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Nitrogen-vacancy (NV) centers in nanodiamond (ND) are promising single photon source can-
didate for quantum technology. However, the poor NV emission rate and low outcoupling of light
significantly hinder their effective use in practical implementations. To overcome this limit, we place
NDs hosting NV centers on silver columnar thin films (CTFs) and measure an increase in emittance
by an order of magnitude. The CTF's consist of silver nanocolumns whose length was chosen to
be half the wavelength of the emitted light. The silver nanocolumns act as efficient optical anten-
nas that couple to the NV centers via the optical near-field and outcouple the excitation energy of
the NV centers effectively into the optical far-field. A large distribution of radiated powers from
different NDs is observed. Computer simulations show this distribution to arise from the different
orientations of the emitting dipoles with respect to the columnar axis. We also report that further
structuring of the silver CTF into gratings yields higher photon emission.

I. INTRODUCTION

Single photons sources are one of the most critical com-
ponents of quantum information processing! and quan-
tum cryptography?. The desirable requirements for sin-
gle photon sources include stable emission, high photo-
emission rate and, ideally, angularly-confined emission®.
Nitrogen-vacancy (NV) centers in nanodiamond (ND)
are promising single photon source candidates as they
possess stable emission even at room temperature?. They
are, however, limited by a long radiative lifetime due
to poor index matching at the diamond-air interface,
which results in low emission rates®. Several meth-
ods have been suggested to outcouple the emission
more efficiently for instance via coating with higher re-
fractive index materials®?, near-field coupling to plas-
monic and photonic structures®® 12, waveguides'31?, ta-
pered optical fibers'® and fiber tips'”. Also, anisotropic
metamaterials'® with hyperbolic dispersion have been
used as they have divergent photonic localised density
of states (LDOS) which can enhance the emission of NV
centers in NDs!?.

Atoms and molecules are very inefficient emitters due
to their sub-wavelength small size?®. Embedding them
in a larger scattering structure such as a spherical nan-
odiamond can increase the spontaneous emission inten-
sity. Nevertheless, diamond nanoparticles can also be
sub-wavelength in size, which intrinsically inhibits large-
scale enhancement. The impedance mismatch due to the
large refractive index of diamond also hinders the NV
emission. Further, the radiation pattern of a small spher-
ical nanoparticle is typically dipole-like?! and does not
display sufficient angular selectivity. In this context, a
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linear antenna of length () smaller than the wavelength
can emit radiation proportional to (I/A)? (the Wheeler
limit)?2. The antenna geometry critically determines the
emission rate and radiation pattern and its length can
severely impact the radiation. To produce large emission
the ideal length of an antenna should be about half the
wavelength(A/2) of the emitted light. Thus, it would be
desirable to couple the NV in ND to (A\/2)-sized anten-
nas in the near-field to create enhanced outcoupling of
the emission, as well as to provide directional output.
In this work, we place NDs hosting NV centers in sil-
ver columnar thin films (CTFs). We find that the NV
emittance (measured photon count rates) is enhanced by
about an order of magnitude when the CTF nano-column
length is about 350 nm (approximately half the wave-
length of the central peak of the NV emission spectrum
~680 nm). The silver CTF consists of an anisotropic
dielectric medium with hyperbolic dispersion?. By nu-
merical simulations the nanodiamond NV is treated as
a dipole emitter embedded in the nanostructured colum-
nar medium we find that the emittance is enhanced due
to the nanocolumns acting as efficient optical antennas.
The emittance from a large set of nanodiamond emit-
ters in CTF was measured by confocal microscopy. The
study revealed a wide distribution of measured photon
count rates from NV centers on a given substrate??. The
presence of the silver nanocolumns shifts the entire mea-
sured count rate distribution to higher values with in-
creased mean and median by roughly one order of mag-
nitude. Detailed simulations reveal that similar distribu-
tions arise due to the different orientations of the emitting
dipole in the ND with respect to the nanocolumn axis
and the consequent difference in coupling. Further struc-
turing of the silver CTF into grating structures resulted
in marginal enhancement in the measured count rates
as compared to that for the unpatterned CTF. Occa-
sionally, emitters with relatively higher measured count
rates were observed on the CTF gratings. These studies



demonstrate the enormous potential of plasmonic CTF
for developing efficient sources using NV centers in ND.

