NANO 5

pubs.acs.org/NanoLett

Bright Unidirectional Fluorescence Emission of Molecules in a
Nanoaperture with Plasmonic Corrugations

Heykel Aouani," Oussama Mahboub," Nicolas Bonod," Eloise Devaux, Evgeny Popov,* Herveé Rigneault,*

Thomas W. Ebbesen,” and Jérome Wenger*"

"Institut Fresnel, Aix-Marseille Université, CNRS, Ecole Centrale Marseille, Campus de St Jérome, 13397 Marseille, France
*Institut de Science et d’Ingénierie Supramoléculaires, Université de Strasbourg, CNRS, 8 allée G. Monge, 67000 Strasbourg, France

e Supporting Information

ABSTRACT: Controlling the fluorescence emission from nanoscale quantum
emitters is a key element for a wide range of applications, from efficient
analytical sensing to quantum information processing. Enhancing the fluor-
escence intensity and narrowing the emission directivity are both essential
features to achieve a full control of fluorescence, yet this is rarely obtained
simultaneously with optical nanoantennas. Here we report that gold nanoa-
pertures surrounded by periodic corrugations transform standard fluorescent
molecules into bright unidirectional sources. We obtain enhancement factors +15°
of the fluorescence count rate per molecule up to 120 fold simultaneously with
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a directional emission of the fluorescence into a narrow angular cone in the

direction normal to the sample plane. The bright emission and narrow directionality enable the detection of single molecules with a
low numerical aperture objective, and improve the effectiveness of fluorescence-based applications. We thoroughly quantify the
increased light-matter coupling as well as the radiation pattern intensity. These results are highly relevant for the development of
single molecule sensing, single-photon sources, and light emitting devices.
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fhiciently detecting the generally weak fluorescence signal
Eemitted by a single molecule is of great interest due to the
widespread use of fluorescence-based techniques in chemistry,
molecular biology, materials science, and medicine."” For in-
stance, applications on DNA sequencing, early diagnosis, or drug
screening directly rely on the detected signal per molecule.” To
overcome the detection limits set by the optical diffraction
phenomenon, the environment surrounding the molecule can
be tailored to control both the fluorescence intensity and the
angular radiation pattern.* This leads to the concept of optical
antennas, which reversibly convert the propagating optical en-
ergy into localized energy in nanoscale volumes, and are the
counterparts of radio and microwave antennas in the optical
regime.” Optical antennas provide new conceptual routes to
locally enhance and direct the electromagnetic fields with major
applications in molecular sensing and spectroscopy,’ light-emit-
ting devices,” and photovoltaics.”

To improve the detection of single molecules using optical
antennas, both the antenna’s enhancement factor and directivity
are essential characteristics. The enhancement denotes the ability
to locally increase the fluorescence count rate and the light-
matter interaction, while the directivity measures the ability to
concentrate the radiated power into a certain direction.” The
enhancement aspect has received a considerable interest, mainly
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driven by the opportunity of improving the efficiencies of
biomolecular sensing and spectroscopies.”®”'® The directivity
aspect of optical nanoantennas has received much less experi-
mental attention until very recently,'" owing to the difficulty to
realize plasmonic structures achieving directional control of the
radiation from single quantum emitters.'>” ' Both enhancement
factor and directivity of nanoantennas are essential features for
the improvement of light-matter interaction and its wide applica-
tions. However, to the best of our knowledge there is no clear
demonstration of nanoantennas to improve the fluorescence
count rates per molecule and simultaneously provide directional
control on the emission. There is currently a strong demand for
experimental realizations of nanoantennas able to reach simulta-
neously a strong gain in the fluorescence signal, together with a
unidirectional emission into a narrow angular cone.

In this Letter, we report the demonstration of bright unidirec-
tional photon sources from fluorescent molecules. We obtain
enhancement factors of the fluorescence count rate per molecule
up to 120 fold, simultaneously with a directional emission of the
fluorescence into a cone of +15° in the direction normal to the
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Figure 1. (a) Scanning electron microscopy image of the fabricated
nanoaperture with five corrugations. (b) Configuration to enhance and
control the fluorescence emission of molecules diffusing in the central
aperture.

sample plane. To achieve this, we couple fluorescent molecules to
a single nanoaperture surrounded by periodic corrugations
milled in a thick gold film (Figure 1). The periodic circular
corrugations act as a grating antenna to reversibly couple light to
surface electromagnetic waves, as pioneered by Lezec and co-
workers while studying the transmission of light through a single
subwavelength aperture.'” All measured signals are calculated
back to average signal per molecule thanks to a calibration of the
average number of molecules in the central nanoaperture by
fluorescence correlation spectroscopy (FCS).

Nanoapertures surrounded by periodic corrugations (also
known as “bull’s eyes” apertures) have received a considerable
interest in the photonics community.'®"” Much higher transmis-
sion can be achieved through these corrugated apertures than
with standard noncorrugated apertures.”® Moreover, if the out-
put surface surrounding the aperture is also corrugated, a
surprisingly narrow beam can be transmitted, having a diver-
gence of less than a few degrees, which is far smaller than that of a
simple aperture.'” The antenna capacity of the corrugations to
concentrate the photons at the tiny central aperture has also been
used to realize novel applications in nonlinear optics,*' ultrafast
detectors,”” optical data storage and nanolithography,** optical
filters and sorters,”* and semiconductor lasers.”® The present study
explores the use of corrugated nanoapertures for fluorescence
sensing applications. This is the first study where single apertures
surrounded by periodic corrugations are used to enhance the
fluorescence count rate of molecules and control the emission
directionality. The results are of high importance to im}z)érove the
effectiveness of single molecule fluorescence detection”®”’ with
applications in molecular sensing”*** DNA sequencing,*>*' high
throughput screening,® or optical trapping>®

The average number of fluorescent molecules can be more
than 2 orders of magnitude smaller in a nanoaferture than in a
diffraction-limited classical confocal volume.** Therefore, the

sole measurement of the total fluorescence intensity from the
sample is not sufficient to accurately quantify the antennas
properties of enhancement factor and directivity. The fluores-
cence intensity has to be normalized by the number of emitters
that actually contribute to the signal to assess the fluorescence
count rate per molecule CRM, which is the relevant figure to
assess the enhancement on the fluorescence signal. We address
this issue using FCS, which is an elegant method to directly and
accurately quantify the average number of emitters N contribut-
ing to the detected fluorescence signal.>*** In ECS, the temporal
fluctuations of the fluorescence signal F(t) are recorded, and the
temporal correlation of this signal is computed g'*(7) = (F(t)F-
(t+7))/{F(t))*, where T is the delay (lag) time, and ( ) stands for
time averaging. The amplitude of the correlation function
quantifies the average number of molecules N and provides
access to the fluorescence count rate per molecule CRM = (F)/N.
Full details of the FCS analysis procedure are given in the
Supporting Information, together with raw experimental FCS
data. We point out that as a consequence of the stochastic nature
of the FCS technique, all the presented fluorescence data are
spatially averaged over all the possible molecule orientations and
positions inside the detection volume. While FCS is not a “true”
single molecule method, it nevertheless quantifies the average
fluorescence emission characteristics of a single emitter. Here-
after, we use the FCS method to characterize the fluorescence
emission per Alexa Fluor 647 molecules diffusing within the
central nanoaperture. The emission count rate per molecule is
the key to thoroughly analyze the fluorescence enhancement and
the angular radiation pattern molecules in corrugated nanoaper-
tures. Moreover, the method is able to specifically quantify the
respective contributions of excitation and emission processes in
the observed enhanced fluorescence.*>*® We demonstrate that
the periodic corrugations improve the local excitation intensity
inside the central nanoaperture, while simultaneously increasing
the directional emission count rate.

