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ABSTRACT
Germanium vacancy (GeV) centers in diamonds constitute a promising platform for single-photon sources to be used in quantum informa-
tion technologies. Emission from these color centers can be enhanced by utilizing a cavity that is resonant at the peak emission wavelength.
We investigate circular plasmonic Bragg cavities for enhancing the emission from single GeV centers in nanodiamonds (NDs) at the zero
phonon line. Following simulations of the enhancement for different configuration parameters, the appropriately designed Bragg cavities
together with out-coupling gratings composed of hydrogen silsesquioxane ridges are fabricated around the NDs containing nitrogen vacancy
centers deposited on a silica-coated silver surface. We characterize the fabricated configurations and finely tune the cavity parameters to
match the GeV emission. Finally, we fabricate the cavity containing a single GeV-ND and compare the total decay-rate before and after cavity
fabrication, finding a decay-rate enhancement of ∼5.5 and thereby experimentally confirming the feasibility of emission enhancement with
circular plasmonic cavities.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033507., s

I. INTRODUCTION

Single-photon sources are an important resource for photon-
based quantum technologies.1–3 Different single-photon sources are
explored for their potential of use in quantum technologies.4–7 Color
centers in diamonds are one of the most promising candidates for
quantum technologies. In particular, group IV defect centers have
narrow emission lines with high emission in their zero phonon lines
(ZPLs).8 Germanium vacancy (GeV) centers in diamonds can gener-
ate single photons at room temperature.9 They have also been shown

to generate single photons in lifetime-limited bandwidths and have
been utilized for integration in hybrid photonic circuits.10,11 Even
at room temperature, the emission peak is narrow (width less than
10 nm) with 70% of emission into it. Most of the defect centers
in diamonds have a lifetime in the range of 1 ns–10 ns, and they
emit in all directions. This is a challenge for their use, and to
enhance the decay-rate of quantum emitters and direct their emis-
sion in a single optical mode by engineering their environment have
been an area of research for the last couple of decades. There are
two categories of materials that are employed for engineering the
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environment of the emitter—dielectric and metallic.12 Dielectric
structures utilized for the enhancement of fluorescence emission are
mainly cavity structures as the cavity structure enhances the emis-
sion by increasing the interaction of the optical mode to the emitter
multiple times. Therefore, with a high Q-factor of the cavity, the
enhancement can be high. The high Q-factor of the cavity also results
in a narrow resonance spectrum of the cavity. At room temperature,
the emission spectrum of any solid-state emitter is, in general, broad.
Only a part of the emission spectrum of a broadband solid-state
emitter can be enhanced by fabricating a high Q dielectric cavity
around the emitter.13–15 Therefore, the total decay-rate is not much
enhanced.

Metallic structures, on the other hand, can be utilized for
the enhancement of broadband emission from solid-state single
emitters. This is possible as the metallic structures can support
confined modes beyond the diffraction limit, both in the form
of plasmonic waveguides and in the form of structures support-
ing localized plasmonic modes. Various waveguide structures and
structures supporting localized plasmonic modes have been utilized
for the enhancement of solid-state emitters.16–35 Moreover, plas-
monic metasurfaces have been utilized for obtaining polarized single
photons.36 Plasmonic Bragg cavities have been used for obtaining
enhanced emission at zero phonon lines of nitrogen vacancy (NV)
centers.37,38 Here, we utilize a circular plasmonic Bragg cavity to
obtain fluorescence enhancement at the ZPL of a single GeV cen-
ter and also to obtain total decay-rate enhancement by up to a
factor of ∼5.5. This is possible due to the narrow emission spec-
trum together with a relatively low Q of our plasmonic Bragg
cavity.

In Fig. 1, we present a schematic of the experiment. A nano-
diamond (ND) containing a single GeV center is excited by a
radially polarized green laser. This efficiently excites the transi-
tion dipole perpendicular to the silver surface. The dipole emitter
perpendicular to the silver surface excites plasmons efficiently and
couples well to the plasmonic Bragg cavity, and therefore, the fluo-
rescence of the emitter is enhanced. The enhanced emission coupled
to the cavity is harnessed by an out-coupler fabricated around the

FIG. 1. A schematic of the experiment.

