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Plasmonic Nanocavity to Boost Single Photon Emission
From Defects in Thin Hexagonal Boron Nitride

Mohammadjavad Dowran, Ufuk Kilic, Suvechhya Lamichhane, Adam Erickson,
Joshua Barker, Mathias Schubert, Sy-Hwang Liou, Christos Argyropoulos,*
and Abdelghani Laraoui*

Efficient and compact single photon emission platforms operating at room
temperature with ultrafast speed and high brightness will be fundamental
components of the emerging quantum communications and computing
fields. However, so far, it is very challenging to design practical deterministic
single photon emitters based on nanoscale solid-state materials that meet the
fast emission rate and strong brightness demands. Here, a solution is
provided to this longstanding problem by using metallic nanocavities
integrated with hexagonal boron nitride (hBN) flakes with defects acting as
nanoscale single photon emitters (SPEs) at room temperature. The presented
hybrid nanophotonic structure creates a rapid speedup and large
enhancement in single photon emission at room temperature. Hence, the
nonclassical light emission performance is substantially improved compared
to plain hBN flakes and hBN on gold-layered structures without nanocavity.
Extensive theoretical calculations are also performed to accurately model the
new hybrid nanophotonic system and prove that the incorporation of
plasmonic nanocavity is key to efficient SPE performance. The proposed
quantum nanocavity single photon source is expected to be an element of
paramount importance to the envisioned room-temperature integrated

of bulk solid-state systems including
color centers in diamonds such as the
nitrogen-vacancy (NV)!'-3l and silicon-
vacancy (SiV) centers,!*S! defects and
divacancies in silicon carbide,/® and
semiconductor quantum dots.l'*!2] The
unique properties of the host semi-
conductor materials, mainly their high
bandgap (e.g., 5.47 eV for diamond),
can host nearby nuclear spins with long
coherence times (T}, T,) serving as quan-
tum memories/registers.>1*1  These
intriguing properties led to the usage
of SPEs in many applications includ-
ing quantum sensing,>??l quantum
entanglement and teleportation in long
distances (>1 km) based on NV diamond
spin qubits,!?*%*] and quantum memory
enhanced quantum communications
that operate at megahertz frequencies
using SiV centers in diamond.’] How-
ever, these applications suffer from

quantum photonic networks.

1. Introduction

The creation of ultrafast, efficient, and bright single photon emis-
sion sources are critical component to realize quantum infor-
mation systems working with photons as qubits. Determinis-
tic single-photon emitters (SPEs) are observed in a wide range

photon nonradiative losses related to
the high internal reflections of bulk
substrates (e.g., diamond) and refractive
index mismatches when integrated
into nanophotonic systems.>*] Recently, SPEs have been ob-
served in two-dimensional (2D) materials like tungsten dise-
lenide (WSe,),[2°! molybdenum disulfide (MoS,),[?’! and hexag-
onal boron nitride (hBN).?8-3] Ultrathin 2D hosts facilitate en-
hanced SPE quantum properties compared to bulk systems due
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to their narrower emission linewidths in the zero-phonon-line
(ZPL),128-30] the ability to inject carriers by applying large elec-
tric fields,*® improved mechanical properties that allow the real-
ization of mechanical oscillators/cavities with high-quality factor
and high resonance frequency,*’! and ease of integration to op-
tical cavities with extremely-small mode volumes for integrated
quantum photonics.[2>38:3]

Despite the extensive recent progress in understanding and
utilizing the quantum properties of SPEs in 2D systems such as
hBN, 23] future developments are severely limited by the dif-
ficulty of creating SPEs in hBN nanoflakes with desired spec-
tral properties that match the cavity optical frequency modes,*!
and sufficiently high photon emission rates. Numerous meth-
ods have been used to increase the fluorescence rates of SPEs
in hBN nanoflakes and films. Atomic force microscopy (AFM)
was employed to position gold (Au) nanospheres with a diameter
of 50 nm in close proximity to SPEs vacancies in hBN flakes and
observed an overall fluorescence enhancement of four times with
a radiative quantum efficiency of up to 40%.#!! In our previous
work, we spread silver nanocubes (SNCs) on top of hBN flakes
with a high density (0.5 SPE pm~?) of SPEs, and measured a
fluorescence enhancement of 200% and slow emission lifetimes
in the order of nanoseconds, limited mainly by the spatial and
spectral overlap between SPEs and the weak plasmonic field en-
hancement caused by bare SNCs.[*?] Another approach was used
recently by spreading SNCs on top of diamond nanocrystals,[*]
CdSe/ZnS quantum dots,['”) and WSe, flakes!**] deposited on
thin metal (Au or Ag) films, hence creating a nanocavity and an
overall 300-1900-fold increase in the total fluorescence intensity
was obtained. The same metallic nanocavity approach was used
very recently to enhance the fluorescence intensity of boron va-
cancy (V™) emitters in hBN flakes up to 480 times, explained by
the large Purcell enhancement.[*>#¢ These findings are promis-
ing for using V;~ and other quantum emitters in hBN in quan-
tum sensing applications.!*’*8] However, the aforementioned re-
sults were obtained from ensembles of quantum emitters pro-
ducing classical light that cannot be used in quantum optical
communications where the qubits must be single photons. Re-
cently, optical detected magnetic resonance was observed from
SPEs in hBN,[*! urging further enhancement of the SPE quan-
tum properties in hBN for quantum sensing applications.!>1850]
Hence, the metallic nanocavity enhancement in nonclassical
light emission from SPEs in hBN is still missing. The creation
of this new type of hybrid plasmonic-hBN single photon source
will combine a compact ultrathin design, ultrafast nonclassical
light emission rate, high brightness, and room temperature op-
eration. All these properties are ideal for designing a novel deter-
ministic single-photon source platform to be used in envisioned
integrated quantum photonic networks and quantum sensing.