Figure 1 presents the doubly corrugated nanoapertures under
investigation. The different nanostructures are fabricated by
direct focused ion beam (FIB) milling, using optimized design
parameters derived from the thorough characterization pub-
lished in ref 37. The fabrication protocol is detailed in the
Supporting Information. The inner aperture diameter is 135
nm and is chosen to be close to the optimum diameter leading to
maximum fluorescence enhancement.*® The groove period is
440 nm, width 200 nm, depth 65 nm, and there are S grooves.
The periodic grooves provide the necessary momentum to match
the far-field radiation with surface electromagnetic waves. As the
Stokes shift between the laser and the fluorescence wavelengths is
relatively small, these design parameters can be sufficiently close to
resonance conditions for both the laser excitation and the fluores-
cence emission.”” A spectral study shown in the Supporting In-
formation does not reveal any major spectral resonance effect.

An unwanted phenomenon consecutive to the use of periodic
corrugations on both sides of the gold film is the enhanced
transmission through the central aperture.'” Even the fluores-
cence from molecules diffusing above the nanoaperture could be
detected, which would confuse the analysis. To solve this
problem, we cover the gold film with an optically thick (45 nm)
chromium layer, following the investigations in reference”™ on
bowties nanoantennas. The high absorption losses of chromium
efficiently damp the transmission through the corrugated nanoa-
perture and avoid detecting a fluorescence signal from the top of
the nanoaperture sample. We demonstrate in the Supporting
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Fluorophore's quantum yield in solution

Figure 2. (a) Investigations of the detected fluorescence count rate per molecule with a 0.5 NA water immersion microscope objective.
(b) Fluorescence count rate per molecule versus the excitation power. Markers are experimental data, solid lines are numerical fits using a model
detailed in the main text. The fitting parameters are summarized in the Supporting Information. (c) Fluorescence enhancement factors relative to the
standard confocal case (open solution), as deduced from the data in (b). (d) Contribution of excitation and emission gains to the overall fluorescence
enhancement. Decay rate corresponds to the reduction of the fluorescence lifetime. The experimental values are summarized in the main text.
(e) Evolution of the fluorescence enhancement factor versus Alexa Fluor 647 measured quantum yield ¢ in a water-methyl viologen solution. From right
to left, the methyl viologen concentration increases from 0 up to 60 mM. The continuous line is a model based solely on the data displayed in (d). It is not

a numerical fit of the experimental data points, there are no free parameters.

Information that similar numbers of molecules are detected for
nanoapertures with and without corrugations thanks to the
supplementary chromium layer. Without the chromium layer,
the difference in the numbers of molecules can be larger than a
factor of 6 fold.

The excitation is incident from below the sample (glass
coverslip substrate) with linear polarization and 632.8 nm
wavelength. It is focused by a 0.5 NA water-immersion objective
(Zeiss Neofluar, see Figure 2a) to a spot diameter of about 1.5
um largely covering the first three concentric corrugations. The
same microscope objective is used to collect the fluorescence
light emitted from Alexa Fluor 647 molecules (A647, Invitrogen,
Carlsbad, CA) diffusing in the central aperture region. Alexa
Fluor 647 is a common fluorescent molecule with maximum
absorption/emission peaks at 650/672 nm, and a quantum yield
of 30% in water solution. Unless otherwise stated, A647 mole-
cules are diluted in a standard water-based phosphate-buftered
saline (PBS) solution. The salt composition of the PBS buffer is
expected to compensate for the local electrical charging of the
nanoaperture surface acquired during the FIB fabrication pro-
cess. For all the experiments reported here, a solution of A647
molecules at micromolar concentration is deposited on top of the
sample to ensure that on average 10 molecules are present in the
aperture volume, as calibrated by FCS for each experimental run
(see the raw experimental data in the Supporting Information).
The molecules are constantly diffusing in and out the aperture,
this configuration strongly limits observing the negative effects of
photobleaching in our data set.

The fluorescence count rates per molecule measured by FCS
are plotted as function of the excitation power in Figure 2b for the
three cases of (i) free solution (no nanostructure), (ii) gold
nanoaperture without corrugations, and (iii) gold nanoaperture
with the periodic corrugations. It is apparent from this set of data
that the periodic corrugations have a strong influence in further
enhancing the fluorescence emission. The experimental points
are numerically fitted following the general model of the fluor-
escence count rate CRM = AL/(1 + I./I), where I, is the
excitation power, I; the saturation power, and A is a constant
proportional to the molecular absorption cross-section, quantum
yield, and setup collection efficiency.®® The fitting parameters are
summarized in the Supporting Information and will be used
hereafter to quantify the influence of excitation and emission
gains in the fluorescence enhancement process.

These measurements unambiguously quantify the enhance-
ment of the fluorescence intensity, which is the first essential
feature of the nanoantenna. We define the fluorescence enhance-
ment factor 7 as the direct ratio of the fluorescence count rates
per molecule for the nanostructure and the reference (open)
solution at a given excitation power: 7 = CRMaPer/ CRM,,.
Figure 2c presents a clear evolution of the fluorescence enhance-
ment factor with the excitation power. For both apertures with
and without corrugations, the enhancement 77 decreases with
the excitation power, as the fluorescence process tends to
saturate.>® In the low excitation regime (I, < 200 uW), the
corrugated nanoaperture provides a enhancement factor of 77y =
77, while the enhancement factor of the noncorrugated nanoa-
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perture is 14. Adding plasmonic corrugations enables achieving
close to 2 orders of magnitude enhancement factor, while using a
standard fluorophore. Compared to the use of a noncorrugated
aperture, the corrugations provide a supplementary gain of S.5.
These measurements also demonstrate that single molecule
fluorescence analysis can be efficiently performed by a simple
0.5 NA water immersion objective, or equivalently 0.4 NA dry air
objective.

