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Abstract: We report on two orders of magnitude reduction in the fluores-
cence lifetime when a single molecule placed in athin filmis surrounded by
two gold nanospheres across the film interface. By attaching one of the gold
particles to the end of a glass fiber tip, we could control the modification of
the molecular fluorescence at will. We find a good agreement between our
experimental data and the outcome of numerical calculations.
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Spontaneous emission plays a central role in the majority of optical phenomena in our world.
The rate of this process is determined by the radiative decay of the excited state of the emitter
and scales with the second and third powers of its dipole moment and transition frequency, re-
spectively [1]. Because optical emitters have nanometer or subnanometer extensions, the size of
their dipole moments is restricted, giving rise to typical fluorescence lifetimes in the nanosec-
ond range, which is orders of magnitude longer than an optical cycle. This long lifetime and
the correspondingly slow decay restrict the optical power that can be extracted from a single
emitter. To get around this limitation, one can devise schemes for enhancing the spontaneous
emission rate.

After the seminal work of Drexhage more than forty years ago [2], a flurry of theoretical
and experimental works investigated the modification of the spontaneous emission rate in mi-
crocavities [3-5]. The challenge in this approach in achieving very large effects trandates to
the realization of cavities with very high quality factor Q and low mode volume V. Although
optical microcavities have been used in a variety of contexts, their performance is restricted
by two fundamental issues. First, they are at least several micrometers in size because highly
reflective mirrors take some space. Second, high Qs imply narrow resonances, dictating opera-
tion with very narrow-band emitters and the need for highly sensitive frequency tuning. To our
knowledge, the largest cavity-assisted enhancement reported so far amounts to about 60 [6].

Optical nanoantennas provide ideal alternatives for very strong enhancement of spontaneous
emission with subwavelength footprints and broadband response [7]. The main experimental
challenges in this system are the needs for 1) careful and high-quality fabrication of antenna
nanostructures, 2) nanometer precision in positioning the emitter and 3) alignment of its dipole
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moment with respect to the nanoantenna. About a decade ago, we addressed these difficulties
by introducing a scannable nanoantenna, consisting of a single plasmonic nanosphere attached
totheend of adielectrictip[8,9]. The simple and symmetric form of the spherical nano-antenna
and the in-situ nanometric position control provided by scanning probe technology have opened
the door to quantitative measurements and comparison with theory [10-13].

Although a simple gold nanoparticle provides a convenient and powerful model system for
optical antennas, it does not result in very large enhancement effects. Employment of antennas
made of two nanostructure components, on the other hand, promises much larger modifications
of severa orders of magnitude [14,15]. Following the virtues of a scanning probe approach, sci-
entists have placed double-particle antennas at the end of atip [16] and assembled plasmonic
nanoparticlesinto desirable positions surrounding an emitter on asurface [17]. However, previ-
ous efforts confronted the problem that the finite size of the two antenna components prevents
one from overlapping their hot spot with an emitter placed on the sample surface [16]. Asare-
sult, only enhancements up to about ten times have been reported in thisfashion. An alternative
strategy has been to spread molecules on arrays of pre-fabricated antennas [18], followed by
a search for very rare events, where the position and orientation of an emitter suit those of an
antenna. In addition, this approach does not allow oneto vary any of the key parametersfor con-
trol experiments. In this L etter, we combine various features of the above-mentioned techniques
to perform quantitative measurements on single molecules sandwiched between two spherical
gold nanoparticles.

One of the mgjor difficulties in our work has been sample preparation. Figure 1 shows the
schematics of the experimental procedure. We start by colloidal self-assembly onasilicon wafer
followed by evaporation of 30 nm of gold to obtain a hexagonal lattice of gold islands[19]. Af-
ter removing the polymer colloids, we anneal the sample at 1100° C for about 40 minutes to
convert the triangular metallic islands to quasi-spherical features, whereby the diameter of the
latter (110 nm) is controlled by the thickness of theinitial gold deposition and annealing dura-
tion [20]. Next, we cover the gold nanoparticles with PMMA, float the resulting film in water,
flipit and place it on aglass substrate [21]. Thisyields a very flat film, in which the embedded
gold nanoparticles touch the upper surface. The next challenge is to spincoat a thin layer of
p-terphenyl (pT) as a crystalline host for fluorescent terrylene molecules [22]. To protect the
PMMA layer from dissolving during this step, we cover it with about 4 nm of Al,O3 viaatomic
layer deposition.

The resulting structure consists of a hexagona array of gold nanospheres (see Fig. 1(g))
covered with a pT film of about 25 nm, containing a low concentration of single terrylene
molecules. Figure 1(i) illustrates a fluorescence image. In this example, one single molecule
happens to be located on top of one of the gold nanoparticles (marked by the horizontal ar-
row) while another lies away from gold nanospheres (marked by the vertical arrow). To record
this fluorescence image, the sample was illuminated in total internal reflection through an oil-
immersion microscope objective at the wavel ength of 532 nm. Terrylene emission was collected
viathe same objective and detected on a CCD camera or with an avalanche photodiode (APD).
By using a pulsed laser with pulse widths of about 10 ps, we could record the fluorescence
lifetime of the excited state. We remark that even the gold nanoparticles can be seenin Fig. 1(i)
because of their faint fluorescence [23].

