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The bright and stable single-photon emis-
sion under room temperature conditions from color
centers in hexagonal boron nitride (hBN) is considered
as one of the most promising quantum light sources for
quantum cryptography as well as spin-based qubits, similar
to recent advances in nitrogen-vacancy centers in diamond.
To this end, integration with cavity or waveguide modes is
required to enable ideally lossless transduction of quantum
light states. Here, we demonstrate a scheme to embed hBN
quantum emitters into on-chip arrays of metallo-dielectric
antennas that provides near unity light collection
efficiencies with experimental values up to 98%, i.e. a 7-
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fold enhancement compared to bare quantum emitters. Room-temperature quantum light emission in the 700 nm band is
characterized with single-photon emission rates into the first lens up to 44 MHz under continuous excitation and up to 10
MHz under 80 MHz pulsed excitation (0.13 photons per trigger pulse) into a narrow output cone (+15°) that facilitates
fiber butt-coupling. We furthermore provide here a direct measurement of the quantum yield under pulsed excitation with
values of 6—12% for hBN nanoflakes. Our demonstrated scheme could enable low loss spin—photon interfaces on a chip.
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ecent advances in single-photon sources based on

atomically thin materials are promising to enable on-

chip quantum technologies.1 Particularly, the color
centers in hexagonal boron nitride (hBN) have been shown to
emit single photons not only at room temperature,” but even
under harsh environment conditions up to 800 K.” The color
centers can be found in bulk crystals,”” in monolayers grown
via chemical vapor deposition (CVD),” or in solution-based
nanoflakes™® and need to be activated typically by thermal
annealing,2 chemical etching,7 electron beam irritation,® or
plasma etching.” The resulting wavelength distribution for the
optical emission occurs over an extremely broad range
spanning several hundred nm in the visible range'’ and can
be partially tuned by temperature,® strain,"' and the Stark-
effect.'” Significant progress has been made based on low
pressure CVD growth that results in spectrally narrow
wavelength distribution over only 10 nm range with a zero-
phonon line (ZPL) at 580 nm."”’ Toward spatial control of
hBN color center formation it was shown that substrate-
induced strain can give rise to quantum emitter activation,14
while drilling holes with a focused ion beam can also create
quantum emitter at the edge periphery with a 31% success
rate.”> While initial research showed no pronounced depend-
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ence of type Il quantum emitters on applied magnetic field (g-
factor close to zero),'® the recent discovery of a pronounced
anisotropic photoluminescence pattern in a magnetic field for
type I quantum emitters that displays a spin-dependent
intersystem crossing between triplet and singlet manifolds is
promising toward optically addressable spin states.'”

To this end, integration with cavity or waveguide modes is
required to enable ideally lossless transduction of quantum
light states on a chip. With the goal of enhancing the
brightness of the single-photon emitter (SPE) in hBN coupling
to plasmonic cavities modes was recently reported, giving rise
to a 2.6-fold intensity enhancement when coupled to the lattice
modes of a plasmonic nanoparticle array'® and a 4-fold
intensity enhancement when coupled to dimer gap-mode
cavities."”” While the light enhancement is only modest, the
plasmonic cavities also require a rotational control of the in-
plane dipole of the color centers with respect to the plasmonic
mode orientation, in addition to spatial and spectral matching.
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Figure 1. Schematic of MDA cavity design and FDTD simulation of far-field emission. (a) Schematic of the on-chip MDA device which
consists of a planar silver mirror, polystyrene (PS) trenches to create embedded air gaps, a planar PS layer with embedded hBN quantum
emitter, and a sapphire outcoupling layer. (b) Three temporal snapshots of the MDA mode evolution in a cross-section view with dipole
emitter placed over the air-gap region. (c) Polar plot of far-field emission profile for the dipole emission from hBN on the Si/SiO, substrate
with a PS layer attached but without the planar Ag mirror (red trace, uncoupled) and MDA mode on top of the air-gap (blue trace, coupled).
Gray lines illustrate the opening angle of the objective (NA=0.55).
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Figure 2. PL mapping of the quantum emitter emission in the uncoupled and coupled state. (a) Laser reflection scan of the silicon/SiO,
substrate containing etched trenches (bright contrast) and a numbered cross hair marker. (b, e) Laser stray light scan through the sapphire
layer illustrating that the spatial location of embedded hBN nanoflakes can be traced before and after forming the full MDA cavity mode. (c,
f) Corresponding hyperspectral PL scan filtered over the zero-phonon region illustrating that the same emitters residing over the air gaps are
significantly brighter. (d) Transfer scheme for the hBN nanoflakes that allows accessing both uncoupled and coupled quantum emitters.

