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ABSTRACT: Plasmonic antennas offer extremely promising
strategies to enhance single molecule fluorescence sensing and
breach the limitations set by diffraction. However, the technical
difficulty and limited availability of top-down nanofabrication
techniques enabling nanometer gap sizes are limiting the
impact of plasmonic antennas for biochemical and biophysical
applications. Here we demonstrate the effectiveness of self-
assembled nanoparticle gap antennas to enhance single
molecule fluorescence detection at high concentrations. For a
dimer of 80 nm gold nanoparticles with 6 nm gap, we isolate
detection volumes down to 70 zL (equivalent to λ3/3600) and
achieve 600-fold fluorescence enhancement, microsecond
transit time, and operation of fluorescence correlation
spectroscopy at concentrations exceeding 10 μM. We quantify the near-field detection volume and the fluorescence
enhancement for different self-assembled nanoantenna designs using fluorescence correlation spectroscopy. The combination of
the fabrication simplicity with the large fluorescence enhancement makes the self-assembled colloidal nanoparticle gap antennas
optimal to extend a wide variety of single-molecule applications toward the biologically relevant micromolar concentration
regime.
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Single molecule microscopy techniques offer a powerful new
vision to explore the functioning of elementary compo-

nents in life sciences and chemistry.1−3 However, conventional
optical approaches are limited by diffraction to observation
volumes in the femtoliter (μm3) range,4 which forces the use of
diluted samples at pico or nanomolar concentrations in order to
isolate a single molecule within the observation volume. This
low concentration condition is highly restrictive: the majority of
enzymatic reactions require concentrations in the micro to
millimolar range and, thus, cannot be investigated with single
molecule resolution using conventional microscopy techni-
ques.5−7

To overcome the concentration limit, light must be confined
toward the nanometer scale, far below the classical wavelength
size set by the diffraction limit. This challenge is efficiently
addressed using nanophotonics and plasmonics.8−10 Zero-
mode waveguides offer a practical solution to confine light at
the bottom of subwavelength apertures milled in metal films,
reaching attoliter detection volumes.11−15 To further reduce the
detection volume and simultaneously enhance the fluorescence
emission, resonant optical nanoantennas open up a large scope
of possibilities.16−21 Remarkable results were obtained recently

using antennas fabricated by electron or ion lithography,22,23

reaching over 1000× enhancement of the fluorescence
brightness per molecule in the 10 nm gap region of the
antenna. However, classical top-down nanofabrication techni-
ques remain challenging and expensive to operate, especially
when predefined and well-controlled gap sizes of a few
nanometers are required.24 This difficulty is currently
considered to limit the broad use of plasmonic antennas in
biochemistry laboratories.5

Bottom-up wet-chemistry approaches offer a powerful
alternative to fabricate the nanoantennas as they combine
specific advantages: simple implementation, low operation cost,
realization of gap sizes below 10 nm, and use of single
crystalline structures.25,26 The self-assembly of colloidal gold
nanoparticles templated by DNA double strands27−30 or DNA
origami31−34 has thus attracted much interest to realize dimer
gap antennas. To further simplify the nanofabrication and avoid
the use of DNA structures, drying of colloidal nanoparticle
suspension provides straightforward access to resonant optical
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antennas with gap sizes down to a few nanometers.35−40 Such
gap antennas appear highly promising to enhance the analysis
of single fluorescent molecules at high concentrations, and go
beyond the results obtained with single spherical gold
nanoparticles41−45 or rod-shaped nanoparticles.46−48 However,
this specific application imposes another major challenge, that
is to retrieve the useful information stemming from the
nanoantenna gap region (hot spot) from the background
created by the other fluorescent molecules in the confocal
detection volume.23 At high micromolar concentrations, this
fluorescence background can outshine the signal originating
from the hot spot and thus severely limit the applicability of
plasmonic antennas for solution-based measurements.49 More-
over, the binding of molecules to the metal surface can generate
artifactual fluorescence fluctuations and significantly complicate
the analysis.41,50

