. As opposed to our
theoretical study”’ the sharpness of the nanocone tip was
limited to a diameter of 40 nm due to fabrication constraints
(see below). Given the small mode-volume of the nanocone
plasmonic resonator, placement with high spatial accuracy is
essential in the operation of the device. In our method, the
CQDs are bound selectively to the tips of the nanocones using
a modified approach based on our previous works (see the
Methods and Figure S1).** This approach ensures that CQDs
can be bound to the tip of the nanocone only. A demonstration
of this is illustrated in Figure 2B,C, which displays a confocal
map showing that fluorescence comes solely from the
nanocone region at the center of the bullseye structure.
Moreover, this fluorescence is significantly stronger than any
plasmonic noise resulting from the underlying structure as
shown in Figure 2D. This, in addition to the device spectrum
shown, confirms that this is indeed CQD fluorescence.

Single photon emission can only be achieved by successfully
binding single CQDs to the tips of the nanocones. In a single
CQD, the main contributor to multiphoton emission comes
from the biexciton state (XX), which may be filtered
temporally using the time-gated filtering technique leading to

nearly ideal single photon emission.'®***" An example of a

device containing a single CQD is shown in Figure 2E,
indicating our success in reaching single CQD binding levels.
Furthermore, by using the devices in which the number of
CQDs are known and conducting power saturation measure-
ments as shown in Figure 2F, we consistently demonstrate a
high single photon saturation rate approaching 0.35 photons
per CQD per pulse, which indicates high overall efficiency of
the device (see Supporting Information).

Figure 3A is a measurement of a back-focal plane image
displaying the angular emission pattern from one of the
devices. A high directivity of the emission is clearly seen,
associated with the coupling of the enhanced CQD emission to
the hybrid metal—dielectric bullseye structure. This is
contrasted against the results for a structure without any
CQDs attached and to CQDs on glass in Figure 3B,C. In
Figure 3E,F, this is also compared to an FDTD simulation of
the emission of a full device with a randomly oriented dipole
positioned 7 nm above the nanocone. The simulation results in
a strong enhancement of the z-dipole emission and therefore
the dominance of the ring-shaped angular emission pattern.
Our measured devices, on the other hand, show also significant
in-plane dipole emission (see Figure 3D) which can be
explained by the lateral displacement of the CQDs on the
nanocone. Due to fabrication constraints, the CQDs do not
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Table 1. Decay Rates and Enhancement Factors for CQDs

i Loi I F;
X (20 £ 1 ns)7! (1.08 + 0.06 ns)~! 19+2
XX (1.7 + 0.1 ns)™* (0.159 + 0.002 ns)~! 11 +

I8 QYy QY;
9+5S 21+7 0.28 + 0.09 0.147 + 0.009
23 +£ 10 9+1 0.023 + 0.009 0.203 + 0.012

necessarily bind exactly to the cone apex, but can be shifted
laterally by several nanometers. This asymmetry leads both to a
reduction of the Purcell factor for the z-dipole and to an
increasing contribution of the x-dipole component, which is
radiated upward. This is confirmed by detailed simulations
shown in Figure S3. This additional emission near 0° has the
effect of further improving the efficiency of the device for
photon collection.

This high directionality leads to a significant improvement in
the collection efficiency (7o) from over 20 measured devices
as shown in Figure 4A with an average collection efficiency of
84% at NA = 0.5. This is more than 10-fold better than a CQD
on glass. This performance improvement is further amplified at
even lower NAs where, for example, the collection efficiency at
NA = 0.22 (70%) is 88-fold greater than that of the reference
(0.8%). Several devices (seven) in Figure 4A also show
superior performance compared to the rest with the best
device showing a collection efficiency of >95% at an NA of 0.5.
These results are in line with our recent report on the high
collection efficiencies achievable from CQDs and NV centers
positioned in our bare metal—dielectric bullseye antennas
without a plasmonic resonator.'®

