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Abstract

Light extraction from silicon (SiV) and nitrogen (NV) vacancy diamond color centers coupled to plasmonic silver and gold
nanorod dimers was numerically improved. Numerical optimization of the coupled dipolar emitter—plasmonic nanorod dimer
configurations was realized to attain the highest possible fluorescence enhancement by simultaneously improving the color
centers excitation and emission through antenna resonances. Conditional optimization was performed by setting a criterion
regarding the minimum quantum efficiency of the coupled system (cQF) to minimize losses. By comparing restricted symmetric
and allowed asymmetric dimers, the advantages of larger degrees of freedom achievable in asymmetric configurations was
proven. The highest 2.59 x 10% fluorescence enhancement was achieved with 46.08% cQOF via NV color center coupled to an
asymmetric silver dimer. This is 3.17-times larger than the 8.19 x 107 enhancement in corresponding symmetric silver dimer
configuration, which has larger 68.52% ¢QE. Among coupled SiV color centers the highest 1.04 x 10® fluorescence enhancement
was achieved via asymmetric silver dimer with 37.83% cQE. This is 1.06-times larger than the 9.83 x 10’ enhancement in
corresponding symmetric silver dimer configuration, which has larger 57.46% cQE. Among gold nanorod coupled configurations
the highest fluorescence enhancement of 4.75 x 10* was shown for SiV color center coupled to an asymmetric dimer with 21.8%
cQE. The attained enhancement is 8.48- (92.42-) times larger than the 5.6 x 10° (5.14 x 10%) fluorescence enhancement achievable
via symmetric (asymmetric) gold nanorod dimer coupled to SiV (NV) color center, which is accompanied by 16.01% (7.66%) cQE.

Keywords Localized surface plasmon resonance - Nanorod dimer - Diamond vacancy center - Fluorescence enhancement -
Numerical configuration optimization

Introduction

Improvement of photonic structures including single-photon
emitters is crucial both in fundamental research and in various
application areas of integrated photonic elements such as mag-
netic sensing and quantum information processing (QIP)
[1-4]. Promising single-photon emitters for QIP applications
are the nitrogen (NV) [5-7] and silicon (SiV) [8—11] vacancy
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diamond color centers due to their strong zero-phonon lines
(ZPL) in the visible and in the near-infrared regions, respec-
tively, which are accompanied by stable electron spin detect-
able even at room temperatures. SiV color centers are unique
due to their narrow ZPL, which makes them particularly im-
portant for specific applications.

The phenomenon of well-known localized surface plasmon
resonance (LSPR) occurs, when the light resonantly couples
into the conductive electrons collective oscillation accompa-
nied by volume charge accumulation in metal nanoparticles
[12—14]. The E-field of localized plasmon modes is enhanced
and confined inside regions significantly smaller than the ex-
citation wavelength, which results in the modification of local
density of states (LDOS) as well at the resonance frequency.
As a result the fluorescent light emission can be enormously
enhanced via plasmonic nanostructures, as it is proven by
several examples in the literature [15-17]. To achieve the
highest possible fluorescence enhancement the most efficient
approach is the simultaneous improvement of the excitation
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and emission phenomenon [18, 19]. The emitter may couple
the fluorescence light into the LSPR of a nearby metal particle,
which can reradiate this energy with significantly improved
efficiency and directivity due to its resonant antenna proper-
ties [19—24]. The enhancement of LDOS is much larger inside
the nanogap between two plasmon resonant nanoparticles,
e.g., noble metal spheres, ellipsoids, rods, tips, and cubes, than
in the proximity of a single plasmonic nanoparticle [25-30].
Accordingly, the excitation rate of a diamond color center
located in a dimer nanogap can be considerably enhanced.
In addition to this, the hybridization of surface plasmons sup-
ported by the composing individual particles can also lead to
various coupled modes depending on interaction geometry,
which can promote larger fluorescence enhancement [29-32].