Here we use self-assembled gold nanoparticle dimers with 6
nm gap to analyze single molecule fluorescence in solutions of
13 μM concentration using fluorescence correlation spectros-
copy (Figure 1a). Drying of droplets containing the colloidal
suspension of gold nanoparticles provides a simple and direct
approach to self-assemble plasmonic antennas with nanometer
gap sizes (Figure 1b,c). Remarkably, this simplicity does not
come at the expense of performance, as we demonstrate gap-
antenna detection volumes of 70 zeptoliter, fluorescence

enhancement up to 600-fold, microsecond transit time and
fluorescence correlation spectroscopy at concentrations exceed-
ing 10 μM. Another major result of this study is that we
quantify the near-field detection volume and the fluorescence
enhancement for different self-assembled nanoantenna designs
involving dimers, trimers, and higher numbers of nanoparticles.
Such quantitative analysis has never been reported so far.
Altogether, the ease of nanofabrication and the large
fluorescence enhancement make the self-assembled colloidal
nanoparticle antennas optimal for single molecule sensing at
the biologically relevant micromolar concentration regime. This
work shall expand the applicability of plasmonic antennas for
solution-based measurements.
Drying of colloidal suspensions of 80 nm gold nanoparticles

at concentrations of 109 particles/mL naturally self-assemble
the nanoparticles into nanoantenna structures from which
dimer antennas can be selected (see Methods). Typical dimer
antennas are shown on Figures 1b,c and 2a. An overview of the
sample is displayed in Supporting Information, Figure S1.
Throughout this work, we use localization marks to identify the
relevant nanoantennas with scanning electron microscopy
(SEM) and correlate the SEM images with the experiments
performed on the confocal optical microscope. The SEM
imaging is used to support our claim of single nanoantenna in
the focus and explore a wide variety of assembly configurations.

Figure 1. Gold nanoparticle dimer antenna for single molecule analysis at high concentrations. (a) Schematic of a dimer antenna illuminated by a
diffraction-limited focused laser beam. A solution of fluorescent molecules at micromolar concentration covers the antenna, only a few molecules
randomly diffuse in the hot spot inside the nanoparticles gap, while thousands of molecules are in the diffraction-limited confocal volume. (b, c)
Scanning electron microscopy (SEM) images of nanoparticle dimers self-assembled by colloidal drying. Throughout this study, the gold nanoparticle
diameter is 80 nm. (d) Excitation intensity enhancement (log scale) for a nanoparticle dimer with 6 nm gap computed using Mie theory. The
incoming light has a wavelength of 633 nm and is polarized parallel to the dimer axis. (e, f) Dark-field scattering spectra on a nanoparticle dimer (red
and blue traces, parallel and perpendicular polarizations) and on a monomer (gray traces). The dimer longitudinal mode at 705 nm is clearly red-
shifted as compared to the transverse mode at 590 nm. The spectra in (e) are experimental data, the ones in (f) are simulated with the surrounding
medium effective index neff = 1.5, determined from the scattering spectra of a monomer and a gap size of 6 nm set so as to match the longitudinal
dimer resonance (see Supporting Information, Figures S2 and S3).
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However, SEM is not a mandatory step for the experiments:
dimer antennas can be easily identified in confocal microscopy
thanks to their distinctive extinction and polarization-depend-
ent response. So the experiments described here can be easily
reproduced in every biochemical laboratory without the need
for electron microscopy prior to the optical experiments.
Polarization-resolved dark field spectroscopy is used to

characterize the plasmonic properties of the nanoantennas and
measure the gap size, providing a more accurate character-
ization than direct SEM image analysis. Representative spectra
for the dimer and monomer antennas are shown in Figure 1e.
While the monomer response bears a single peak at 590 nm
independent of the polarization orientation, the dimer shows a
characteristic dipolar polarization dependence, with a significant
red-shift of the plasmon peak up to 705 nm when the
polarization is aligned with the longitudinal dimer axis. The
experimental spectra are compared to numerical simulations
performed using the generalized Mie theory54 to further
validate the experimental procedure and quantify the gap size
between the nanoparticles (Figure 1d,f). For the simulations,
the effective refractive index surrounding the nanoparticles was
determined to neff = 1.5 so as to best fit the measured spectra of
the monomer (Supporting Information, Figure S2). This is a
standard procedure also used in refs29 and 32. The neff = 1.5
parameter value was then fixed for the simulations on the