II. SAMPLE PREPARATION

Silver columnar thin films (CTF) were deposited on
glass (fused silica) and silicon substrates with and with-
out photoresist gratings by evaporation of silver at large
oblique angles. The one-dimensional gratings of photore-
sist (ma-P 1205) were made by Laser Interference Lithog-
raphy (LIL)?® at a 442-nm wavelength over an area of
about 30 mm?. 1-D gratings with pitches of 500 nm,
600 nm, 700 nm and 800 nm were prepared. Gratings
of different periodicity were used as substrates to de-
posit the CTFs. A collimated flux of silver was directed
onto the substrate, cooled by a Peltier cooler to about
-20°C, at an angle of 80° with respect to the substrate
normal in a vacuum of 5 x 107% mbar. Random nucle-
ation sites were formed in the initial film growth which,
by shadowing the regions behind them, resulted in the
columnar morphology of the thin film?%. The deposition
rate was maintained at 15-19 A/s and monitored using
a quartz crystal monitor. Oblique angle deposition of a
collimated flux of silver vapour on flat silicon-(100) sub-
strates yielded forests of randomly distributed but highly
oriented nanocolumns of silver as shown in Fig. 1(a).
Comparatively, deposition on linear gratings of a poly-
mer yielded a periodic array of oriented nanocolumns
as shown in Fig. 1(b). The nanocolumns have diame-
ters of (40+5) nm and length of about (3504+10) nm.
It is apparent from the cross-sectional view in the inset
of Fig 1(b) that the nanocolumns grow uniformly only
from the ridges of the grating. We also note that some
of the nanocolumns merge into one another due to the
finite collimation of the silver vapour as well as the fi-
nite deposition rate 26. Regardless, the variation in col-
umn diameter is minor and the nanocolumn alignment
is uniform across the sample. Notably, the tilt of the
nanocolumns with respect to the substrate, the length of
the nanocolumns, and the density and period of the grat-
ing are all variables that can be optimised to maximise
the emission from the nanodiamond NV centers.

FIG. 1.

a) Top view of field-effect scanning electron mi-
croscopy (FESEM) image of Ag CTF on silicon substrate.
b) Top view of FESEM image of Ag CTF on 500-nm PR
grating. The inset shows the cross-sectional view.

FIG. 2. Top view of FESEM image of ND deposited on 500-
nm periodicity silver CTF on three different locations (a), (b)
and (c), 600-nm periodic silver CTF (d) unpatterned silver
CTF (e). (f) Atomic force microscopy (AFM) image of the
surface topography of the silver film coated sample, over an
area of 5 um X 5 um; the inset shows the line profile of the
film.

Plain silver films were also deposited on the glass sub-
strate and on photoresist gratings with different pitches
by physical vapour deposition at normal incidence. A
flux of silver in vacuum at 7 x 10~% mbar was normally
directed on the samples at a low deposition rate 0.7-1.5
A/ s. A 25-uL aqueous solution of NDs was spin coated
on silver CTF samples and the glass substrate at 3000
rpm, for 1 minute. The same conditions were used for all
the samples.

III. CHARACTERIZATION AND
MEASUREMENT

The fabricated CTF samples were imaged using field-
effect scanning electron microscopy (FESEM) (BP 40
SUPRA Carl Zeiss instruments). 2 shows the top view
of the FESEM image of nanodiamonds deposited on dif-
ferent silver CTF samples. The NDs are highlighted by a
red circle. The images show that the NDs are located on
the tip of the silver CTF and that they are also isolated
from others NDs. It is evident from the FESEM images
that the morphology of silver CTF does not change or
get damaged by spin coating the solution of NDs on top.

