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ABSTRACT: Optical cavities create regions of high ﬁeld
intensity, which can be used for selective spectral enhancement
of emitters such as the nitrogen vacancy center (NV) in
diamond. This report discusses a hybrid metal−diamond
photonic crystal cavity, which provides greater localization of
the electric ﬁeld than dielectric cavities and mitigates metalrelated losses in existing plasmonic structures. We fabricated
such hybrid structures using silver and single-crystal diamond
and observed emission enhancement of NVs near the diamond
surface. We measured a mode quality factor (Q) as high as 170 with a simulated mode volume of ∼0.1 (λ/n)3 and demonstrated
its tunability. This cavity design and the associated fabrication approach speciﬁcally target enhancement of emission from nearsurface NVs.
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(Q ≈ 100), such hybrid cavities have better ﬁeld conﬁnement
than dielectric cavities, with typical V < 0.1 (λ/n)3, leading to
Purcell enhancement comparable to all-diamond cavities. This
report discusses the fabrication and performance of such a
hybrid plasmonic photonic crystal cavity, implemented using
diamond nanopillars and a silver substrate. We measured Q
factors as high as 170 with simulated mode volumes ∼0.1 (λ/
n)3 at λ = 650 nm for a cavity geometry designed to couple
regions of high ﬁeld speciﬁcally to near-surface NVs to increase
magnetometry sensitivities.
Our cavity geometry is based on the structure described in
reference 11 and incorporates near-surface (∼10 nm from the
diamond surface) NVs as the emitters. The fabricated cavity is
composed of diamond nanopillars (n = 2.4) atop a silver
substrate, with a 5 nm layer of Al2O3 (n = 1.8) sandwiched in
between as the gap dielectric (Figure 1a). The diamond
nanopillars are arranged in a hexagonal lattice, with center-tocenter spacing, a. To create a cavity, the center of the lattice
contains a linear defect, made up of three conjoined
neighboring rods from the lattice, each with a radius of R,
such that the length of the cavity is L = 2(R + a). The cavity
resonance can be tuned by altering various dimensions of the
diamond photonic crystal and the defect size (e.g., through
changing R). The cavity Q and vertical far-ﬁeld radiation are

N

egatively charged nitrogen vacancy centers (NVs) in
diamond have garnered much attention in recent years
for their applications in nanoscale magnetometry1,2 and
potential for quantum information technologies.3 For external
magnetometry, NV centers should be placed as close as
possible to the diamond surface, which serves as the interface
with an external medium (thus we term these “near-surface”
NV emitters). However, the poor collection of emission from
bulk diamond and small branching ratio into the zero-phonon
transition have prompted the use of optical waveguides and
cavities to enhance NV emission and collection eﬃciency.4
Recent progress in the fabrication of all-diamond optical
cavities has produced measured quality factors Q ≈ 103−104
and mode volumes V ≈ (λ/n)3.5−7 However, despite these
demonstrations of NV emission enhancement, there remain
substantial challenges in both the strength of coupling of the
cavity to the NV emission and, ultimately, the extraction of the
emitted light from the cavity. In addition, such high-Q cavities
have their ﬁeld maxima located centrally within the diamond,
away from the interfaces, and are therefore less eﬀective in
coupling to near-surface NVs.
Hybrid metal−dielectric cavities8−10 combine the advantages
of the highly localized optical ﬁelds characteristic of
subwavelength plasmonic cavities with the precision fabrication
achievable with dielectric materials, which allows control of the
photonic band gap through periodic modulation of the
dielectric material. Despite their relatively low quality factors
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Figure 1. (a) Top-down and cross-sectional schematic of the hybrid plasmonic photonic crystal cavity and (b) simulated electric ﬁeld proﬁle of the
cavity mode at 636 nm. The defect region is highlighted in white in the top-down view, and diﬀerent materials are demarcated with white lines in the
cross-sectional view.

Figure 2. (a) Angled scanning electron micrograph at 45° vertical tilt of the diamond cavity (scale bar corresponds to 1 μm). (b) Focused ion beam
cross-section of photonic crystal region (scale bar corresponds to 200 nm).