dimers, the only free parameter being the gap size, which was
tuned so as to best fit the longitudinal mode in the
experimental spectra. A gap size of 6 ± 2 nm provides an
excellent agreement with the experimental data, for both the
longitudinal and transverse modes (Figure 1e,f). The 2 nm
uncertainty is related to the statistical distribution of nano-
particles sizes and shapes, as shown by SEM images. More
details about the dependence of the local surface plasmon
resonance wavelength on the refractive index and gap size are
given in the Supporting Information, Figure S3. We also
checked that the red-shift of the dimer plasmon resonance
decreases when an additional PEG layer is used to enlarge the
gap size between nanoparticles (Supporting Information,
Figure S4). Altogether, the dark field spectra indicate strong
plasmonic coupling in our dimer structure, revealing nanometer
gap size. Supplementary computations of the absorption,
scattering, and extinction cross sections are displayed in
Supporting Information, Figure S5.
The large intensity enhancement in the nanometer gap

enables single molecule detection at high micromolar
concentrations. A major difficulty set by the experiment scheme
depicted in Figure 1a is that the enhanced fluorescence signal
stemming from the dimer hot spot is hidden by the large
fluorescence background from several thousands of freely
diffusing molecules within the diffraction-limited confocal

Figure 2. Enhanced fluorescence analysis with a nanoparticle dimer: (a) SEM image of the dimer; (b) Fluorescence time trace; and (c) FCS
correlation function (dots, raw data; lines, numerical fits). Red traces correspond to a laser polarization parallel to the dimer axis, and blue traces are
for perpendicular orientation. The reference data taken without dimer antenna (confocal configuration) are also displayed in gray for a direct
comparison. All experiments are performed with 13.3 μM concentration of Alexa Fluor 647 and 200 mM of methyl viologen as chemical quencher.
The excitation power at 633 nm is 10 μW. The inset in (c) shows the amplitude-normalized correlation functions to better show the faster temporal
dynamics with the antenna, the black curve is the confocal reference. Numerical results from the FCS data analysis are summarized in Table S1 of the
Supporting Information. (d−f) Dipolar response of the experimental results on a dimer antenna while turning the laser polarization orientation. The
raw FCS data are shown in Supporting Information, Figure S7. The polar graphs represent the raw correlation amplitude (d), the diffusion time
extracted from FCS fits (e), and the molecular fluorescence brightness (f) as a function of the laser polarization orientation θ. Dots are experimental
data, lines are numerical fits using a cos2 function for (d and f) and a sin4 function for (e).
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volume. To extract the useful information from the nano-
antenna, we take advantage of the higher fluorescence
enhancement factors obtained with emitters of low quantum
yield.23,45 Here, we use Alexa Fluor 647 dyes and add 200 mM
of methyl viologen to quench the dye quantum yield from 30%
to 8%.23 Without the chemical quencher, the fluorescence
background contribution at 10 μM concentration is too high
for the avalanche photodetectors, and no useful signal
contribution from the antenna hot spot could be detected.
We analyze the fluorescence signal F by fluorescence

correlation spectroscopy (FCS) to quantify the hot spot
detection volume and fluorescence enhancement.2,4,23 FCS
computes the temporal correlation of the fluorescence signal
G(τ) = ⟨F(t)·F(t + τ)⟩/⟨F(t)⟩2, where τ is the delay (lag) time
and ⟨ ⟩ indicates time averaging. An essential feature of FCS is
that the molecules contribute to G in proportion to the square
of their fluorescence brightness.2 Hence, a large fluorescence
enhancement in the hot spot improves the signal-to-back-
ground contrast in FCS by a quadratic manner.23,49 The
Methods section briefly presents the most relevant information
about the FCS analysis. Full details about the procedure and
equations for FCS analysis are given in the Supporting
Information, Section 6, and an additional validation is reported
in Supporting Information, Section 11. We also stress that the

molecules constantly diffuse in a Brownian fashion around the
nanoantenna; thus, the observations are virtually free of
photobleaching.
The FCS analysis extracts the hot spot contribution and

