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Silicon-vacancy (SiV) centers in diamond have attracted
attention as highly stable fluorophores for sensing and as possible candidates
for quantum information science. While prior studies have shown that the
formation of hybrid diamond—metal structures can increase the rates of optical
absorption and emission, many practical applications require diamond
plasmonic structures that are stable in harsh chemical and thermal environ-
ments. Here, we demonstrate that Ag nanospheres, produced both in quasi-
random arrays by thermal dewetting and in ordered arrays using electron-beam
lithography, can be completely encapsulated with a thin diamond coating
containing SiV centers, leading to hybrid core—shell nanostructures exhibiting
extraordinary chemical and thermal stability as well as enhanced optical
properties. Diamond shells with a thickness on the order of 20—100 nm are
sufficient to encapsulate and protect the Ag nanostructures with different sizes ranging from 20 nm to hundreds of nanometers,
allowing them to withstand heating to temperatures of 1000 °C and immersion in harsh boiling acid for 24 h. Ultrafast
photoluminescence lifetime and super-resolution optical imaging experiments were used to study the SiV properties on and off the
core—shell structures, which show that the SiV on core—shell structures have higher brightness and faster decay rate. The stability
and optical properties of the hybrid Ag—diamond core—shell structures make them attractive candidates for high-efficiency imaging
and quantum-based sensing applications.
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Coupling color centers with plasmonic structures is a
promising route to achieve higher photon generation rates and
emission efficiencies.'*”” ™" The wide wavelength tunability of
metal plasmonics makes it possible to enhance the excitation
and emission of diamond color centers separately or
simultaneously through the Purcell effect. Several previous
efforts of coupling diamond color centers to metal plasmonic
effects have been conducted, demonstrating that introducing a

Recent studies have shown that quantum emitters in diamond,
such as the silicon vacancy (SiV) and nitrogen vacancy (NV)
centers, have unique optical properties and spin coherence
properties that make them attractive candidates for a range of
applications including quantum sensing and quantum
information processing and as fluorescence-based probes in

complex chemical and physical environments.'™ SiV centers, plasmonic structure near a color center can enhance the
NV centers, and related color centers in diamond'® are observed photoluminescence (PL) intensity.'#***” While the
particularly attractive as optical probes in harsh chemical introduction of metals on top of diamond can produce local
environments and at elevated temperatures because the enhancements of the electric field, many metals that are
outstanding chemical and thermal stability of diamond provide commonly used in plasmonic studies, such as Ag, are reactive
a high degree of protection against degradation pathways.'"'* and will rapidly corrode in aqueous media.””** Thus, the
While the NV center has received a great deal of attention due ability to chemically protect the nanostructures becomes an
to its long spin coherent times, it emits light into a broad band essential component for chemical and biological sensing.

that can easily overlap with emission from nondiamond

sources, making isolation of the NV center emission from July 20, 2021 MATERIALS @
background signals in complex matrices challenging.4’12_18 In September 23, 2021

contrast, the SiV center has a broad absorption spectrum September 24, 2021

extending from ~460 to 620 nm but emits >70% of the October 22, 2021

photons into a narrow (~1 nm wide) set of emission lines near
19-28
738 nm."”
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Here we demonstrate that encapsulation of Ag nanoparticles
with a thin diamond film containing SiV centers leads to the
formation of optically emissive nanostructures with the
outstanding chemical stability and optical properties of SiV
centers in diamond. We demonstrate that the size of Ag core
and the thickness of diamond shell can be controlled by
changing the growth parameters. The extraordinary stability of
the Ag-encapsulated diamond structures is demonstrated by
their ability to withstand heating to 1000 °C (above the
melting point of Ag) and immersion in boiling triacid H,SO,/
HNO,;/HCIO, = 1:1:1 v:v solution for 24 h with almost no
change. While Ag nanoparticles can be produced in a quasi-
random arrangement using simple thermal dewetting after
deposition of a uniform Ag film on a diamond substrate,
electron-beam lithography can produce these nanoparticles in
ordered arrays. Time-resolved photoluminescence lifetime and
photoluminescence imaging confirm that the emission rate and
brightness from the SiV centers on Ag—diamond structures are
increased. The fabrication and integration of the Ag nano-
particles coated with a diamond shell containing SiV centers
provide a promising platform for ultrastable and bright
emissive structure and are also of interest for studying the
Ag—SiV interactions if combined with spatial control of color
centers created by implantation techniques. Additionally, the
Ag—diamond core—shell structures as ultrastable and bright
optical probes have potential utility in a wide range of optical-
based measurements including bioimaging and optical sensing
in harsh chemical environments and/or at elevated temper-
atures and for enhancement of quantum sensing using the spin
properties of quantum defects in diamond.