Here, we present, for the first time to our knowledge, an archi-
tecture for efficient nonclassical light sources by using metallic
nanocavities composed of thin hBN flakes (thickness of 35 nm)
sandwiched between small plasmonic SNCs (size #98 nm) and
Au thin film (thickness ~103 nm) to enhance the quantum prop-
erties of SPEs in hBN (Figure 1a,b). We demonstrate a substantial
enhancement of single photon emission rates at room tempera-
ture, manifested by the measured fast emission response in the
tens of picoseconds range, due to the designed plasmon nanocav-
ity. Further, we performed rigorous theoretical calculations of ex-
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citation enhancement, spontaneous emission enhancement, av-
erage electrical field enhancement, and fluorescence enhance-
ment factor of SPEs in SNC/hBN/Au nanocavities. The calculated
values fit well with the measured ones taking into account the
roughness of the Au films. Our results open the door to the usage
of SPEs in compact nanophotonic circuits for quantum optical
telecommunications’®!! and quantum sensing, (11850 in compar-
ison to other systems such as WSe, that work only at cryogenic
temperatures.[*4l

2. Results and Discussion

2.1. Fabrication of Plasmonic Nanocavity

We first exfoliated hBN flakes from hBN bulk crystals (hq
graphene) and transferred them to a SiO,/Si substrate
(Figure Sla, Supporting Information) by using the proce-
dures described in reference.[*?! By annealing the hBN/SiO, /Si
substrate in the presence of O, (950 sccm) at a temperature
of 1100 °C,[**52] we created a high density (~0.5 SPE um~2) of
stable emitters, confirmed by confocal fluorescence scanning
in Figure S1b (Supporting Information) and anti-bunching g
experiments summarized in Table S1 (Supporting Information)
(for selected SPEs) Section S4 (Supporting Information). The
SPEs may originate from oxygen impurities, substitutional
oxygen at N or B sites, and O, etching-induced optically active
vacancy-related defects.[>254

Prior to the transfer of the annealed hBN flakes with SPEs to
epitaxial Au films, a Si (111) wafer was cleaned by a sequential
sonication process using acetone and isopropyl alcohol to remove
any residue. Then, we ion-milled the wafer to remove the top Si
layer (=20 nm thick), to enhance the adhesion during Au depo-
sition. The Au film is sputtered on Si wafer (Figure 1c) at room
temperature to achieve a thickness of 103 + 1 nm, confirmed by
AFM in Figure 1d. To perform systematic optical and AFM char-
acterization of the transferred hBN flakes, the Si wafer is marked
with a grating of letters. We conducted X-ray diffraction (XRD)
analysis of the Au film, revealing a (111) textured Au film (grain
size ~30 nm), as illustrated in Figure S2a (Supporting Informa-
tion). Following this, we annealed the Au/Si film at 363 °C, re-
sulting in an enhancement of the (111) textured epitaxial char-
acteristics of the Au film, confirmed by a reduction in the XRD
linewidth (Figure S2b, Supporting Information), and an increase
of the Au grains’ size to #50-150 nm. Further AFM analysis of
the Au grains is described in Section S2 and Figure S3 (Support-
ing Information).

We followed the procedures described in Section S1 (Support-
ing Information) to transfer the hBN flakes with a high density
of SPEs from SiO,/Si to Au/Si substrates. It mainly involves us-
ing potassium hydroxide (KOH) solution to etch down the SiO,
layersl®>] under hBN to release the flakes with SPEs to be trans-
ferred to Au/Si. While this process is reproducible, it resulted in
the etching of the hBN flakes and subsequent reduction of the
emitter density to <0.2 SPE pm~2 (discussed in Section 2.2). Af-
ter measuring the optical quantum properties of the SPEs in the
hBN flakes on top of Au/Si, we spin-coated 98 nm SNCs to fur-
ther enhance the SPE quantum properties due to the plasmonic
nanocavity effect. We describe the spin coating process of SNCs
on hBN/Au/Si in the Section S5, Supporting Information.

© 2024 The Author(s). Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 1. a) Sketch of the hBN flake atoms distribution that exhibits SPE (highlighted with a dashed red circle), composed of nitrogen (purple) and
boron (cyan) atoms in a 2D lattice. b) Schematic of hybrid nanophotonic cavity composed of hBN multilayers sandwiched between the Au film and
SNCs to enhance the quantum properties of SPEs. c) Optical image of the epitaxial grown Au film on a Si (111) substrate. The scale bar in (c) is 5 um.
d) AFM topography image of the Au/Si substrate highlighted by a dashed square in (c). The scale bar in (d) is T um.