Scale bar is 10 gm.

In contrast, metallo-dielectric antennas (MDAs) are appealing
alternatives to integrate hBN quantum emitters, since they
feature near-unity light collection efficiency (LCE) ranging
from 92 to 99%”°~*° and support arbitrary dipole orientation,
as recently shown for color centers in diamond.””**

Here, we demonstrate a scheme to embed hBN quantum
emitters into on-chip arrays of MDAs that provide LCEs up to
98%, i.e, a 7-fold enhancement compared to bare quantum
emitters. Room-temperature quantum light emission in the
700 nm band is characterized with single-photon emission
rates into the first lens up to 44 MHz under continuous
excitation and up to 10 MHz under 80 MHz pulsed excitation
(0.13 photons per trigger pulse) into a narrow output cone
(£15°) that facilitates fiber butt-coupling. We furthermore
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provide here a direct measurement of the quantum yield under
pulsed excitation with values of 6—12% for hBN nanoflakes.

RESULTS AND DISCUSSION

To achieve near unity LCE of embedded quantum emitters on-
chip we designed planar MDAs by following the refractive
index rule n; < n, < nj for a stack of three dielectric layers on
top of a metal mirror, as originally introduced by Lee et al.”® A
schematic of the MDA cavity is shown in Figure la. To create
air-gaps (1, = 1) against a metal mirror on-chip we first
patterned a layer of polystyrene (PS, n, = 1.56) via release
from a trenched substrate (see the Methods). The MDA was
assembled utilizing layer transfer techniques (see Figure S1).
As the first step, the patterned PS layer was transferred onto a
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Figure 3. Demonstration of enhanced light collection efficiency via MDA mode coupling. (a) PL spectra of the same emitter for the
uncoupled (blue trace) and coupled state (red trace) recorded under the same pump power. (b) Spectrally integrated PL intensity versus
pump power for the uncoupled (blue data points) and coupled state (red data points). Inset: Emitter intensity over time showing excellent
temporal stability without blinking. (c) Statistical comparison of the integrated intensity at highest applied optical pump power recorded
before (blue) and after coupling (red) to the MDA mode (left axis). The corresponding LCE is shown for each emitter (gray data points,

right axis). All measurements recorded at room temperature.

planar Si/SiO, substrate that was coated with 200 nm Ag to
form the back mirror. The activated quantum emitters hosted
in hBN nanoflakes were subsequently deposited by drop
casting, followed by transfer of a planar capping layer of PS and
finally and outcoupling layer of sapphire (n; = 1.76). In these
samples, quantum emitters reside in two different locations:
either on top of the air gap where they are part of an MDA
cavity and benefit by enhanced LCE through cavity coupling or
on top of a solid PS ridge resulting in nearly the same emission
properties as compared to a bare wafer.