Diamond films with embedded Ag nanoparticles were fabricated by a
three-step growth method using single-crystal Si (001) wafers as
substrates. An initial diamond layer of ~100 nm thickness was first
grown by microwave plasma enhanced chemical vapor deposition
(PECVD). In the second step, Ag nanoparticles were formed by
deposition of a thin continuous Ag film onto the diamond substrate,
which was then dewetted by placing the sample into the microwave
chamber in the presence of pure hydrogen.**** Finally, a second
diamond layer with embedded SiV centers was grown using
conditions identical to those used in thegrowth of the first diamond
layer. The presence of the Si wafer under the sample acted as the
source of Si for the SiV centers.

The growth of diamond films was seeded using detonation
nanodiamonds with a nominal 4—10 nm size distribution (Nanoscale
and Amorphous Materials, Inc.); the nanodiamonds were hydrogen-
terminated by heating in a fused silica tube in a Thermolyne tube
furnace for S h in a pure H, (>99.999%, Airgas) atmosphere at 500
°C. The H-terminated powder was then sonicated in ethanol for 4 h
and centrifuged for 15 min at 14 500 rotations per minute. The
supernatant was used as a seeding solution. Si substrates were cut into
1 X 1 cm? pieces and cleaned by sonication with acetone and water
for 10 min, respectively. To seed the diamond samples, a 1 mL aliquot
of the nanodiamond suspension in ethanol was spin-coated (3000
rpm, 30 s) onto the substrate. Diamond thin films were grown using
microwave plasma enhanced chemical vapor deposition (PECVD) in
an ASTEX SDS 5010 Reactor that was modified in-house to provide
additional sample heating capability and a thermocouple immediately
below the substrate to measure the temperature. The pressure of the
chamber was kept at 45 Torr during growth. The first layer diamond
growth was performed using 200 standard cubic centimeters per
minute (sccm) H, and 3 sccm CH, at a power of 800 W for 2 h, then
transferred to an electron-beam metal evaporator and 40 nm Ag was
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deposited at a rate of 0.1 A/s. This is followed by a 10 min H, plasma
treatment at 600 W and another diamond layer growth step using 200
sccm H, and 3 scem CH, at a power of 800 W for 20 min. The other
Ag—diamond structures with different Ag sizes and diamond
thicknesses shown in Figure 3 were prepared by the same procedure
by changing the Ag film deposition thickness or second diamond shell
growth time.

Thermal stability was evaluated by placing the samples into a
custom-built vacuum chamber at a pressure of <1 X 107 Torr for 24
h at 1000 °C (10 °C/min ramp rate). Chemical stability was
evaluated by immersing the samples in a boiling concentrated solution
of H,SO,/HNO,;/HCIO, (1:1:1 by volume) with reflux condensation
for 24 h. To tune the size of Ag nanostructures, Ag films of different
thicknesses were used while other growth parameters remained the
same. To tune the thickness of the diamond shells, different durations
of the second-layer growth were used while other growth parameters
remained the same.

To make Ag—diamond patterned structures, the first layer of
diamond was deposited using 200 sccm H, and 3 sccm CH, at a
power of 800 W for 2 h. A layer of poly(methyl methacrylate)
(PMMA) was spin-coated onto the diamond samples (500 rpm for 10
s followed by 4000 rpm for 1 min). The samples were then transferred
to a baking plate to bake at 180 °C for 5 min. Another layer of PMMA
was spin-coated onto the samples and baked at 180 °C for S min.
Samples were transferred to a scanning electron microscope (LEO
SupraSS VP) equipped with a beam-blanker and Nabity Nanometer
Pattern Generation System for electron-beam writing capability.
Patterns were made using the electron beam with 30 kV electron
voltage. Exposed samples were immersed into a mixture of methyl
isobutyl ketone and isopropanol (1:3 ratio by volume), allowed to
develop for 25 s, rinsed with isopropanol, and then dried with
nitrogen. The samples were transferred to an electron-beam metal
evaporator, and 80 nm Ag was deposited at a rate of 0.1 A/s. Note
that for the subsequent lift-off process the Ag layer on the patterns
will also be partially removed, resulting in a thinner Ag layer, so we
used 80 nm Ag here but this would result in a final Ag thickness of
~40 nm. After the deposition, the remaining PMMA was lifted off in
acetone for S min, leaving behind the Ag patterns on the diamond. To
fabricate D-Ag-D patterned structures, a 10 min H, plasma treatment
at 600 W was performed and another diamond layer was grown using
200 sccm H, and 3 sccm CH, at a power of 800 W for 20 min.