2.2. Optical Characterization of SPEs

To measure at room temperature the quantum properties of
SPEs in the hBN flakes transferred to Au/Si substrate with and
without SNCs, we used a home-built fluorescence microscope
described in reference.[*?] We first locate the hBN flakes using
a charge-coupled device (CCD) camera as shown in Figure 2a
and Figure Slc (Supporting Information). The thickness of
the flake is 35 = 5 nm, confirmed by AFM (Figure S1f, Sup-
porting Information). Then, we perform confocal fluorescence
imaging of the selected hBN flake to confirm the presence of
bright isolated emitters, spectroscopy to check the SPE emis-
sion spectrum, g measurements to confirm single photon
emission, and finally lifetime measurements.*?l Figures 2b
and Fgure Sle (Supporting Information) display the fluores-
cence maps of a part of the hBN flake, indicated by dashed
squares in Figure 2a and Figure Slc (Supporting Information)
respectively. Figure 2c shows the normalized fluorescence
spectrum of a selected SPE (highlighted in Figure 2b) with
full width at half-maximum (FWHM) of 5 + 0.02 nm at a
wavelength of 639.3 nm, attributed to the ZPL of the defect in
the hBN flake.[**] The ZPL peaks of 68 studied SPEs occur in
the spectral window of 600-760 nm with a negligible phonon
side band, corroborating recent studies performed on SPEs in
hBN flakes annealed at high temperature of 1100 °C under O,
Aow.[4252]
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To confirm the presence of SPEs in the transferred hBN flakes
into the Au/Si substrate, we measured anti-bunching g? curves
in the Hanbury Brown and Twiss configuration by collecting the
SPE fluorescence using two single photon detection modules
(PDM, Micro Photon Devices).*?! We found that >50% of the
emitters in Figure 2b and Figure Sle (Supporting Information)
have a dip of g < 0.4 (see Tables S1 and S2, Supporting Infor-
mation for some of the SPEs without SNCs).[¢) The SPEs are
highlighted by dashed and solid squares in Figure Sle (Support-
ing Information) with a density of ~0.2 SPE pm~?. We normal-
ized and fitted the short-time scale (t < 10 ns) g response of the
SPEs (e.g., emitter SPE with the response shown in Figure 2d)
to:g?(t) = 1 — (1 +a,)e/", where a, is the anti-bunching fac-
tor and 7, is the decay lifetime which includes both the radia-
tive and nonradiative transition lifetimes.’8] We obtain a, =
-0.84 + 0.01 and 7; = 1.29 + 0.02 ns by fitting the curve (solid
line) in Figure 2d, with g (0) = 0.15 + 0.01. We further discuss
the gold nanograins effects on g in Section 2.3.

2.3. Plasmonic Nanocavity Enhancement of SPE Quantum
Properties
We measured the quantum properties at room temperature of

SPEs in the hBN flake transferred to Au/Si before (Figure 2a) and
after spin-coating of 98 nm + 7 nm SNCs (Figure S7b, Supporting
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Figure 2. a) Optical image of the studied hBN flake transferred on top of
the Au/Si substrate. The scale bar in (a) is 10 um. b) Confocal fluorescence
map of an hBN flake region highlighted by the dashed square in (a), show-
ing the under-study SPE (inside the square). The scale bar in (b) is 2 um. c)
Measured (filled circles) fluorescence intensity spectrum as a function of
wavelength of a selected SPE marked in (b). The measured curve is fitted
(solid line) with a Lorentzian with an FWHM of 5 + 0.05 nm. d) Measured
(filled circles) autocorrelation g intensity of SPE on Au as a function
of the delay time between the two single-photon detection modules. The
measured curve is fitted (solid line) with g () ~ 1 — (1 +a;)e~*/71.