(λ/n)3 for λ = 650 nm, leading to a Purcell factor of ∼30. While
our Q value is higher than previously proposed diamond
plasmonic cavities,12 higher Q values and Purcell factors have
been demonstrated and measured in all-dielectric devices.5−7
Our device, however, is designed to more eﬃciently enhance
near-surface NVs for magnetometry applications. Furthermore,
both the presence of the silver mirror and the waveguide-like
rods in the diamond signiﬁcantly enhance the collection
eﬃciency of the NV emission.
There are two main challenges for fabricating this structure
(Figure 2). First, a diamond membrane a few hundred
nanometers thick must be placed in direct contact with the
thin Al2O3 layer. Single-crystal diamond cannot be grown onto
an Al2O3 template. Moreover, it is impractical to ﬁrst create the
device from bulk diamond, then etch-remove hundreds of
micrometers of diamond. Our solution involves beginning with
a 200 × 200 μm size, 1 μm thick diamond membrane, which is
bound to a silicon substrate with poly(methyl methacrylate)
(PMMA).7,13 NV ensembles ∼10 nm from the diamond surface
are then created with ion implantation of 14N (10 keV, 3 × 1013
ions/cm2). Details of the diamond membrane fabrication and
NV generation can be found in the Supporting Information.
Using atomic layer deposition (ALD), we then deposit 5 nm of

maximized by adjusting the radius rt of the two rods
neighboring the central defect. These design parameters
provide ﬂexibility in selecting the cavity resonance and improve
the collection eﬃciency from the NVs in diamond.

■

RESULTS AND DISCUSSION
Finite-diﬀerence time-domain simulations (FDTD, Lumerical
Solutions) are used to model the hybridized modes of the
cavity. An electric dipole, representing shallow emitters,
oriented perpendicular to the diamond dielectric interface
was positioned 10 nm from the diamond−alumina interface.
Diamond rods each with a radius r = 84 nm and a height = 400
nm are positioned in a hexagonal lattice with lattice constant a
= 230 nm. R is varied between 1.2r and 1.3r to determine the
dependence of the cavity mode resonance on the geometry.
The electric ﬁeld proﬁle of the cavity mode, centered at 636
nm, is shown in Figure 1b. The electric ﬁeld is highly conﬁned
within the lower-index alumina layer, but emitters near the
diamond−alumina interface can evanescently couple to the
defect mode with relatively high eﬃciency. We obtain a
simulated Q value of ∼200, which is higher than previously
proposed diamond plasmonic cavities.10 The simulated eﬀective
mode volume of our fabricated structure is approximately 0.1
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Figure 3. A cavity mode decorating the NV emission exists only in a defect cavity (a) and is shown to be linearly polarized along the axis of the
defect (b). The measured Q is ∼170.

Figure 4. (a) Tuning of the cavity mode by increasing the defect size (red shift). (b) Blue-shift tuning via extended reactive ion etching to reduce the
feature sizes.

alumina layer (>10 nm) reduces the cavity ﬁeld strength at the
location of the NVs. Thus, transferring the photonic crystal
pattern to the diamond requires both an accurate measurement
of the starting diamond membrane thickness and a careful
calibration of the diamond etch rate in the reactive ion etcher
(see Supporting Information for more details). This ensures
that the diamond membrane is etched through to create
isolated pillars, yet a suﬃcient thickness of the alumina layer
remains to prevent the oxidation of the silver layer underneath.
Optical characterization was performed using a home-built
confocal microscope with 532 nm laser excitation. A bright
photoluminescence signal with peaks at 575 and 637 nm was
observed in a defect-free photonic crystal. The peaks
correspond to nitrogen vacancy centers in neutral and negative
charge states, respectively. When the defect cavity was
illuminated, we observed a clear peak from the NV phonon
sideband (Figure 3a). From FDTD simulations, we expected
the mode to be linearly polarized parallel to the direction of the
major axis of the defect. Hence, the unpolarized background
ﬂuorescence from NVs not coupled to the cavity can be
removed with a linear polarizer ﬁlter placed before the
spectrometer and aligned parallel to the defect axis (Figure
3b). Rotating the polarizer ﬁlter by 90° results in minimal
collection of emission from the cavity mode (Figure 3b). The
highest measured Q of the cavities was ∼170, which is