The evolution of the fluorescence enhancement versus the
excitation power (Figure 2c) allows to quantify the respective
contributions of excitation and emission gains and unravel the
origins of the fluorescence enhancement following a proce-
dure developed in references.*>*® From the interpolation of
the fluorescence count rates per molecule CRM versus the
excitation power, we deduce the fluorescence enhancements at
the two extreme cases below saturation I.<< I; and at saturation
I. > I In the asymptotic limit of the saturation regime, the
fluorescence enhancement corresponds to the gain in emission
Hemy as there is obviously no dependence anymore on the
excitation power. The emission enhancement 7., can be ex-
pressed as the product of the radiative rate enhancement 7,4
times the collection efficiency enhancement 7., Hem = Wrad/i-
While most numerical simulations focus on the radiative rate
enhancement, the experimental characterization procedure is
only sensitive to the photons that are collected by the setup, and
accesses to the product of the radiative decay rate k, times the
collection efficiency k. In the low excitation regime I, << I, the
fluorescence enhancement #g is proportional to the gains in
emission 7., and local excitation intensity 7.y, and inversely
proportional to the modification in total fluorescence decay rate
Ntot NE = NemNexc/ nmt.s This expression can be rewritten as 77 =
1,1 $Nexcr Where 1), is the collection efficiency enhancement, and
Mg = Nrad/Meor is the quantum efficiency enhancement. This
expression of the fluorescence enhancement explicitly indicates
that in the low excitation regime, the fluorescence enhancement
is proportional to the gains in collection efficiency, quantum
yield, and excitation intensity. We determine experimentally the
alteration in the total fluorescence decay rate 7)., by fluorescence
lifetime (start—stop) measurements. We can thus extract the
gain in local excitation intensity from the fluorescence enhance-
ment in the low excitation regime, knowing #,; and %y, (the
latter corresponds to the fluorescence enhancement factor in the
saturation regime). This procedure separates the excitation and
emission contributions from the total fluorescence enhancement
and is used here to investigate the influence of the periodic
corrugations surrounding single nanoapertures.

The periodic grating structure acts as an antenna to reversibly
couple far-field light radiation to near-field electromagnetic
energy. Our characterization procedure is able to quantify this
effect clearly, as shown in Figure 2d. For the nanoaperture
without corrugations, we measure the different enhancement
factors relative to the reference in open solution (no aperture):
total fluorescence g = 14, excitation 7., = 3.2, emission e, =
11, and total decay rate 7o, = 2.5 (this increase in total decay rate
corresponds to the reduction of the fluorescence lifetime). These
values stand in good agreement with the values previously
reported from FCS measurements® or from quantum dot
photoluminescence dynamics.*® For the corrugated nanoaper-
ture, we find that the enhancement factors are significantly
greater: fluorescence 17r = 77, excitation 7. = 5.5, emission
Hem = 27, while the total decay rate modification is almost
unchanged 77, = 1.9. Here again, the values for the excitation and

emission correspond well to what can be inferred from transmis-
sion measurements and simulations on corrugated nanoaper-
tures.'”** We note that the emission enhancement 7., is always
larger than the excitation enhancement 7. This is because the
emission enhancement is the product of the radiative rate
enhancement 7,4 times the collection efliciency enhancement
7 By reciprocity, we expect the radiative rate enhancement 77,4
to be close to the excitation enhancement nexc.“ Consequently,
the emission enhancement 7, is larger than the excitation
enhancement 7., by a factor that is close to the collection
efficiency enhancement 7,.

The characterization of the fluorescence enhancement shows
that (i) both excitation and emission gains contribute to the
overall fluorescence enhancement, and (ii) the periodic corruga-
tions increase each gain in excitation and emission by roughly a
factor of 2, as compared to a nanoaperture without corrugations.
The grating structure acts as an antenna to concentrate the
photons at the central nanoaperture with an increase in excitation
intensity from 3.2 to 5.5 fold. The periodic corrugations also
reversibly couple the near-field electromagnetic energy into far-
field light radiation, with an gain in emission count rate from 11
to 27 fold. The simultaneous increase in both 7., and 7., is
permitted by the Stokes shift between the laser and the fluores-
cence wavelengths remaining on the order of 1/20. The periodic
corrugations can thus be close to resonance conditions for both
the laser excitation and the fluorescence emission.

The fluorescence enhancement factor obviously depends
strongly on the fluorophore’s quantum yield in solution; for a
perfect emitter (quantum yield of one), all the fluorescence
enhancement comes from the excitation intensity or collection
efficiency, as there is no possible gain on the quantum yield. The
lower the quantum yield in solution, the higher the gain on a
plasmonic nanostructure can be, up to a certain extend where the
losses are going to limit the enhancement factor.” To illustrate
this, remarkably large single molecule fluorescence enhance-
ments up to 1340 have been reported while studying TDQPI
molecules.'® These nonwater-soluble molecules have a relatively
low quantum yield of ~2.5%, which can be favorable to obtain
large enhancement values. Here, we experimentally address
the evolution of the fluorescence enhancement factor versus
the fluorophore’s quantum vyield in solution. To control the
A647 quantum yield, we add a growing fraction of methyl
viologen (1,1’-dimethyl-4,4’-bipyridinium dichloride, Sigma-
Aldrich) with concentrations up to 60 mM. Methyl viologen
acts as a controllable quencher of the A647 fluorescence. A
Stern—Volmer analysis shown in the Supporting Information
quantifies this effect: in the presence of methyl viologen with
concentration [MV>"], the quantum yield ¢ of A647 is de-
creased according to the formula ¢o/¢p = 1 + kq 7o [MV2+:| ,
where ¢ = 30% and 7y = 1.0 ns are the unquenched quantum
yield and fluorescence lifetime of A647 in water PBS solution,
and kg = 2.4 x 10"%s™'-M ™" is the quenching rate determined
experimentally (see Supporting Information).

The A647 and methyl viologen mixture forms the ideal basis to
check the evolution of the fluorescence enhancement factor
while varying the initial quantum yield in solution. Our results
are summarized in Figure 2e, showing a net increase in the
fluorescence enhancement factor from 77 to 120 while the A647
quantum yield is quenched from 30 to 11% (added methyl
viologen concentration up to 60 mM). This experimental data is
analyzed using only the enhancement factors in Figure 2d, which
we detail hereafter. Without the nanostructure, the fluorescent
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molecule has a radiative decay rate k,, a nonradiative decay rate
ke, + k [MV>"], and a quantum yield ¢ = k,/(k, + Ko, + kg
[MVHB. The setup collection efficiency is « and the excitation
rate is k.. With the introduction of the nanostructure, the
radiative rate is modified to kf, the collection efficiency is k¥
and the excitation rate k. The quantum yield now reads ¢* =
K/ (kE + kg, + kg [MV**] + k%), where a new nonradiative
decay route k} is introduced to take into account the ohmic
losses into the metal and nonradiative energy transfers to the free
electrons in the metal.'® We also assume that the rates Kqr, and kg
are unaffected by the nanostructure. At moderate excitation
powers (below fluorescence saturation), the fluorescence count
rate per molecule CRM is proportional to the excitation rate k.,
the collection efficiency k, and the emission quantum yield ¢.*°
The fluorescence enhancement with the nanoaperture can thus
be explicitly written as

*

)

Mg = (1)