Information). To reduce the high-intensity autofluorescence (up
to 5 Mc s7! at saturation) of the SNCs in the spectral window
600-700 nm,!*?] we used a set of bandpass (10 nm) filters to iso-
late SPEs with a narrow emission spectra. However, some of the
autofluorescence is still present in the fluorescence maps after
spreading SNC with count rates up to 600 kc s™! (see for exam-
ple Figure S7c, Supporting Information). To further identify the
location of selected SPEs (highlighted by squares) after spread-
ing SNCs on top of hBN/Au/Si, we used an overlay method and
spectral mapping, respectively.[*?] Figure 3a shows the fluores-
cence maps of a selected region of the hBN flake after deposit-
ing the SNCs. We can clearly identify most of the SPEs in addi-
tion to the SNCs manifested by the small emitting point spread
function spots inside and outside the flake (see Figure 3a) due
to the local confinement of fluorescence.® Upon characteriz-
ing the hBN flake transferred on Au/Si in comparison to the
flakes located on SiO, /Si, we see a clear enhancement of the SPEs
quantum properties manifested by an increase of the SPEs av-
erage saturation fluorescence intensity I from ~214 kc s7! to
~1 Mc s7! (Figure S9a,b, Supporting Information). See for ex-
ample Figure S1b,e (Supporting Information) measured at a laser
power of 1.2 mW. To further assess the effect of Au film and SNCs
on the quantum emitters’ properties, we measured the second-
order photon correlation gi? (t) of SPEs in the hBN flakes trans-
ferred to SiO,/Si, and Au/Si without and with SNCs.
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We focus here on the enhanced quantum properties of se-
lected SPEs in the hBN flakes deposited on SiO, (Figure S1b,
Supporting Information) and Au/Si (SPE inside the solid
square in Figure 3a). We see a narrowing of the emission
spectrum of the emitter on Au without and with SNC, as
clearly depicted in Figure 3b. We observe a significant nar-
rowing of the g? response (Figure 3c) with a decrease of
7, from 3.1 + 0.04 ns in hBN/SiO, to 0.51 + 0.03 ns
in hBN/Au/Si without SNC, and to 0.23 + 0.04 ns in
hBN/Au/Si with SNC. While g?(0) is 0.013 + 0.01 for

hBN/SiO,, 0.37 + 0.01 in hBN/Au/Si without SNC, and
0.48 + 0.01 in hBN/Au/Si with SNC. The increase in g (0) val-
ues for SPEs on hBN/Au/Si substrate with SNC is due to the
limited time resolution that is constraint by the decay lifetime of
the correlation function of our continuous wave (CW) g setup
(=300 ps).[*}] However, all obtained g (0) values are <0.5 which
proves that we indeed see single photon emission in all cases (see
Tables S1 and S2, Supporting Information). In Tables S1 and S2
(Supporting Information) we confirm that most of the SPEs with
excited state lifetime 7, > 0.3 ns have indeed gi? (0) < 0.4, con-
firming the single photon emission.['>#?] In Figure 3d, we plot
the histograms of 7, values extracted from fitting the measured
g? curves in 60 SPEs in hBN/SiO, and 68 SPEs in hBN/Au/Si,
respectively. We extract a mean 7, value of 2.85 + 1.2 ns in
hBN/SiO, and 0.98 + 0.33 ns in hBN/Au/Si. The enhancement

O'O-OF i\z - Fit

v SNC/ hBN /Au

40

20 mmm— o 6 3 _0 3 6
b Fluor. (kc/s) d Time (ns)
1 -1 <«— hBN/Au

20{ N\l hBN/Sio,—L10
. \\\
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g 5 %\%\ \ 3
£ 21 NN 3
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Figure 3. Plasmonic nanocavity enhancement of SPEs quantum proper-
ties in SNC/hBN/Au system. a) Fluorescence map of the hBN flake region
shown in Figure 2a (indicated by dashed lines) where multiple SNCs are
included. The scale bar is 2 um. The bright emitter SPE (red line box) is
coupled with SNC. b) Measured spectrum of the selected SPE before and
after depositing the 98-nm SNCs. c) Measured autocorrelation g{?) inten-
sity as a function of time for a selected SPE in hBN flake transferred to SiO,
(filled circles) and for SPE (highlighted in a) in the hBN flake transferred to
Au/Si substrate without (half-filled circles) and with (open circles) SNCs.
In the inset of c) we plot the zoomed g® for SPE on Au with and without
SNC, showing g? (0) <0.5. The measured curves are fitted (solid lines).
d) Measured 7, distribution of 60 SPEs characterized in hBN/SiO, (black
dashed histogram) and 68 SPEs characterized in hBN/Au (red dashed his-
tograms).
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Figure 4. Plasmon nanocavity-assisted enhancement of SPE quantum
properties in hBN. a) Measured lifetime response as a function of time
for a selected SPE in hBN flake transferred to SiO, (solid dark yellow line)
and for SPE in the hBN flake transferred to Au/Si substrate without (solid
red line) and with (solid blue line) SNCs. The measured curves are fit-
ted (solid lines). The IRF of the setup is plotted as a solid green line.
b) Measured 7, distribution of SPEs characterized in hBN/SiO, (gray
dashed histogram) and in hBN/Au without (red dashed histograms) and
with (blue dashed histogram) SNCs. c) Measured 7, distribution of SPEs
characterized in hBN/Au without (red dashed histograms) and with (blue
dashed histogram) SNCs. d) Measured (scattered) and calculated (solid
lines) fluorescence intensity as a function of the CW green laser power for
a selected SPE in hBN flake transferred to SiO, (filled circles) and for SPE
(highlighted in Figure 3a) in the hBN flake transferred to Au/Si substrate
without (half-filled circles) and with (open circles) SNC.

effect (increase of fluorescence and reduction of 7,) from just the
Au film is explained by the local confinement of electric field at
the Au nanograins (see Figure S3d, Supporting Information) due
to excited plasmonic hotspots,!®*!] which is confirmed by theo-
retical modeling (see Section 2.4; Section S7, Supporting Infor-
mation).