Bragg cavity to collect the fluorescence that is transmitted out of the
cavity.

II. SIMULATION AND EXPERIMENT
To know the expected decay-rate enhancement as well as

to find the parameters of the Bragg cavity, we perform numeri-
cal simulations. The simulations are done using the finite element
method (FEM) in a commercial software (COMSOL Multiphysics).
Figures 2(a) and 2(b) show the structure that we simulate. As in
experiments, we use an optically thick silver layer in simulations.
A 3 nm thin Ti layer and a 20 nm layer of silica are used on top
of the silver. The GeV center is modeled as a dipole perpendicular
to the silver surface, emitting at a wavelength of 602 nm. Refrac-
tive indices of 1.41 for hydrogen silsesquioxane (HSQ) and 1.5 for
SiO2 were used. Silver and titanium refractive indices were used
from Refs. 39 and 40. We vary R0, Λ, and Hdipole while having a
fixed duty cycle, the ratio of the HSQ ridge width to Λ, of χ = 0.44
to find the optimal parameters for decay-rate enhancement. In
Fig. 2(c), we present the decay-rate enhancement due to the Bragg
cavity normalized by the decay-rate of the emitter without the cavity
at the same position (Hdipole = 30 nm) on the surface. In this fig-
ure, two regions of high decay-rate enhancement can be seen. The
first region R0 < 300 nm corresponds to the fundamental mode of
the cavity. This cavity resonance corresponds to the maximum pos-
sible decay-rate enhancement. The second region R0 > 300 nm, in
Fig. 2(c), corresponds to the second order resonance of the cav-
ity. The expected decay-rate enhancement is lower for the second
order cavity resonance mainly due to the increased cavity volume.
It should be noted that the decrease in the decay-rate enhancement
is not proportional to the corresponding increase in R0 as the mode
leaks into the Bragg reflector. This leakage is stronger for the funda-
mental resonance mode than the second order resonance mode as
seen in the corresponding electric field distributions [cf. Figs. 2(e)
and 2(f)]. It should also be noted that if the emitter is placed within
50 nm of the center of the cavity, the decay-rate enhancement should
not change significantly according to our simulations. The decay-
rate enhancement is also expected to change with the change in
Hdipole. Therefore, for the fundamental and second order cavity res-
onances, in Fig. 2(d), we present the decay-rate enhancement as a
function of Hdipole for fixed R0 and Λ. For both the cavities, when
we get far from the surface (Hdipole > 180 nm), the total decay-rate
enhancement decreases because of the decay in the electric field of
the surface plasmons. When we get closer to the metallic surface, the
observed decay-rate enhancement due to the cavity also decreases.
This decrease is due to the increased non-surface plasmon polariton
(non-radiative and radiative decays) decay-rates near the surface.
The cavity enhances the surface-plasmon component of the decay-
rate channel, and therefore, as the effect of the cavity is higher in
the case of the fundamental mode, the decrease in total decay-rate
enhancement closer to the surface is not as pronounced as in the
case of the second order cavity mode.

The optical setup utilized in our work for the optical charac-
terization of the GeV centers and the GeV–Bragg cavity coupled
systems is schematically shown in Fig. 3. We use 532 nm lasers,
continuous wave (CW) or pulsed with a pulse-width of 50 ps,
for exciting the emitters. The same objective [numerical aperture
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FIG. 2. (a) Top-view of the simulated structure. R0: inner radius of the Bragg cavity. Λ: period of the Bragg cavity. (b) Cross section along the dashed line in (a). Hdipole:
dipole height; SiO2: silica; Ti: titanium; HSQ: hydrogen silsesquioxane; Ag: silver; and Si: silicon. (c) Decay-rate enhancement due to the Bragg cavity normalized to the
decay-rate without the cavity for Hdipole = 30 nm. Numbers 1 and 2 denote the positions of the fundamental and second order resonances of the cavity for a wavelength of
602 nm. (d) Decay-rate enhancement due to the Bragg cavity normalized to the decay-rate without the cavity as a function of Hdipole for the fundamental and second order
resonances of the cavity indicated in (c). (e) and (f) Electric field distributions as the Bragg cavity is excited by an electric dipole for (e) fundamental mode and (f) second order
mode.