To quantify the expected LCE values in each case, we
carried out finite-difference time-domain (FDTD) simulations.
In the initial design, best results were found for a PS layer
thickness of 250 nm, an air-gap thickness of 300 nm, and a
sapphire capping layer of S0 nm. The directional outcoupling
of light from an embedded dipole emitter into the far-field
through the cavity mode is illustrated in the three temporal
snapshots in Figure 1b. Quantitative values for the LCE into
the first lens have been determined from the far-field radiation
profile shown in Figure lc together with the light collection
cone of the first lens (gray lines). The blue trace shows the
dipole emission from an emitter residing in a PS layer on a Si/
SiO, substrate, with no planar Ag mirror attached, which
defines the uncoupled case in the experiment. Here light
radiates into a cone of +65° with more than half the emission
propagating in the wrong direction, giving rise to a rather low
LCE of 13%. This case is comparable to a bare dipole emitter
on a planar SiO, substrate that likewise results in LCE 13%.
The red trace simulates a dipole emitter residing on top of the
air-gap fully coupled into the MDA mode, resulting in a rather
small output cone of +15° and a near-unity LCE reaching 99%
in theory. The simulations have been carried out for a
microscope objective with moderate numerical aperture (NA =
0.5S, opening angle +33°) to match the experiments. It is clear
that for the coupled case a simple lens or an optical fiber with
typical NA of 0.15 is already enough to collect the entire
emission from the embedded emitter, which is one of the key
advantages of the MDA cavity.
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In our measurement scheme, it is possible to study the same
quantum emitter in hBN before and after coupling to the
MDA mode in order to determine the LCE enhancement
without relying on ensemble averages. To this end, we have
first characterized the uncoupled case by recording hyper-
spectral PL images when they are supported on SiO,. Figure 2a
shows a laser reflectivity scan of a silicon wafer that contains
trenches and markers that were etched into the wafer. The
deposition of the first PS layer backfills the trenches and the
drop-cast hBN nanoflakes reside on a planar PS layer that was
capped with a second PS layer and a sapphire wafer to enable
transfer. Figure 2b shows the outline of the nanoflakes and
Figure 2c is the corresponding hyperspectral PL map filtered
over the quantum emitter emission spectrum. The quantum
emitters are clearly visible in this planar device configuration
that has a rather limited LCE of 13%. As a next step we carried
out a transfer process that releases the sapphire/PS stack from
the Si wafer and places it on a planar metal mirror, thereby
trapping air-gaps that form the MDA mode as depicted in
Figure 2d. As shown in the reflected laser scan of Figure 2e, the
material remains intact through the transfer process. The
corresponding hyperspectral PL map for this device config-
uration reveals significantly brighter quantum emitter intensity
when they are located over the air gap and when pumped with
the same laser power (Figure 2f). This is consistent with the
expectation of LCE = 99% for this case. Note that the intensity
enhancement occurs within the entire suspended area (>100
um), which significantly relaxes spatial alignment requirements
between emitter and mode.”*>°

To quantify the performance of the MDA we focus now on
individual quantum emitters and track their spectral properties
before and after coupling (Figure 3a). It is apparent that the
MDA cavity enhances the entire spectrum uniformly without
spectral distortion (see Figure S2), as expected since FDTD
simulations show near unity LCE is achieved over about 100
nm bandwidth. The dipole orientation of the quantum emitter
emission profile follows closely (within 20°) with the
excitation profile (Figure S3). Figure 3b shows the saturation
behavior of an effective two-level system that is populated
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%ure 4. Characterization of single-photon source efficiency and emitter quantum yield. (a) Second-order photon correlation function
g'?(7) for the same emitter shown in Figure 3a recorded under continuous wave (CW) excitation by filtering the PL signal with a 10 nm

bandpass filter. Pronounced antibunching is visible with g(z)(O) = 0.17 + 0.01. (b) Exemplary antibunching values for seven embedded
quantum emitters coupled to the cavity mode. The dashed line illustrates the value of g(z)(O) = 0.5. (c) Integrated intensity versus pump
power recorded under CW excitation (top) as well as corresponding antibunching values at zero delay time (bottom). The red data points
are the total counts (signal plus background) and the blue data points are the background corrected intensities characterizing the pure
single-photon emission. The solid lines are fits to the saturation equation of a two-level system. (d) Integrated intensity versus pump power
recorded under pulsed excitation. The inset shows the g(z)(‘t) trace recorded near the saturation at a pump power of 340 uW, resulting in
g(z)(O) = 0.22 + 0.04. QY: quantum yield. All measurements recorded at room temperature.

