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Abstract
Color centers are promising single-photon emitters owing to their operation at room
temperature and high photostability. In particular, using nanodiamonds as a host material is of
interest for sensing and metrology. Furthermore, being a solid-state system allows for
incorporation to photonic systems to tune both the emission intensity and photoluminescence
(PL) spectrum and therefore adapt the individual color center to desired properties. We show
successful coupling of a single nanodiamond hosting silicon-vacancy color centers to a
plasmonic double bowtie antenna structure. To predict the spectrum of the coupled system, the
PL spectrum of the silicon vacancy centers was measured before the coupling process and
convoluted with the antenna resonance spectrum. After transferring the nanodiamond to the
antenna the combined spectrum was measured again. The measurement agrees well with the
calculated prediction of the coupled system and therefore confirms successful coupling.

Keywords: silicon-vacancy center, color center, nanodiamond, pick and place technique,
plasmonic antenna
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1. Introduction

Color centers in diamond are being widely used as efficient
single photon sources due to emission of indistinguishable
photons and photostability at room temperature. This allows
them to play an important role in the fields of quantum inform-
ation processing [1–6], super-resolution microscopy [7–9],
biological imaging [3, 9, 10], nanoscale sensing [9, 11] and
quantummetrology [12]. Silicon vacancy (SiV) centers in dia-
mond have shown to have several advantages over other types
of defects owing to their strong and narrow-band fluorescence
spectrum at room temperature [13] (silicon-vacancy center in
bulk diamond: FWHM5 nm at a center wavelength of 737 nm)
with low phonon coupling, a short lifetime (1 ns), an optically
accessible spin [14] and an almost fully linearly polarized zero
phonon line fluorescence [15]. However, the reported values
of the photoluminescence (PL) of SiV centers vary consider-
ably and their radiative quantum efficiency so far remains low
[16]. Consequently, experiments involving coupling SiV cen-
ters to optical cavities have led to an improvement in their radi-
ative quantum efficiency and Purcell factor, as well as a reduc-
tion in lifetime [17–22]. Plasmonic coupling, which in general
allows for high local field confinement, was also studied to
enhance the emission of SiV centers in the vicinity of metal
nanoparticles [23–26], in hybrid metal-diamond structures
[27–30], and in plasmonic antennas [31, 32]. In this work, we
present the integration of SiV centers in nanodiamonds with
plasmonic double bowtie microantenna structures. A single
nanodiamond hosting SiV centers is pre-characterized and
transferred to the gap of a gold microantenna by the ‘pick-and-
place’ technique with the help of a nanomanipulator [33, 34].
We show that the PL spectrum of the nanodiamond is mod-
ified depending on the geometry of the plasmonic antenna.
This provides us with flexibility in designing the antennas
to accurately predict and shape the emitters’ PL spectrum as
desired.

2. Nanodiamond characterization—PL
spectroscopy

A solution of nanodiamonds with an average diameter of
100 nm was spin-coated on a clean iridium substrate [35, 36].
To ensure that a pre-characterized nanodiamond exhibiting
the desired optical properties (i.e. narrow linewidth and high
count rate) can be located again for the pick-and-place fabric-
ation step, the iridium substrate was engraved with reference
cross markers produced by a focused ion beam prior to the
spin-coating process. The nanodiamonds were produced by
milling a diamond film grown by chemical vapor deposition.
The nanocrystalline diamond starting material was directly
grown on a silicon wafer. A microwave hydrogen plasma con-
taining 1% methane was used to grow on purified 5 nm nan-
odiamond seeds (produced by PlasmaChem). To induce in-situ
SiV center creation, sacrificial silicon pieces are situated in the