An atomic force microscope (XE70, Park System,
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FIG. 3. Schematic diagram of the experimental setup of the confocal fluorescence microscope. NF 532 nm — notch filter to cut
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FIG. 4. a) NV centers spectrum obtained from our ND samples, at room temperature. b, ¢) Confocal images of the fluorescence
emission from ND-NV centers over an area of 20 pm x 20 um on a glass substrate (b) and when placed on the Ag CTF 500-nm
grating sample (c). The confocal scan of a single emitting ND is shown in the top inset of both Figs. over an area of 2 um x
2 pm. The bottom inset shows the image intensity along the dashed line.

South Korea) was used to determine the grating period
and surface topography of the different samples. Figure
2(f) shows the surface topography of a plane silver film
on the glass substrate. The film has a typical rms rough-
ness of ~ 3.5 nm, as measured from the line profile in the
inset of Fig 2(f).

Optical characterizations were performed using a com-
mercial confocal microscope (WITec, alpha300 S). The
schematic diagram of the experimental setup of the con-
focal fluorescence microscope is shown in Fig 3. A 532-
nm continuous-wave (CW) diode laser was used to excite
the NV centers in NDs. The laser beam was coupled to
the microscope by a single-mode optical fiber. A 100x
objective with a numerical aperture (NA) of 0.75 was
used to focus the light onto the sample. Fluorescence was

collected from the NDs using the same objective through
a 532-nm notch filter and directed to an avalanche pho-
todiode (APD) for detection in photon-counting mode.
Lifetime measurements of the ND-NVs were carried out
using a lab-built confocal microscope with a 100x objec-
tive and a 0.9 NA, and a Fianium WhiteLase excitation
laser source (532 nm wavelength, 10 MHz repetition rate,
10 uW excitation power).

The NV emission spectrum from a nanodiamond on
a glass substrate and on Ag CTF sample is shown in
Fig. 4(a), which clearly shows the zero phonon line (ZPL)
at 637 nm, along with the typical broad phonon side-
band at higher wavelengths. The fluorescence confocal
images of the emission from NV centers in NDs on a
glass substrate, and on a 500-nm Ag CTF grating are
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FIG. 5. Statistical distribution of the experimentally measured powers from NV centers in ND placed on different surfaces: on
a glass substrate (a), on a plain silver film (b), on 600-nm silver grating (c), on unpatterned silver CTF (d), and on periodically
patterned silver CTF with the period from 500 nm to 800 nm (e-h), respectively. ¢ — mean value.

shown in Fig 4(b) and 4(c), respectively. While some
clusters of emitting NDs were present, only isolated cen-
ters with a diffraction-limited fluorescence spot [see inset
in Figs. 4(b) and 4(c)] were considered in the photo-
emission measurements. The scanning electron micro-
scope (SEM) images of the nanodiamonds on CTF sam-
ples show that most of the diamond nanocrystals are lo-
cated near the top-end of the nanocolumns (Fig.2). By
measuring the NV center photon count rates, the emis-
sion from the individual NV-ND on Ag CTF is found
to be typically enhanced by over an order of magni-
tude compared to the NV emission from ND on the glass
substrate—used as the reference control sample. A wide
distribution in the NV center collected photon count
rates on both the glass substrate and the CTF-sample
was observed and attributed to the arbitrary orienta-
tion and location of the NV dipole within the diamond
crystal®. A statistical study of the NV center emission
on glass and various CTF substrates was carried out to
measure the average influence of the different substrates
on the NV center emission. For this, around 40 stable
near-diffraction-limited emitters were studied on various
substrates. The limited number of studied emitters may
not result in a proper normalized distribution, however

the mean will vary only within the measured standard de-
viation. The distributions of the measured photon count
rates from the NDs on various substrates are plotted in
Fig. 5.