To further distinguish between the enhancement effect from
the nanostructured Au film and the metallic nanocavity with
SNCs, we measured the excited-state lifetime of 60 SPEs in
hBN/SiO, and 68 SPEs in hBN/Au with and without SNCs. A
10 ps pulsed 532-nm laser is used to excite the SPEs and we uti-
lize a time-tagger autocorrelation device (PicoHarp 300) to per-
form time-dependent photon statistics.[*?] The time resolution
of the lifetime autorotation setup is ~19 ps, much finer than
CW g setup (300 ps), determined from measuring the instru-
ment response function (IRF, green curve in Figure 4a) with just
green laser pulses (see Section S3, Supporting Information for
further details). In Figure 4a, we plot the lifetime curves of SPE
in hBN/SiO,, hBN/Au/Si with and without SNCs. The measured
curves of SPEs in hBN/SiO, are well-fitted with one exponential
decay function a,e"/™ 5% convoluted with the measured IRF of
one of the PDM detectors, where tis time, 7; g, is the SPE emis-
sion lifetime in hBN/SiO, that includes both spontaneous and in-
trinsic nonradiative lifetimes, and a, is a weighing factor.**l The
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73, sio, 18 5.3 + 0.6 ns for SPEs in hBN/SiO, with a mean value
of 5.3 + 1.16 ns, extracted from the distribution histograms of
60 SPEs (see the gray histogram in Figure 4b). The variation of
the excited lifetime of SPEs in hBN/SiO, /Si substrate is believed
to be related to the location of the emitter d, s, and/or the nature
of the emitter inside the hBN flake.[*?]

The measured lifetime curves in hBN/Au without and with
SNCs are fitted (solid lines) well with two exponential decay
functions convoluted with the measured IRF:['2l g e/ +
ag,.e/ ™=, where ay,, and a,, are weighing factors. 7, is the
intrinsic lifetime related to the SPEs in hBN and 7, is the spon-
taneous emission enhancement lifetime related to the environ-
ment that includes both the radiative and nonradiative decays.!%?!
From the measured lifetime curves in Figure 4a on a selected
SPE, 7y, is 0.58 + 0.02 and 0.29 + 0.01 ns for hBN/Au without
and with SNC respectively. Figure 4b shows the distribution his-
tograms of 7, from SPEs in hBN/Au without and with SNCs,
compared to 7; g, values obtained from SPEs in hBN/SiO,. We
extract mean 7, values of 1.15 + 0.32 ns and 0.88 + 0.44 ns
in hBN/Au without and with SNC simultaneously. However,
Tro = 85 + 2 psand 25 + 1 ps in hBN/Au without and with SNC,
respectively. The metallic nanocavity substantially speeds up the
spontaneous emission lifetime confirmed by measuring 7, dis-
tribution of 28 SPEs in SNC/hBN/Au nanocavity where enhance-
ment effects are observed with results shown in Figure 4c. We
find mean 7, ((t4)) values of 85 and 25 ps for SPEs in hBN/Au
without and with SNCs, respectively, meaning approximately
more than 3.4 times increase in the spontaneous emission rate
when SNCs exist.

The plasmon enhancement of SPE’s 7, (the intrinsic life-
time) from the Au film in comparison to the SiO, substrate is:

1Ty a0) _ (T380,) _ 53 ns

1/ 73 si0,) T (Cow m) 058 ms
ment factor of 9 times, which is a value comparable to the mea-

sured enhancement rates in shallow V;_ ensemble emitters in
hBN flakes deposited on Au striplines.®!] The introduction of
nano-grains/rough surface Au thin film leads to increased local
density of optical states due to the Purcell effect, which gives rise
to both radiative and nonradiative rates!®*** depending on the
distance of SPEs from the Au grains and their respective sizes
(50-150 nm). We further detail these effects in the simulation
calculations presented in Section 2.4.

We now turn our attention to the effect of SNCs forming a
nanocavity on the emission lifetime of the SPEs in hBN/Au.
We define the plasmonic nanocavity enhancement of both 7,
and 7, in hBN/Au with and without SNC as: RIS

1/{Tgow Au w/o SNC)

=9.14, corresponding to an enhance-

(z. w/o SNC) _ 0.58 : .
dow Auwfo SRE! = 221 = ) corresponding to an additional en-
(Tstow Au w. sNC) 0.29 ns

hancement of 7y, of 2 with a total enhancement of 74, 0f 18.28.
We also see an enhancement of 7, (spontaneous emission en-

1/(fast au w. sNC) _ (Tast Au wjo SNC) __ 85 ps

hancement lifetime):