FIG. 3. A schematic of the optical setup. SS: sample stage; DM: dichroic mirror;
BS: beam splitter; FM: flip mirror; L1, L2, L3, and L4: lenses; P1 and P2: pinholes;
GM: galvanometric mirrors; and APD1 and APD2: avalanche photo-diodes.

(NA) = 0.9] is used to excite and to collect the fluorescence. The flu-
orescence is directed to a balanced (50/50) beam splitter. In one arm,
the fluorescence is directed to an avalanche photodiode (APD2). In
the other arm of the beam splitter, the fluorescence is directed to a
pair of galvanometric mirrors, after which the fluorescence is passed
through a pinhole, which is projected onto an APD or a spectrome-
ter. Galvanometric mirrors help us to direct any point in the focal
plane to be characterized for its spectrum and lifetimes. By scan-
ning the mirrors, we also obtain an image of the focal plane while
continuously illuminating the same spot. To correlate the timings of
photons incident on two APDs, we utilize a PicoQuant system and
thereby measure the correlation between photons detected by the
APDs.

With the expected decay-rate enhancements estimated from
the simulations, we now describe our experiment. In order to know
the resonance wavelength of the cavity, we utilize nanodiamonds
containing multiple NV centers (NV-NDs) as a fluorescence source
because of their broad fluorescence spectrum. To fabricate the cir-
cular Bragg cavities with NV-NDs in their centers, we use a sili-
con substrate with an optically thick (200 nm) thermally deposited
silver (Ag) layer. A 3 nm titanium (Ti) layer and, subsequently
a 20 nm of silica (SiO2) layer are deposited to protect the sil-
ver from oxidation. Gold markers are fabricated by electron-beam
(e-beam) lithography on the substrates. NV-NDs are then deposited
on the substrates by spin coating. After deposition of NV-NDs on
the sample, a dark-field microscope image is taken. The images are
then utilized with the help of gold markers to determine the loca-
tion of NV-NDs on the substrate. After determining the position of
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NV-NDs, a Bragg cavity together with an out-coupler grating is
fabricated utilizing a method that we have used before.23,36 Briefly,
hydrogen silsesquioxane (HSQ) solution (6% by weight) in methyl
isobutyl ketone (MIBK) was spin-coated at 1200 rpm to obtain a
thickness of 180 nm. With the e-beam, the structures consisting
of Bragg cavities and out-couplers are exposed and then developed
in tetramethylammonium hydroxide (TMAH). The period for out-
couplers was kept exactly two times that of the Bragg cavity. In
Fig. 4(a), we present a scanning electron microscope (SEM) image
of a fabricated structure with the NV-ND at its center indicated.
Figure 4(b) shows a fluorescence image when the NV-ND at the
center is excited with a 532 nm laser, which is radially polarized. In
addition to the direct emission from the NV-ND, we also observe
emission from the out-couplers. This is the fluorescence that gets
coupled to the plasmonic Bragg cavity and is enhanced at the res-
onance of the cavity and part of it is coupled out of the cavity.
This part is out-coupled to the far-field and is observed as radi-
ation from the out-couplers. To determine the resonance wave-
length of the cavities, we have fabricated the structures with scaled
parameters and measured the spectrum observed from out-couplers.
Figures 4(c) and 4(d) show spectra with periods (Λ) of 230 nm and
250 nm, respectively. We have observed the cavity resonances to be
at 608 nm and 654 nm, respectively. By further scaling and mea-
surement of spectra, we determined that the required parameters
for enhancing the decay-rate of GeV centers would be Λ 225 nm
with a duty cycle of χ = 0.44, and a value of R0 = 375 nm was
used. Nanodiamonds that contain single GeV centers can vary in
size from 100 nm to 500 nm. Therefore, we have chosen to utilize
the second order resonance of the cavity instead of the fundamental
resonance.