The emission from NDs on glass shows a broad dis-
tribution of measured count rates ranging from 0 to 20
keps with a mean of (9 + 5) keps and a mode of 5 keps.
For the NDs placed on the unpatterned silver film, the
mean increases to about (46 + 29) keps, the mode to
about 20 kcps, and there are a few centers with large
count rates around 100 kcps. This enhancement is ex-
pected due to the plasmonic nature of the silver film as
well as the surface roughness, and it is comparable to
previous reports for other emitters®”2°. The structur-
ing of the silver CTF into a grating-like structure does
not seem to affect the distribution of emissions in a no-
table way. When the NDs are deposited on a silver CTF,
larger enhancements are observed, with the mean of the
measured count rates increasing to up to (70 £ 53) keps
and the mode to 40 kcps—with measured count rates
of up to 200 kcps from some emitters. Structuring the
CTF further into a grating causes some of the embed-
ded NDs to display even higher count rates. While the
mean and the mode increase by only about 10%, NV cen-
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FIG. 6. a) Lifetime decay curves for NV centers emission on Ag CTF (red) and glass (blue) substrates. b) Corresponding
lifetime distributions for NV center emission on the two substrates. The average lifetime values are 7 = (13.5 £+ 2.5) ns for
the Ag CTF sample and 7 = (20.4 £ 4.8) ns for the glass sample, respectively. (c¢) Emission intensity saturation curve for a
nanodiamond on silver CTF (red) and for a reference nanodiamond on glass (glass) substrate (blue).

ters with very large measured count rates of up to and
above 300 kcps were observed. These occurrences are,
however, infrequent and probably arise due to cavity-
like resonances in the grating as discussed below. Whilst
we observed a wide distribution of measured count rates
in all cases, the distributions appear consistent within
each sample, indicating a possible common origin. We
attribute the distribution of measured count rates and,
in turn, of the emission rates to the different orientation
of the radiating dipoles (NVs) relative to the substrate
and the nanocolumnar axis.

A measure of the dipole emitter’s total decay rate en-
hancement can be determined by measuring the corre-
sponding reduction in the emitter’s lifetime. Figure 6
(b) shows the distribution of measured lifetimes for nan-
odiamond NV centers on Ag CTF and glass substrates.
The results show the mean NV center lifetime on Ag CTF
substrates to be nearly half [T = (13.5 £ 2.5) ns] the value
on the glass substrate [T = (20.4 + 4.8) ns]. This corre-
sponds to an enhancement in the NV centers total decay
rate by roughly a factor of 2. The observed enhancement
by one order of magnitude in photon count rates is there-
fore likely the result of the Ag CTF nanocolumn antenna
effect of directing the NV emission mainly towards the
top, i.e. orthogonal with respect to the substrate plane.

NV center lifetime in bulk diamond is well-known to be
constant around 11.6 ns?3! due to a homogenous elec-
trodynamic environment for all NV dipole orientations in
the bulk diamond. However, in subwavelength size nan-
odiamond crystals, NV centers are known to have a large
distribution in the emission lifetimes range from about
5 - 50 ns with mean about 22 - 23 ns3233, The dis-
tribution results from various factors including the NV
dipoles proximity and its orientation relative to the air-
glass (substrate)®343% the irregularity in the crystal ge-
ometry for crystal sizes in the subwavelength regime®33
as well as due to the large distribution in the quantum ef-
ficiencies of individual NV centers in the ND?436, For NV
dipoles with variable quantum efficiencies, the suppres-

sion in the local density of states (LDOS) due to Lorentz-
Lorenz effect3” in subwavelength, highly dielectric dia-
mond crystals will also show a significant variation36:3%,
leading to a large distribution of the emission rates.

Fluorescence counts from photostable single nanodia-
mond deposited on silver CTF and glass were measured
as a function of different incident powers of a 532-nm
continuous-wave diode laser. The power saturation of
the nanodiamond emission with respect to the incident
excitation power, when placed on silver CTF and glass
(glass), is shown in Fig. 6(c). Here the power shown on
the x-axis of the graph is the excitation laser power mea-
sured at the output-end of the single mode optical fiber
just before coupling to the back of the microscope objec-
tive. A neutral density filter is placed in the collection to
avoid the saturation of the avalanche photodiode (APD)
detector. So the measured photon count rates shown in
Fig. 6(c) are relative. The measured photon count rates
increase almost by an order of magnitude, in the case of
the silver CTF sample as compared to the NV centers
emission on the glass substrate. The NV emission of sil-
ver CTF also appears to reach the saturation level at a
lower power compared to the case of its emission on the
reference glass substrate. This may result from the lo-
calization of the excitation laser (532 nm) scattered field
at the NV dipole location due to the silver CTF.