W‘m
=7
<9

€
After some basic algebra, this equation can be rewritten:

k. «* k. 1 1

A R S (R
with § = (k¥ + k%,)/k,. Hereafter, we set the quantity ¢ to the
value obtained from the characterization of A647 with no methyl
viologen (Figure 2d). The linear curve in Figure 2e displays the
awaited fluorescence enhancement factors 77 while varying the
quantum yield in solution ¢ based on eq 2. Let us emphasize that
this is not a numerical fit of the experimental data points, as there
are no free parameters. This curve is only based on the values of
the gains in excitation, emission, and total decay rates as deduced
from the fluorescence characterization of A647 with no methyl
viologen (Figure 2d). The satisfactorily agreement with the data
points in Figure 2e is another confirmation of the validity of the
fluorescence characterization procedure (see more characteriza-
tion with a 1.2 NA objective in the Supporting Information).
Besides, the theoretical predictions indicate that no fluorescence
enhancement factor higher than 150 could be reached with this
experimental configuration, whatever the choice of the fluoro-
phore’s quantum yield in solution. Further reducing the aperture
diameter is not expected to significantly improve the fluorescence
enhancement, as the diameter of 135 nm is already close to the
optimum diameter leading to maximum enhancement for a non-
corrugated aperture, independently on the fluorophore’s quantum
yield in solution.” Higher enhancement values seem restricted to
plasmonic nanoantennas with higher electromagnetic field confine-
ment and lightning rod effect, such as bowties nanoantennas,'® which
is not surprising at all. However, the corrugated nanoapertures have
another crucial advantage, which deals with the ability to control the
fluorescence emission directivity.

After the fluorescence enhancement parameter, the second
essential feature of the nanoaperture antenna is the directivity,
which measures the antenna’s ability to concentrate the radiated
power into a certain direction. To characterize the directivity of
the corrugated nanoaperture, we switch the microscope objective
to a 1.2 NA water immersion objective (Zeiss C-apochromat).
This is essential to provide enough range for the angular
detection, with a present detection limit set by the numerical
aperture to +64° around the optical axis. To characterize the
angular emission, we record the fluorescence intensity distribu-
tion on the back focal plane of the high NA microscope objective

(2)

on a charge-coupled device CCD camera with microlenses
(Kodak KAF-1603).** These images represent the intensity
emitted for different angular directions from the antenna, we
call them radiation patterns (this corresponds formally to the
emission diagram in the Fourier plane or equivalently the
momentum space).'’ Typical radiation patterns for a single
nanoaperture without and with periodic corrugations are pre-
sented in Figure 3ab. Let us emphasize that as the FCS
measurements provide an accurate estimation of the numbers
of molecules N contributing to the overall fluorescence signal, we
can normalize the intensities in the radiation pattern images by
the actual number of molecules N for each experiment, which is
the case in Figure 3. Therefore, the intensity scaling is to be
understood as the normalized fluorescence per molecule. This is
very important to provide an accurate picture of the radiation
pattern and to be able to compare between different radiation
patterns. Not only the shape of the radiation patterns in Figure 3
are important, the intensities are here fully relevant too.

For the noncorrugated aperture, the radiation pattern image
contains a single circle representing the maximum collection
angle at 64°. However, for the corrugated aperture, the image
contains an additional bright spot with an extension of 15° (half-
width at half-maximum) centered on the optical axis. This
directly reveals that the emission from a noncorrugated aperture
is almost omni-directional with no privileged direction, while the
emission from the corrugated aperture can be tuned to high
directionality in the direction normal to the sample. A first step to
quantify the antenna’s directionality is to introduce the “direc-
tional performance” as the ratio of the fluorescence intensity
along the peak direction (6 = 0°) relative to the fluorescence
intensity emitted strongly off-axis (which we take at 6 = 50° in
the present case). For the noncorrugated aperture, the direc-
tional performance is roughly 0 dB, as expected for a subwave-
length circular structure. For the corrugated aperture in
Figure 3b, the directional performance is 7.3 dB, which appears
similar to the Iperformance of a recent Yagi-Uda antenna
demonstration."" The periodic corrugations thus efficiently con-
trol the emission directionality. Moreover, the emission direc-
tionality is achieved along all azimuthal orientations (it is
circularly symmetric in the back focal plane image), and the
main emission direction is normal to the sample plane, contrarily
to Yagi-Uda antennas.'"*

In antenna theory, “directivity” is a figure of merit for an
antenna corresponding to the ratio of the radiated power density
along the direction of strongest emission, relative to the power
density radiated by an ideal isotropic emitter radiating the same
amount of total power. As we quantify the radiation pattern
intensity per molecule, we can estimate the directivity figure of
merit and assess the fluorescence enhancement versus the
emission angle. Figure 3c directly quantifies the fluorescence
enhancement per molecule along each emission direction rela-
tive to an open water environment. To obtain this figure, we first
calibrate the integrated fluorescence enhancement with the 1.2
NA objective in the case of the nanoaperture without corruga-
tions. Data shown in the Supporting Information indicate an
integrated value over the whole objective NA of 13.6. This value
directly corresponds to the fluorescence enhancement found for
each emission direction from a noncorrugated aperture, as the
angular emission is uniform within the limit of +64° set by our
objective. In the case of the nanoaperture with the periodic
corrugations, we use the ratio of the fluorescence intensities
per molecule in Figure 3a,b and the known fluorescence
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Figure 3. Radiation patterns (intensity distribution in the back focal plane of the 1.2 NA objective) for a single nanoaperture without (a) and with
(b) periodic corrugations. The excitation power is 120 #W in both cases. The intensities presented here are normalized by the average number of
detected molecules, as measured by FCS. Therefore, the intensity scaling in (a) and (b) corresponds to the normalized fluorescence intensity per
molecule. The larger circle seen for instance in image (a) corresponds to the maximum detectable angle of +64° set by our 1.2 NA water immersion
objective. (c) Fluorescence intensity enhancement per single molecule as function of the emission polar angle, relative to the open solution reference
case. (d) Angular radiation patterns in the polar angle, as deduced from the images in (a,b). The intensity per molecule in the case of the noncorrugated

aperture is multiplied here by a factor of 4 to ease viewing the figure.

enhancement factor of 13.6 for an aperture without corrugations
to calibrate the fluorescence enhancement versus the emission
angle (Figure 3c). A clear peak centered at 0° (direction normal
to the sample plane) is seen in Figure 3c with a peak enhance-
ment up to 110 fold, or 20.5 dB. To quantify the antenna
directivity, one needs to normalize this peak enhancement by
the average enhancement integrated over all emission directions
(directivity is defined relative to an isotropic source radiating the
same total power). We estimate average enhancement integrated
over all emission directions by the fluorescence enhancement of
23.8 found in the case of the 1.2 NA collection objective, divided
by 2 to account for the emission occurring in the lower half-space
only (see Supporting Information). As a result, the corrugated
aperture directivity is estimated to 110/(23.8/2) = 9.2, or
equivalently 9.7 dB.