In a homogeneous environment the transition rate of NV
color centers is in the interval of 1/12—1/22 ns™' [5, 33], while
the transition rate of SiV is in the order of 1/1 ns™ [10, 33]. The
decay rate of these color centers can be also improved in an
inhomogeneous environment due to the Purcell effect [29,
34-39]. Moreover, spectral line-width narrowing [40] as well
as resolution enhancement in microscopy [41, 42] can be
achieved.

The importance of optimal emitter-plasmonic nanoantenna
coupling configuration has already been recognized in previ-
ous studies [24, 27, 30, 38]. However, most of the experimen-
tal works on diamond demonstrate only moderate color center
fluorescence improvement caused by the mismatch of the
scattering cross-section peak of the nanoparticle systems and
the ZPL [29]. The concept of our present study is that to fully
exploit the capabilities of LSPR on noble metal nanoparticle
dimers in diamond color center fluorescence improvement,
adjoint geometry, and illumination direction optimization is
required. Accordingly, in this paper the nanorod dimer con-
figurations, i.e., geometrical parameters and illumination con-
ditions are numerically optimized to enhance the fluorescence
of NV and SiV diamond color centers.

Methods

To realize conditional coupled emitter—plasmonic nanoparti-
cle configuration optimization, a special numerical methodol-
ogy was developed based on the radio frequency module of
the commercially available COMSOL Multiphysics software.
The conditional optimization methodology and the implemen-
tation of the GLOBAL optimization algorithm is described in
our previous works [38, 43, 44]. Similarly to the optimization
of single color center—single nanorod coupled systems [38],
the color centers were modeled as pure electric point dipoles
embedded into a bulk diamond dielectric medium, but in pres-
ent study, this medium surrounds not a singlet but a dimer of
metal nanorods, and both of them is composed of two semi-
spheres connected by a cylinder. To study the near-field
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phenomena and the far-field optical response of the single
color center coupled to the noble metal nanorod dimer, scat-
tering boundary condition was applied and the model was
enclosed by a spherical PML layer. The minimum mesh size
of 0.3 nm was applied inside a tiny bag, which was artificially
created to read out the dipole response.

The effect of dimer coupling on the optical response of the
color center is traditionally characterized via the emitter’s
Purcell factor, which in case of the special coupled system
is the ratio of dipole powers emitted in presence of the nano-
rod dimer (P°™) and in vacuum (P,"41¥¢) [29-35];:

total Pradiative 4 Pnon—radiative

Purcell factor = pradiative = pradiative : (1)
0 0

The coupled color center—nanorod dimer system’s radia-
tive rate enhancement (0R) is specified as the power radiated
into the far-field (P*°) in presence of nanorod dimer di-
vided by the dipole power emitted in vacuum:

Pradiative
OR = Poradiative ’ (2)
and the coupled color center—nanorod dimer system’s quan-
tum efficiency (QF) is the ratio of the R radiative rate en-
hancement (Eq. (2) and of the Purcell factor (Eq. (1):

R
"~ Purcell factor’

QE (3)

The value of QF was corrected by taking into account the
intrinsic 10 and 90% QE), of SiV and NV color centers during
a post-processing in order to determine the cQFE corrected
quantum efficiency of the coupled color centers:

R
cQE =

o5 (@

0

1
Purcell factor +

According to reciprocity theorem, the excitation enhance-
ment can be treated as the emission enhancement, namely the
analogous Purcell factor, R, and QF quantities describe the
system of a dipolar color center coupled to metal nanorod
dimer but emitting at the wavelength of excitation. The emis-
sion was qualified by the transition rate modification and the
improved directivity as well (Tables S1-S3) [19, 24, 45, 46].