The one-order-of-magnitude increase in the measured
photon count rates indicates that the half-wavelength
Ag CTF nanocolumns are acting as efficient antennas
which direct the dipole radiated power along the top di-
rection. The effectiveness of the half-wavelength Ag CTF
nanocolumn antennas can also be seen from the collected
NV emission spectrum [Fig. 4(a)] on glass and CTF sub-
strates, as well as from the power saturation curves of
the NV emission on glass and CTF substrates [Fig. 6(c)].
In all these cases, an enhancement of about an order of
magnitude in the NV center emission is observed.

For the completeness of our study, we also performed
auto-correlation studies on the NV centers on various



substrates. However, as our NDs were irradiated, we
could not observe any anti-bunching behavior from these
ND based NV centers due to the presence of multiple
NVs in each crystal. Since we used the same ND solu-
tion for all substrates including the glass, Ag film and
Ag CTFs, we expect the substrate influence should re-
main the same even in the case of multiple NV cen-
ters. Also a multi-exponential decay behavior can be
observed in the NV center lifetime curves on different
substrates 6. As discussed above, individual NV dipoles
are expected to different lifetimes due the difference in
its dipole orientations relative to the air-glass interface
of the substrate®*. Also its proximity to the interface
will have an influence on its lifetime®*. The individual
quantum efficiency of these emitters is also expected to
be different?*. Since we couldn’t observe any substantial
dip in the auto-correlation curves, many NV centers are
expected to be present in each individual crystal. The
lifetime decay curves are therefore expected to have a
multi-exponential behavior. Through numerical calcula-
tions we have checked and verified that fitting a multi-
exponential curve by a single exponential fit, we get life-
times close to the average lifetime of all the individual
centers. Since, we have observed continuity in the NV
decay curve fittings for the various substrates, we expect
the average lifetime values to remains the nearly the same
in each case.

IV. NUMERICAL CALCULATIONS

A detailed computational study of the emission orig-
inating from a point electric dipole (NV center) in the
ND, placed on various structures, was carried out using
the finite element method implemented in the COMSOL
Multiphysics® suite. The ND was taken to be a spheri-
cal particle with a diameter of 45 nm and refractive in-
dex of 2.47. The silver CTF was modeled as an array
of silver prolate ellipsoids inclined at 25° on a dielectric
substrate (photoresist with a refractive index of 1.62).
The Lorentz-Drude model was used to describe the di-
electric permittivity of silver with plasma frequency of
2180 THz and damping of 5.0778 THz3?. Clumps of two
or three nanocolumns on the grating ridge were consid-
ered in a unit cell, similar to the FESEM images in Fig. 1.
Geometrical parameters of CTF were obtained from the
cross-sectional FESEM image shown in Fig. 1(b), i.e.
length: (350 nm £ 10) nm and diameter: (40 nm =+
5) nm. Floquet boundary conditions were used in the
y-direction, and perfect matching layer (PML) was used
at the boundaries along the x-direction. The distance
between two nanocolumns along the y-direction was con-
sidered to be 5 nm. The nanocolumnar axis was set to
lie in the XZ-plane. The drive frequency of the dipole
source corresponds to the peak emission wavelength, 680
nm.