For the corrugated aperture, the peak seen in Figure 3c has a
half-width at half-maximum of £15°, where most of the angular
fluorescence enhancement is to be found. This value corresponds
nicely to the £22° collection cone of our 0.5 NA water-
immersion objective. Almost all the energy of the central peak
in the radiation pattern is thus collected by the 0.5 NA objective.
This effect directly contributes to the high fluorescence enhance-
ment found with the corrugated apertures, and to the ability to
efficiently detect the fluorescence from a single molecule with a
0.5 NA objective. The radiation patterns are also shown in polar
diagrams (Figure 3d), which are more intuitive to view. To
complete this picture, the Supporting Information provides a
comprehensive graph of the collected fluorescence per molecule
versus the objective numerical aperture.

Lastly, we investigate the antenna capacity to couple the
electromagnetic energy to the central aperture via surface
electromagnetic waves. To this end, we perform the experiment
depicted in Figure 4a; the fluorescence from the central aperture
is measured while the excitation laser spot focused by a 1.2 NA
water immersion objective is scanned over the corrugated
nanoaperture sample. We emphasize that the fluorescence
detection path is not scanned, only the emission from the fixed
central aperture is collected while the excitation spot is moved.
This type of image measurement directly notifies the occurrence
of coupling through surface waves. It is also sensitive to the
polarization coupling, as the laser light is linearly polarized and
the corrugations grating has circular symmetry. Figure 4b,c
represents the fluorescence images for horizontal and vertical
polarization of the excitation field, while only the excitation spot
is scanned over the corrugated nanoaperture. These pictures
represent the direct image space (they must not be confused with
radiation patterns in the reciprocal Fourier plane as in Figure 3a).
The butterfly shape is characteristic to selective coupling when
the field polarization is aligned along the transverse magnetic
(TM) direction respective to the circular corrugations grating.
This is directly representative of coupling to TM-sensitive sur-
face waves such as surface plasmon polaritons. In the Supporting
Information, we show an image scan of a single nanoaperture
without corrugations. The characteristic butterfly shape is absent,
as nothing (except the aperture edge) provides the necessary
momentum to couple the far-field radiation to surface waves.

Gold nanoapertures surrounded by periodic corrugations trans-
form standard fluorescent molecules into bright unidirectional
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Figure 4. (a) Schematic of the experiment: the fluorescence from the
central aperture is collected while the excitation laser spot focused by a
1.2 NA water immersion objective is scanned over the corrugated
nanoaperture sample. The fluorescence detection path is not scanned,
only the emission from the fixed central aperture is measured while the
excitation spot is moved. (b,c) The fluorescence images for horizontal
and vertical polarization of the excitation field. These pictures are in the
direct image space (not reciprocal Fourier plane as in Figure 3a). We
deliberately saturate the signal stemming from the center of the aperture
(normalized to 1) to better display the intensity distribution near the
periodic corrugations. The butterfly shape is characteristic to selective
coupling when the field polarization is aligned along the transverse
magnetic (TM) direction respective to the circular corrugations grating.

sources. The corrugated nanoaperture simultaneously increases
the emission count rate and redirects the fluorescence radiation;
our study reports enhancement factors of the fluorescence count
rate per molecule up to 120 fold simultaneously with a directional
emission of the fluorescence into a cone of £15° in the direction
normal to the sample. Corrugated nanoapertures thus provide a
source for intense fluorescence light with very narrow direction-
ality. There is still plenty of room for further optimization of the
many antenna parameters, according to the design characteriza-
tions at hand.*”*® On the basis of the very narrow directionality

of £3° achieved for the transmitted light beam,'” we believe that
similar angular divergences can be realized for the fluorescence
beam using optimized parameters design. Even though such
directionality performance comes at the expense of a larger foot
print of the structure, we point out that several corrugated
apertures can be strongly overlapped,”* hereby providing a way
toward integration of corrugated apertures in compact device
architecture. Our study also demonstrates that a simple 0.5 NA
water immersion objective can efficiently detect a single fluor-
escent molecule, hereby releasing the need for high NA micro-
scope objectives. Another remarkable point is that the structure
is insensitive to the incoming polarization direction. We believe
that the present demonstration is of high relevance for the
development of advanced single molecule sensing, bright single-
photon sources for quantum information processing, and light
emitting devices.
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Abstract
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e Fabrication procedure

e Experimental setup and analysis method descriptions

e Raw experimental data presentation
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e Spectral analysis of the fluorescence emission
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e Image scan of a single nanoaperture
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1 Fabrication procedure

The preparation procedure of the corrugated nanoapertures is based on two-step direct focused ion
beam milling (FIB). The procedure is schematically presented in Figure 1. First, the glass substrate
is coated with a thin chromium adhesion layer and a 50 nm thick gold layer to make the substrate
conductive and avoid charge accumulation during the fabrication process. Then, the periodic concen-
tric corrugations are milled into this gold-coated substrate. Two optically thick layers of gold and
chromium are then deposited on top of the corrugated substrate to obtain the final gold thickness
with a chromium layer on top. As final step, the central nanoaperture is opened with FIB milling.
The electron microscope imaging capability of our FIB machine (FEI Strata DB235) enables us to
accurately center the ion beam respectively to the corrugations.

Satisfactorily reproducibility is achieved, as the fluorescence measurements have a variability of
less than 8% from aperture to aperture. This variation results from minor fabrication deficiencies.

Figure 2 presents typical scanning electron microscopy (SEM) images of the fabricated samples,

at the end of the fabrication process (a) and at step 4, to better show the periodic corrugations (b).

Step 1: Deposition Step 2: FIB milling of
Cr 10nm + Au 50nm on glass corrugations into substrate
Step 4: Step 5: FIB milling of
Step 3: Deposition Cr 45nm central aperture

Deposition Au 120nm

-

Figure 1: Nanofabrication procedure to realize the corrugated nanoaperture samples.






Figure 2: Typical scanning electron microscopy images of the corrugated nanoapertures. (a) is the final

structure after milling the central aperture, (b) is a side view of the corrugations on a sacrificed sample
where a deep trench has been milled over one half of the structure to allow for angle viewing (this

stage is before milling the central aperture, corresponding to step 4 of the nanofabrication procedure).