Al2O3 onto the diamond membrane with the shallow NV layer
facing up. Next, 250 nm of silver is deposited with e-beam
physical vapor deposition. Next, the structure is ﬂipped onto
another Si substrate through a template-stripping process,14,15 a
technique that creates an ultrasmooth silver surface, which has
previously been used for nanowire and trench-type
cavities.16−18 Finally, the diamond membrane atop the
Ag−Al2O3 structure is thinned to a thickness between 200
and 500 nm. This template-stripping method ensures intimate
contact between the diamond membrane and the Al2O3 layer
and an atomically smooth silver surface (RMS roughness: 1−2
nm; see the Supporting Information) to support the
propagation of surface plasmon modes.
The second principal fabrication challenge lies in shaping the
diamond into isolated nanopillars. A photonic crystal mask is
patterned onto the diamond with e-beam lithography (EBL),
then transferred onto the diamond using reactive ion etching
(RIE) in O2 plasma. Underetching the diamond leads to
residual diamond material that links the nanopillars at the base,
which prevents conﬁnement of the cavity mode within the
defect. Overetching through the diamond and Al2O3 results in
oxidation of the underlying silver layer and dramatically
changes its optical properties, preventing the formation of
plasmonic gap modes. The 5 nm of Al2O3 has limited capability
to serve as an etch stop layer. However, using a much thicker
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comparable to the simulated Q of ∼200. This is, to the best of
the authors’ knowledge, the highest Q measured in a diamond
plasmonic photonic crystal cavity.
The measured mode in Figure 3 appears at 670 nm, redshifted with respect to the expected 636 nm from simulations.
We attribute this diﬀerence to the challenges and inaccuracies
in the fabrication. Precise control of the cavity dimensions is
required both in the z-direction (height of the diamond pillars)
and in the lateral directions. Since the height of the diamond
pillars is determined by thinning the diamond membrane via
RIE, nonuniformities in the initial membrane thickness and the
constraint of preventing overetching during pattern transfer
limit the precision of the pillar heights. In addition, there were
substantial proximity eﬀects, despite software corrections,
during EBL of the dense array of pillars for the photonic
crystal pattern. The use of negative tone resist (hydrogen
silsesquioxane) in lithography led to larger than anticipated
feature sizes, which contributed to the red-shifted modes in the
fabricated structures. We believe that these fabrication issues
can be addressed in future work, and that the tuning of the
mode (described below) can also compensate for the
fabrication errors. Tuning the mode resonance frequency to
the NV− zero-phonon transition is an important ﬁrst step
toward observing resonant emission enhancement. In our
design, the mode resonance frequency can be tuned by
adjusting the geometry of the defect cavity, through scaling the
photonic crystal lattice constant, rod radii, and defect size and
conﬁguration. As mentioned earlier, a set of cavities with
diﬀerent values for R and rt were fabricated, and the
corresponding mode frequencies were measured. In Figure
4a, the cavity mode shifts from 711 to 724 nm as the defect
size, R, increases from 1.2r (100 nm) to 1.3r (109 nm). The
13 nm shift in the mode resonance agrees with FDTD
simulations (using the measured dimensions of the fabricated
cavities) where the corresponding resonance wavelengths are
739 and 751 nm, respectively. Post-fabrication, the cavity mode
may also be reversibly tuned through the controlled injection
and adsorption of a gas onto the cavity.7 In addition,
irreversible tuning can be accomplished by depositing thin
layers of oxide on the device via ALD16 (red shift) or by etching
the diamond and reducing the rod and cavity size (blue shift).
The latter process produced the tuning shown in Figure 4b. We
used RIE in oxygen to reduce the size of the diamond pillars
with a lateral etch rate of 3 nm/min (estimated from simulation
results for the mode resonance for scaled structures). However,
Q of the cavity mode decreased after etching for more than 2
min. We believe that this is due to etching through the thin
Al2O3 layer and damaging the Ag layer underneath. Any
roughening of the Ag substrate leads to higher losses as the
substrate fails to sustain surface plasmon modes.
Preliminary lifetime measurements carried out did not show
Purcell enhancement, likely because only a fraction of the
ensemble of NVs was located at the correct depth to couple
eﬃciently to the cavity mode. This is because the diamond
samples used to fabricate the devices in these initial
experiments were implanted with a high density of nitrogen,
resulting in a large variation in NV depth. More accurate
lifetime measurements should be made at cryogenic temperatures with a diamond sample having lower NV density, where
the NV emission lifetime can be compared before and after
tuning the mode into resonance with the NV− zero-phonon
transition. These considerations will also be addressed in future
work for the fabrication and characterization of new cavities.
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CONCLUSIONS
In summary, we have demonstrated a hybrid plasmonic
photonic crystal cavity structure designed to selectively enhance
near-surface emitters in diamond. Fabricated devices exhibit
values of Q ≈ 170 with a mode volume of ∼0.1 (λ/n)3. This
hybrid cavity allows coupling to near-surface NVs and aﬀords
greater ﬂexibility in controlling the out-coupling of the
emission. We have also demonstrated methods for tuning the
cavity mode resonance that may be used for emission
enhancement of the zero-phonon transition of NVs or silicon
vacancy centers in diamond. We plan to fabricate devices using
diamond samples with a lower NV density and better depth
conﬁnement with the aim of demonstrating Purcell enhancement of the zero-phonon transition of shallow-implanted NVs.
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