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We utilize plasma-enhanced chemical vapor deposition through a patterned silica mask for tem-
plated diamond growth to create optical resonators. The pyramid-shaped structures have quality
factors Q up to 600, measured using confocal photoluminescence spectroscopy, and mode volumes
V as small as 2.5(1/ n)3 for resonances at wavelengths / between 550 and 650 nm, and refractive
index n, obtained using finite-difference time-domain simulations. Bright luminescence from
nitrogen-vacancy and silicon-vacancy centers in the grown diamond is observed. The resonator
design and fabrication technique obviates any etching of diamond, which preserves emitter proper-
ties in a pristine host lattice. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961536]

Color centers in diamond,' including the nitrogen-vacancy”
(NV) and silicon-vacancy” (SiV) centers, have diverse applica-
tions for nanoscale sensing4 and quantum information science.’
Diamond photonic structures assist in the manipulation and
optical readout of the color centers’ electron spin state by
increasing collection efficiency® and emission rate using the
Purcell effect.””” Such micro- and nanostructures'® have typ-
ically been created using traditional, top-down fabrication
techniques, including reactive ion etching (RIE) and focused
ion beam milling. However, it is useful also to explore
bottom-up approaches in which photonic nanostructures are
formed directly through templated growth of diamond by
chemical vapor deposition (CVD)."" This allows incorpora-
tion of color centers directly during growth,"'™'* and mini-
mizes the impact of energetic ions or electron beams that can
incur damage'” to color centers, which are highly sensitive
to their local environment. While templated growth has been
previously reported in heteroepitaxial structures'*'® or with
nano- and polycrystalline diamond seeding,'*'” the applica-
tion described here poses more stringent demands on con-
trolling the shape and material quality of the grown
diamond. In this work, we use templated epitaxial growth of
diamond by CVD, combining control over the morphology
of the resulting structures and in situ incorporation of color
centers, to create pyramid-shaped optical resonators for
emission enhancement of the embedded emitters.

Pyramid structures can support whispering gallery-type
resonances'® that confine light from total internal reflection
similar to microdisk resonators.'” GaAs and GaN pyramids
have also been used for dielectric®” and plasmonic®' cavities,
respectively, using the appropriate fabrication techniques for
each material system. We performed 3D finite-difference
time-domain (FDTD) simulations (Lumerical Solutions) of
square pyramid structures (Fig. 1) to understand the spatial
field distribution of the resonances and to optimize resonator
design. A pair of dipole sources with a spectral profile simi-
lar to that of the NV was positioned within the pyramid
structures to emulate embedded color centers. Time-varying
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electric fields within the simulation region were recorded and
used to compute the quality factor Q and mode volume® V
for the resonances. Emission enhancement in optical resona-
tors due to the Purcell effect®® is proportional to Q/V, which
serves as a figure of merit for the design. For s = 1.5 um, we
find a resonance at 1o = 621 nm, which has Q =515 and elec-
tric field profiles (Fig. 1(c)) from the simulations. We found
that a supporting post with height 7#=300nm and diameter
d=300nm is sufficient to preserve high-Q resonances (Fig.
2(a)). The electric field profile recorded at the top of the pyra-
mid was used for a far-field projection, which suggests
improved collection efficiency, similar to solid immersion
lens-like structures in Ref. 13. Larger pyramids have higher
Q, but correspondingly larger V, so that Q/V is maximized for
the s = 1.5 um structure (Fig. 2(b)).

Our general technique for templated growth uses patterned
thin films of SiO, placed directly onto a single-crystal diamond
substrate. Subsequent plasma-enhanced CVD (PECVD) of dia-
mond?** through the growth masks produces the desired pho-
tonic structures. When the mask is thicker than the deposited
diamond, the constrained structures adopt the shape of the pat-
terned template. For growth that exceeds the mask thickness,
the shape of the overgrown region is determined by the relative
growth rates along different crystal planes. In those structures,
the smaller conformal region below forms a post which sup-
ports the structure above (Fig. 1(b)). We optimized growth
conditions where the relative growth rate of the {100} faces
(V100) is larger than that of the {111} faces (V1) to form
pyramidal top structures. When Vg = V111\/§, the {100}
faces are extinguished and the remaining {111} faces form an
octahedron.”> Growth from a bulk planar substrate through a
silica mask forms one half of an octahedron, i.e., a square pyra-
mid. We use a wet etch following the templated growth to
remove the silica mask, resulting in an undercut structure
which provides optical isolation from the bulk substrate.

For the growth substrate, we used an HPHT diamond
(Element Six), which was cleaned using a refluxing acid
mixture (1:1:1 nitric:perchloric:sulfuric acids) for 3 h. It was
then rinsed in boiling piranha mixture (3:1 sulfuric acid:hy-
drogen peroxide), then rinsed and sonicated in solvent and
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FIG. 1. Scanning electron micrograph
of a pyramid resonator. Scale bar indi-
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dried. Next, we deposited 15nm of Ti using electron-beam
evaporation (Denton Explorer) and patterned a 300 nm-thick
silica film on top using electron-beam lithography (EBL).
The mask is deposited using a spin-on, negative-tone EBL
resist (Dow Corning FOx-16) containing hydrogen silses-
quioxane. Regions of the resist exposed during EBL forms
the silica-based mask, while the unexposed areas, after
development in tetramethylammonium hydroxide, form the
apertures (diameters ranging from 200-400nm) through
which the posts and pyramid structures are formed during
diamond CVD. Next, we removed the exposed Ti using RIE
with an Ar-Cl plasma (Unaxis Shuttleline). We carried out
the diamond growth using microwave PECVD (Seki
Technotron AX5010-INT) in a hydrogen plasma at 1000 W
power, 40 Torr pressure, with 400:4 sccm of H,:CH, gas for
90 min with a substrate temperature of 760°C measured
using a pyrometer. Finally, the patterned silica mask is
removed using hydrofluoric acid to create undercut pyramid
structures.