through continuous wave pumping from an excited state. The
intensity I follows a standard rate equation model with I = I-P/
(P + P,), where P is the incident pump power and I, = 1.6
MHz and P, = 1.45 mW are the PL intensity and pump power
at saturation for the uncoupled case, respectively. For the
coupled case, saturation sets in at the same pump power (i.e.,
no Purcell effect) but with significantly increased intensity (I, =
12.1 MHz), corresponding to an intensity enhancement factor
(EF) of 7. The inset demonstrates that the PS embedded
quantum emitter does not carry out any blinking at a timing
resolution of 1 ms. In addition, the spectra appear stable over
time with no indication of spectral diffusion (Figure S4),
similar to our previous work of hBN quantum emitters that
were embedded in ALO,.'®

In general, contributions to EF are expected from enhanced
absorption rate, enhanced emission rate (Purcell effect), and
increased LCE. As previously shown, for MDAs both enhanced
absorption and Purcell effect are negligible (~10%) due to the
quasi-waveguide mode being broadband with a very large
mode volume.”® Therefore, EF predominantly reflects the
achieved LCE enhancement relative to the uncoupled case
(LCE = 13%). The statistical analysis of several quantum
emitters before and after coupling in Figure 3c reveals
measured single emitter count rates ranging from 1.5 to 4.5
MHz before coupling and up to 23.5 MHz under MDA mode
coupling. From these data one can estimate an average LCE of
85% (EF = 6.54) for all studied quantum emitters, as well as an
LCE reaching up to 98% (EF = 7.54) in the best case.

To verify the quantum light signature of the quantum
emitter shown in Figure 3a, we carried out the second order
photon correlation function g(z)(‘r) under continuous-wave
laser excitation (Figure 4a). Pronounced single-photon
antibunching is characterized by a zero-delay time value of
g?(0) = 0.17 + 0.01. Photon recovery time of 7, = 4.5 ns are
determined via fitting the traces with the relation g®(7) = 1 —
a exp(—ltl/zy), where a quantifies the background of
uncorrelated photons. The statistical histograms in Figure 4b
show g(2>(7) values well below 0.5 (black dash line), ranging
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from 0.07 + 0.01 to 0.33 + 0.03, for seven emitters coupled to
MDA, implying well preserved single-photon purity when
embedded in the cavity mode.

In order to determine the achievable brightness of the single-
photon source we measured the intensity and the correspond-
ing g(z)(O) values as a function of pump power, as shown in
Figure 4c. It is apparent that the purity of single-photon
emission drops as the pump power increases due to the
increased contribution from the background. Following Grosso
et al,'" one can correct for the contribution of the multiphoton
background to the underlying single-photon intensity S using

the equation S = (S + B),[1 — géj;(O), where gg‘g(O) is the

experimentally determined antibunching value (green data
points). When pumped near saturation, raw emitter count rates
up to 10.5 MHz were determined (red data points),
corresponding to (S + B). Using the experimentally
determined value of gg,%;(o) = 047 =+ 0.05 at the highest
pump power, one can estimate a rate of pure single-photon
generation of 7.6 MHz (blue data points). Furthermore,
considering that the detection efficiency of our setup is limited
to 17%, one can estimate a single-photon emission rate into
the first lens up to 44 MHz, which is comparable to the values
reported for cavity-coupled quantum dots,”” but was here
achieved at room temperature and under near-unity light
collection efficiency.

In addition, we determined the performance of the single-
photon source under pulsed excitation. On the one hand, this
is the required mode that creates triggered single-photons on
demand as required for application in quantum cryptography.
On the other hand, one can determine the underlying quantum
yield (QY) of the single-photon emitter, which can be
calculated from the measured number of single-photons
emitted in the saturation-regime normalized to the laser
repetition rate.’”*" In the ideal case of unity QY and unity
LCE, each laser pulse generates one photon and the measured
count rate must match the laser repetition rate after correcting
for the external detection efficiency of the system. Since LCE is

DOI: 10.1021/acsnano.9b01996
ACS Nano 2019, 13, 6992—-6997


http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b01996/suppl_file/nn9b01996_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b01996

ACS Nano

close to unity in our MDAs, reduced count rates in the
experiment directly determine the emitter QY. Figure 4d
shows the corresponding intensity data under pulsed excitation
with a repetition rate of 80 MHz. The inset demonstrates good
antibunching with gg,zq),(O) = 0.22 + 0.04 even in the saturation
regime (P > 300 W). From these data, one can infer a QY of
12% for the best case, while values typically vary between 6 and
12% for other emitters. Apparently, the hBN nanoflakes
utilized in this study are dominated by a nonradiative decay
channel under room temperature conditions.