growth chamber. The diamond is then milled by a wet-milling
process in a vibrational mill with steel beads to crystals of
average diameter of 100 nm. The milling was followed by
an etching and oxidative treatment using concentrated HCl
and subsequently HNO3/H2SO4 1:1 in order to remove any
debris from the milling process and homogenize the surface
to carry an oxygen-termination. Further details are reported in
[36]. The particle size was determined with laser diffraction
spectroscopy. After spin-coating, the sample was placed in an
ovenat atmospheric conditions for 3 h at 450 ◦C to oxidize the
surface and remove any residual graphite and amorphous car-
bon. In a first step, we identified sufficiently isolated nanodia-
monds suited for pick-and-place handling to the antenna struc-
ture. For that purpose, we recorded high resolution images
of the sample surface with a commercial confocal laser scan-
ningmicroscope (figure 1(a)). Next, the samples were tested in
a home-built confocal microscopy setup to identify nanodia-
monds hosting SiV centers with the preferred optical proper-
ties, such as narrow linewidth and high count rate emission. In
this setup, the sample is either illuminated with diffuse white
light to investigate the sample surface, or with a red diode laser
(Schaefter-Kirchhoff, λex = 660 nm) that is focused onto the
sample by a microscope objective (100×, NA = 0.8) to study
the fluorescence of SiV centers in diamond. The same micro-
scope objective collects light originating from the sample. The
collected light can be guided to a CCD camera to image the
sample surface; as well as to avalanche photo diodes (APDs)
or a spectrometer to investigate the PL. Figure 1(b) shows a
picture of the sample surface under white light illumination.
White spots correspond to nanodiamonds that might contain
SiV centers. They appear as bright spots due to the scattering
caused by the white light illumination. The two bright lines
correspond to two cross-shaped markers that were previously
engraved on the surface of the sample as references for locat-
ing specific nanodiamonds later on. In order to test the pres-
ence of SiV centers in the nanodiamonds and to pre-select nan-
odiamonds hosting SiV centers with desired optical properties,
the sample is excited with a laser and PL scans and spectra are
recorded. A long pass filter (λ= 720 nm) is placed in the detec-
tion path to suppress excitation light from the laser. During
the PL scan, the laser spot scans the surface and the emit-
ted PL is recorded by the APD. The center wavelength of the
zero-phonon line of an ideal SiV center is located at 738 nm.
Due to strain in the diamond lattice, the center wavelength
may shift [36]. Accordingly, we detect fluorescence in the
spectral range 730 nm–750 nm by inserting a bandpass fil-
ter in front of the APDs. Thus if a nanodiamond contains a
SiV center, its emission will result in a bright spot in the PL
scan. Figure 1(c) shows an example of a PL scan where bright
spots (highlighted by the red circles) correspond to nanodia-
monds that act as potential candidates for hosting SiV centers.
To further verify the presence of SiV centers, also PL spec-
tra are recorded at room temperature. As seen exemplarily in
figure 2, the intense narrow peak (λ= 739.70nm± 0.02 nm,
∆λ= 9.5nm± 0.1 nm) in the spectrum correlates well with
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Figure 1. (a) Image recorded with a commercial high resolution laser scanning microscope. The area shaded in blue in corresponds to the
area scanned for a PL signal shown in (c). (b) Dark field images of the sample surface of 100 nm nanodiamonds spin-coated on an iridium
substrate illuminated with diffuse white light. The white bars are part of cross-shaped markers, which help to localize the selected
nanodiamonds later. The white dots are nanodiamonds, while big black spots are artifacts. (c) Photoluminescence scan of a 8× 13 µm2 area
on the sample. Bright dots correspond to nanodiamonds that might contain SiV centers.

Figure 2. PL spectrum of a nanodiamond at room temperature.
Black line: experimental results; red line: fit to experimental data,
which yields the following values: ZPL center wavelength
λ= 739.70nm± 0.02 nm, linewidth ∆λ= 9.5nm± 0.1 nm.

the ZPL of the SiV center, and therefore allows us to deduce
that the studied nanodiamond contains at least one SiV center.