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) measurements were carried out using a Leo
Supra 55 VP microscope. To best capture film morphology, an SE2
detector was used for imaging. Energy dispersive X-ray spectra were
obtained on this same instrument using a ThermoFisher UltraDry
Compact EDS detector. Focused ion beam (FIB) was conducted
using a FEI Helios NanoLab 600i DualBeam SEM/FIB microscope.
Transmission electron microscopy (TEM) characterization was
performed using a Tecnai TF-30 microscope operating at an
accelerating voltage of 300.0 kV. Emission spectra were collected
using a 532 nm continuous-wave diode pumped solid-state laser
(Opto Engine LLC, MLL-FN-532-500m), focusing 100 mW onto the
sample using a 40X microscope objective. The photoluminescence
was collected using the same lens, filtered using a dichroic mirror
(Semrock, FF553-SDi01-25x36) and a 532 nm line-reject filter
(Semrock, NF01-532U-25) and focused into the 25 um slit of an
Andor Shamrock 193i monochromator with a grating blazed at 760
nm and 150 lines/mm. The detector was an Andor iStar intensified
CCD (DH334T-18F-03). All spectra presented here were calibrated
using the 532 nm laser line. Differential imaging was performed using
the same apparatus with a 100X objective microscope oil lenses (NA
= 0.9). Super-resolution photoluminescence mapping was performed
using a Leica SP8 Confocal and Super-Resolution Stimulated
Emission Depletion (STED) microscope.

Cathodoluminescence imaging with corresponding secondary
electron images was conducted with a Zeiss Gemini SUPRA 55
scanning electron microscope, where we mounted an aluminum
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diamond-turned parabolic mirror. The mirror collects the sample
cathodoluminescence from a 1.37 solid angle and sends it to
photomultiplier tubes through band pass filters and to a fiber-coupled
spectrometer with a 300 mm focal length where a 300 lines/mm
grating disperses the luminescence onto a UV-enhanced silicon CCD.
We collected the images at acceleration voltages of S and 10 kV and a
current of 700—900 pA. For microscope control and data acquisition,
we used ScopeFoundry, the home-built software platform of the
Molecular Foundry. For time-resolved photoluminescence (TRPL)
measurements of the SiV in Ag—diamond sample, an ultrafast
oscillator-amplifier system (Tsunami and Spitfire Pro, Spectra-
Physics) produced near-infrared (NIR) pulses (800 nm, 1 ps
duration) at a 1 kHz repetition rate. The NIR pulses fed an optical
parametric amplifier (OPA) (OPA-800, Spectra-Physics) to create
pulses as a wavelength of 532 nm. The beam illuminated the sample at
an oblique incidence angle and with a spot size on the sample of
approximately 70 ym. Optical emission was collected approximately
normal to the sample surface, using a 630 nm long-pass filter
(Corning 2-59) to reject scattered light. Optical emission from SiV
centers at 738 nm was isolated with a monochromator (1 nm
bandwidth). An avalanche photodiode (Micro Photon Devices PD-
050-CTD) detected the monochromator output, and a time-
correlator (Picoharp 300, PicoQuant) mapped the distribution of
arrival times to generate the PL transient. The photon count rate was
kept below 2.5% to prevent errors due to photon pile-up effects.

Figure la is a schematic illustration of an as-prepared sample.
A first layer of diamond was grown on a silicon wafer substrate,

a b

Intensity (a.u.)