quantifies the fluorescence enhancement, which clearly depends
on the polarization orientation respective to the dimer axis.
Figure 2 shows the fluorescence time trace and FCS correlation
function for two orthogonal polarizations. All experiments were
taken at a concentration of 13.3 μM of Alexa Fluor 647,
corresponding to about 4000 molecules in the 0.5 fL confocal
detection volume. In the absence of the nanoantenna, the
correlation amplitude is barely detectable at 1/4000 = 2.5 ×
10−4. In contrast, the fluorescence time traces for nanoantennas
show larger relative fluctuations and remarkably higher
correlation amplitudes, which are maximized when the
polarization is aligned with the dimer axis. These FCS features
can only be obtained by monitoring a small number of
molecules with high apparent brightness. In the case of
excitation polarization parallel to the dimer axis (Figure 2c, red
traces), FCS analysis quantifies an average number of N* =
0.55 molecules (see Supporting Information, Table S1). Given
the calibrated Alexa concentration of 13.3 μM, this number of
molecules corresponds to a detection volume in the nano-
antenna hot spot of 69 zL (1 zL = 10−21L) or equivalently to a

Figure 3. Photokinetics enhancement in a gold dimer nanoantenna with 80 nm diameter and 6 nm gap. (a) Decay rate enhancement as a function of
the emission wavelength for a perfect dipole emitter with parallel orientation located in the dimer center. The gray shaded area indicates the 650−
690 nm range used for fluorescence detection in the experiments. (b) Quantum yield enhancement deduced from (a) for different values of the
reference quantum yield ϕ0 in solution. The case ϕ0 = 0.08 (thick red line) corresponds to the experiments. (c) Decay rate enhancement for a dipole
emitter with parallel orientation as a function of the distance d from the dimer axis. The dipole emits at 670 nm while the excitation is at 633 nm. (d)
Net fluorescence enhancement as a function of the distance d to the dimer axis, computed from (c) for a dye with a reference quantum yield of 8%.
The lines indicate the typical distances d corresponding to the experimental fluorescence enhancement, depending on whether random orientational
averaging is taken into account or not. The inset displays the ratio of radiative to total decay rate for a perfect dipole emitter.
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detection volume reduction of Nsol/N* = 7300× as compared
to the diffraction-limited confocal volume. Remarkably, the
volume deduced from FCS corresponds well to the 60 × 60 ×
15 nm3 = 54 zL value expected from the numerical simulations
(Figure 1d), considering a lateral YZ extension of 60 nm and a
mean axial distance of 15 nm. A more elaborate computation
considering the toroidal shape of the detection volume with
typical radius 15 nm concludes to 67 zL, which comes even
closer to the experimental value.
As an additional feature illustrating the near-field origin of

the FCS signal, the diffusion time is clearly reduced down to τ*
= 1.9 μs with the nanoantenna, well below the τconf = 64 μs
characteristic diffusion time for a diffraction-limited spot
(Figure 2c, inset). Considering the equivalent average size of
25 nm to yield a detection volume of 69 zL and given the 280
nm beam waist at focus, the diffusion time in the hot spot is
estimated to τ* = 4τconf(25/280)

2 = 2 μs following the model in
ref 41. This value stands in excellent agreement with the
experimental observation and further confirms the reasonable
estimates derived from the FCS analysis. Moreover, this clear
diffusion time reduction indicates that molecular adhesion
artifacts are absent in our experiments.
The dipolar nature of the polarization response on a dimer

nanoantenna is emphasized in Figure 2d−f (raw FCS
correlograms are shown in Supporting Information, Figure
S7, for various polarization angles). Both the correlation
amplitude G(0) (Figure 2d) and the fluorescence brightness
per molecule (Figure 2f) follow a cos2 law, with a clear
maximum when the polarization is set along the dimer axis.

Interestingly, we also observe a polarization dependence of the
diffusion time across the hot spot detection volume (Figure 2e,
this data corresponds also to the width of the FCS
correlogram). For this observable, a minimum is found when
the polarization is aligned with the dimer axis, corresponding to
a maximum in the confinement of light inside the nanoantenna
gap.
Simultaneously, the FCS analysis quantifies the fluorescence

brightness per molecule in the gap region to Q* = 109 kHz,
which corresponds to a fluorescence enhancement of Q*/Qsol =
575 ± 40 times. The fluorescence bursts seen in Figure 2a time
trace allow to independently estimate the fluorescence
enhancement factor. The bursts are only present if the laser
polarization is aligned with the dimer axis, and occur when
single molecules cross the antenna hot spot. Following the
approach in refs 46 and 47, the fluorescence enhancement
deduced from the maximum burst intensity amounts to 195/
0.19 = 1030-fold. This supports well our claim of enhanced
fluorescence, and is even higher than the 575-fold claim
deduced from FCS as a consequence of the preferential
selection by burst analysis of the best events corresponding to
the dye located in the hot spot center with parallel orientation.
The fluorescence enhancement results from different

phenomena: higher local excitation intensity leading to
increased excitation rate, increased radiative emission rate for
the dipole emitter inside the gap, and new energy decay routes
opened by nonradiative energy transfer to the metal. Numerical
simulations using Mie theory assess the relative role of these
phenomena by computing the radiative Γrad, nonradiative Γnr