A typical pyramid resonator is shown in the scanning
electron micrograph in Fig. 1(a). Arrays of the fabricated
structures are nearly identical and growth defects (e.g., twin-
ning) were minimized through optimizing the CVD growth
conditions. The remaining {100} faces of the pyramidal
structures suggest that 1/\/§ < Vio/Vin < V3, but the
presence of the {100} faces is not expected to adversely
affect the Q of the resonator (Fig. 2(a)). Photoluminescence
(PL) and Raman spectra from the substrate and resonators
were collected using 532 nm laser excitation with a confocal
photoluminescence (PL) microscope (Horiba Jobin Yvon)
using a 0.95 NA objective at 100x magnification. A Voigt fit
for the first-order Raman line gives 1332.43 + 0.05cm™" for
the diamond substrate with FWHM of 2.44 + 0.02cm™’,
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for a resonator with s = 1.5 um on res-
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indicate positions where the field pro-
files are recorded.
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which is comparable with the values found for the grown res-
onators, with center at 1332.59 = 0.13cm™' and FWHM of
2.60 +0.11 cm™', indicating high-quality material from the
growth.26 Using the PL data from a sample of 20 resonators
with s ~ 1.1 and 1.6 um, we see that the Lorentzian-fitted
values for Q of cavity resonances agree well with simulation
results (Fig. 2(b)). The improvement in collection efficiency
is shown by an increase in the PL count rate from the pyra-
mid structures versus thin film regions, both of which are
grown on the same sample during the same CVD process
(Fig. 3(a)). The thin film growth occurs on areas of the sub-
strate that are not patterned with silica. We observe from the
pyramids that the intensity of the diamond Raman line is 1.6
times greater and more than double for the NV ~ and SiV ~
zero phonon lines (ZPL). However, proximity to the silica
mask can affect Si incorporation, so the Raman signal pro-
vides the best comparison for the collection efficiency. The
same increase is observed for multiple pyramids and thin
film regions, including the original (pre-growth) diamond
substrate.

For a grown pyramid resonator with s = 1.5 ym and
f=2300nm, a Lorentzian fit for the resonance gives Q = 600
at 616.8 nm (Fig. 3(a)), which agrees with simulation results
with Q =620 at 621 nm. We observed bright luminescence
from neutral and negatively charged NV and SiV centers
from the resonators, indicating the incorporation of color
centers during growth. The Si in the SiV centers originated
from the silica-based growth template, which could be elimi-
nated or reduced by choosing a different mask material (e.g.,
aluminum oxide) in order to produce only NV or single SiV
centers during growth. We also demonstrated control over
the cavity resonance by changing the resonator size. For res-
onators with s ~ 1 um, the resonant wavelengths increase
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FIG. 2. FDTD simulation results for Q with s= 1.5 um and different values
of post height, diameter, and edge length (a). Simulation results for Q, V and
fitted values for Q from PL measurements (crosses) for different pyramid
side lengths (b).

for increasing s, where the fitted values for 4y, and Q agree
with simulated results (Fig. 3(b)). Furthermore, for the struc-
ture with s = 1.05 um, we found the simulated V = 2.5(1/n)’,
which is smaller than that for existing diamond microdisk res-
onators?” where V ~ 10(1/n)” but also larger Q = 2200.

In summary, we designed and utilized templated growth
of diamond via PECVD to create pyramid resonators with
measured Q up to 600. By changing the resonator dimensions,
we also controllably changed the resonant wavelengths. This
allows these structures to be used for selective emission
enhancement of the NV and SiV centers incorporated during
growth. We used high-quality overgrowth of single-crystal
diamond and control over its shape and dimensions to create
structures with deterministic resonances and increased mea-
sured luminescence from incorporated color centers. This
demonstrates the promise for bottom-up approaches for creat-
ing diamond photonic nanostructures. We expect that this fab-
rication technique can be further developed to spatially
localize NVs (e.g., via delta-doping®®) within a single pho-
tonic structure or in large numbers of highly uniform diamond
nano- and microstructures.”’ Furthermore, modifying the
composition and features of the growth mask would allow cre-
ating other diamond nanostructures hosting color centers.
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FIG. 3. PL spectrum of an s = 1.5 um pyramid (blue) and thin film (black)
showing the diamond Raman line, NV, SiV luminescence, and the resonator
mode detailed in inset (a). FDTD simulation (circles) and measured (crosses)
resonant wavelengths labeled with fitted values for Q for s ~ 1 um pyramids
with the electric field profile for the resonant mode in inset (b).
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