1/{Tast Au w/o sNC) - (Tfast Au w. SNC) 25 ps
This measured value at the emission wavelength of 650 nm is

found to be lower than the FEM simulation prediction of about
six times increase which can be spectrally seen in Figure 6c.
The difference between these two predictions can be attributed
to fabrication imperfections that cannot be taken into account
in the simulations and the nonideal dipole alignment of the
SPEs that will lead to lower spontaneous emission values in the
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theoretical calculations. However, all-in-all the agreement be-
tween theory and experiment is very good, as discussed later
in the paper. It is also commendable that such a fast response
(25 ps) for SPEs in SNCs has not been reported before exper-
imentally in the literature. This overall enhancement of spon-
taneous emission lifetime is substantially higher than the slow

emission response of hBN without the plasmonic structure,
1/Tpst au w. sNC) (73, si0, ) 5.3 ns

smee 1/(zs, sioz> - <Tfust Au w. SNC) - TPS -
hancement can be explained by the metallic plasmonic nanocav-
ity effect,’!] as observed in other SPE systems such as NVs in
nanodiamonds!*! and quantum dots.['>%] However, our hBN-
based nanophotonic structure outperforms these previous stud-
ies, since quantum dots suffer from fluorescence blinking!®!
and nanodiamonds suffer from NV stability and low quantum
efficiency (<50%) for smaller nanoscale sizes.*’] In addition,
SPEs in hBN have narrow emission lines (<10 nm in compar-
ison to >150 nm for NVs), a highly desirable property for quan-
tum photonics applications.?®] The enhancement factor varies
across SPEs in SNC/hBN/Au nanocavity system, as summarized
in Table S2 (Supporting Information) (Section S6, Supporting In-
formation) for selected SPEs. For example, the emitter SPE59
(Table S2, Supporting Information) has no enhancement at all
and the emitter SPE26 has an enhancement factor of 137.67
times (Figure S12, Supporting Information). This effect is ex-
plained by either the non-spatial (e.g., SPE59) or non-spectral
(e.g., SPE30) overlap between the SPEs and the plasmonic metal-
lic nanocavity modes in the range of 600-650 and 700-750 nm
calculated in Figure S10b. In some of the SPEs (e.g., SPE26),
the plasmonic metal nanocavity modes overlap with the spectral
emission wavelength of the emitters leading to the narrowing of
their ZPL peaks by ~50% (see inset of Figure S12b, Supporting
Information).

However, spontaneous emission enhancement does not mean
increased fluorescence, since both radiative and non-radiative
rates are enhanced in plasmonic systems.[®*) Hence, next, we
illustrate the effect of the plasmonic nanocavity on the fluores-
cence intensity of the SPEs by measuring the saturated count
rate I in hBN/SiO,, and hBN/Au before and after spreading
the SNCs (size of 98 nm). In Figure 4d, we plot the measured
(scattered curves) fluorescence intensity of SPE in hBN/SiO,
and hBN/Au (without and with SNCs) as a function of the
CW green laser power. The saturation curves are fitted (solid

lines in Figure 4d) to:*#2 [ = = where P, is the satu-
(Psar+P)

ration power and I g0, = 0.25 Mc/s, I, jpn/an = 0-98 Mc/s,

and I sncmpnya= 1.76 Mc/s for hBN/SiO,, hBN/Au, and

SNC/hBN/Au substrates, respectively. The overall enhancement
I, SNC/hBN/Au

: P 1.76 M
factor of the plasmonic nanocavity is = ofs —
Iy, sio2 0.25 Mc/s

7, corresponding to a fluorescence enhancement of 700%,
much higher than the 200% enhancement obtained from just
SNC/hBN system reported in reference.l*”) We performed sim-
ilar measurements on 60 SPEs in hBN/SiO, and 68 SPEs in
hBN/Au with and without SNCs and found a similar mean flu-
orescence enhancement rate of 7, see Section S6 and Figure S9
(Supporting Information). Our emission enhancement rates are
higher than earlier studies reported on SPEs in hBN inte-
grated with metal nanoparticle array (~2)/%! and nonmetallic
(e-g., Si;N,) nanocavities (~6).1! For example in reference,*®]

212. Such large en-
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the measurements were done on just a simple Au plasmonic
nanoparticle (NP) array, not nanocavities, i.e., hBN flakes were
deposited on Au NPs. The reported fluorescence lifetime en-
hancement rates in this prior work were ~270-420 ps, one or-
der of magnitude less than our findings (=25 ps). Higher fluo-
rescence enhancement rates (> 10) were reported by using bulk
cavity modes (volume ~4%) "% and fiber-based Fabry—Pérot (FP)
cavities.[”! The bulk cavity increases further the single-photon
count rate, even at lower excitation powers, due to an enhanced
collection efficiency with the cavity,””) However, the drawback
of bulk design is that will be difficult to integrate into photonic
circuits. Finally, we also compare the emission enhancement

with and without SNC when hBN is on top of the Au substrate:

= L8 MJs 18 which is a close to our theoretical
I, hBN/Au 0.98 Mc/s

calculations of fluorescence enhancement of 2.5 shown in the

next section.

