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ABSTRACT: Silicon vacancy centers (SiVs) in diamond have
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emerged as a promising platform for quantum sciences due to their b,

excellent photostability, minimal spectral diffusion, and substantial 7 Control — no
zero-phonon line emission. However, enhancing their slow nano- > cavity
second excited-state lifetime by coupling to optical cavities remains 2 "
an outstanding challenge, as current demonstrations are limited to ﬁ Trast < 8 ps \%%
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diffraction-limited plasmonic cavities and achieve an instrument-
limited <8 ps lifetime, corresponding to a 13S-fold spontaneous
emission rate enhancement and a 19-fold photoluminescence
enhancement. Nanoparticles are printed on ultrathin diamond
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membranes on gold films which create arrays of plasmonic nanogap [E|/|E,|
cavities with ultrasmall volumes. SiVs implanted at 5 and 10 nm

depths are examined to elucidate surface effects on their lifetime and brightness. The interplay between cavity, implantation depth,
and ultrathin diamond membranes provides insights into generating ultrafast, bright SiV emission for next-generation diamond
devices.
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S olid-state photon sources, such as quantum dots, defects in effects enhance the absorption rate and therefore excitation
2D materials, and color centers in diamond are critical efficiency, leading to greater emitter brightness.

components for quantum information and sensing technolo- Previous demonstrations of negatively charged silicon
gies but are typically limited by their slow spontaneous vacancy centers (SiVs) coupled to photonic crystal cavities
emission rates and low photon extraction efficiencies. ™ have been limited to ~10-fold lifetime reduction or less in
Quantum emitters can function as gates in single photon patterned bulk diamond,'®"” partly due to the diffraction-
transistors,” store and process quantum information,”™” and limited mode volumes of these approaches. Plasmonic cavities
act as nanoscale temperature,”” strain'’ and electromagnetic offer the advantage of sub-diffraction-limited mode volumes. A
field sensors.”'"'* In particular, color centers in diamond, such recent study demonstrated 70-fold enhancement of the

as silicon vacancies and other group IV defects, are promising
for practical applications due to their excellent photostability,
accessible spin states, minimal spectral diffusion, and nearly
lifetime-limited line widths.""® However, emission rates from
ordinarily dim diamond vacancy centers are limited by intrinsic
lifetimes on the order of nanoseconds.”* A promising
approach to enhance their spontaneous emission rate is via
the Purcell effect, in which the local density of states can be
increased by embedding color centers in optical cavities, ™"
where the degree of enhancement is proportional to the Received:  October 17, 2023 NAN%*
quotient of a cavity’s quality factor (Q) and mode volume (V). Revised:  February 16, 2024 i
Photonic crystal cavities leverage high Q with dimensions in Accepted:  February 20, 2024
the micrometer scale, in contrast to plasmonic nanogap cavities Published: March 13, 2024
that target ultrasmall V in the nanometer regime to achieve :
high Purcell enhancement with lower Q. Further, nanoantenna

spontaneous emission rate of negatively charged nitrogen
vacancy (NV) centers in diamond nanocrystals.'” However,
achieving functional device integration can be nontrivial for
diamond nanocrystals, as they suffer from random emitter
dipole orientation, surface traps,”’ spectral diffusion from
inhomogeneous local strains,”' and degraded spin coherence
times from paramagnetic defects.”” Single crystal diamond
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membranes offer a more controlled host for defect centers,
with fixed dipole orientations, emitter depth control,”>** a
larger physical extent which allows for strain tunability,” and
overall improved integration potential.”*™>*

Here, we integrate SiVs in nanoscale thin film diamond with
ultrasmall mode volume plasmonic nanogap cavities. The
nanostructures are tailored to overlap the plasmon resonance
with the SiV emission wavelength, resulting in a detector-
limited 135-fold lifetime enhancement. Characterization of
SiVs with 5 and 10 nm implantation depths reveals the depth
effects on their brightness and lifetime, providing device design
guidelines for near-term thin film diamond integration.