Thefluorescence lifetime (7) of terrylenein bulk pT isabout 4 ns[24]. However, the lifetime
is lengthened to 20+ 5 ns for molecules in thin pT films, depending on the exact depth of the
molecule (see curvei in Fig. 2). Thisis because the radiative decay rate of adipole perpendicu-
lar and closeto an interface islowered if the dipoleis placed in the high-index side [25]. In the
language of the local density of states (LDOS), thisis equivalent to alowering of LDOS.

In case of terrylene in pT, the transition dipole moment is tilted by about 15 degrees [22].
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Fig. 1. Various steps for the preparation of an array of gold nanoparticles embedded just
under a dielectric surface. @) An array of gold nanoparticles fabricated via thermal anneal-
ing of atriangular pattern made by colloidal lithography and gold deposition. b) scanning
electron microscope image of a section of the substrate sketched in (a). ¢) Coating with
PMMA. d) Floating of the film on water. e, f) Flipping. g) Atomic Layer Deposition (ALD)
of athin aluminum oxide layer. h) Arrangement of the sample after spin coating a thin
film of pT containing terrylene molecules. i) Fluorescence image showing two terrylene
molecules; one of them lies on top of a gold nanoparticle and is enhanced. j) Arrangement
of the setup including the scanning tip with a gold nanoparticle.

This out-of-plane alignment of the terrylene dipole moment means that it is also oriented ra-
dially with respect to a gold nanoparticle situated under the molecule. In this configuration,
the fluorescence lifetime is shortened [26]. Curveii in Fig. 2 shows a decay curve for asingle
molecule in such a situation, reaching alifetime of 7 = 1.5 ns. This enhanced decay is accom-
panied by an increase of 3 timesin the fluorescence of the molecule as compared to molecules
not coupled to plasmonic structures. It is this small enhancement together with the coinciding
diffraction-limited images of a terrylene molecule and a gold nanoparticle that let us identify
cases, where they lie on top of each other (see Fig. 1(i)). We note in passing that the observed
enhancement isweaker than our previous studies[11,12] by an order of magnitude because here
the nanoparticle is also inside the pT film, where the LDOS is diminished, leading to weaker
scattering and radiation [12, 27].

Once weidentified acase of coupling between amolecule and ananoparticlein the substrate,
we introduced a second gold nanoparticle attached to the end of a glass fiber tip [8], asillus-
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trated in Fig. 1(j). Curveiii in Fig. 2 plots the resulting fluorescence decay with a 1/e time of
7 = 180 ps, which corresponds to a 111-fold reduction of the fluorescence lifetime as compared
to 20 nsfor an unperturbed molecule. Here, we accounted for the finite time resolution of 60 ps
caused by the responsetime of the APD and the laser pulse. To do this, weimpinged laser pulses
on the sample substrate and evaluated their reflection by the bare surface. The shortening of the
lifetime is now accompanied by a fluorescence enhancement. Our steady-state measurements
of the fluorescence signal yielded enhancement factors of 3 and 28 for the cases of bottom
particle only and both particles, respectively. These changes also manifest themselves in the
y-intercepts of the decay curves in Fig. 2 because for a simple exponential process the area
under the decay curve represents the radiated energy and is, thus, conserved.
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Fig. 2. The fluorescence lifetime of a single molecule in a thin p-terpheyl film (i) in the
absence of gold nanoparticles, (i) on top of a single gold nanoparticle, (iii) sandwiched
between two nanoparticles (see Fig. 1j).

Aswe recently pointed out, the presence of a dielectric interface can considerably affect the
interaction between the emitter and the plasmonic antenna [12, 27]. To take this and the effect
of the tip shaft into account, we have performed rigorous body of revolution finite-difference
time-domain (BOR-FDTD) calculations, whereby we take advantage of the cylindrical symme-
try of the problem to gain efficiency. The black solid and dashed curves labeled i in Fig. 3(a)
display the changes of the total fluorescence decay rate and the radiative decay rate, respec-
tively, in the absence of the upper nanoparticle. As expected, the decay rate is enhanced if the
separation between the molecule and the lower nanoparticle is decreased, i.e. the depth d of
the molecule inside the pT film isincreased (see Fig. 1(j)). The blue and red curves labeled ii
and iii, respectively, show the corresponding quantities for two different positions of the upper
gold nanoparticle. The shortening of the lifetime for large d valuesis caused by the dominating
nonradiative decay rate when the particle becomes close to the lower nanoparticle.