3. Double bowtie microantennas—finite-difference
time-domain (FDTD) numerical simulation and
fabrication

Metallic nanoparticles and microantennas are commonly
employed for creating regions of intense electromagnetic
fields. Unlike single bowtie antennas, double bowtie anten-
nas benefit of inducing dramatic electromagnetic field confine-
ment in their gap without requiring illumination with a specific
light polarization [37–39]. Despite the non-radiative losses in
such plasmonic structures, they have shown to increase the
fluorescence emission of emitters placed in their vicinity [40].
In general, a double bowtie antenna is a structure consisting
of 4 individual triangles, as depicted in figure 3(a)). For the
experiment reported in this work, the design restraints on the

antenna are twofold: First, the main goal is the enhancement of
the PL of the zero-phonon line of the SiV center in a nanodiam-
nond (center wavelength ∼ 738 nm). Therefore, the antenna
has to exhibit a resonant mode at around 738 nm. Second, the
nanodiamond hosting an SiV center has to fit into the cent-
ral gap between the antenna arms. The aforementioned nan-
odiamonds have a diameter of about 100 nm. Allowing for
margins due to antenna production, exact nanodiamond size
and the positioning process of the nanodiamond, the lower
limit on the gap size amounts to 150 nm. FDTD simulations
were performed using the Lumerical FDTD software pack-
age to characterize double bowtie antennas exhibiting various
design parameters. Unlike a single bowtie that is sensitive to
the polarization along its principal axis (C2 rotational sym-
metry) only, a double bowtie features a C4 rotational sym-
metry and therefore confines both parallel and perpendicu-
lar polarizations. For that, circularly polarized light with a
wavelength range of λ = 400 nm–1500 nm is chosen for illu-
mination, which efficiently excites both the horizontal and ver-
tical components of the structure. The optical properties of
gold are taken from Palik [41], and the refractive index of the
nanodiamond is chosen to be n= 2.4 at λ= 660 nm [42]. The
electric field intensity in the microantenna gap is then recorded
numerically as a function of wavelength to identify the antenna
resonance.

Antennas were made of pure gold deposited on a gold
film. In the results of FDTD simulations, it can be seen, that
the gold antenna can be tuned to have a good mode overlap
with the SiV center PL emission. While in practice the gap
size was predefined by the spatial dimensions of the nanodi-
mond, the antenna design was simulated for different gap sizes
(figure 3(b)). As expected, the smaller the gap size g the larger
the electric field intensity. Therefore we opted for the afore-
mentioned technical lower limit of the gap size of 150 nm.
The shift σ of the emitter within the antenna has a negli-
gible effect figure 3(c)). With the gap size fixed, the thickness
t of the antenna structure has a strong impact on the reson-
ance wavelength of the antenna (figure 3(d)). Contrarily, the
side length L of the antenna triangles only affects the electric
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Figure 3. (a) Schematic of a double bowtie microantenna (on gold substrate) with side length L, thickness t and gap g. Adapted with
permission from [39]. CC BY-NC-ND 3.0 (b)–(e) FDTD simulations to characterize the double bowtie microantenna. Recorded electric
field intensity in the gap as a function of the design parameters: (b) the gap size g between opposite antenna arms; (c) the shift σ of the
emitter from the center of the antenna gap; (d) the thickness t of the antenna; (e) the side length L of the antenna triangles. For the FDTD
simulations shown in this figure, one of the mentioned parameters is varied, while the others are fixed at g= 150 nm; material = gold;
t= 60 nm; s= 2 µm; σ = 0.

field intensity and not the resonance wavelength (figure 3(e)).
The final design parameters for the antennas were chosen to
have a gap of g= 150 nm, a side length of L= 2 µm, and
a thickness of t= 60 nm (see figure 3(a)). Further calcula-
tions show that the absorption cross section of our antenna
structure is 0.46 µm2, which is comparable to similar plas-
monic antenna designs reported in the literature [43–46]. Upon
excitation with incident light, an intense electromagnetic hot-
spot is formed in the microantenna gap, which is expected

to excite a nanodiamond containing SiV centers aiming for
enhanced fluorescence emission. The spectrum is shown in
figure 4 where we observe two peaks: an intense peak at a cen-
ter wavelength of 739 nm, exhibiting a large overlap with the
SiV center emission wavelength at 738 nm, and an additional
mode at a shorter wavelength (λ= 710 nm). The resonance
spectrum of the antenna alone shows only one peak at 739 nm.
Thus, the additional peak is attributed to the presence of the
nanodiamond.
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Figure 4. Electric field intensity as a function of wavelength in the
gap of a double bowtie microantenna without a nanodiamond
(dotted line) and with a nanodiamond (dotted line). Geometrical
parameters of the studied antenna: gap g= 150 nm, side length
L= 2 µm, thickness t= 60 nm.