Figure 4. Fluorescence enhancement and volume reduction for self-assembled nanoparticle antennas. (a) Scatter plot of fluorescence enhancement
versus volume reduction as compared to the diffraction-limited confocal reference. The markers represent different antennas tested. Their color is
associated with different configurations and to the presence of an additional PEG layer around the nanoparticles, as shown by SEM images of typical
structures in (b). (c) Average fluorescence enhancement and volume reduction for the different antenna configurations. Error bars indicate the
standard deviation, numerical values at the right of the graphs indicate the average value over the different samples.
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and total decay rates Γtot, following the approach detailed in
refs 29 and 54. Figure 3a shows the spectral dependence for a
perfect dipole emitter with parallel orientation located in the
antenna center. Other orientations yield comparatively
negligible rate enhancements. Again, a resonance is present
around 700 nm, which corresponds nicely with the resonance
in the scattering spectra seen in Figure 1e,f. For this resonance,
the emitters decay essentially radiatively as the nonradiative
losses remain moderate. The second resonance around 520 nm
is essentially nonradiative and involves quadrupolar modes
along with high intrinsic losses of gold in this spectral window.
We then compute the quantum yield enhancement from the

decay rates in Figure 3a. This enhancement depends on the
reference quantum yield ϕ0 for the dye in open solution
(without antenna). Following the approach in ref 51, the
quantum yield enhancement is given by the following formula:

η
ϕ ϕ

=
Γ* Γ

Γ* Γ + −ϕ
/

/ (1 )
rad 0

0 tot 0 0 (1)

where Γrad* /Γ0 and Γtot* /Γ0 are the radiative and total decay rate
enhancement computed in Figure 3a. Figure 3b shows the
spectral evolution for a selection of reference quantum yields.
In agreement with previously reported works,52,53 we find that
the quantum yield bears a more pronounced enhancement for
wavelengths red-shifted as compared to the LSPR. This is a
consequence of the fact that the peak wavelength for enhanced
nonradiative decay rate coincides with the LSPR wavelength
but then drops rapidly toward the red side of the LSPR, while
the radiative rate has a longer tail toward the red. As expected,
we also observe a higher quantum yield enhancement when the
reference ϕ0 is lower, leaving more space for plasmonic
improvement.
While the case with the dipole emitter in the dimer center

provides the best enhancement values, it does not reflect fairly
the experimental findings as the FCS data is spatially averaged
over all dipole locations and orientations in the gap area.
Therefore, we investigate the lateral position dependence for a
dipole emitter with parallel orientation shifted by a distance d
from the dimer center and compute the different rates
corresponding to radiative, nonradiative, total, and excitation
transitions (Figure 3c). All rates evolve with the distance
following an approximative Gaussian shape with a typical 15
nm distance at 1/e2. These rates allow to compute the net
fluorescence enhancement as the product of the quantum yield
enhancement times the local excitation intensity enhancement
(Figure 3d). The average 440× fluorescence enhancement
found with the dimer antennas corresponds to a distance of d =
22 nm if we neglect rotational diffusion and consider only
dipoles with parallel orientation. Instead, if random rotational
averaging is taken into account, the enhancement projected on
the X axis must be approximately 3× higher and corresponds to
a distance of d = 16 nm, as seen on Figure 3d. Both estimates
point around 20 nm, in good agreement with the other
experimental observables deduced from FCS (detection
volume, diffusion time). Lastly, the influence of quenching
remains moderate as the apparent quantum yield stays in the
range 55−70% for all distances to the dimer axis (Figure 3d,
inset).
We have applied the same characterization procedure to a

wide range of self-assembled antenna designs, including
monomers, dimers, trimers and aggregates of more than five
nanoparticles. We have also considered the additional use of a