The fluorescence signal Sof an emitter can be written as Se £.K.n.1 in the weak excitation
regime. Here & represents the collection efficiency, | isameasure for the excitation intensity, K
stands for the enhancement of the excitation intensity at the emitter position and along itsdipole
moment, and 7 is the quantum efficiency. Our calculations confirm that £ is reduced from 80%
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Fig. 3. Numerical calculations (BOR-FDTD) of the decay rates and the enhancement fac-
tors of excitation and fluorescence for different configurations (see also Fig 1(j)). The pT
film thickness was taken to be 25 nm. The molecular dipole moment was taken to be per-
pendicular to the substrate plane and the transition wavelength was set to 580 nm. See
legends for details.

to 60% by adding the top particle and the glass fiber tip shaft. This change is small because
the presence of a spherical nanoparticle in the near field of the molecule mostly maintains its
dipolar radiation characteristics. The dashed and solid curves in Fig. 3(b) plot the excitation
enhancement and total fluorescence enhancement for the same conditions as in Fig. 3(a), re-
spectively.

We can now try to find the conditions which simultaneously match the experimental values
of &, S1, S, 10, T1, and 1o, where the indices 0, 1 and 2 refer to the cases of no, one and
two gold nanoparticles, respectively. To account for relative lateral displacement of the two
particles and the molecule (BOR-FDTD calculations only treat geometries with axial symme-
try) we performed full three-dimensional FDTD calculations to allow for a displacement of the
mol ecule with respect to the lower nanoparticle in the substrate. The position of the top particle
is controlled in the experiment and can be optimized. By calculating the decay rates for dipole
moments parallel and perpendicular to the substrate, we also accounted for the 15° tilt of the
dipole moment of terrylenein pT.

We find that the depth of the molecule d = 6 nm, the gap between the upper particle and the
pT interface g = 4 nm, and a lateral offset of 12 nm between the molecule and the axis of the
bottom particle provide S; /S = 4.4, S/S = 40, 11/10 = 11, and 12/ 19 = 114, which match
the experimental values of S;/S = 3, /S = 28, 11/70 = 11.5, and 12/19 = 111 well. The
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tolerance in obtaining this match is very tight. Nevertheless, the deduced values of d and g do
not offer a unique solution because the exact thickness of the pT film might be different from
the assumed value of 25 nm. Distance-dependent measurements as in our previous studies[11]
would have been desirable here. However, the very fast photobleaching of molecules in the
sandwiched arrangement prevented us from performing these studies.

The quantum efficiency of terrylene moleculesin bulk pT crystalsis close to one [28]. How-
ever, the lengthened lifetime of molecules very close to an interface reduces the quantum effi-
ciency to values between 80% and 90%, depending on the exact depth of the molecule. When
the lower particle is added, calculations indicate that the quantum efficiency of the molecule
studied above was reduced further to 38%. This value was then increased to 54% when the top
particle was approached. This corresponds to an overall enhancement factor of 64 for the radia-
tive decay (spontaneous emission) rate. We note that quantitative experimental separation of the
radiative and nonradiative decay channelsis a challenging task because it requires an accurate
and independent measurements of the collection efficiency £ and excitation enhancement K.

Another issue to be considered in our experiment is the role of the plasmon spectrum of the
antenna. The plasmon spectrum of an isolated gold nanoparticle with a diameter of 50-100 nm
is known to lie in the region of 530 nm, but the center wavelength and width of the spectrum
change in a very sensitive fashion according to the particle environment. As aresult, the spec-
tra of the lower and upper antenna particles across the dielectric interface are expected to be
different. In addition, measured plasmon spectra of finite-sized objects depend on the way they
are excited [29]. To explore the effect of the plasmon spectra “seen” by a terrylene molecule
sandwiched in our antenna geometry, in Fig. 4 we plot the results of BOR-FDTD calculations
for the variation of the radiative decay rate with wavelength. We see that the combination of
our antenna structure and molecule is not optimized; an emitter with transition around 750 nm
would have experienced about twice higher enhancement of the spontaneous emission. An-
other option would have been to use silver as the material of choice to tune the resonance more
towards the lower wavelength.
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Fig. 4. Calculated enhancement of the radiative decay rate as a function of wavelength for
a single molecule in the pT film in the presence of the lower antenna particle (dashed)
and for both lower and top particles (solid). See Fig. 1(j) for details of the experimental
arrangement.
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In conclusion, we have presented experimental and theoretical results on the coupling of a
single molecule to a double-particle plasmonic antenna. While previous attempts had studied
arrangements, where antenna components lied on a substrate, we have examined the case where
adielectric interface cuts through the antenna. By controlling the position of one of the two par-
ticles, we could obtain sufficient data to compare our experimental measurements with theory,
thus, deducing a 64-fold enhancement of the spontaneous emission rate and a final quantum
efficiency of 54%. We emphasize that these measurements were performed on a molecular
system with a near-unity intrinsic quantum efficiency [28]. The antenna effect would have been
more dramatic for emitterswith lower quantum efficiency [18]. For example, the same enhance-
ment factor would have improved an intrinsic quantum efficiency of 1% by 43 folds [13, 30].
The combination of such an improvement with an on-command activation through mechanical
actuation of the antenna has interesting prospects in photonics.
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