Figure 1. SiV—Ag structures. (a) Schematic illustration of the
diamond-encapsulated Ag nanoparticles with embedded SiV centers.
The SiV center consists of a Si atom between two adjacent carbon
vacancies in the diamond lattice. (b) Room temperature photo-
luminescence spectrum of SiV centers. (c) SEM and (d) TEM images
of the Ag—diamond core—shell structure, showing a columnar growth
structure like that depicted in (a).

which also served as the source of Si for the SiV centers. After
the Ag nanoparticles formed, another thinner layer of SiV-
containing diamond was grown to surround the Ag while
maintaining the spherical structure of Ag nanoparticles,
forming Ag—diamond core—shell structures. During growth
of the Ag—diamond structure, SiV centers were introduced
into the diamond during growth, in both the diamond
substrate layer and Ag—diamond shell layer. The existence of
SiV centers was confirmed by measuring the PL spectrum of
the Ag—diamond core—shell structures. Figure 1b shows a
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typical room-temperature PL spectrum when excited at 532
nm, exhibiting a narrow emission peak at 738 nm with full
width at half-maximum (fwhm) of ~9 nm that corresponds to
the emission from SiV centers. A full PL spectrum of the Ag—
diamond sample from 600 to 800 nm is shown in Figure SI.
The Raman peak is at 572 nm, and there are some nitrogen-
related peaks other than SiV, but no NV center related peaks
are observed. The morphology of the Ag—diamond core—shell
structure was characterized by SEM as shown in Figure Ic.

In this image, Ag structures appear bright because they
scatter electrons better than diamond does. The Ag structures
shown here are ~300—500 nm in diameter; surrounding the
Ag nanoparticles, the SEM images show a relatively uniform,
thin shell of diamond approximately 50—100 nm thick. Both
the diamond substrates and the diamond shell layers show a
columnar grain morphology with a growth structure like that
depicted in Figure la. Figure 1d (and Figure S2) shows TEM
images of Ag—diamond core—shell structures that were grown
on fused silica substrates in order to facilitate the removal of
the sample from the underlying substrate. In the TEM images,
the Ag nanoparticles are dark and the diamond shell is clearly
visible. The Ag core size and diamond shell thickness measured
in TEM are in good agreement with those obtained from SEM
images. The TEM images reveal a columnar structure growing
outward from the Ag core, suggesting that the diamond shell
grows preferentially around the Ag nanoparticle surface. The
Ag—diamond structures, shown in a tilted-view SEM in Figure
S3a and cross-sectional FIB-SEM image in Figure S3b, are
spherical and lying on a large piece of diamond which is the
initially grown diamond substrate layer.

Unlike prior studies of Ag—diamond hybrid struc-
tures, 31393 in our studies, the Ag nanoparticles are
coated entirely with diamond, yielding outstanding stability at
high temperatures and in extremely corrosive environments.
Figure 2a shows the results of a thermal stability test in which
the Ag—diamond structures were placed in a custom-built
vacuum tube furnace at a pressure of <1 X 10~° Torr, and
heated to 1000 °C for 24 h (note that the melting point of Ag
is 960 °C). Figure 2a shows the SEM image of after this
thermal treatment and cooling of the sample. Despite heating
to high temperature, the SEM image shows no detectable
changes in the morphology of the samples. The Ag core and
diamond shell both remain the same sizes, and there is no
evidence of diffusion of Ag or migration of the core—shell
structure. This demonstrates that the Ag—diamond is a very
stable structure as Ag is entirely encapsulated in the diamond
shell and would not diffuse at such a high temperature or react
with diamond. To test the chemical stability of the structures,
we immersed the samples into a boiling concentrated acid
H,S0,/HNO,;/HCIO, = 1:1:1 v:v solution for 24 h (Caution!
This solution is highly caustic.). As shown in Figure 2b (and
Figure SSa for larger area SEM), after the acid treatment,
nearly all the structures retained their intact core—shell
structure. The boiling triacid solution used here is known for
its ability to effectively remove all of the nondiamond
material.*>*’ The ability of the Ag—diamond structures to
persist demonstrates that the outer diamond shell is of high
quality and is able to protect the Ag core even under extremely
corrosive conditions. The SiV emission before and after acid
treatment does not show obvious changes. Close examination
of the small number of particles in which Ag was etched away
reveals an obvious pinhole that allows the creation of a hollow
diamond shell structure. The corresponding SEM image and
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Figure 2. SEM image of diamond-encapsulated Ag nanoparticles (a)
after thermal annealing at 1000 °C under vacuum for 24 h and (b)
after boiling concentrated triacid treatment for 24 h.

energy-dispersive X-ray spectroscopy (EDS) map in Figure S4
show no detectable Ag X-ray emission from the hollow
diamond shell, demonstrating the complete removal of the Ag
nanoparticle. Small pinholes in the diamond film likely arise
during growth from the local concentration of graphite or
amorphous carbon on this spot.