The selected objective function of the numerical optimiza-
tion was the product of dR radiative rate enhancements at the
excitation and emission wavelengths, since this so-called Py
factor describes the complete color center fluorescence en-
hancement. In many QIP applications, high QF quantum effi-
ciency of the coupled systems is essential; hence, multi-step
conditional optimizations were realized to achieve the highest
P, factor by setting gradually increasing criteria regarding the
minimum cQF corrected quantum efficiency that has to be
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reached at the emission wavelength. Dimers made both of
gold and silver were studied, by defining their dielectric prop-
erties inside the noble metal nanorods. The geometrical pa-
rameters that were varied during numerical optimization in-
clude the nanorod short and long axis, which were tuned in
[13—158 nm] and in an offset [15-160 nm] intervals, respec-
tively, while the nanorod dimer nanogap was varied in [4—
20 nm] interval. While simulating NV coupling the dipolar
emitter deposited into the center of the dimer gap had a tran-
sition dipole moment parallel to the axis defined by the long
axes of nanorods. In contrast, while simulating SiV coupling
the two dipoles corresponding to excitation and emission were
rotated to +/—45° with respect to the dimer axis according to
their perpendicularity, to ensure balanced contribution of the
excitation and emission enhancement phenomena to the fluo-
rescence improvement qualified by the Py factor [9, 10].

Results

First the symmetry of the components in nanorod dimers was
demanded then the optimization was repeated by allowing
different geometrical parameters for the nanorod components
in asymmetric dimers. To determine the optical response, the
complete JR radiative rate enhancement spectra were deter-
mined between 500 and 800 nm. Then the surface charge and
near-field distribution, as well as the far-field radiation pattern
[20, 23], namely the angular distribution of the emitted power,
was inspected at the excitation and emission wavelengths to
reveal the underlying nanophotonics. In the main text, the
optimized configurations corresponding to the highest achiev-
able Py factor are presented regardless the accompanying
cQE. Data on the geometrical properties and optical responses
of these optimized systems (Online Resource, Tables S1-S3),
the transition rate and directivity achieved via the optimized
configurations exhibiting the highest Py factor, as well as fur-
ther information on configurations determined by optimiza-
tion with different ¢QF criteria are provided in a
Supplementary Material (Online Resource, Figs. S1-S4,
Tables S1-S3).

SiV Color Center Coupled to Symmetric Nanorod
Dimers

In the optimized configuration of SiV color center coupled to
symmetric silver nanorod dimers, the components are elon-
gated (Online Resource, Table S1). On the Purcell (QF) spec-
trum a local maximum is slightly detuned from the excitation
wavelength, while the global maximum coincides with (is
detuned above) the emission wavelength (Fig. 1a).

Both the excitation and emission phenomena are signifi-
cantly enhanced; however, the local maximum in dR radiative
rate is slightly more detuned from the excitation, than from the

emission wavelength. The achieved 3.36 x 10° and 2.93 x 10*
OR radiative rate enhancements with 7.2 and — 3.6 nm
detuning at the excitation and emission wavelength result in
9.83 % 107 Py factor, and the coupled color center exhibits
57.46% cQE.

At the excitation wavelength the 2 x \/2 type volume
charge distribution on both composing silver nanorods is ac-
companied by a strong parallel surface dipole, while at the
emission wavelength a more commensurate parallel surface
dipole accompanies the 1 x \/2 antenna resonances (Fig. 1b,
¢). The dipolar emitter corresponding to SiV center is effi-
ciently coupled both at the excitation and emission wave-
length according to the regular dipolar far-field pattern per-
pendicular to the dimer axes (Fig. 1d). The SiV fluorescence is
enhanced via coupling to second and first order antenna
modes on the silver nanorods in the symmetric dimer at the
excitation and emission wavelength, respectively. The transi-
tion rate is enhanced up to 1/0.2 ps™', the achieved directivity
is 7.21 at the emission, and the emission occurs perpendicu-
larly to the dimer axis (Fig. 1 and S1).