FIG. 4. (a) SEM image of a Bragg cavity out-coupler structure containing a nan-
odiamond with NV centers. (b) Fluorescence image obtained when the NV-ND is
excited. (c) and (d) Fluorescence spectrum obtained from the region indicated in
(b). Cavity parameters are included as insets, and cavity resonance wavelengths
are indicated by arrows in respective figures.

Nanodiamonds with single GeV centers were produced by high
pressure–high temperature (HPHT) synthesis based on the hydro-
carbon metal catalyst-free growth system presenting homogeneous
mixtures of naphthalene C10H8 (Chemapol) with tetraphenylgerma-
nium C24H20Ge (Sigma-Aldrich). The synthesis was performed on
a high-pressure apparatus of the “toroid” type. The synthesis pro-
cedure of nanodiamonds with impurity-vacancy color centers was
similar to the one described earlier.41 The chemical purification of
diamond materials was carried out by processing them with a mix-
ture of acids (HNO3–HClO4–H2SO4). Aqueous dispersion of nan-
odiamonds was obtained with the help of an ultrasonic UP200Ht
dispersant (Hielscher Ultrasonic Technology). To incorporate the
GeV centers in Bragg cavities, a sample with gold markers with
parameters as described above is fabricated and nanodiamonds con-
taining GeV centers are spin-coated. The gold markers and spots
in the dark-field image are utilized to locate the nanodiamonds.
After determining the position of GeV centers containing nanodi-
amonds, in a 100 × 100 μm2 area, the spots are scanned using a
532 nm laser and fluorescence is collected. Those nanodiamonds
that are fluorescent are further characterized by measuring their
spectrum, lifetime, and auto-correlation. Once enough nanodia-
monds containing GeV centers are found, the Bragg cavities together
with out-couplers are fabricated following the procedure described
above.

III. RESULTS AND DISCUSSION
In Fig. 5(a), the spectrum of a single GeV in a nanodiamond

is shown. Figure 5(b) shows the spectrum of the same GeV center
after fabrication of a Bragg cavity with an out-coupler. The inset
shows an SEM image with a GeV-ND in the center of the struc-
ture. As can be observed, the spectrum of emitted fluorescence from
the GeV center emitted directly to the far-field only slightly changes
after fabrication of the Bragg cavity. This is because the emission to
the far-field does not interact with the cavity. In Fig. 5(c), we show a
fluorescence image where the GeV-ND in the center is excited and
fluorescence can be observed from the center as well as from the
out-coupler grating, as explained in Sec. II. In contrast to this simi-
larity, the spectrum of fluorescence observed from the out-couplers
shown in Fig. 5(d) is markedly different: while the main peak of the
spectrum clearly coincides with the peak emission of a GeV cen-
ter, the phonon sideband is strongly suppressed. This shows that
the fluorescence spectrum emitted into the cavity is different com-
pared to the direct emission to the far-field. The part of emission
coupled to surface plasmons is enhanced by the cavity and the spec-
tral part enhanced can be observed from the out-couplers, as dis-
cussed in Sec. II. This coupling to the Bragg cavity results in the
total decay-rate enhancement as well. Now, to determine the total
decay-rate enhancement due to the cavity, we compare the lifetimes
measured before and after the cavity is fabricated, as measured at
the GeV-ND, that is, at the center of the cavity. Figure 5(e) shows
the data as well as single exponential fits (Ae−t /τ + constant) to the
lifetimes before and after fabrication. The lifetime before fabrication
of the Bragg cavity was estimated to be 9.8 ns, whereas the life-
time after fabrication of the nanocavity is estimated to be 1.8 ns.
Therefore, by comparing the lifetimes, we observe a decay-rate
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FIG. 5. (a) Spectrum of a GeV center in a nanodiamond. (b) Spectrum of the same GeV center in a nanodiamond after fabrication of a Bragg cavity. Inset: GeV-ND
in a Bragg cavity with an out-coupler. (c) Fluorescence image obtained when the GeV-ND is continuously excited with a 532 nm laser. (d) Fluorescence spectrum
obtained from the region encircled in (c). (e) Lifetime comparison of a GeV center before and after fabrication of a Bragg cavity structure around it, measured at the
GeV-ND spot in (c). (f) and (g) Auto-correlation of fluorescence before and after fabrication of a Bragg cavity around a GeV center, measured at the GeV-ND spot
in (c).

enhancement of ∼5.5 for the GeV center. For another such system,
the decay rate enhancement was found to be ∼2.6, as presented in
Fig. 6.