2 Experimental setup

Our experimental set-up is based on a confocal inverted microscope allowing single aperture studies
(Figure 3). It combines FCS and time-correlated lifetime measurements facilities on the same setup
to determine the complete photokinetics alteration in a nanoaperture following the procedure derived
in reference [1]. We emphasize that for all experiments, a droplet of solution containing Alexa-Fluor
647 molecules is deposited on top of the sample. This droplet acts as a reservoir of molecules, that
are constantly diffusing inside the aperture, which strongly limits the effects of photobleaching on our
observations. For FCS measurements, the excitation source is a CW He-Ne laser operating at 633 nm.
For lifetime measurements, the excitation source is a picosecond laser diode operating at 636 nm
(PicoQuant LDH-P-635, repetition rate 80 MHz). A single-mode optical fiber (Thorlabs P3-630A-
FC-5) ensures a perfect spatial overlap between the pulsed laser diode and the CW HeNe laser. This
guarantees the same excitation spot for FCS and TCSPC and almost same wavelength. Accurate
positioning of the nanoaperture at the laser focus spot is obtained with a multi-axis piezoelectric
stage (Polytech PI P-517.3CD). 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. After a 30 pum confocal pinhole conjugated to the sample plane, the detection is
performed by two avalanche photodiodes (Micro Photon Devices by PicoQuant MPD-5CTC, with
timing jitter about 50 ps and active area 50 pum) with 670 + 20 nm fluorescence bandpass filters.
For FCS, the fluorescence intensity temporal fluctuations are analyzed with a ALV6000 hardware
correlator. FEach individual FCS measurement is obtained by averaging 10 runs of 10 s duration.
For fluorescence lifetime measurements, the photodiode output is coupled to a fast time-correlated
single photon counting module (PicoQuant PicoHarp 300). The temporal resolution of our setup for

fluorescence lifetime measurements is 120 ps FWHM.

single mode
fiber RS

ps laser
diede

nanopos.
piezo

dichroic - —
mirror microscope objective

16X/ NA 0.5/ =

pinhole

TCSPC board

correlator

Figure 3: Schematic view of the experimental setup.

The analysis of the FCS data relies on a numerical fit based on a three dimensional Brownian

diffusion model [1, 2]J:
T 1

O =14+ (12BN |14 npex <_>1
g-(7) 1+N( (F)) btnrew | = N O Vit 21/

where N is the total number of molecules, (F) the total signal, (B) the background noise, ny the

(1)

amplitude of the dark state population, 7, the dark state blinking time, 74 the mean diffusion time
and s the ratio of transversal to axial dimensions of the analysis volume, which we set to s = 1 for the
nanoapertures and s = 0.2 for the open solution reference.[2] Numerical fit of the FCS data following
Equation (1) provides the average number of molecules N which is used to compute the fluorescence
count rate per molecule CRM = ((F)—(B))/N. The background noise (B) originates mainly from the
back-reflected laser light and from gold autofluorescence. At 500 uW excitation powers, it typically
amounts to (B) = 1 kHz, which is almost negligible as compared to the count rates per molecule in

the nanoapertures in the range 10-30 kHz.





The assumption of a free diffusion model is obviously not fulfilled within a nanoaperture. However,
as already demonstrated in references [1, 2] this model suffices to determine the average number of
molecules N and the fluorescence count rate per molecule CRM. The key point is that to reliably
determine N, one only needs to focus on the amplitude of the correlation function as the lag time goes
to zero. Basically, the number of detected molecules N is proportional to the inverse of the correlation
function amplitude at origin ¢(®(0). The expression of ¢(®(0) given by Equation (1) is independent
of the shape of the excitation field and the type of diffusion statistics, and is therefore sufficient to
reliably estimate N. This is a direct consequence of the Poissonian nature of the probability to find
a molecule in the observation volume at a given time. This procedure holds for a stationary system
and a dilute solution where the spatial correlation length of concentration fluctuations is much smaller
than the detection volume, which is clearly the case for our study. To fully take into account the
fast photokinetics of a real dye (photoisomerization and triplet blinking), one has to consider the first
channels of the correlogram (with characteristic times below 10 us), yet the knowledge of the shape
of the correlation function at larger times is not necessary.

As shown in Figure 4, the agreement between the expression in Equation (1) and the experimental
data is very good. Using a more elaborate model would mostly result in introducing more noise in the
data analysis, without bringing much more insights. Determining the molecular diffusion coefficient
in the case of the nanoapertures is a complex task, as it requires to take into account various artifacts
brought by the non-Gaussian observation volume. The restriction of the range available for diffusion
affects the diffusion time (millisecond time range), but leaves unaffected the correlation amplitude
and the fast components of the correlogram (triplet photokinetics). Still, we point out that relative
measurements of variations in diffusion times are always possible, and are sufficient to assess enzymatic
activity, chemical rate constants, or binding rates.

To measure the fluorescence decay rate, we use the following procedure that takes into account
the limited resolution of our setup. Careful analysis of the instrument response function (IRF) reveals
a double exponential decay : TRF(t) ox Ajexp(—kit) + Az exp(—kat) with Ay = 0.516, Ay = 0.484,
k1 =5.710° s7! and ke = 20.7 10° s7, as already determined in reference [1]. The output signal O(t)
of the TCSPC card corresponds to the convolution of the system IRF with the averaged fluorescence
decay, which is assumed to be mono-exponential. Convolving a mono-exponential fluorescence decay

with a double exponential IRF results in a triple exponential :

Ay A

t
O < G o= o

) exp(—kiort) — exp(—kit) — exp(—kat) (2)

_ A _ A
k‘l — ktot k2 - ktot

where ko is the molecular total deexcitation rate, and A1, Ao, k1 and ko are fixed parameters set by
the IRF analysis. While analyzing the experimental decay curves, ki is thus kept as the only free
varying parameter. This procedure yields a fluorescence lifetime of 1.0 ns for Alexa Fluor 647 in open

water solution, which corresponds well to the data in the literature.





3 Raw experimental data with the 0.5 NA objective

Figure 4 presents a typical set of raw experimental data, taken with the microscope objective of
0.5 NA (average excitation power of 1 mW) on the confocal reference on open A647 solution, the
nanoaperture without corrugations, and the corrugated nanoaperture. Numerical analysis of this
data following the models of Equations (1) and (2) yield the folowing results: for the open solution
case, number of molecules N = 110 (concentration diluted 100x compared to the concentration used
for the nanoapertures), diffusion time 74 = 664 us, triplet amplitude np = 0.65, triplet blinking
time 77 = 1.8 us, count rate per molecule CRM = 1.08 kHz, fluorescence lifetime 1.01 ns. For the
nanoaperture without corrugations, N = 5.4, 74 = 61 us, np = 0.77, 7p = 0.8 us, CRM = 11.9 kHz,
fluorescence lifetime 377 ps. For the nanoaperture with corrugations, N = 12.7, 74 = 64 us, np = 0.48,
7r = 0.7 us, CRM = 56.9 kHz, fluorescence lifetime 551 ps.
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Figure 4: Raw experimental data for the confocal reference on open A647 solution (a),(d),(g), the
nanoaperture without corrugations (b),(e),(h) and the corrugated nanoaperture (c),(f),(i), while using
the microscope objective of 0.5 NA. All data displayed here are taken with an average excitation power
of 1 mW. (a)-(c) represent the raw fluorescence time trace. (d)-(f) are the corresponding fluorescence
intensity correlation function, and the numerical fits using Equation (1). (g)-(i) are the fluorescence

intensity distributions used to determine the fluorescence lifetime.





4 Fluorescence enhancement characterization for NA=0.5

To complete the data presentation of Figure 2 of the main document, Table 1 summarizes the fitting
parameters A, I for the fluorescence count rate per molecule CRM = AI./(1+ I./I;), in the case a
0.5 NA water immersion objective is used. Table 2 presents the enhancement factors relative to open
solution for the fluorescence signal nr, the excitation rate neyc, the emission rate 7., and the total

decay rate mo (inverse of fluorescence lifetime).