The optimization of symmetric gold nanorod dimers with
the same criteria resulted in a coupled color center—dimer
configuration consisting of slightly less elongated
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Fig. 1 Optical response of a SiV color center coupled to symmetric
nanorod dimer. a Purcell factor, quantum efficiency (QF) and radiative
rate enhancement (JR) spectra. b, ¢, e, f Surface charge and near-field
distribution on a logarithmic scale in arbitrary units, b, e at excitation and
¢, f at emission d, g far-field radiation pattern; b, ¢, d silver and e, f, g gold
dimer (in g the power at excitation (emission) is multiplied by 4 (4000) to
improve visibility)
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components (Online Resource, Table S1). On the Purcell
spectrum the global maximum is well above the excitation
wavelength, while a local maximum almost coincides with
the emission wavelength (Fig. 1a). The OF quantum efficien-
cy is relatively low at the excitation, but gradually increases
towards the emission wavelength.

On the R spectrum one single peak is noticeable, which is
tuned to the emission wavelength. The achieved 1.12 and
5.00 x 10° 0R radiative rate enhancements with 72.2 and —
3.6 nm detuning at the excitation and emission wavelength
result in 5.60 x 10° P, factor, and the coupled color center
exhibits 16.01% cQE.

At the excitation wavelength the symmetric nanorod dimer
does not show a coupled resonance, since at the nanogap only
a weak localized surface dipole is recognizable (Fig. le).
Accordingly, a weak near-field enhancement is recognizable
around the nanorods and an anomalous dipolar far-field pat-
tern aligned along the dimer axis is observable (Fig. 1g). At
the emission wavelength on both composing gold nanorods,
1 x \/2 dipolar volume resonance appears, which is accompa-
nied by a parallel localized surface dipole (Fig. 1f). The effi-
cient emitter—dimer coupling results in a regular dipolar far-
field pattern perpendicularly to the dimer axis (Fig. 1g). The
SiV emission is enhanced via coupling to first order antenna
modes on the gold nanorods in the symmetric dimer. The
transition rate is enhanced to 1/0.32 ps'l, the achieved direc-
tivity is 6.35, and the emission occurs perpendicularly to the
dimer axis (Fig. 1 and S1).

Comparison of the symmetric silver and gold nanorod di-
mer coupled SiV systems shows that via silver the radiative
rate enhancement is 1.76 x 10*-times better, with 10-times
smaller (the same) detuning at the excitation (emission)
wavelength.

SiV Color Center Coupled to Asymmetric Nanorod
Dimers

When different geometrical parameters are allowed for the
components of the nanorod dimer, the optimization procedure
results in a strongly asymmetric silver nanorod dimer config-
uration (Online Resource, Table S2). On the Purcell factor
(QF) spectrum a local maximum appears, which is close to
(coincides with) the excitation wavelength, while the emission
wavelength almost coincides again with one of the (is far from
two neighboring) resonance peaks (Fig. 2a). The JR radiative
rate enhancement spectrum shows that the excitation and
emission phenomenon is significantly enhanced via reso-
nance, which results in a local and global maximum, respec-
tively. The achieved 3.00 x 10° and 3.47 x 10* 6R radiative
rate enhancements with 0.0 and 0.8 nm detuning at the exci-
tation and emission wavelength result in 1.04 x 10° P, factor,
and the coupled emitter exhibits 37.83% cQE.
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At the excitation wavelength, a charge distribution corre-
sponding to 2 x \/2 (1 x A/2) volume resonance appears on
the larger (smaller) silver nanorod, which is locally enhanced
by a parallel surface dipole at the dimer nanogap (Fig. 2b). At
the emission wavelength, a charge distribution corresponding
to an antiparallel 1 x \/2 volume resonance is observable on
both silver nanorods with a reversing localized surface dipole
at the dimer nanogap (Fig. 2c). According to the efficiently
coupled emitter-dimer, regular dipolar far-field pattern is ob-
servable at both wavelengths perpendicularly to the silver
nanorod dimer axis, which has a strongly and slightly asym-
metrical scattering distribution at excitation (emission) wave-
length (Fig. 2d). In case of the asymmetric silver dimer, the SiV
fluorescence is enhanced via coupling to co-existent second
and first order antenna modes on the large and small nanorod
at the excitation wavelength and to first order antenna modes
on both nanorods at the emission wavelength. The rate is en-
hanced up to 1/0.11 ps™', the achieved directivity is 5.1, and the
emission occurs at 64.8° with respect to the dimer axes, namely
slightly towards the smaller nanorod (Fig. 2 and S2).