A. Length optimization

The nanocolumnar length was optimized numerically
to obtain maximum emission rates. The effect on the
coupling of the emission due to the orientation of the
dipoles with respect to the nanocolumns was also ana-
lyzed. The nanodiamonds were considered to be at the
tip of the nanocolumn. To have a comparison of the mea-
sured power for the nanodiamond NV center emission
on various substrates, the power radiated by the point
electric dipole in the upward direction was calculated by
integrating the z-component of the time-averaged Poynt-
ing vector flux over a flat surface at 300 nm above the
dipole. Figure 7(a) shows the dipole radiated powers on
the top surface for different nanocolumnar lengths corre-
sponding to the three perpendicular dipole orientations.
The nanocolumnar diameter was considered to be 45 nm.
There is a large variation in the emission rate near about
the 400 nm length of the nanocolumn when the dipole is
oriented along the z-direction. The emission rate is also
close to the maximum value at the 400-nm value for the
length of the nanocolumn for the dipole orientation along
the x- and y-directions. The emission rates are large for
nanocolumnar length in the range 350-450 nm.

The simple Ag nanocolumns used here are essentially
a form of dipole antenna, the antenna modes being dipo-
lar resonances?’. The coupling of the dipole radiation
fields to the antenna modes should be sensitive to the
dipole orientation relative to Ag antenna. For effective
coupling, the wave-vectors of the point-dipole radiation
pattern should be matched with resonance modes the Ag
nanocolumn antenna. This coupling is expected to be
maximum for emitter dipole’s orientation perpendicular
to the Ag nanocolumn antenna surface. In this case, the
wave-vectors of the emitter dipole’s radiation field will be
along the nanocolumn surface and will effectively couple
to the radiation modes of the Ag nanocolumn dipole an-
tenna. In Fig. 7(c), the top radiated power is calculated
for the different dipole orientations in the XZ-plane. It
can be observed from the figure that the maximum top
radiated power is achieved when the dipole is oriented
perpendicular to the nanocolumnar axis. Figure 7(d)
shows the top radiated power from a point electric dipole
in ND placed on a glass substrate for the different dipole
orientations in the XZ-plane. In this case also, the max-
imum power is observed when the dipole orientation is
perpendicular to the glass substrate. For a dipole ori-
ented perpendicular to the interface are known to expe-
rience the highest spontaneous emission rates®!. In the
case, the air-glass interface itself is known to act as an
antenna directing most of the radiated power along the
vertical directions*'. The same size for the unit cell was
used in both cases for comparison.

Figure 7(e) shows the normalized scattered electric
field close to the tip of the silver CTF nanorod as a
function of the excitation wavelength. The p-polarized
(electric field-vector along the glass surface) plane wave
at normal incidence was used for excitation. The normal-
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FIG. 7. a) Schematic diagram of silver CTF with ND on the tip of nanocolumn. (b)Top radiated power of point electric
dipole in nanodiamond placed near the tip of nanocolumns with different length for three orthogonal dipole orientations. Top
radiated power with respect to dipole orientation in the XZ-plane ¢) when the dipole was placed near the tip of nanocolumn
with 400-nm length and d) when dipole placed on the glass substrate. (e) Absolute value of the normalized electric field as a
function of wavelength calculated at a point close to the tip of the nanorod.

ized scattered electric field was calculated at the location
of the point dipole in the nanodiamond. The Fig. shows
that there are two resonances at 550 nm and 640 nm
which are very close to the excitation field and the zero
phonon line of the NV emission, respectively. This indi-
cates that both the excitation field and the emission are
enhanced due to the intense local electric field 12 of the
silver CTF and the presence of the two broad resonance
peaks.

B. Statistical study of the emission rates

We computationally performed a statistical study of
the emission from the NV centers in ND on the differ-
ent substrates. Dipoles with 100 different orientations
and locations within the diamond nanocrystal were ran-
domly chosen for the statistical study of the top radiated
powers. The distribution of the calculated powers on
different substrates are shown in Figs. 8(a)-(d), where
a common unit cell size was used in all cases to enable
direct comparison. To compare with the experimental
measurements, the ratio of the experimental mean pho-
ton collection rate to the calculated mean power in the
case of NDs on a glass substrate was used as a common
factor to scale all the other calculated results. The range
of top radiated powers calculated [Fig. 8(a)] for the glass