Aperture Aperture Reference
with corrugations | w/o corrugations solution
A (kHz/uW) 0.105 1.89 x10~2 1.37 x1073
I; (uW) 1190 2795 3420

Table 1: Fitting parameters of the fluorescence count rate per molecule with the 0.5 NA objective

(Figure 2(b) of the main document).

Fluorescence | Excitation | Emission | Decay rate
nr Nexc Nem Ntot
Aperture with corrugations 76.6 5.5 26.7 1.9
Aperture without corrugations 13.8 3.2 11.3 2.5

Table 2: Enhancement factors relative to open solution with the 0.5 NA objective (Figure 2(d) of the

main document).






5 Fluorescence enhancement characterization for NA=1.2

Figure 5 presents the same analysis as for Figure 2 of the main document, but for a 1.2 NA water
immersion microscope objective, instead of the 0.5 NA used previously. As a consequence of the
smaller spot size of the excitation laser spot and larger fluorescence collection efficiency with a 1.2 NA,
the enhancement factors are lower comparing a corrugated nanoaperture to an aperture without
corrugations or to the reference open solution case. In the case of a 1.2 NA excitation, the laser
spot size is about 530 nm in diameter, so that less than one corrugation is illuminated by the laser
spot. The fitting parameters for the fluorescence count rate per molecule and the enhancement factors

relative to open solution are respectively presented in Tables 3 and 4.

Aperture Aperture Reference
with corrugations | w/o corrugations | solution
A (kHz/uW) 2.26 1.29 0.095

Iy (W) 126 266 510

Table 3: Fitting parameters of the fluorescence count rate per molecule with the 1.2 NA objective
(Figure 5(b)).

Fluorescence | Excitation | Emission | Decay rate
nr Nezc Nem MNtot
Aperture with corrugations 23.8 7.7 5.9 1.9
Aperture without corrugations 13.6 3.7 7.0 1.9

Table 4: Enhancement factors relative to open solution with the 1.2 NA objective (Figure 5(d)).
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Figure 5: (a) Investigations of the detected fluorescence count rate per molecule with a 1.2 NA water

immersion microscope objective, instead of the 0.5 NA used in the main document. (b) Fluorescence

count rate per molecule versus the excitation power. Markers are experimental data, solid lines are

numerical fits. (c) Fluorescence enhancement factors relative to the standard confocal case (open

solution), as deduced from the data in (b). (d) Contribution of excitation and emission gains to the

overall fluorescence enhancement. Decay rate corresponds to the reduction of the fluorescence lifetime.

(e) Evolution of the fluorescence enhancement factor versus Alexa Fluor 647 measured quantum yield

¢ in a water-methyl viologen solution. From right to left, the methyl viologen concentration increases

from 0 up to 60 mM. The continuous line is a model based solely on the data displayed in (d). It is

not a numerical fit of the experimental data points, there are no free parameters.
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6 Raw experimental data with the 1.2 NA objective

Figure 6 presents a typical set of raw experimental data, taken with the microscope objective of
1.2 NA (average excitation power of 70 uW) on the confocal reference on open A647 solution, the
nanoaperture without corrugations, and the corrugated nanoaperture. Numerical analysis of this
data following the models of Equations (1) and (2) yield the folowing results: for the open solution
case, number of molecules N = 98.7 (concentration diluted 100x compared to the concentration used
for the nanoapertures), diffusion time 74 = 109 us, triplet amplitude np = 0.89, triplet blinking
time 77 = 1.8 us, count rate per molecule CRM = 5.9 kHz, fluorescence lifetime 989 ps. For the
nanoaperture without corrugations, N = 5.6, 74 = 26 us, ny = 0.67, 70 = 0.8 us, CRM = 73.9 kHz,
fluorescence lifetime 507 ps. For the nanoaperture with corrugations, N = 16, 74 = 39 us, np = 0.67,
7r = 1.0 us, CRM = 105.1 kHz, fluorescence lifetime 525 ps.
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Figure 6: Raw experimental data for the confocal reference on open A647 solution (a),(d),(g), the
nanoaperture without corrugations (b),(e),(h) and the corrugated nanoaperture (c),(f),(i), while using
the microscope objective of 1.2 NA. All data displayed here are taken with an average excitation power
of 70 uW. (a)-(c) represent the raw fluorescence time trace. (d)-(f) are the corresponding fluorescence
intensity correlation function, and the numerical fits using Equation (1). (g)-(i) are the fluorescence

intensity distributions used to determine the fluorescence lifetime.
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7 Methyl viologen as a fluorescence quencher

We report here a standard Stern-Volmer analysis of the quenching effect of methyl viologen on the
fluorescence emission of the Alexa Fluor 647 dye. We measure the evolution of the total fluorescence
intensity Iy and the fluorescence lifetime 7 while the methyl viologen concentration [MV?27F] is in-
creased, and we compare these values to the reference intensity /o and lifetime 79 when no quencher
is present. For a standard dynamic quenching of A647 fluorescence, the intensity and lifetime ratios

follow the Stern-Volmer relationship:

L0 Ty gy VR 3)
Iy T
where k, is the quenching rate. Figure 7 presents our experimental results, which follow nicely the
Stern-Volmer relation. This confirms the dynamic quenching of A647 by the methyl viologen with a
rate of ky = 2.4 x 1010 =1 M~!. We use the Stern-Volmer relation derived experimentally to calibrate
the A647 quantum yield in the methyl viologen solution for the experiments reported in Figure 2(e)
(main document) and Figure 5(e). We carefully checked that A647 emission spectrum and absorption

coefficient remained unchanged within the range of methyl viologen concentration used here.
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Figure 7: Stern-Volmer plot of the fluorescence intensity and fluorescence lifetime ratios versus the

methyl viologen concentration.
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8 Spectral analysis

The periodic corrugations around the nanoaperture act as a grating, which may influence the emission
spectrum of the molecules due to the wavelength-dependent resonant conditions. The data reported
in the main document correspond to a spectral integration from 650 to 690 nm. This covers most of
the dye emission spectrum but prevents any observation of an alteration of the emission spectrum,
especially if resonant gratings are used. To detail the fluorescence spectrum, the fluorescence beam
was sent to a spectrograph (Jobin-Yvon SPEX 270M) equipped with a nitrogen-cooled CCD detector.
The raw spectrum is then normalized by the number of molecules given by FCS. This procedure
allows to directly compare the intensities obtained per single molecule for different apertures with and
without periodic corrugations. It directly yields the average fluorescence spectrum per single emitter.

Fluorescence spectra per A647 molecule are presented on Figure 8(a). The detected count rate per
molecule is significantly enhanced over the whole A647 emission spectrum. Interestingly, the shapes
of the spectra do not change noticeably between open solution and the different apertures. No clear
spectral resonance is visible while using nanoapertures with periodic corrugations. As expected for
this type of sample, the resonance is sufficiently wide spectrally to cover the 630-700 nm region. This
spectral range is also further enlarged by the extra chromium layer used to reduce the transmission
through the corrugated aperture.