poly ethylene glycol (PEG) layer of 6 nm thickness
surrounding the gold nanoparticles to enlarge the gap size.
Our main results are summarized in Figure 4, as we focus on
the fluorescence brightness enhancement per molecule Q*/Qsol
and the detection volume reduction Nsol/N*. Remarkably, the
dimer antenna with minimum gap size stand out as the best
configuration leading to the maximum fluorescence enhance-
ment and volume reduction. The additional PEG layer enlarges
the dimer gap to about 13 nm (Supporting Information, Figure
S4), which leads to a significantly lower fluorescence enhance-
ment and larger detection volume. The trimers show a lower
performance as compared to the dimers without PEG, but their
response is almost insensitive to the polarization orientation
(raw data are shown in Supporting Information, Figure S8).
Looking at the influence of the additional PEG layer in the case
of trimers, we find a higher fluorescence enhancement in the
presence of PEG. We relate this effect to the better overlap of
the trimers plasmonic response with the excitation wavelength
in the presence of PEG, leading to a slightly higher excitation
enhancement as compared to trimers without PEG (see
Supporting Information, Figures S8b and S9). Considering
the case of random aggregates, only very poor performances
could be obtained, emphasizing the interest for dimer
nanoantennas.
In summary, we demonstrate the effectiveness of self-

assembled nanoparticle antennas to enhance single molecule
fluorescence detection at high micromolar concentrations. In
the best configuration of a dimer with 6 nm gap, we isolate
detection volumes down to 70 zL, accompanied by a 600-fold
fluorescence enhancement and microsecond transit time. This
performance is comparable to the results obtained with an
“antenna-in-box” fabricated by state-of-the-art focused ion
beam23 but with a much simpler and more affordable
bottom-up approach, which can be envisioned even without
the use of SEM. The combination of self-assembled nano-
antennas with fluorescence correlation spectroscopy signifi-
cantly expands the applicability of plasmonic antennas for a
wide variety of biosensing and single-molecule applications at
the biologically relevant micromolar concentration regime.

■ METHODS
Nanoantenna Fabrication. Throughout this work, we use

commercial gold nanoparticles (BBI Solutions) of 80 nm
diameter covered with citrate surfactant. The size dispersion
was studied by TEM in the Supporting Information of ref 31
and was found below 10%. The nanoparticles are rinsed and
diluted in pure water to reach concentrations of typically 109

particles/mL, then they are dispersed and dried on an ITO-
coated glass coverslip. Upon drying, the colloidal nanoparticles
self-assemble into dimers or higher order structures, as shown
on the typical SEM image in Figure S1 of the Supporting
Information. The positions of relevant antenna structures are
identified by SEM thanks to markings on the ITO coated
coverslip. These positions and markings are then used to locate
the same set of antennas while performing experiments on the
confocal microscope. However, we stress that these markings
and the SEM imaging are not necessary steps: dimer antennas
can be easily identified thanks to their distinctive polarization-
dependent response and their dark-field scattering spectra
(Figures 1e and 2d−f).
In order to tune the gap size in the case of dimers and

trimers, we use a classic approach of thiol binding to adhere a
sulfhydryl-capped PEG chain onto the gold surface. We use
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poly(ethylene glycol) methyl ether thiol (mPEG-SH) with
molecular weight 800 Da which has a spacer arm of 6.3 nm.
Gold nanoparticles are cleaned with anhydrous ethanol, then
incubated for overnight at room temperature in 1 mM mPEG-
SH (Sigma-Aldrich) in anhydrous ethanol (Sigma) and then
washed thoroughly with ethanol, Milli-Q ultrapure water, and
isopropyl alcohol and finally dispersed and dried on ITO-
coated coverslip. Prior to FCS experiments, the PEG layer is
removed by 10 min UV/ozone cleaning (PSD-UV cleanr,
Novascan) followed by gentle rinsing with a 1:1 water−ethanol
mixture and nitrogen drying.
Experimental Setup. The experimental setup is based on a