To control the local density of states of SiVs, diamond
membranes with a varying thickness across each membrane are
embedded into nanogap plasmonic cavities. First, SiVs are
formed by ion implantation at either 5 or 10 nm depth in the
diamond samples, followed by a high-temperature anneal and
oxygen termination. Next, the diamond samples are inverted
and thinned into membranes by reactive ion etching. Control
samples are completed by transferring diamond membranes
with S or 10 nm implantation depth onto a silicon substrate.
Next, the nanocavity samples are fabricated by transferring
diamond membranes, with implanted SiVs at either 5 or 10 nm
depths, onto a gold film. , gold nanodisks are transferred on top
of the gold-diamond stack using a PDMS-stamp as shown in
Figure la—c, completing the nanogap cavities (details in SI).

Notably, the fabrication results in the implanted side facing
the underlying Au ground plane. Therefore, the 5 and 10 nm
implantation depths result in SiVs positioned approximately 5
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Figure 1. Sample fabrication overview. (a) Fabrication process for
creating nanogap cavities with embedded SiVs. (b) Optical micro-
scope image of the etched diamond slab after transfer onto a gold film.
(c) SEM image of gold nanodisks after EBL fabrication on silicon.
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and 10 nm above the ground plane. The final device schematic
is illustrated in Figure 2a. The etching process produces a thin
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Figure 2. Approach for integration of SiVs in diamond into
plasmonic nanogap cavities. (a) Schematic of sample structure
consisting of Au nanodisks (30 nm height and 95 nm diameter)
separated from an Au ground plane by an etched diamond slab. (b)
Height profile of the thinnest part of the diamond slab measured
using an imaging ellipsometer, with minimum thickness ~10—20 nm
(c) Electric field profile of the structure simulated via finite-difference,
time-domain methods using a 738 nm normal incident plane wave
(see SI). (d) Single disk scattering spectrum (black) overlaid with a
PL spectrum of embedded SiVs (orange), showing good spectral
overlap.

etched slab with a gradient of ~2 nm/ym and a minimum
thickness ranging from 10 to 20 nm. A height profile of the
thinnest region is shown in Figure 2b and was measured using
an imaging ellipsometer (Accurion nanofilm_ep4) (see SI).
The plasmonic nanogap cavities possess a large electric field
enhancement shown in Figure 2¢, where the embedded SiVs
are located at either a 5 or 10 nm targeted distance above the
ground plane. The cavity resonance wavelength is determined
by the geometry, material, and refractive index of the
constituent nanogap cavity elements,”” >’ and here was
chosen to match the SiV zero phonon line (ZPL) wavelength
of 738 nm using a cavity formed by the Au ground plane and
Au nanoparticles with a diameter of 95 nm and a height of 30
nm. The radiation pattern of the cavity structure has previously
been shown to produce a single lobe normal to the surface,
which generally improves the system’s collection efficiency as
compared to uncoupled emitters.'”** Here, we expect similar
results for the radiation pattern, with a small modification due
to the higher refractive index from diamond. The cavity was
designed to overlap spectrally with the SiV emission in order to
mainly enhance the spontaneous emission rate of the
embedded SiVs, and only to a lesser extent the absorption
rate.”* A Purcell factor of 378 (120) is predicted at a depth of
10 nm (S nm) above the ground plane for optimally positioned
emitters near the cavity edge (simulations in SI).
Photoluminescence (PL) from cavity-coupled SiVs, as well
as the plasmon resonance measured using white light scattering
from single disks, are shown in Figure 2d, indicating their
spectral overlap. The two implantation depths are studied to
explore their effect on SiV lifetime and brightness. Further, two
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cavity fill fractions—single cavity (4 pm spacing between
elements) and metasurface (100 nm spacing between
elements)—are fabricated for the 10 nm depth SiVs.
Time-resolved PL measurements are performed to deter-
mine the lifetime reduction achieved by embedding SiVs in the
nanogap cavities. SiVs are excited at 514 nm with the second
harmonic of a femtosecond Ti:sapphire laser. The SiV ZPL
fluorescence is first isolated by a narrow band-pass filter and a
series of dichroic, short, and long pass filters, followed by
measurements using a high-resolution single-photon avalanche
diode and time-tagged using a time to digital converter (see
SI). Representative time-resolved PL decay curves for cavity
coupled SiVs at 5 and 10 nm above the ground plane, as well as
control SiV luminescence from uncoupled emitters, are shown
in Figure 3a. Measurements of over 15 locations on each cavity
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Figure 3. Time-resolved fluorescence lifetime from SiVs coupled to
single nanocavities and a metasurface. (a) SiV lifetimes show
biexponential decays from a single cavity (10 nm depth—orange, and
S nm depth—blue) and 10 nm depth coupled to a metasurface
(magenta). Lifetime for SiVs in diamond on silicon (control sample)
exhibits similar single exponential decay (turquoise) for both depths,
system IRF is displayed in gray. Inset: log plot highlighting the slow
lifetime component of the 5 nm single cavity and 10 nm metasurface
samples. (b) Histogram of T distribution for all three samples. Most
spots from both single cavity samples exhibit 7;,, < 8 ps, which is
limited by the 4 ps bin size of the TCSPC system and is extracted via
iterative reconvolution of a biexponential fit with the system IRF.