To verify, we performed a nitrogen implantation treatment
on the Ag—diamond sample (1 X 10" ions/cm* dose and 7
keV implantation energy) and then performed the boiling acid
treatment again. The nitrogen implantation creates more
amorphous and graphitized carbon on the diamond shell, and,
as a result, the harsh acid treatment leaves a significantly higher
number of hollow diamond shells, as shown in Figure SSb.
Intentional creation of nondiamond phase through implanta-
tion could be a promising route to prepare unusual diamond
hollow spherical structures. Notably, however, on the non-
implanted films, the loss of the Ag core from any specific
nanoparticle leaves the adjacent nanoparticles unaffected.
Thus, while some small pinholes may result in degradation
of a small number of embedded Ag nanoparticles under very
harsh chemical conditions, the loss is limited to the
nanoparticle immediately adjacent to the pinhole. As a result,
the hollow diamond shell structure has the potential for
localizing color centers in a thin thickness range.

The Ag—diamond structures reported here also demonstrate
good tunability. As shown in Figure 3, by changing the growth
conditions, the Ag core size and the diamond shell thickness
can be precisely controlled. In Figure 3a—d, we show that the
size of the Ag core could be tuned by tens of nanometers (a),
to 200, 300, and 400 nm (b—d) by changing the Ag film
deposition thickness before the dewetting process. The Ag film
thicknesses used here are 20, 35, 40, and 50 nm, respectively,
and it should be noted that when the Ag film thickness is larger
than 50 nm, the shape of the Ag nanoparticles would be more
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Figure 3. (a—d) Tunability of Ag core size by depositing the Ag layer
with thicknesses of 20 (a), 35 (b), 40 (c), and S0 nm (d; , the Ag core
sizes can range from 20 to 400 nm in diameter. All other growth
parameters are the same as those in the Sample Preparation part in
Methods except for (a), for which the second diamond layer growth
was 5 min. (d—g) Tunability of diamond shell thicknesses by tuning
the growth time of the second diamond layer to 10 (d), 20 (e), 30 (f),
and 40 min (g); the diamond shell thicknesses can range from 20 to
100 nm. All other growth parameters are the same as those in the
Sample Preparation part in Methods.

elongated and inhomogeneous. The size distributions of the
nanostructures with different Ag thicknesses are shown in
Figure S6. By changing the second layer diamond growth time,
as shown in Figure 3e—g, the thickness of the diamond shell
coated on Ag nanoparticles can be precisely tuned, from as thin
as ~20 nm to 50, 80, and ~100 nm. If the second layer
diamond growth time keeps increasing, the diamond shell
thickness will also keep growing and finally coalesce into a
whole film, forming a diamond—Ag—diamond thin film
sandwiched structure. These results demonstrate that the
properties of Ag—diamond core—shell structure can potentially
be controlled experimentally by altering the size of the Ag
nanoparticle and the thickness of the diamond, which provides
a platform with good tunability to study the light—matter
interactions in a controllable way and tune the material
responses as well. The simulated scattering spectrum of a Ag—
diamond particle with a Ag core of 350 nm and diamond shell
of 50 nm is shown in Figure S7 using Mie theory, showing that
the plasmonic resonance is close to the SiV emission
wavelength.

The 40 nm thickness Ag (~300 nm sized Ag—diamond
structure) was used for the optical measurements. We used
ultrafast TRP) initiated by ~1 ps excitation pulses at 532 nm
to examine emission rate induced by the Ag nanoparticles. The
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direct observation of SiV—Ag interaction is limited by the
diffraction limitation in optical PL microscope. Therefore, we
compared the SiV PL lifetime of diamond samples with and
without Ag nanoparticles (Ag—diamond and diamond sample,
respectively). To make the pure diamond sample, the metal
evaporation step of the synthesis was omitted.

Figure 4 shows TRPL decay curves from the Ag—diamond
(red) and diamond (blue) samples. While both samples decay

10° 5
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Ag-Diamond
Diamond

Time (ns)

Figure 4. TRPL lifetime measurements of the SiV color center in the
Ag—diamond (red) and diamond (blue) samples. SiV center lifetime
curves (solid lines) in Ag—diamond and in diamond overlaid with
corresponding fits (dotted lines) using eqs 3 and 1, respectively.

similarly at times beyond 1.5 ns, the Ag—diamond sample
exhibits an additional fast decay component at shorter times.
We attribute this fast decay component, present only in the
Ag—diamond sample, to SiV centers that are close to the Ag
nanoparticles, while the slow decay component, common to
both samples, is attributed to SiV centers located far from the
Ag nanoparticles. The fast and slow components can be clearly
seen for the Ag—diamond sample, while for the pure diamond
sample there is only a single decay component that is same as
the slow component in the Ag—diamond. The existence of
both varieties of SiV centers in the Ag—diamond sample is
congruent with the diamond layer covering both the
nanoparticles and the substrate, as shown in Figure la.