substrate is about the same as experimentally measured
[Fig. 5 (a)], suggesting that the distributions mainly arise
due to the random orientations of the dipoles. The top
radiated power distributions from the dipoles in ND on
the silver film and on the 700-nm period silver grating,
in Fig. 8(b) and 8(c), show that the top radiated power
is enhanced, yet not as much as observed experimentally.
The distribution of powers, however, appears similar in
both cases. The limited enhancements are probably due
to not taking into account the surface roughness of the
silver in the calculations. The distribution of the radi-
ated powers for the dipole in the ND on the silver CTF
grating [Fig. 8(d)] is large and appears very similar to
the powers measured experimentally [Fig. 5(h)]. Reas-
suringly, there are also rare cases where the measured
power exceeds 300 keps, with the mean and mode having
values similar to the experiments [Fig. 5(h)].

C. Far Field Calculations

The electromagnetic fields and the power flow in the
system offer an insight into the physical mechanism. Fig-
ure 9(a) shows the x-component of the electric field along
with streamline plot of the Poynting vector field for the
radiating dipole located at the top of the middle nanocol-
umn in a silver CTF. Figure 9(b) shows the same quan-
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FIG. 8. Statistical distributions of the computed top radiated
powers of a point dipole with a nanodiamond placed on dif-
ferent samples: a) on a glass substrate, b) on silver film, c)
on a 700-nm silver grating, and d) on periodically-patterned
Ag CTF with a period of 700 nm.

tities when the ND is placed on a glass substrate. In
the case of Fig. 9(b) the radiation flow is more isotropic,
although, the field is null in the normal direction due to
the interference of the field emanating from the dipole
and the reflected dipole. This is consistent with the ra-
diation from a small-sized, dipole emitter*?. When we
look at the fields in the case of the dipole placed on the
silver nanocolumns, we immediately note the presence of
a resonant electromagnetic mode on the nanocolumns.
These currents on the (A\/2)-sized nanocolumns radiate
directionally as the Poynting vector maps clearly high-
light. This directionality arises solely due to the strong
coupling of the dipole fields to the nanocolumns in the
near-field regime.

Polar plots of the far-field emission intensities for three
orthogonal dipole orientations are shown in Fig. 10. Fig-
ures 10(a) and (b) show the polar plots of the far-field
intensity in the YZ-plane when the dipole is placed on
a glass substrate with orientation along the x- and z-
directions, respectively. Figures 10(c) and (d) show the
polar plots of the far-field intensity in the YZ- and XZ-
planes when the dipole is placed on the tip of the nanocol-
umn with orientation along the x- and y-direction, re-
spectively. The far-field radiation intensity pattern in the
case of a dipole placed on the nanocolumn is quite differ-

—1.0

FIG. 9. a) Color plot of the x-component of the electric field
along with streamlines showing the Poynting vector (power
flow) of a radiating dipole in an ND sphere placed on the
silver CTF. b) Corresponding quantities for the dipole in an
ND placed on the glass substrate.

ent when the dipole is placed on the glass substrate. The
main differences are that the emission is confined within
a smaller angular range in the case of the dipole placed
on the CTF and that the intensity is enhanced, particu-
larly for dipole orientations along the y- and z-direction
[Figs. 10(c) and (e)]. For the dipole orientation along
the z-direction, there is an order of magnitude increase
in the far-field intensity.