The gold nanorod dimer optimization performed by
allowing different geometrical parameters for the components
resulted in a strongly asymmetric configuration (Online
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Fig. 2 Optical response of a SiV color center coupled to asymmetric
nanorod dimer. a Purcell factor, quantum efficiency (QF), and radiative
rate enhancement (JR) spectra. b, e, ¢, f Surface charge and near-field
distribution on a logarithmic scale in arbitrary units, b, e at excitation and
¢, f at emission, d, g far-field radiation pattern; b, ¢, d silver and e, f, g
gold dimer (in g the power at excitation (emission) is multiplied by 4
(400) to improve visibility)
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Resource, Table S2). On the Purcell factor spectrum one
broad local resonance is detuned above the excitation wave-
length, while the narrower global maximum almost coincides
with the emission wavelength (Fig. 2a). No local maximum is
observable on the QF spectrum at the excitation wavelength
and the emission is on the side of a broad global OF maxi-
mum. On the JR radiative rate enhancement spectrum, a local
maximum appears far from the excitation wavelength; how-
ever, the global maximum is tuned close to the emission wave-
length. The achieved 5.97 and 7.95 x 10° 6R radiative rate
enhancements with — 5.2 and 0.6 nm detuning at the excitation
and emission wavelength result in 4.75 x 10* P, factor, and
the coupled color center exhibits 21.80% cQE.

At the excitation wavelength, a weak surface dipole appears
at the dimer nanogap, while no significant near-field enhance-
ment arises on either of the gold nanorods, which indicates an
off-resonant configuration (Fig. 2e). Accordingly, the anoma-
lous far-field pattern, which is aligned along the dimer axis, is
determined only by the uncoupled emitter and indicates an
asymmetrical scattering distribution defined by the asymmetry
of the gold nanorod dimer (Fig. 2g). At emission wavelength
both nanorods exhibit strong resonance in 1 x A\/2 volume
mode. Furthermore, a reversal dipolar charge distribution de-
velops on the coupled nanorods, in addition to this a localized
surface dipole is also observable at the dimer nanogap, which is
parallel to that on the larger nanorod (Fig. 2f). The regular
dipolar far-field radiation pattern corresponds to an efficiently
coupled system, which emits throughout a wide polar angle
region. The SiV emission is enhanced via coupling to first order
antenna modes on both nanorods in the asymmetric gold dimer.
The transition rate is enhanced up to 1/0.27 ps™', the achieved
5.1 directivity equals to that of the asymmetric silver nanorod
dimer, and the emission occurs at 79.2°, again slightly towards
to the smaller nanorod (Fig. 2 and S2). Comparison of the
asymmetric silver and gold nanorod dimer coupled SiV sys-
tems shows that 2.19 x 10°-times better radiative rate enhance-
ment is achievable via silver, with amended (1.33-times larger)
detuning at the excitation (emission) wavelength.

NV Color Center Coupled to Symmetric Nanorod
Dimers

When the fluorescence of NV color center coupled to sym-
metric silver dimer is improved, the optimized configuration
consists of sphere-like nanorods (Online Resource, Table S1).
On the Purcell factor spectrum, a narrow coincident resonance
peak is observable at the excitation wavelength, while the side
of a broader resonance peak enhances the emission phenom-
enon (Fig. 3a). The excitation is on the side of a high OF
resonance, while the emission wavelength is in between a
broad local and the global OF maximum.