To isolate the effect of Ag nanoparticles on the PL decay for
Ag—diamond, we modeled the TRPL as a two-component
system of SiV centers located close to and far from the Ag
nanoparticles. Both components are modeled as monoexpo-
nential decays:

Leag(t) = A exp(—t/7,) (1)

Ion—Ag(t) = AZ exp<_t/72) (2)

where each decay has an amplitude, A, and time constant, 7.
The two-component model ignores the variety of possible
coupling arrangements between Ag and SiV color centers, but
it is nonetheless useful for understanding this data. The pure
diamond sample has no Ag nanoparticles and will decay
according to eq 1, while the Ag sample will be a mixture of SiV
centers close to and far from the Ag:

IAg—diamond(t) = Ion-Ag(t) + Ioff-Ag(t) (3)

I ng Will describe a slow decay, and I, , will describe the fast
decay. To fit the TRPL decays, we convolve the exponential
decays with a Gaussian instrument response function of fwhm
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110 ps. The fits are shown in Figure 4 as dotted lines. We find
a decay time of SiV centers in plain diamond of 7; = 1.07 ns,
which is consistent with previously reported independent
measurements.”* " Meanwhile, the SiV centers on Ag have a
shorter lifetime by a factor of ~7X (7, = 160 ps). This
shortened lifetime can be ascribed to the SiV enhanced
emission rate due to the increased local density of states
(LDOS) near Ag.

We also measured the optical emission as a function of
excitation intensity. Figure S8a shows the excitation intensity
dependence of PL in the Ag sample as well as the fits using eq
3. Both on-Ag (fast) and off-Ag (slow) components increase in
prominence as fluence is increased, and there are no changes in
the emission rate at different fluences. As a control, we also
varied the excitation intensity of the pure diamond sample (see
Figure S8b) and found the single exponential decay behavior
to be consistent with the slow component (A;) in the Ag—
diamond, which further demonstrates that the faster emission
rate is caused by the Ag.

To demonstrate the controlled positioning of the Ag
nanoparticles coated with diamond, we used electron-beam
lithography to produce regular patterns of individual Ag—
diamond core—shell structures separated by ~2 um (a long
distance compared with the wavelength of light) and then
characterized their optical properties using photoluminescence
microscopy. The fabrication steps are shown in Figure Sa. We
used e-beam lithography to create the pattern structure of Ag
on the diamond film followed by a lift-off process. After a brief
plasma treatment, each of the Ag patterns dewetted into a
spherical shape. Another layer of diamond with embedded SiV
centers was then grown on the sample. The SiV-containing
diamond film encapsulates the Ag nanoparticles and also coats
the region between the nanoparticles such that there a SiV
centers both in the shell surrounding the Ag nanoparticles and
also in the regions in between. We characterized the patterned
structures using SEM, as shown in Figure 5b; here the bright
dots of Ag in aligned patterns can be clearly observed and each
Ag is encapsulated in a shell of diamond. Zoomed-in views like
that shown in Figure Sc reveal that each dot is a well-shaped
Ag—diamond core—shell structure, with a Ag core size of 300
nm and diamond shell thickness of S0 nm. We further
confirmed the patterned structure by corresponding EDS
mapping, shown in the Supporting Information (Figure S9).
These measurements establish that the Ag—diamond structures
are formed and have good structural uniformity. Autocorrela-
tion analysis (Figure S10) for the patterned Ag—diamond array
structure indicated a high degree of periodicity with identical
peak-to-peak spacings. This shows that, even after the highly
energetic plasma-enhanced diamond growth, the e-beam
lithography patterned Ag still stays in the exact position,
which is promising for the high-precision positioning of
diamond-related defect enhancement with plasmonic struc-
tures.