Figure 5. Electric field emitted by an SiV center placed on an
iridium substrate (black line) and inside the double bowtie
microantenna (red line) as a function of the position x (nm) with
respect to the center of the antenna gap. A dipole source emitting at
a wavelength of 739 nm is placed at the center of the studied antenna
(gap g= 150 nm, side length L= 2 µm, thickness t= 60 nm).

Additional simulations were conducted to demonstrate that
the proposed antenna structure is capable of enhancing the
emission of SiV centers when placed in the gap. To achieve
this, the electric field was measured for a dipole emitter placed
on an iridium substrate and compared to the electric field emit-
ted by the dipole positioned at the center of the antenna. The
results are shown in figure 5 where we can see a clear enhance-
ment of the electric field emitted by the dipole.

The structures were then fabricated by electron beam
lithography. A 200 nm layer of polymethyl methyl acrylate

(PMMA) is first spin-coated on a sample containing a 60 nm
gold layer evaporated on a silicon substrate. A conductive
polymer is spin-coated to ensure that no charging effect occurs
on the surface. This is followed by e-beam exposure to engrave
the desired design on the substrate. Subsequently, the sample is
immersed in water to remove the conductive layer, and is then
dipped in a methyl isobutyl ketone MIBK solvent followed
by isopropanol to remove the exposed areas of the PMMA. A
60 nm layer of gold is then evaporated on the sample. This is
followed by a ‘lift-off’ procedure where the sample is dipped
in acetone for 2 h to remove the unexposed regions, resulting
in the desired designed pattern, as shown in figure 6(a). An
SEM image of the fabricated gold double bowtie antennas is
shown in figure 6(b).

4. Nanodiamond manipulation—pick-and-place
technique

After the nanodiamond was pre-selected to exhibit a nar-
row linewidth and high count rate emission, as described in
section 2, nanodiamond manipulation was performed by the
pick-and-place technique, which allows us to transfer nanodia-
monds to the sample containing the microantenna structures
with the help of a nanomanipulator (schematic in figure 7(a)).
A nanomanipulator with a tungsten tip (Kleindiek model
MM3A-EM; sharpened by a focused ion beam to a radius of
curvature = 100 nm) is incorporated inside an SEM (Helios
Nanolab600, FEI), operated at 1 kV acceleration voltage to
avoid beam damage to the color centers. This allows us to
visualize and manipulate the nanodiamonds at the same time.
The two samples, one containing 100 nm nanodiamonds on
an iridium substrate, and the other one with the gold antennas,
are placed inside the SEM. The tip is approached to the surface
and gets in contact with the desired pre-characterized nanodia-
mond. Due to adhesion forces between the tip and the nanodia-
mond, the latter sticks to the tip as shown in figure 7(b). The
tip is then moved to the second sample, carefully approaching
the gap of the target microantenna. When the nanodiamond
touches the surface, adhesion forces between the nanodiamond
and the surface result in separation from the tip and precise
placement in the antenna gap, as demonstrated in figure 7(c)
(the nanodiamond has been colored blue for better visibility in
the figure).

The PL spectrum of the nanodiamond in the antenna is
measured to identify the effect of themicroantenna on its emis-
sion. The result is presented in figure 8(a). A λ= 710 nm
long-pass filter is used to eliminate any signal from the laser
excitation.