On the JR radiative rate enhancement spectrum, a local
maximum is tuned to (strongly detuned from) the excitation
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Fig. 3 Optical response of an NV color center coupled to symmetric
nanorod dimer. a Purcell factor, quantum efficiency (QF), and radiative
rate enhancement (JR) spectra. b, ¢, e, f Surface charge and near-field
distribution on a logarithmic scale in arbitrary units, b, ¢ at excitation and
e, f at emission, d, g far-field radiation pattern; b, ¢, d silver and e, f, g
gold nanorod dimer (in a the Au excitation signal is multiplied by 20 and
in g the power at excitation (emission) is multiplied by 40 (4000) to
improve visibility)

(emission) wavelength. The achieved 1.06 x 10* and 7.70 x
10% 6R radiative rate enhancements with 1.8 and —32.2 nm
detuning at the excitation and emission wavelength result in
8.19x 10" P, factor, and the coupled color center ex-
hibits 68.52% cQEF.

The excitation phenomenon is enhanced via strong
1 x \/2 antiparallel antenna resonances on both compos-
ing nanorods, which volume resonances are accompanied
by a strong and confined reversing surface dipole at the
dimer nanogap (Fig. 3b). The emission phenomenon is
enhanced via a weak 1 X \/2 resonance, parallel volume
resonance appears on both composing nanorods, which is
accompanied by a relatively stronger parallel surface di-
pole at the dimer nanogap (Fig. 3c). The uniquely stron-
ger excitation enhancement is indicated by the larger
lobes of the regular dipolar far-field pattern; however,
the emission occurs into a relatively broader polar angle
region through a regular dipolar far-field pattern (Fig. 3d).
The NV fluorescence is enhanced via strong and weak
coupling to first order antenna modes on the nanorods in
the symmetric silver dimer at the excitation and emission
wavelength, respectively. The transition rate is enhanced
up to 1/2.18 ps™', the achieved directivity is 6.04, and the
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emission occurs perpendicularly to the dimer axis (Fig. 3
and S3). Symmetric silver nanorod dimer coupling makes
it possible to attain 0.83-times smaller Py factor for NV
than for SiV color center with 4-times smaller and 8.94-
times larger detuning at the excitation and emission wave-
length, respectively.

The optimization of the symmetric gold nanorod dimer
with the same criteria resulted in a strongly elongated
nanoantennas compared to all previous optimized config-
urations (Online Resource, Table S1). The Purcell factor
spectrum indicates that the excitation wavelength is well
before the global resonance maximum, the emission is in
between two local resonance maxima, while only a small
local QF maximum appears at the emission wavelength
(Fig. 3a).

The emission phenomenon is enhanced more signifi-
cantly; however, the global maximum on the JR radiative
rate enhancement spectrum is at a noticeably larger wave-
length, than the NV emission. The resulted 0.45 and
4.75 % 10% 6R radiative rate enhancements with 83 and
6.8 nm detuning at the excitation and emission wave-
length result in 2.14 x 10% P, factor, and the coupled color
center exhibits very low 1.19% cQE.

The excitation phenomenon is enhanced by a weak
surface dipole at the nanogap of the nanorod dimer (Fig.
3e). There is no significant near-field enhancement on
either of the gold nanorods. According to the weakly
coupled emitter-dimer configuration the far-field radiation
is also weak; however, it exhibits a regular dipolar char-
acteristics (Fig. 3g). The emission phenomenon is en-
hanced via a 3 x \/2 antenna resonance on both compos-
ing gold nanorods, in addition to these volume resonances
the E-field is strongly enhanced around the interfacial
segments by the surface dipole at the dimer nanogap
(Fig. 3f). Accordingly, the resonance is accompanied by
a much stronger near-field enhancement around the gold
nanorods and by a regular dipolar far-field radiation pat-
tern perpendicular to the dimer axis, which indicates a
much stronger enhancement than at the excitation. The
NV emission is enhanced via coupling to third order an-
tenna modes on the composing nanorods in the symmetric
gold dimer. The transition rate is enhanced to 1/0.61 ps™,
the achieved directivity is 6.63, and the emission occurs
again perpendicularly to the dimer axis (Fig. 3 and S3).
Symmetric gold nanorod dimer coupling allows to attain
0.04-times smaller P, factor for NV, than for SiV with
1.15- and 1.89-times larger detuning at the excitation
and emission wavelength, respectively.