As we are able to measure the fluorescence spectrum per molecule, we can directly deduce the
fluorescence enhancement for each emission wavelength. This provides the spectral enhancement
factors displayed in Figure 8(b), which are the ratio of the spectrum recorded for an aperture by
the reference spectrum in open solution. Within the range 650-690 nm, the apparent value of the
fluorescence enhancement slightly increases with the wavelength, showing a higher enhancement for
red-shifted wavelengths, as already observed.[2] Both curves with and without corrugations show
qualitatively the same behavior. Our data also indicate that the optimal emission wavelength yielding

the larger enhancement tends to be red-shifted, hereby confirming the expected scaling effect.[2]
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Figure 8: Spectral analysis of the fluorescence enhancement for A647 dyes diffusing in nanoapertures
with and without corrugations, for 1.2 NA illumination. (a) Integrated fluorescence signal normalized
per molecule vs. emission wavelength, for a 10 s acquisition time. (b) Fluorescence enhancement factor
vs. emission wavelength. The orange region correspond to the 650-690 nm region used for fluorescence

integration in the data presented in the main document.
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9 Influence of numerical aperture used for collection

The radiation patterns as displayed in Figure 3 of the main document contain all the necessary
information to fully represent the fluorescence emission dependence on (i) the emission angle and (ii)
the numerical aperture used for collection. Figure 9 presents the results of the calculation of the total
integrated power for a single nanoaperture within an angular cone of extension +«, where « is given
by the numerical aperture used for collection NA=n sin«, with n = 1 for dry (air) objectives and
n = 1.33 for water immersion objectives. If I;(#) denotes the fluorescence radiated power along the
direction given by the polar angle 6, then the data presented in Figure 9 corresponds to the integrated

power N
Py = /0 1;(6) 27640 (4)

The term in 270d# is a consequence that the fluorescence is integrated over the bi-dimensional circular
surface of the fluorescence beam. There is no term in sin(f) as we assume the microscope objective is
perfectly corrected from spherical aberrations and is hence transforming a spherical wavefront into a
planar wavefront (which is detected by the CCD camera in the objective’s back focal plane).

As expected, the integrated fluorescence power grows with the collection angle. We note that the
integrated fluorescence with the corrugated aperture is significantly higher than for the non-corrugated
sample. This is a direct consequence of the beaming observed for the fluorescence light towards the
angles close to the normal of the sample. Moreover, the ratio of the curves for a given NA in Figure 9

directly yield the enhancement factor in collection brought by the periodic corrugations.
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Figure 9: Integrated fluorescence power per molecule Py versus the numerical aperture used for col-

lection.
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10 Image scan of a single nanoaperture

To complete the data presented in Figure 4 of the main document, we show here the results of the
same experiment for a single nanoaperture without corrugations (Figure 10). The fluorescence from
the central aperture is measured (fixed detection path) while the excitation laser spot focused by a
1.2 NA water immersion objective is scanned over the sample. The characteristic butterfly shape
obtained for corrugated apertures is absent for an aperture without corrugations. Let us emphasize
that we use the same settings for the image intensity display of each image (linear scale, normalization
to 1, saturation level at 0.4), so that the different images can be directly compared. The lack of
periodic corrugations does not provide the momentum necessary to launch surface electromagnetic
waves while the laser excitation spot is scanned over the sample. This further confirms the antenna

capacity of the corrugations.

1.0
0.4
0.5
03
£ o0
>

-0.5

-1.0

-1.0 0.5 0.0 05 1.0
X (pm)

Figure 10: Same as Figure 4 of the main document, for a single nanoaperture with no corrugations,
using the same image settings. The fluorescence from the central aperture is collected while the
excitation laser spot focused by a 1.2 NA water immersion objective is scanned over the sample.
The fluorescence detection path is not scanned, only the emission from the fixed central aperture is

measured while the excitation spot is moved.
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11 Photon antibunching experiment

The experimental setup used for fluorescence lifetime measurements can easily be modified to realize a
Hanbury-Brown-Twiss type of photon detection experiment, where the two photodiodes are connected
to the start and stop inputs of the fast photon counting module (PicoHarp 300).[3] This type of
detection is commonly used to investigate the photon emission statistics, specially to reveal photon
antibunching. The photon antibunching corresponds to the property that individual quantum emitters
generate photons one by one, which are separated by a characteristic time interval.

As we are dealing here with diffusing molecules that have a stochastic Brownian motion, the
fluorescence emission will bear additional fluctuations due to the random presence of the molecular
emitters.[3] Consequently, the fluorescence intensity correlation function ¢(®)(r) will never go below
unity, which means that the emission statistics will always follow a classical distribution. However,
it can be shown that ¢ (0) = 1, and that ¢g®(7) > ¢g®(0) for 7 > 0.[3] This corresponds to the
interesting case where photon antibunching is clearly present, but the statistics are not sub-Poisson.
The physical origin of this effect is to be found in the fact that the photon contributing to the
distribution at 7 > 0 originates from a different molecule than the initial photon that defined 7 = 0.

The high fluorescence count rates detected in the case of the corrugated nanoaperture are specially
appealing to investigate this antibunching effect for molecules in solution. In order to obtain the
highest contrast in the correlation function g(® (1) , we set the A647 concentration so that the average
number of molecules diffusing inside the nanoaperture is close to one, N =~ 1. Figure 11 presents
the recorded correlation function in the case of a corrugated nanoaperture under pulsed excitation.
The detected count rates have been normalized so that the value at 7 = 0 equals to unity. In that
framework, the data displayed in Figure 11 can directly be analyzed as the fluorescence intensity
correlation function g(® (7) for different lag times 7 in the nanosecond regime. The different peaks at
T =12.5, 25, 37.5 ns are a direct consequence of the pulsed laser excitation with 80 MHz repetition
rate. A fluorescence photon can be emitted only when an excitation photon is present. The lower
peak at g(2)(0) than ¢(®(12.5), g (25),... reveals the presence of antibunching on the emission, even
if the photon statistics are not sub-Poissonian. The differences between the peaks at 7 # 0 and the
peak at 7 = 0 corresponds to the inverse of the number of molecules 1/N. It is well close to one, as
expected from the FCS calibration of the molecular concentration.

This antibunching experiment further confirms the single molecule nature of our observations,
independently on the FCS method. The high signal to noise ratio in Figure 11 can only be achieved
thanks to the large fluorescence count rates per molecule in a corrugated nanoaperture. It is a

supplementary witness of the bright single molecule fluorescence emission in nanoapertures.
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Figure 11: Normalized fluorescence intensity correlation function g(2)(7') in a Hanbury Brown Twiss
experiment with a corrugated nanoaperture and an average N =~ 1 A647 molecule in the nanoaperture
observation volume. The microscope objective has 1.2 NA, the average excitation power is 150 uW,

the pulse repetition rate is 80 MHz, and the total integration time is 200 s.
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