V. DISCUSSION

Overall, we observe that NV centers in NDs emit
more efficiently and directionally in the presence of sil-
ver nanocolumns. The degree of enhancement is broad,
which we attribute to the random spread of possible ori-
entations of the dipole with respect to the nanocolumn
axis. This evidence principally points to the fact that
the nanocolumns act as efficient (\/2) antennas driven
in the near field by the excited NV center. To put these
results into context, we made the following working as-
sumptions. We considered the nanodiamond NV centers
to be radiative and highly quantum efficient*3. The aver-
age quantum efficiency of NV centers in NDs is known to
vary among individual centres??, with an average value of
about 0.7 for similar sized ND crystals®3. Since our con-
focal microscope is a commercial model not optimized
for single photon counting studies and has a lower col-
lection efficiency with the objective lens numerical aper-
ture (NA) of 0.75 (the detection efficiency of our confo-
cal system is expected to be about 1% for dipole emis-
sion on top of the glass substrate), we expect to collect
light from only bright emitters with higher quantum ef-
ficiencies. Other works studying NV center spontaneous
emission enhancement using plasmonic schemes have also
considered the NVs to have high quantum efficiency*3.
As the NV centers are embedded within the NDs, and
well protected, strong quenching effects due to the silver
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FIG. 10. Polar plots of far-field radiation intensity patterns: when an electric point dipole was placed on a glass substrate
with orientation along the x-direction and z-direction, respectively (a, b); with orientations along the x-, y- and z-directions
respectively when placed on the tip of nanocolumnar where nanorod was oriented in XZ-plane (c—e). For comparison, sub-
figures (a) to (d) are plotted on the same scale. However, due to the relatively higher magnitude of radiation intensities for

sub-figure (e), it is plotted on a higher scale.

nanostructure are unlikely and therefore was not con-
sidered in our analysis. While the enhancements in the
case of NDs placed on the plane silver film are increased
due the surface roughness, our simulations assume no
surface roughness for the nanocolumns in case of ND
placed on the CTF, explaining slight discrepancy be-
tween simulations and experiments. The emission from
the NV coupled to the larger length scale (~ A\/2) of
the Ag CTF nanocolumns shows one-order-of-magnitude
enhancement in the emittance. A good match between
experiment and simulation results was found in this case.
The surface roughness is expected to have minimal effects
in this (~ A/2) length scale scenario. We thus attribute
the effect seen here to the nanoantenna geometry rather
than the surface roughness as in surface-enhanced fluo-
rescence or surface-enhanced Raman scattering.

VI. CONCLUSIONS

We have measured a significant enhancement in the
emission of NV centers in NDs placed on silver CTFs.
The emittance is enhanced by about one order of magni-
tude compared to the emittance of nanodiamonds placed

on a glass substrate. A wide variation of the measured
photon count rates is shown to arise from the random
orientation of the emitting dipoles with respect to the
substrate or the silver nanocolumns. We show by com-
puter simulations that the enhancement mainly arises
from the coupling of the near-field radiation to the sil-
ver nanocolumns, which hence act as efficient antennas,
approximately (A/2) in size. This is evidenced by the ex-
citation of resonant modes on the nanocolumn. These
enhancements are also related to the hyperbolicity of
the silver CTF medium. Further structuring of the sil-
ver CTFs into gratings gave rise to a few cases where
much larger enhancements were observed, though the
mean and mode of the distributions were not much differ-
ent. These measurements show the interesting potential
of combining these plasmonic CTF with nanodiamond
NV centers for generating more efficient single photon
sources. The protection of the NV centers from the ex-
ternal environment provided by the ND is still present
while the optical nanoantenna offers the possibility of
increased outcoupling. Careful design is expected to fur-
ther enhance the capabilities of these devices. For exam-
ple, it was found that dipole orientations normal to the
CTF produced the largest emission rates. We note that



CTFs, having columns with smaller inclination angles to
the substrate, give rise to large normal fields in the gap
between the substrate and the inclined nanocolumns'244.
These configurations may be further utilized to enhance
the NV emission.

In conclusion, we have measured about an order of
enhancement in the emittance from NDs based NV cen-
ters by simply drop-casting the NDs solution on top of
the silver CTFs. Alternatively, using sophisticated fab-
rication techniques, nano-photonic resonator structures
fabricated within the bulk diamond crystal including di-
amond nanopillars*, diamond parabolic reflectors*® or
monolithic tunable optical cavities?® have also resulted
in significantly large enhancement of about two-orders of
magnitude in the radiated powers from diamonds based
color centers like the NV or the silicon-vacancy (SiV)
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centers. These schemes are mostly restricted to color-
centers embedded inside the bulk diamond crystal. In
contrast, our scheme is applicable to vacancy-centers em-
bedded in diamond nanocrystals. Our results inspire new
directions towards the realization of all-solid-state single
photon sources for quantum photonic applications.
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