We use a polycrystalline nanodiamond hosting several SiV
centers. Therefore, the measured PL intensity stems from SiV
centers randomly oriented along different axes. Hence also the
SiV centers’ dipole orientations are unknown. Due to the pick-
and-place process, the probability that the nanodiamond is ori-
ented in exactly the same orientation before and after transfer
to the antenna is negligible. As we excite the SiV with lin-
early polarized light, we must expect that the excitation effi-
ciency is different before and after transfer [47, 48]. While
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Figure 6. (a) Schematic of the production process of the gold antenna structure using e-beam lithography (not to scale). Step 1: A PMMA
mask is placed on a sample containing a 60 nm gold layer on a silicon substrate, followed by e-beam exposure. Step 2: Deposition of 60 nm
of gold. Step 3: Lift off to remove the unexposed areas of the PMMA, resulting in a gold antenna structure on silicon. (b) SEM image of a
gold double bowtie microantenna on a gold substrate with target values of g= 150 nm and L= 2 µm. The actual values obtained after
fabrication are indicated in the picture.

Figure 7. (a) Schematic of the pick-and-place technique for nanodiamond manipulation. SEM images of the (b) nanodiamond (in blue)
stuck to the tip and lifted off the substrate (c) nanodiamond deposited in the microantenna gap.

it is possible to rotate the polarization of the incoming light
beam and therefore account for differences of the SiV cen-
ter dipole orientation in the plane orthogonal to the excitation
beam, our current setup does not allow to access differences
along the axis of the incoming beam. An excitation scheme
utilizing polarization-tailored light to most effectively excite
a single SiV dipole independently of its orientation in space
permits to overcome the difficulties regarding the polariza-
tion. Furthermore, the antenna is sensitive to the polarization
of the PL light stemming from the SiV center, which should
be enhanced. Here the same issues as above apply: the exact
polarization state cannot be aligned after transfer. We deduced
a lower limit accounting for technical imperfections on the

measured intensity increase of the recorded PL of 1.55± 0.05
as compared to the nanodiamond located on an iridium sur-
face. Comparing this value to to the simulation results shown
in figure 5 suggests that mentioned polarization issues have a
big impact on the measurement.

In addition to the SiV center zero-phonon-line peak at
738.55 nm another peak at a lower wavelength of 726 nm
emerges, which is attributed to the antenna resonance mode.
To verify this, we convolute the experimental PL spectrum of
the nanodiamond measured before placing it in the microan-
tenna gap region figure 2 with the intensity spectrum of the
microantenna obtained by simulations (figure 4). The result is
given in figure 8(b), which is in good agreement with the peak
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Figure 8. (a) Experimental PL spectrum of the nanodiamond after
placing it in the microantenna., (b) convolution of the experimental
PL spectrum of the nanodiamond with the simulated resonance
spectrum of the microantenna.

in figure 8(a), confirming that indeed the extra peak is due to
the antenna resonance. This is in accordance with antenna sim-
ulations where the geometry of the gap is modified [39] and
experiments showing the tuning of a plasmonic antenna with
a dielectric nanocrystal [49].

5. Conclusion

In this work, we presented the successful integration of SiV
centers in diamond to plasmonic antenna structures. This was
achieved by the pick-and-place technique, which was used to
transfer a single nanodiamond with SiV centers to the gap
of a double bowtie antenna. Optical characterization, sample
fabrication as well as numerical FDTD simulations were per-
formed to study the plasmonic structures and hybrid systems.
An outstanding agreement was shown between the FDTD sim-
ulations of the hybrid system and the PL measurement of the
nanodiamond in the antenna gap. Further work including life-
time and polarization measurements is necessary to give an

accurate description of the emission enhancement of the nan-
odiamond. In addition, the success of the utilized nanomanip-
ulation highlights its potential for interfacing antenna struc-
tures and quantum emitters with high precision. Additional
future steps will include, but are not limited to saturation and
second- order correlation measurements to probe single SiV
centers, and consequently quantify the exact Purcell enhance-
ment imposed by the antenna on a single photon emitter.
Moreover, at the moment we are working on an excitation
scheme utilizing polarization-tailored light to most effectively
excite a single SiV dipole independently of its orientation in
space. This tuned excitation promises to amplify the enhance-
ment. We conclude that careful optimization of various para-
meters such as the geometry of the antenna, its material, and
the position of the emitter in the gap, enables flexible tuning
of the resulting PL spectrum of the nanodiamond, which can
be adjusted according to the desired application.
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