Comparison of the symmetric silver and gold nanorod
dimer coupled NV systems shows that via silver the fluo-
rescence enhancement is 3.83 x 10°-times better and
46.11-times smaller (4.74-times larger) detuning is
achievable at the excitation (emission) wavelength.
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NV Color Center Coupled to Asymmetric Nanorod
Dimers

The optimization performed by allowing different geo-
metrical parameters for the components of a silver dimer
coupled to NV center systems resulted in a strongly asym-
metric nanorod dimer configuration (Online Resource,
Table S2). Local Purcell factor (QF) resonance peak is
tuned to (detuned from) the excitation and coincides with
emission wavelength (Fig. 4a).

The JR radiative rate spectrum indicates that the excitation
and emission phenomenon is enhanced simultaneously. A lo-
cal (the global) maximum on the JR radiative rate spectrum
coincides with the excitation (emission) wavelength. The
achieved 9.00 x 10° and 2.88 x 10* §R radiative rate enhance-
ments with 1 and —0.4 nm detuning at the excitation and
emission wavelength result in 2.59 x 108 Py factor, and the
coupled color center exhibits 46.08% cQE.

On the optimized asymmetric silver nanorod dimer, the
charge distribution at the excitation wavelength
exhibits 2 x \/2 quadrupolar volume—parallel dipolar sur-
face—1 x A/2 dipolar volume modes, which are accompa-
nied by a quadrupolar far-field radiation pattern (Fig. 4b,
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Fig. 4 Optical response of an NV color center coupled to asymmetric
nanorod dimer. a Purcell factor, quantum efficiency (QF) and radiative
rate enhancement (JR) spectra. b, ¢, e, f Surface charge and near-field
distribution on a logarithmic scale in arbitrary units, b, e at excitation and
¢, f at emission, d, g far-field radiation pattern, b, ¢, d silver e, f, g gold
nanorod dimer (in a signal of Au at excitation is multiplied by 10 and in g
the power is multiplied by 8 and 40,000 to improve visibility)
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d). The charge distribution at the emission exhibits 1 x \/2
dipolar volume—parallel dipolar surface—1 x A\/2 dipolar
volume modes, while also the near-field shows that only
the smaller silver nanorod is strongly resonant (Fig. 4c).
The regular dipolar far-field radiation pattern perpendicu-
larly to the dimer axis indicates efficient emitter-dimer
coupling. The NV fluorescence is enhanced via coupling
to co-existent second and first order modes on the larger
and smaller nanorod at the excitation wavelength and via
first order antenna modes at the emission wavelength in
case of the asymmetric silver dimer. The transition rate is
enhanced to 1/0.39 ps™', the achieved directivity is 5.63,
and the emission occurs at 79.2° with respect to the dimer
axis, i.e., slightly towards the smaller nanorod of the
asymmetric silver dimer (Fig. 3 and S3). Asymmetric sil-
ver nanorod dimer coupling makes it possible to achieve
2.49-times larger Py factor for NV, than for SiV with 10-
times larger and 2-times smaller detuning at the excitation
and emission wavelength, respectively.

The optimization performed by allowing different geomet-
rical parameters for the components resulted in a strongly
asymmetric gold nanorod dimer configuration (Online
Resource, Table S2). Based on the Purcell factor spectrum
neither the excitation nor the emission wavelength is coinci-
dent with a resonance (Fig. 4a). No local QF maximum ap-
pears at the excitation wavelength; however, the global OF
maximum is almost perfectly tuned to the emission
wavelength.