Lo, SNC/hBN/Au

2.4. Theoretical Modeling of Plasmonic Systems

To gain a comprehensive understanding of the fast and bright
single photon emission performance of the proposed nanopho-
tonic systems, we conducted a series of systematic studies based
on 3D simulations using the finite element method. Further de-
tails on the simulations created to theoretically investigate the
scattering and emission properties, along with additional infor-
mation on both geometrical and material parameters of the de-
signed single photon emitter are provided in Section S7 (Support-
ing Information). More specifically, in Figure S10 (Supporting In-
formation), we plot the scattering cross sections of both SPE de-
signs with and without SNCs in the spectral range 500-750 nm as
a function of hBN layer thickness in the range of 25-45 nm. Note
that the Au substrate is always modeled as a rough surface in both
systems to obtain more realistic results. In the case of the absence
of SNC, a broad scattering plasmon resonance is obtained which
redshifts as a function of hBN layer thickness. On the contrary,
when the SNC is present, a narrow resonance is obtained due to
the creation of the plasmonic nanocavity, which, interestingly, is
also red shifted when the hBN layer thickness is increased.

To understand the measured enhanced quantum properties
of the SPE, we illustrate the electric field enhancement factor at
the monitoring emission wavelength of 650 nm for SPE designs
without and with SNCs, displayed as 2D cross-section slices in
Figure 5b and Figure 5e, respectively. The incorporation of SNCs
leads to a significant enhancement in the electric field induced
inside the hBN layer, with the cross-section field enhancement
plots demonstrating up to 5 times increase around the edges of
the cube at the specified wavelength.

The spatial distribution of the normalized spontaneous emis-
sion rate is defined as y,, /¥, (s, ¥, are the spontaneous emission
rates of an emitter placed in the presented nanostructures and the
same emitter located at free space, respectively) for the hBN/Au
structure design without and with SNC are shown in Figure 5cf,
respectively. The spontaneous emission becomes stronger at the
center of the entire space of the hemi-ellipsoidal inclusions which
are used to mimic the roughness of Au thin film (more details
are provided in Section S7, Supporting Information), leading to
the localization of electric field in the proximity of these inclu-
sions. The field gets particularly strong in the location where the
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Figure 5. Simulations of the hybrid SNC/hBN/Au nanophotonic systems. Schematic illustration from a central cross-sectional viewpoint of SPE designs
a) without and d) with SNC. The electric field enhancement (|E|/Ey) is shown along the central cut-slice of each emitter design without b) and with e)
SNC at the emission wavelength (A,,, = 650 nm). The scale bar in (b) and (e) is 40 nm. The spatial distribution of normalized spontaneous emission
rate (yg, ( Aen, = 650 nm) /1) is displayed in (c) and (f) for the design without and with SNC, respectively. In these plots, the single photon emitter height
(d, spg) inside the hBN layer is fixed to 5 nm. The scale bar in (c) and (f) is 20 nm. The emitter height considered in both (c) and (f) is highlighted as a
dashed line in the schematic illustrations of the designs (a) without and (d) with SNC.

hemi-ellipsoidal roughness inclusions approach the hBN layer,
and it gradually diminishes as one moves up inside hBN (see
Figure 5b). For the SPE emitter design with SNC, we observe
that the field is stronger beneath the SNC, but it is primarily
concentrated near the bottom corners of the SNC (see Figure 5e)
despite the Au thin film being rough also in these simulations.
Hence, the coupling of the SPE locations in hBN layer to the
plasmonic SNC structure acts as an ultra-small mode volume
nanocavity.’273

The incorporation of SNC leads to the creation of a plasmonic
nanocavity that efficiently couples to SPEs in the hBN layer and,
therefore, increases the photonic local density of optical states
which leads to the enhancement in the quantum yield.[”*] Hence,
the formula to compute quantum yield (QY) is y,/r,, and here
is plotted as a function of wavelength (range of 550-750 nm,
Figure 6e) and emitter depth (range of 2.5-30 nm, Figure 6f)
for the designs with and without SNC. Interestingly, the QY
is improved in the case of the nanocavity (with SNC) for the
entire wavelength range and emitter depths that we currently
investigate. This is in direct agreement with the enhanced
fluorescence that was measured in the case of the plasmonic
nanocavity.

Note that the experimental lifetime results cannot differenti-
ate between radiative and nonradiative contribution to the pho-
ton ultrafast emission but provide the total spontaneous emis-
sion as was computed in Figure 5¢,f.(% Interestingly, based on
our simulations, we can differentiate which portion of the to-
tal spontaneous emission is radiative and nonradiative, respec-
tively. Hence, to further explore the underlying mechanism re-
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sponsible for the shortened emission lifetime in the case of plas-
monic structures, it is essential to compute the radiative decay
rate (y,) and y, in both structure designs without (Figure 6a)
and with (Figure 6b) SNC. Note that the computed 7, is the
summation of radiative (y,) and nonradiative (y,,) rates and ide-
ally, we need maximum y, and minimum y_,. In Figure 6¢,d, the
spectral evolutions of the average normalized spontaneous emis-
sion ((r,,(d,spr)/7,)) and radiative decay ((y,(d,spr)/7,)) Tates
are presented for both plasmonic emitter designs (without and
with SNC), respectively, where their obtained maximum values
are averaged along the depth d, g, that spans the entire 35 nm
thickness of the hBN material. A good agreement is found with
measurements of the fast-time emission dynamics, which corre-
spond to spontaneous emission enhancement, as stated before
in the experimental result section. The computed y, is close to
the total spontaneous emission y, (that is basically the sum-
mation of y, and y,, rates) for both cases without and with
SNC at the fixed emission wavelength of 650 nm. Previous stud-
ies have already demonstrated that placing the emitter surface
close to a metallic thin film leads to quenching and a shortened
emission lifetime.['V%37577] Similarly, in the current study, the
pronounced roughness of the epitaxial gold thin film leads to
some quenching, as can be seen in the lower radiative rate val-
ues (Figure 6d) compared to spontaneous emission (Figure 6c),
due to the field enhancement (plasmonic hotspots) shown in
Figures 5b,e. However, based on our theoretical calculations, the
incorporation of the proposed plasmonic nanocavity significantly
improves the spontaneous emission performance in the design
with SNCs, yielding an average enhancement of approximately
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Figure 6. Spectral and depth theoretical analysis of emission properties. a,b) SPE emitter designs without and with SNC are schematically illustrated in