sample exhibit lifetime behaviors that can be well-described by
biexponential decay fits, with an instrument-limited ultrafast
response in the fast lifetime component (7).

Both the S and 10 nm implantation depth samples, with
isolated single cavities, exhibit instrument-limited fast
components of 7;, < 8 ps. The fast lifetimes are recovered
through an iterative reconvolution technique using a least-
squared method®® with the measured instrument response
function (IRF). The extracted lifetimes are limited by the 4 ps
time bins of the time-correlated single photon counting
(TCSPC) system, and in accordance with the Shannon—
Nyquist theorem,***” the fastest lifetime that can be extracted
is 8 ps. Table 1 depicts the average fitted lifetime components

reconvolved with the IRF for all samples. The control sample
with a diamond membrane on a silicon substrate at both
depths exhibits single exponential decays with an average
lifetime of 7., = 1.08 + 0.05 ns. This is consistent with
previously reported values for the SiV intrinsic lifetime,"*%*’
though on the lower end of the reported range, likely because
of the close proximity of the SiVs to the diamond surface.”**’

The integrated photon weight for single nanocavities g, i.e.
area under the lifetime curve within the 80 MHz pulsed
excitation, consists of 31 + 3% and 10 + 1% for the 5 and 10
nm SiV implantation depths samples, respectively. The
experimental Purcell factor, Fp = 135, is found by dividing
the average lifetime of SiVs in diamond on a silicon substrate
(control sample) by the fast component of the lifetime of SiVs
well-coupled to a nanogap cavity. In contrast, SiVs coupled to a
metasurface of nanodisks display a slightly slower 7;,, = 10.7 +
0.6 ps with a notably higher 63 + 3% 7, contribution on
average (Figure 3).

Next, PL intensity measurements are performed to study the
brightness enhancement of SiVs in diamonds when embedded
in single cavities. Figure 4a depicts the integrated PL counts/s
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Figure 4. SiV PL power dependence of 10 and 5 nm implantation
depth. (a) Example SiV intensity/s when SiVs are excited at 1 mW.
(b) Integrated photon counts/s with 514 nm CW laser excitation
from 0.5 mW to 16 mW on both sets of samples.

for the single cavity samples, for both 5 and 10 nm
implantation depths, along with the control samples of
diamond on Si, using 514 nm, 1 mW continuous wave
excitation. The 10-nm-implantation-depth sample was brighter
overall, with a 19-fold enhancement, compared to the 9-fold
enhancement for the S-nm-implantation-depth sample. Next,
PL intensity is measured as a function of power, showing no
signs of saturation at powers < 16 mW. Notably, samples with
SiVs implanted at 10 nm depth, both on Si and in the cavity,
exhibited brighter emission than SiVs implanted at 5 nm either
on Si or in the cavity. The dim PL of the 5 nm sample set can
be attributed to the lower conversion efficiency of implanted