Accordingly, no resonance peaks appear on the JR spectra
around the excitation and significant enhancement is observ-
able only at the emission wavelength. The achieved 0.19 and
2.68 x 10° 6R radiative rate enhancements with 118.8 and
1.8 nm detuning at the excitation and emission wavelength
result in 5.14 x 10* P, factor, and the coupled color center
exhibits 7.66% cQE.

At the wavelength of excitation only a surface dipole is
observable at the nanogap of the asymmetric gold dimer
(Fig. 4e). No significant near-field enhancement occurs,
the regular dipolar far-field radiation pattern is determined
by the coupled emitter with a slightly asymmetrical scat-
tering distribution defined by the spherical nanoparticle
(Fig. 4g). At the emission wavelength on the spherical
nanorod 1 x A/2 dipolar volume—inside the gap parallel
dipolar surface—on the more elongated nanorod 3 x \/2
volume mode is accompanied by a regular dipolar far-
field radiation pattern perpendicular to the dimer axis
(Fig. 4f). The NV emission is enhanced via coupling to
co-existent first and third order antenna modes on the
smaller and larger nanorod in the asymmetric gold dimer,
respectively. The transition rate is enhanced up to
1/0.7 ps'l, the achieved directivity is 6.38, and the emis-
sion occurs at 82.8°, namely slightly towards the nanorod
having a smaller (larger) short (long) axis (Fig. 4 and S4).

Asymmetric gold nanorod dimer coupling allows 0.01-
times smaller P, factor for NV, than for SiV with 22.85-
and 3 times-larger detuning at the excitation and emission
wavelength, respectively.

Comparison of the asymmetric silver and gold nanorod
dimer coupled NV systems shows that via silver the fluo-
rescence enhancement is 5.05 x 10°-times better; however,
118.8- (4.5-) times smaller detuning is achievable at the
excitation (emission).

Conclusion

In conclusion, the restricted symmetric configuration of
the optimized nanorod dimers predetermines the symme-
try of the charge, near-field and resistive heating distribu-
tion on the components. In the allowed asymmetric con-
figurations, the simultaneous excitation and emission en-
hancement is more significant than in symmetric config-
urations due to the larger number of independently tun-
able nanorod parameters. Co-existent antenna modes can
be at play in all asymmetric dimers, these appear at the
excitation wavelength in asymmetric silver dimer coupled
SiV and NV systems, while in case of asymmetric gold
dimer coupled NV system, different modes co-exist at the
emission wavelength. The asymmetric gold dimer coupled
to SiV is the exception, where only uniform modes appear
at the emission wavelength. No resonant modes appear in
any gold dimer coupled color center systems at the exci-
tation wavelength. Accordingly, both the achieved Py
factor and the cQF corrected quantum efficiency is higher
in case of silver nanorod dimers than those achievable via
coupling to gold dimers in all inspected coupled systems.
The highest fluorescence enhancement among the
inspected systems is 2.59 x 10% with 46.08% cQE, which
is achievable via NV color center coupled to an asymmet-
ric silver nanorod dimer. The highest 1.04 x 10® SiV en-
hancement is achieved via coupling to an asymmetric sil-
ver nanorod dimer with 37.83% cQF. Based on these
results, asymmetric silver dimers are proposed for enhanc-
ing both of the SiV and NV color centers. Among gold
nanorod dimers the highest 4.75 x 10* Py factor along
with 21.8% cQE is observable, when SiV color center is
coupled to asymmetric dimer antennas. If the chemically
inert gold is preferred, then asymmetric dimers of gold
nanorods are proposed to enhance the fluorescence.
Apart from asymmetric silver nanorod dimers SiV proved
to be better regarding the achievable fluorescence en-
hancement. SiV color center coupled to gold nanorod di-
mers show one (two) orders of magnitude larger fluores-
cence enhancement, than the NV coupled to gold nanorod
dimers, in symmetric (asymmetric) configurations.

@ Springer
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See supplementary material for detailed information about
the presented configurations as well as data of conditionally
optimized nanorod dimer systems.
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