We hypothesize that the SiV centers in the diamond film
directly coating the Ag nanoparticles would have a different
emission intensity with respect to the SiV centers in the flatter
regions between nanoparticles, and with the structure we can
use simulation to estimate the effect of the structure on the
emission. The plasmonic resonance and associated enhance-
ment in the local electric field leads to an increased LDOS
which can be quantified by a transition rate enhancement
factor 7, that describes the decrease in the radiative lifetime of
SiV and enhanced emission due to interaction with the
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Figure S. (a) Fabrication process of Ag—diamond patterned arrays.
(b) SEM of Ag—diamond patterned array structure with a zoomed-
out view and (c) a single core—shell structure. (d) Spatial distribution
of mean-square electric field at 739 nm induced by a plane wave (1 V/
m electric field) incident from the top. Diamond 1 and Diamond 2
refer to first layer and second layer diamond growth, respectively.
Note that the Diamond 2 layer has only a small electric field across
the entire horizontal width but has several regions of high magnitude
within the shell structure. (e) SEM image and (f) corresponding high-
resolution stimulated emission depletion (STED) microscopy images
of lithographically patterned Ag nanoparticle arrays that were then
coated with a SiV-containing diamond film. Note that growth of the
SiV-containing diamond film forms a shell around the Ag nano-
particles and also coats the regions between the nanoparticles.

adjacent Ag.”' Previous studies have used plasmonic structures
to enhance fluorescence emission from nitrogen-vacancy (NV)
centers. Gong et al.”> chemically linked Ag nanoparticles onto
nanodiamonds containing NV centers and reported a faster
emission rate from the NV centers. Lithographic techniques
have also been used to implant NV centers into single-crystal
diamond plates and then coat them with a layer of Ag, leading
to enhancement of NV emission.”"** Li et al. reported that the
influence of the Ag film on NV center fluorescent lifetime
depended on the thickness of the plasmonic Ag film and the
associated plasmonic resonance, demonstrating coupling to the
NV centers.”” To further understand the overall electro-
magnetic coupling associated with the Ag—diamond core—
shell structures, we modeled the local electromagnetic field
enhancements using Comsol Multiphysics, solving Maxwell’s
equations in three dimensions for a structure simulating the
ordered Ag—diamond patterned structures. Figure 5d shows a
typical example, for a 150 nm radius Ag nanoparticle with the
second diamond layer (“Diamond 2”) being 40 nm in
thickness (thickness of the shell), a first-layer diamond
(“Diamond 1”) 200 nm thick, and periodicity of 2 um.
These calculations determined the mean-square electric field in
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the diamond shell surrounding the nanoparticle and in the
diamond film between the nanoparticles that result from a
plane-wave electromagnetic field perpendicular to the surface.
By microscopic reversibility, the ratio of mean-square electric
fields in these two regions should also reflect differences in the
probability of emission from ensembles of SiV centers. These
calculations show that the mean square electric field in the
shell region surrounding the nanoparticle is approximately 4
times higher than that in the underlying planar diamond
regions, which indicate the structure is promising to enhance
the SiV emission.

We used a STED microscope using 532 nm laser excitation
to probe the local optical response of SiV signals in the Ag—
diamond core—shell patterned structure. Figure Se shows an
SEM image of a patterned region, and Figure 5f shows the
corresponding fluorescence image at a wavelength of 738 nm
(+10 nm band pass). We note that while Figure Se and f does
not show exactly the same region of the sample, the periodic
structures observed in each case are uniform over long
distances and the photoluminescence image shows highly
localized regions of intense emission that correspond to the
locations of the diamond-coated Ag nanoparticles. To rule out
Raman contributions to the photoluminescence image, we kept
the same emission collection window and changed the
excitation wavelength from 532 to 488 nm, which would
shift the Raman signal to a lower wavelength but keep the SiV
photoluminescence at 738 nm. The 488 nm laser excitation
revealed no Raman signals at the same collection window,
while the SiV photoluminescence was still captured. This
confirms that the imaging is from the emission of the diamond
and not from morphology-dependent spatial variations in
scattering or other possible optical artifacts.