Unlike our previous works where the CQDs were embedded
in an antenna-only structure, and therefore only high
directivity was demonstrated, here in Figure 4B we show
that this is accompanied by a significant rate enhancement in
our devices as compared to a similar CQD on glass. The long
lifetime component (associated with the exciton (X) state of
the CQD) was reduced from 20 to 1.1 ns, whereas the shorter
lifetime component (biexciton (XX) state) was reduced from
1.7 to 0.16 ns. The reduction in lifetime also brings about a
significant change in the quantum efficiency of different states
in the QD. In a reference CQD only about 7% of the emission
results from the XX state due to nonradiative Auger
recombination processes which successfully compete with the
XX radiative channel. On the other hand, the XX state
accounts for 58% of the emission in our composite device
which is mainly attributed to the shortening of the radiative
lifetime of the XX state to a degree that is comparable to the
Auger recombination rate. This is a well-known phenomenon
that has been previously reported in several studies”**~>* and
will be confirmed below.

To quantitatively extract the radiative rate enhancement, and
to explain the change in the XX state contribution in lifetime
curves, we analyzed the set of rate equations associated with
the device (cf. the Supporting Information). A modification of
the photonic environment near an emitter can lead to a change
in the radiative (I'}) and nonradiative (I'}") decay rates of the
ith state in the emitter (i = X,XX) leading to an overall decay
rate I'=I"j+I"}". This modification compared to the rate in free
space [y, (known as the Purcell factor F)), is attributed to
radiative (F)) and nonradiative (F") enhancement factors
given by***

E:EF0i=%+Finr o + Lo
r; rr (1)

i

The intrinsic quantum yield QY = IG5/ of the CQD is
therefore altered to result in a device quantum yield QY; = I'}/
I'. By fitting the time-resolved measurements to a
biexponential decay curve (derived from the rate equations)
and using the overall quantum yield of the device (obtained
from power saturation measurements), we extract both the
radiative and nonradiative enhancement factors for the X and
XX state in our device as summarized in Table 1. The extracted
overall Purcell factors (F) of the order of 20 are a further
confirmation of the capability of our devices to increase the
decay rate of the emitters. Critically, this enhancement is
mainly due to an increase in radiative channels with measured
radiative enhancement factors (F") between 10 and 20. This
results in device quantum yields (Table 1) that are either
slightly lower (X state) or significantly higher (XX state) than
in the reference CQD and explains the relatively high photon
fluxes measured above (0.35 photons/pulse). A detailed
FDTD simulation of the current device, however, predicts
that the Purcell factor for a vertically oriented dipole emitter
should be >40 while a horizontally oriented dipole exhibits no
enhancement. This discrepancy is likely due to imperfections
in the nanocone and probably contributes to the difference in
the expected angular emission pattern, where the dominance in
vertically polarized as opposed to in-plane polarized emission is
not seen experimentally (see a detailed discussion about this in
the Supporting Information).

The dual role of our device, i.e., both high Purcell factor and
high collection efficiency, leads to a significant enhancement in
the usable photon rate that can be collected from the device by
an optical system with a given numerical aperture. To quantify
this improvement, we introduce a brightness enhancement
factor for the single excitonic photon emission rate shown in
Figure 4C (see the Supporting Information):

QY,Ixn,,(NA) < rate in device

BE(NA) =
QY Tox"t, ,y(NA) < rate on glass @)

Figure 4C shows the brightness enhancement factor
measurements for 20 fabricated devices. Clearly, the structure
results in a significant increase of single photon fluxes reaching
factors of 10°—10° at low NA (<0.2), 130 at NA = 0.5, and 80
at NA = 1. At the laser repetition rate we used in our
experiment (4 MHz) we measured a single photon rate of 0.6
MH?z into our objective lens (NA = 0.9) resulting from the X
state. Since the actual rate of collected photons in our
experiment was limited only by the rate of the pump laser (4
MHz), we show in Figure 4D the projected single photon rate
vs the laser repetition rate by extrapolating the results we
obtained at a repetition rate of 4 MHz and calculating the
expected photon rates resulting from the exciton emission only
(see the Supporting Information). The solid lines represent the
projected photon rates from the exciton emission only but
without any filtering of the biexciton photons and other short
lifetime noise photons. While this yields an upper bound of
exciton emission rates, the single photon purity of such a
device will be limited by multiphoton emission.”’ We therefore
plot in the dashed line the projected exciton emission rate with
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passive time gated filtering,*”** which as shown in Figure 2E,
rejects most of the biexciton and other noise photons. This
results in a reduced photon rate by a factor of 0.16. We note
that while this still yields rates as high as 2 X 10’ photons/
second, it is only a lower bound for the achievable high purity
single photon rates. This is because the passive time-gated
filtering technique is rather inefficient due to the relatively high
biexciton quantum yield. Recently, we have suggested heralded
purification methods to resolve this inefficiency.”’ These
methods are particularly tailored to purifying the emission
when both exciton and biexciton quantum yields are high as is
expected when the Purcell factor is increased due to more
optimized devices. Therefore, these techniques are expected to
play a major role in such enhanced devices. Other ways to
increase the purity are by using spectral filtering of the X line in
type-Il CQDs which exhibit a large X—XX splitting,***” or in
cryogenic CQDs.