Table 1. Average Fitted Lifetimes for Plasmonic Nanogap Coupled SiVs and Control on Si

Sample T (PS) Contribution (%) Tyow (PS) Contribution (%)

Si (S and 10 nm) -

S nm—single cavity <8
10 nm—single cavity <8
10 nm—metasurface 10.7 £ 0.6

- 1080 + SO
31+3 1000 + 104 69 + 3
10+1 820 + 81 90 + 1
63 +3 544 + 26 37+3
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ions to SiVs, as well as nonradiative quenching from their
respective ground plane.

Variations in lifetime and brightness between the two SiV
depths can be explained by surface effects, as well as the depth
distribution from the ion implantation. The SiVs closer to the
ground plane experience less electric field enhancement, while
the ones near the nanodisks experience a much higher
enhancement. Further, with the implanted side of diamond
contacting the Au ground plane, the emission from these SiVs
is likely partially quenched by nonradiative pathways from the
metal. The trends in Figure 3a and Figure 4b show good
agreement: the nearly indistinguishable 5 nm depth lifetime
from the IRF, and its low enhancement factor with significantly
dimmer brightness compared to the 10 nm counterpart,
suggest a presence of nonradiative decay pathways and/or poor
implanted Si-ion-to-SiV conversion.

The observed biexponential lifetime can be attributed to the
different degrees of coupling strength due to the combinations
of emitters’ lateral positions and depth distribution within the
cavity. The lifetime statistic is composed of the emission from
the well-coupled SiVs near the cavity edge (where maximum
electric field enhancement occurs) and the poorly coupled SiVs
within and surrounding the cavity. Notably, the 7.,
component from 10 nm depth SiVs integrated in a metasurface
demonstrates a remarkably higher integrated photon count
than that of a single cavity (Figure 3 and Table 1). We
attribute this to the statistical distribution of SiV coupling
strengths to the cavity: under the same collection area, regions
surrounding single cavities consist mainly of uncoupled SiVs
due to their 4 ym spacing, while metasurfaceswith tightly
packed nanodisks results in a higher average degree of
coupling. This can be further supported by its faster 7y, as
more SiVs are coupled to cavities under a metasurface.
Similarly, when comparing single cavity studies for the 5 and
10 nm implantation-depth samples, the higher 7, contribution
from the S nm samples likely arises from significant ground
plane quenching as well as from fewer uncoupled SiVs
surrounding the cavity due to the low conversion yield.*'

In summary, ensemble SiVs embedded in thin-film diamond
coupled to plasmonic nanogap cavities demonstrate up to 135-
fold reduction in their fluorescence lifetime—more than an
order of magnitude higher than previous demonstrations.'®"”
The SiVs are contained in single-crystal diamond films that
have been etched down to nanometer-thin membranes. A dry-
transfer technique of EBL-fabricated nanodisks printing is
developed to integrate nanometer-thin diamond into plas-
monic nanogaps while preserving its delicate nature. Emission
from the nanogap cavity also yields a 19-fold brightness
enhancement. However, the cavity resonance only overlaps
with the emission spectrum, future design could target a cavity
with a dual resonance to overlap both the SiV absorption and
emission wavelengths in order to achieve an even brighter
emission.**

Looking ahead, thin film diamond affords versatility as a
functional layer for future integrated heterostructure stacks.
Recently, fabrication of transferrable diamond films with
tunable, uniform thickness down to 50 nm has been
demonstrated.*”** A device that simultaneously hosts layers
of superconducting, nonlinear, and/or photonic components
could achieve advanced quantum state manipulation and open
novel pathways toward a comprehensive device design for
quantum information and sensing. Fabrication approaches
such as laser annealing"” could enable deterministic generation

of cavity-coupled single photon sources in diamond. In
addition, extreme Purcell enhancement from carefully
engineered nanogap cavities could broaden an emitter’s
transform-limited line width and generate coherent, indis-
tinguishable single photon emission at elevated temperatures.
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