To obtain further insight into the Ag—diamond structures
containing SiV centers, we studied the Ag—diamond core—
shell structures by cathodoluminescence (CL) microscopy.
Cathodoluminescence offers higher spatial resolution than can
be achieved in purely optical measurements. Taking advantage
of the spectral resolution of the CL setup, we performed
hyperspectral CL imaging in which we obtained full spectra at
each pixel in the scan. Figure 6a shows the SEM image at a 10
kV of acceleration voltage of a typical particle ~500 nm in size.
Figure 6b is the corresponding CL mapping of the particle in
Figure 6a at 600—800 nm. The CL mapping shows higher
emission when the incident electron beam is on the Ag
nanoparticles compared with when it is on the regions in
between. Figure 6¢ shows emission spectra from different spots
on the particle and off the particle, respectively, and the spectra
are normalized with the SiV intensity. Both on-particle and off-
particle spectra show a strong, well-defined SiV emission zero-
phonon line (ZPL) at 738 nm, in good agreement with the
previous CL studies of SiV in nanodiamonds.’® The
observation of the ZPL emission peak from the position of
the NPs and from the region between the NPs shows that the
SiV centers are distributed both on the Ag—diamond structure
and the diamond substrate. The SiV emission peaks at
locations on and off the particle have the same width and
center emission wavelength, indicating that there are no
detectable local strains affecting the SiV emission from the
Ag—diamond structure. A broad luminescence background
ranging from ~580 to ~800 nm is also present, which we
attribute to luminescence from sp*-hybridized “graphitic”
carbon at the grain boundaries and is the reason for the
etched pinhole in Figure 2b. A comparison of the spectra
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Figure 6. CL hyperspectral maps at 10 kV. (a) SEM image of a Ag—
diamond core—shell structure (hyperspectral resolution). (b)
Corresponding hyperspectral map of integrated 600—800 nm CL
intensity. (c) CL spectra on and off the Ag particle extracted at the
pixel positions indicated by dots in (a) and (b). CL spectra show a
peak centered near 738 nm in wavelength corresponding to the SiV
emission and a broader peak at lower energy.

measured off the particle and on the particle shows that the
broad emission is more pronounced above the nanoparticles,
suggesting that there may be increased sp>-hybridized carbon
in the vicinity of the Ag nanoparticles.>”

The Ag—diamond core—shell structures offer a stable and
tunable platform to controllably modify the SiV emission.
While quantitative analysis of the enhancement is difficult due
to the small size of the individual Ag—diamond structures and
the fact that the SiV centers are distributed across the sample,
this work demonstrates a new and stable Ag—diamond
structure with bright SiV emission. Using lithographic
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patterning techniques, the SiV centers can be controllably
implanted on the Ag—diamond core—shell structures and the
thickness of the diamond shell could be controlled accordingly
to study the interactions between the metal and SiV. Previous
studies with hybrid structures of Ag plasmonics and diamond
with color centers have shown that the direct exposure of the
Ag to the local environment in different geometries is
problematic for use in harsh environments, such as those
required for chemical and biological sensing that involve the
use of high salt concentrations and possibly oxidizing
conditions under which Ag oxidizes to Ag’. While demon-
strated here for SiV centers, the use of core—shell structures
should also be applicable to a wider range of color centers that
can be formed during growth, such as tin-vacancy (SnV) and
germanium-vacancy (GeV) centers, or by postgrowth ion-
implantation. By completely encapsulating the Ag core, the
diamond shell serves a dual role as a host for the color centers
and also as a protective layer. The outstanding chemical and
thermal stability evidenced in Figure 2 demonstrates that the
encapsulation of the Ag nanoparticles allows the use of this
platform in extremely harsh chemical conditions. It is notable
that the Ag—diamond structures survive extensive heating to
1000 °C, above the melting point of Ag.

We have demonstrated that microwave plasma chemical-vapor
deposition methods can be used to form Ag—diamond core—
shell structures in which Ag cores are completely encapsulated
with thin diamond films with embedded SiV centers. These
structures can be formed in quasi-random arrangements using
simple dewetting of Ag or can be precisely patterned into
ordered arrays using standard lithographic methods. The
ability of these structures to resist extremely caustic chemical
treatments and temperatures of 1000 °C, exceeding the
melting point of Ag, suggests that they may find practical
utility in a wide range of challenging environments. The hybrid
Ag—diamond core—shell structures show an enhancement of
optical emission, suggesting potential utility in applications
such as bioimaging, nanophotonics, bright single-photon
sources, nanothermometry, strain-sensing, as well as other
quantum-based applications.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00027.

Additional SEM images on Ag—diamond structures and
controlled samples; additional lifetime measurements on
control samples; characterization of periodic arrays of
diamond-coated Ag cores; additional hyperspectral and
bandpass SEM CL maps (PDF)
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TEM, transmission electron microscopy
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