CONCLUSIONS

In conclusion, our demonstration of on-chip MDA cavities that
embed hBN quantum emitters provides here a room-
temperature quantum light source with single-photon emission
rates into the first lens up to 44 MHz under continuous
excitation and up to 10 MHz under 80 MHz pulsed excitation
(0.13 photons per trigger pulse) and single-photon purity up to
17% into a narrow output cone of +15° and with unity light
collection efficiency (LCE = 98%). We furthermore provided
direct measurement of the emitter QY in hBN nanoflakes
(12%), leaving room for an a priori 8-fold improvement of the
material quality of color centers in hBN host crystals in future
work. Applications in the form of on-chip quantum random
number generators are readily available and benefit by the
emission in the visible range due to the low-cost single-photon
detectors based on silicon technology. In contrast, their use in
fiber-based quantum cryptography would still require lossy
quantum frequency conversion of the visible light emission to
match the standard telecom bands, in contrast to other color
centers in SiC*” and GaN®” that readily emit in the 1300 nm
bands, unless free-space quantum key distribution is targeted.
Importantly, the nearly lossless interface between photons and
solid-sate quantum emitters provided by the MDA integration
enables efficient spin-photon interfaces, particularly in li%ht of
recent magneto-optical signatures of spin states in hBN. 7

METHODS

Sample Preparation. Nanoflakes of hBN were dispersed in
ethanol/water solution with a concentration of 5.4 mg/L (Graphene
Supermarket). The lateral size of the flakes ranges between 50 and
200 nm and typically consists of 1—5 monolayers. The solution was
prepared with bath sonication for 2 h at 40 ° C to create a significant
density of activated color centers. To create the polymer trenches that
form the MDA structures, 300 nm thick SiO, residing on a Si wafer
was etched with an inductively coupled plasma (ICP) etcher at a rate
of 10 nm/min and a plasma power of 100 W using CHF; gas at flow
rates of 15 sccm. Etching was stopped after 30 min when the Si
substrate was reached. Subsequently, polystyrene (PS) layers were
spin coated (3200 rpm) for 1 min onto the SiO,/Si substrate and
baked at 65 °C for S min. The hBN nanoflake solution was drop
casted onto the first PS layer then dried for 15 min at 65 °C and then
covered with a second 250 nm thick layer of PS. A sapphire glass slide
was capped onto the stack to form the high index outcoupling layer
and investigated to determine the optical properties in the uncoupled
state. To transfer the sapphire/PS/hBN/PS stack (uncoupled state),
the substrate was floated in KOH solution for 30 min until it fully
detached from the substrate. Then the polymer layers stacks were
rinsed with DI water for several hours. Finally, the stacks were
transferred with the trenches downward onto Si wafers that had been
coated with about 200 nm silver that form the planar metal mirrors of
the MDA (coupled state). For a schematic of the process flow via
layer transfer, see Figure SI.

Optical Measurements. A 532 nm continuous wave laser
focused onto the sample to a resolution-limited spot was used for
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optical excitation while the sample was held at room temperature.
Further details of the utilized spectroscopy setup have been published
in ref 16.

Photon Correlation Measurements. Photon correlation meas-
urements were carried out under both continuous wave and pulsed
excitation (80 MHz) based on a 405 nm laser diode (Picoquant). To
record single-photon coincidences from the two output arms of a fiber
beam splitter, a SensL timing module set at a timing jitter of 432 ps
was used. To clean up the background, we used a linear polarizer in
the collection path.
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