In simulations, for the second harmonic resonance of the cav-
ity, we estimated an enhancement of 8. There are many reasons
for the difference in the decay-rate enhancement observed in the
experiment from the simulations. First, the position of the GeV
center inside the nanodiamond is unknown, and depending on the
position of GeV inside the nanodiamond, the decay-rate enhance-
ment will vary. Second, the inaccuracy in placing the nanodia-
mond in the center of the cavity is estimated to be ∼30 nm.25 This
inaccuracy alone does not account for the difference as discussed
above in relation with the results shown in Fig. 2. Third, the ori-
entation of the GeV dipole may not be exactly perpendicular to
the silver surface as has been assumed in the simulations, a devia-
tion that strongly influences the plasmon excitation and thereby
the total decay-rate enhancement. Fourth, in the simulations, a
single wavelength of 602 nm was used. Because of the width of
the resonance (∼10 nm), not all the wavelengths in the resonance
are enhanced to the same extent, and therefore, the experimentally
observed decay-rate enhancement is lower. Fifth, in the experi-
ments, we have also observed that the structure had to be scaled
down in order to match the cavity resonance to the GeV center
peak emission. This essentially means that the refractive indices

utilized in the simulation might be slightly different for the mate-
rials that we use in the experiment. Sixth, there might be some
roughness on the surfaces in the experiments that will lower down
the finesse of the resonance and is not included in the simulations.
Seventh, even with the protection layer, silver can get oxidized
to some extent and will shift the resonance as well as decrease
the finesse of the cavity and hence will result in lower decay-rate
enhancement.

To show that we have utilized a single GeV center in the cav-
ity, we measure the auto-correlation of the fluorescence before and
after fabrication of the cavity. We have used the Hanbury Brown
and Twiss setup for measuring the auto-correlation. In Figs. 5(e)
and 5(f), we present the auto-correlation data measured and a model
fit for the GeV center before and after fabrication of the cavity,
respectively. We observe that g2(0) was well below 0.5 before the
cavity was fabricated, which clearly suggests that a single GeV cen-
ter was incorporated into the cavity. However, after fabrication of
the cavity, g2(0) increased to 0.59. This, we think, is due to the
increase in the background fluorescence. Background fluorescence
might have increased due to the trace amounts of HSQ left at the
site of the GeV-ND or it can happen due to the oxidation of sil-
ver. For the other coupled system, presented in Fig. 6, we observed
g2(0) of 0.18 and 0.32 before and after fabrication of the Bragg cavity,
respectively.
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FIG. 6. (a) Spectrum of a GeV center in a nanodiamond. (b) Spectrum of the same GeV center in (a) after fabrication of the Bragg cavity around the nanodiamond. (c)
Lifetime comparison of the GeV center before and after fabrication of the Bragg cavity. (d) and (e) Auto-correlation of fluorescence before and after fabrication of a Bragg
cavity around the GeV center, respectively.

IV. CONCLUSION
We have investigated circular plasmonic Bragg cavities for

enhancing the emission from single GeV centers in NDs at the
zero phonon line. Parameters to match the cavity resonance with
the ZPL of the GeV centers were found with simulations, followed
by carefully fine-tuning the parameters with the measured spectra
from fabricated cavities containing NV-NDs. We have fabricated
Bragg cavities together with out-couplers around pre-characterized
nanodiamonds that contain GeV centers. By comparing the decay-
rates before and after fabrication of the Bragg cavity, we find a
decay-rate enhancement of up to ∼5.5. Here, we have used GeV
centers in nanodiamonds, but other group IV color centers in dia-
monds have similarly narrow emission at room temperature, and
thus, such plasmonic Bragg cavities can be used to enhance their
total-decay rates as well. Furthermore, this kind of Bragg cavity can
be utilized together with other meta-surface structures to obtain
enhanced emission as well as the desired polarization state from a
single photon solid-state emitter.
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