(a) and (b), respectively. c d) The spectral evolutions of (c) average normalized spontaneous emission rates ((y, (
,.spe)/70)) Without (open circles) and with (filled circles) SNCs. e) The quantum ynsﬁi spectrum (QY (d,,spe = 5 nm)) and (f)
= 650 nm)) for the emitter design without (open circles) and with (filled circles) SNC.

radiative decay rate ((y, (d
its depth profile analysis (QY (4,,,

six times compared to the design without SNCs at the emission
wavelength of 650 nm (see Figure 6¢). As discussed in the exper-
imental section, the spontaneous emission rate is inversely pro-
portional to the excited state lifetime, where the experimentally
determined lifetime enhancement between these two cases was
computed to be 3.4 at the emission wavelength, which is a value
close to the theoretically predicted results.

Finally, the fluorescence enhancement can theoretically be
computed by both excitation enhancement (y,, /7., ,) and sponta-
neous emission (y,,/7,) enhancement, where y,,/7,., is directly
proportional to the average field enhancement (|E,,/E,,,|%)
inside the hBN SPE computed at the excitation wavelength
(532 nm) with (E,,) and without (E,, ;) the metallic (plasmonic)
structures, i.e., computed at free space.l”®”°! Hence, we define
the fluorescence enhancement factor (EF) to theoretically ana-
lyze the SPE emission brightness performance of the presented

Y
N1eQV  where
Mo Vex,0 0

the enhancementin QY is equal to QY /QY,, and the normalized
collection efficiency is n/#,. The latter one represents the proba-
bility that an emitted photon will reach the detector and is taken
as 0.84 for our case due to our experimental detection approach
which is very similar to the one used in reference."?l The QY of
each structure is presented in Figure 6e,f. The intrinsic quantum
yield of the emitter QY, is equal to 0.2, as was shown previ-
ously for some of the SPEs in hBN.[#% If we substitute all these
computed values inside the fluorescence enhancement factor for-
mula and compare the case of without and with SNC, then we get
an approximately average value of 2.5 which is very close to the
measured fluorescence counts, where we derived that the ratio
between the designs with and without SNC is ~1.8, as depicted
in Figure 4d. Hence, the good agreement between the theoretical
enhancement factor predictions and experimental fluorescence

plasmonic systems, given as follows:['278] EF =
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d, spe)/70)) and d) average normalized

counts indicates the accuracy of the simulations in predicting
the high radiative quantum efficiency of the emitter design with
SNC.I%%) Additional factors influencing the overall enhancement
of SPE quantum properties in plasmonic nanocavities include
the non-spatial and spectral overlap between SNCs (as discussed
earlier) and the specific thickness of the hBN film (35 nm). Creat-
ing SPEs in thinner (<15 nm) flakes is expected to substantially
increase the fluorescence enhancement factor to >1000 times,
as obtained from SPEs in QDs with a gap of 12 nm.[12]

3. Conclusion

In summary, we used metallic nanocavities that sustain gap
plasmonic modes, integrated with thin hBN multilayered flakes,
to achieve an enhancement in the quantum properties of SPEs at
room temperature. We first demonstrated a plasmonic enhance-
ment of the SPEs optical properties from the rough substrate Au
nanograins, mainly due to plasmonic hotspots induced along
the Au film. To further enhance the quantum properties of SPEs
on selected thin hBN flakes, we spin-coated SNCs on the Au/Si
substrate. The obtained experimental results are explained by
rigorous theoretical modeling based on full-wave simulations,
where the roughness in the substrate is also considered. In-
terestingly, such fast emission response (25 ps) for SPEs in
SNCs combined with bright fluorescence properties has not
been reported before experimentally in the literature and can
have a plethora of quantum photonic applications. For example,
the presented plasmonic nanocavity enhanced nonclassical
light emission can be useful to increase the optically detected
magnetic resonance contrast of SPEs observed recently at room
temperature,[*) making hBN a promising material for quantum
sensing!®® and spin-based photonic quantum applications.!*!
More broadly speaking, our results open the door to the usage of
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hybrid plasmonic/hBN bright single-photon sources in compact
nanophotonic circuits for quantum optical networks that can be
used in quantum communications and computing.
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Supporting Information is available from the Wiley Online Library or from
the author.
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