As can be seen from Figure 4E, in the regime where the laser
repetition rate is smaller than the X decay rate (I'y), the time
between pulses is sufficient to allow the CQD to relax
completely and therefore the emission is more deterministic
with rates expected to approach 1.0 X 10® photons/second. On
the other hand, in the quasi-CW regime, where the laser
repetition rate is higher than I'y, the achievable photon rates
approach 1.4 X 10° photons/s. Therefore, such devices should
enable high photon rates from single quantum emitters at
room temperature approaching the GHz regime.

These results can be improved by further optimizing our
devices. First, commercial CQDs were used with time stable
operation of several minutes (Figure S2C). This can be further
extended by replacing these CQDs with giant core/shell
CQDs'"? as demonstrated in our recent publication'® where
giant CQDs were placed in similar bullseye devices without
nanocones, resulting in record high collection efficiency of
single photons together with reduced blinking and very stable
operation over hours of continuous excitation without any
observed optical degradation. The blinking observed in this
work thus presents no general limitation for the shown hybrid
devices. Furthermore, the tip radius in our case, was limited by
the spot diameter (~40 nm) of our Focused Ion Beam (FIB)
machine used to produce the template. This broad tip size
results in a smaller Purcell factor due to the smaller field
enhancement near the tip. Previously, sharper tipped cones
were produced using electron beam methods.”*** The
template stripping method used here, on the other hand,
enables the production of many higher quality samples from a
single template containing both the nanocone and bulls-
eye.'™* Still, much sharper nanocones can be fabricated
(down to 7.5 nm™°) by employing commercial FIB machines
with much smaller beam sizes which would improve the
predicted photon enhancement even further’ as well as
increase the yield of single CQD binding.

We note that existing solutions based on pure plasmonic
antennas and resonators’”*’ have a significant trade-off
between directionality and device optical yield. This is due
to the large propagation losses of the surface plasmon
polaritons. For high directionality, a large antenna area is
required. Due to the high propagation losses of surface
plasmons at the visible and near-IR, this unavoidably leads to a
reduction in the optical quantum yield of the device. In
contrast, here we achieve both rate and directionality
enhancement in room-temperature emitters while showing
experimentally that the plasmonic enhancer has not signifi-

cantly altered the emitter’s quantum efficiency. This is the
advantage of the hybrid solution, where the rate enhancement
is plasmonic-based, but the large antenna is low-loss dielectric-

based.

CONCLUSIONS

To summarize, we have demonstrated effective decay rate and
directionality enhancement on few and single room-temper-
ature emitters. This is a significant step in solving the many
obstacles facing the practical use of room-temperature sources.
The projected photon rates that have been reported here are
realistically approaching the GHz emission range that is
needed for future quantum applications.'® Two main fields that
may benefit from such incoherent photon guns are quantum
metrology and cryptography. Using these highly intensity-
squeezed sources, weak absorption measurements on highly
sensitive samples or for calibrating photodetectors with high
precision well beyond the shot-noise limit may be performed,
setting the standard for intensity measurements known as the
quantum candela.*' In quantum key distribution, single photon
sources with rates that can approach the GHz regime are
essential as the ultimate solution for robust high rate
transmission resistant against the photon number splitter
attack as well as other active attacks on weak coherent sources.
The compact and scalable on-chip concept demonstrated here
can be easily implemented on other photon sources. The very
broadband nature of our composite device relaxes the stringent
challenge of matching the resonant frequency of high-Q
resonators to the emission frequencies of the emitters, which
typically vary from emitter to emitter randomly. This will allow
scaling up many emitters on one predesigned chip with a high
yield. We expect that such scaling will help in developing
quantum light—matter interfaces.