confocal inverted microscope with a Zeiss C-Apochromat 40×
1.2 NA water-immersion objective. For dark-field spectroscopy,
the illumination is provided by a 100 W halogen lamp to form a
collimated linearly polarized beam incoming at normal
incidence on the antenna. A beam block is inserted close to
the microscope objective back focal plane to stop the
illumination and collect only the scattered light from the
antenna. The detection is performed in confocal mode (50 μm
pinhole conjugated to the object plane) with a Horiba iHR320
spectrograph equipped with a Peltier-cooled CCD detector. For
FCS measurements, the excitation source is a linearly polarized
He−Ne laser operating at 633 nm. A dichroic mirror (Omega
Filters 650DRLP) and a long pass filter (Omega Filters
640AELP) separate the fluorescence light from the epi-reflected
laser and elastically scattered light. A 30 μm confocal pinhole
defines a detection volume calibrated to 0.5 fL. After the
confocal pinhole, the detection is performed by two avalanche
photodiodes (Micro Photon Devices by PicoQuant MPD-
5CTC) with 670 ± 20 nm fluorescence bandpass filters. The
fluorescence intensity temporal fluctuations are analyzed with a
hardware correlator (Flex02−12D/C correlator.com, Bridge-
water, NJ, with 12.5 ns minimum channel width). Each
individual FCS measurement is obtained by averaging 20 runs
of 5 s duration.
Scanning electron microscopy images are performed on a

FEI DB235 microscope with field emission gun and 5 kV
acceleration voltage, providing about 4−5 nm spatial resolution.
Fluorescence Correlation Spectroscopy Analysis. The

analysis of the FCS data considers a model with two fluorescent
species of different numbers of molecules and fluorescence
brightness: N* molecules in the dimer hot spot volume with
brightness Q*, and N0 background molecules with brightness
Q0 away from the hot spot. We are primarily interested in
quantifying the hotspot fluorescence brightness Q* and
detection volume which amounts to the number of molecules
N* for a calibrated sample concentration. This quantification
requires only the value of the correlation function at zero lag
time:

= +
+ * * + *

+ * *
G

N Q N Q n

N Q N Q
(0) 1

(1 )

( )
0 0

2 2
T

0 0
2

(2)

Here nT* represents the dark state blinking amplitude for the
molecules in the hotspot. Equation 1 shows that the different
fluorescent species contribute in proportion to the square of
their relative fluorescence brightness, enabling the extraction of
a significant FCS signal from the hot spot under conditions of
large background. Using the known value of the average total
fluorescence intensity F and after some algebra (detailed in the
Supporting Information, Section 6), we get the expressions
needed to quantify the hot spot influence:
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The fluorescence brightness Q0 is set according to the value
found for the confocal reference Qconf. For dimers, the number
of background molecules N0 is deduced from the fluorescence
intensity when the excitation polarization is set perpendicular
to the dimer axis. For trimers and aggregates, N0 is obtained
from the value found at the glass−water interface without
nanoantennas, corrected by a factor of C = 1 − N(d/2w)2 to
account for the screening induced by the nanoparticles (d is the
nanoparticle diameter, w = 280 nm is the laser beam waist at
focus, and N is the number of nanoparticles). Typically, C
amounts to 0.94 for trimers of 80 nm nanoparticles.

Numerical Simulations. Scattering efficiencies were
calculated with an in-house numerical method based on the
generalized Mie theory (GMT).54 Due to intense coupling
between nanoparticles in the dimer antenna, the GMT
calculations require a high truncation order in the multipole
expansion to ensure the convergence. Here we use multipole
orders up to N = 30 for each scatterer. From the system total T
matrix,55 we derive analytic expressions for the electromagnetic
properties of the antenna, such as decay rates, local fields, and
far-field emission.54 Single fluorescent molecules are modeled
as dipolar electric sources by taking the first electric term in the
outgoing multipole expansion. The total and radiative decay
rate enhancements are then obtained by normalizing the
emitted power in the presence of the antenna by the emitted
power in the homogeneous background medium, P0.

53,54

Notably, the total emitted power is evaluated by time averaging
P ≡ −jsrc·Eloc over one period, where Eloc is the electric field
produced by the source current while taking into account
interactions with the antenna structure. Some of the power
emanating from the dipole emitter will be dissipated in the
antenna, while the rest will be radiated off into the far field
where it can be detected. The calculation of the radiated power
consists of integrating the Poynting vector in the far-field limit
derived from the scattered field Mie coefficients. The
expressions of the total and radiated powers are analytically
derived in the multipolar framework as detailed in ref 54. The
refractive index of gold was tabulated according to the ref 56.
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