METHODS

The metallic part of the device was fabricated in a similar manner to
what was reported in ref 16 using the template stripping method.*® A
silicon substrate was cleaned using Piranha and acetone to be used as
the template. An inverted nanocone was etched into the silicon
substrate using a 1.1 pA Ga ion beam. Around this nanocone the
bullseye was etched using a 240 pA Ga ion beam. Gold (250 nm) was
then deposited on the template, followed by spin coating of SU8 3010
at 3000 rpm which was prebaked at 95 °C for S min. A glass slide was
then attached, and the SU8 was cured with UV at 150 mJ/cm? for 15
s flood exposure. The Au attached to the glass was stripped off the
template due to the low adhesion between silicon and Au, resulting in
very smooth bullseye antennas.

The resulting nanocone is higher than the rings (180 nm vs 100
nm) as shown in Figure S1. This enables the attachment of quantum
dots (CdSe/ZnS core/shell type, diameter 8 nm, emission wavelength
650 nm, purchased from PlasmaChem GmbH) following a modified
protocol previously described in refs 24 and 25. The sample was
embedded in poly(methyl methacrylate) (PMMA) in a two-step spin
coating process with an intermediate and final prebaking step (S min,
90 oC). The obtained height of 220 nm is sufficient to fully cover the
nanocones. Subsequently, the PMMA was etched using a directed
oxygen—plasma (reactive ion etching (RIE), Plasmalab 80 Plus,
Oxford Instruments, 45 s, 20 W, 0.1 Torr) to uncover only the tips of
the cones. The sample was then placed in 3-mercaptopropionic acid
(3-MPA, purchased from SigmaAldrich, 10 mM, 30 min) diluted in
water to adsorb a self-assembled monolayer on the gold tips acting as
linker molecules. Afterward it was exposed to a QD solution in hexane
(10 ugml™, 24h). The CQDs’ ligand shell consisting of trioctyl-
phosphine oxide (TOPO) and hexadecylamine (HDA) binds to the
3-MPA. Excess CQDs and PMMA were removed by rinsing in
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acetone and isopropyl alcohol. Finally, a capping layer of 570 nm of
PMMA was added to constitute the waveguide layer.

The setup used in the experiment is discussed in detail in the
Supporting Information of ref 16. A 4 MHz pulsed 405 nm laser was
used for excitation for the majority of the experiments. There are
several reasons why pulsed operation was chosen. First, pulsed
operation offers the unique benefit of on-demand generation of
photons which is a very important property of any future quantum
device as has been demonstrated in applications of boson sampling,®
quantum computation,*™” and quantum key distribution.® On the
other hand, CW excitation creates a randomly arriving stream of
photons which is of less use. Second, the pulsed nature of the
excitation enables temporal separation between the short-lifetime
components (noise and multiexciton emission) and the relevant signal
(exciton emission), without significant loss of single photon
brightness. The saturation curves were obtained by scanning the
average power of this pulsed laser and monitoring the resulting
photon rates measured at the single photon detectors. This photon
rate is normalized by the system efficiency (~20%) to yield the
photon rate into the NA of our objective. In the devices in which the
number of CQDs was known (from a second order correlation
measurement, see the Supporting Information), this saturation curve
was also normalized by the number of CQDs to yield photons/pulse/
CQD.

The number of CQDs in a device is determined using a time-gated
filtering technique®®*"** (time-gate of 2 ns) which differentiates
between multiexciton and multiple-CQD emission in a second-order
correlation measurement. Single and few CQD devices were used to
determine the overall quantum yield (see the Supporting
Information). The remaining measurements (lifetime, X—XX
composition, Purcell factors, and directionality) were done on these
devices in addition to multiple-CQD devices.

ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.1c08591.

Details regarding the CQD number statistics, the lateral
CQD displacement, the enhancement rate calculation,
and the photon rate extrapolation in addition to
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