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A bare nanometric aperture milled in a metallic film forms a simple nanophotonic device that can strongly
enhance the optical properties of nearby emitters such as fluorescent molecules. In this paper, we experimen-
tally and numerically compare the properties of circular apertures milled in gold and aluminum, and discuss the
influence of a noble metal holding plasmonic resonances in the visible range such as gold. We report that
nanometric apertures milled in gold exhibit significantly higher fluorescence enhancement factors than aper-
tures in aluminum. We relate this effect to a larger enhancement of the excitation intensity and radiative rate for
an aperture milled in gold. A spectrally resolved analysis of the fluorescence emission from apertures is also
presented. Comparison with numerical simulations shows that the enhancement factor is maximum when the
photonic density of modes is maximum. Altogether, these results provide crucial knowledge for the design of
nanoapertures towards high-efficiency single-molecule analysis.
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I. INTRODUCTION

A bare subwavelength aperture milled in a metallic film
forms a simple nanophotonic device. However, in spite of its
conceptual simplicity, it exhibits complex and interesting op-
tical properties. As soon as one is dealing with nanosized
apertures pierced in a finite-thickness real metal, Bethe’s
theory1 is no longer valid and a rigorous diffraction theory
must be employed. A number of intriguing phenomena have
been experimentally observed, such as the so-called extraor-
dinary transmission through arrays of holes or slits,2,3 direc-
tivity of the transmission through a single structured
aperture,4 or electromagnetic field enhancement and confine-
ment inside and in the vicinity of the aperture.5,6 All these
phenomena are of practical significance to develop new ap-
plications in photonics, nano-optics, and biophotonics. In the
years immediately following the first report of extraordinary
transmission,2 most of the attention was attracted by the
properties of periodic arrays of holes or slits. More recently,
there has been a growing interest around the properties of
single �i.e., isolated� nanoapertures.7 Indeed, a single
nanoaperture can exhibit a surprisingly high transmission; it
also supports highly confined and enhanced electromagnetic
fields. Both properties arise from the existence, even for very
small holes, of guided modes inside the aperture.8–12

The presence of high amplitude electromagnetic fields in-
side nanoapertures makes them promising for enhancing the
fluorescent emission from molecules or nanocrystals. Many
groups have already reported fluorescent emission enhance-
ment from emitters located in the vicinity of different types
of metallic nanostructures: metallic nanoparticles,13–19 nano-
porous gold,20 gold “nanopockets,”21 hole arrays and metal-
lic gratings,22–26 and single nanoapertures.27–29 In this paper,

we will focus our attention on subwavelength apertures.
Such nanostructures present a certain number of advantages.
First, they can be fabricated with robust nanofabrication
techniques; consequently, the size and shape of the apertures
are controlled and reproducible. Second, rigorous simulation
algorithms of the electromagnetic properties of apertures are
available. The last advantage is linked to the geometry of the
aperture: it acts as a small reaction chamber and is a conve-
nient platform that allows highly parallel solution
analysis30,31—a crucial issue for biological applications.32,33

The fluorescence emission of an emitter located inside a
nanoaperture may be affected in two ways: �i� by the local
enhancement of the excitation intensity, and �ii� by the modi-
fication of the electromagnetic environment of the emitter,
changing its quantum efficiency and radiation pattern. In
both effects, surface plasmons can play a positive role to
yield larger fluorescence rates.13,34 In previous
experiments,28,29 only apertures milled in aluminum films
were studied, yet aluminum does not sustain significant plas-
monic effects in the visible range. Can we expect an increase
of the enhancement factor in the case of a metal supporting
strong surface plasmon resonances in the visible range, such
as gold? To address this issue, we report in this paper a
detailed comparison between the fluorescence emission en-
hancement factors for two metals: aluminum and gold. We
set the excitation wavelength to 633 nm and use Alexa-Fluor
647 as a fluorescent reporter �Alexa-Fluor 647 is a com-
monly used dye with emission spectrum ranging from
650 to 710 nm and peak emission at 670 nm�.

In order to get an accurate estimation of the fluorescence
enhancement factor, it is of crucial importance to quantify
the total fluorescence intensity and the number of emitters.
Fluorescence correlation spectroscopy �FCS� is a robust
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method that answers this issue.35 FCS provides access to the
count rate per molecule, that is, the average number of pho-
tons emitted by a single fluorescent molecule. In this paper,
we use FCS to directly compare the fluorescent enhancement
from different nanostructures without making any implicit
hypothesis on the number of fluorescent molecules.

The paper is outlined as follows. In Sec. II, we present the
materials and methods used throughout the paper. A more
detailed presentation of the FCS technique is provided. Ex-
perimental results are presented in Sec. III. Section IV is
devoted to a discussion of the results and to a comparison
with electromagnetic calculations. The respective roles of the
reinforcement of the excitation intensity and of the modifi-
cation of the emission characteristics are also discussed. Fi-
nally, in Sec. V, we summarize our conclusions.

II. MATERIALS AND METHODS

Optically thick metallic films �thickness of 200 nm� of
gold and aluminum were coated on conventional microscope
coverslips �thickness of 150 �m� by thermal evaporation. A
15 nm thick chromium layer ensures adhesion between the
gold film and the borosilicate glass substrate. No chromium
adhesion layer was used for the aluminum samples. Circular
apertures with diameters ranging from 80 to 310 nm were
then milled by focused ion beam �FEI Strata DB235, using
Ga+ ions exhibiting a 5 nm nominal beam diameter�. A
sample aperture milled in a gold film is displayed in the inset
of Fig. 1�a�.

As discussed above, for a rigorous characterization of the
fluorescence enhancement, it is necessary to estimate the
number of emitting molecules, motivating the use of the FCS
technique. The temporal fluctuations F�t� of the fluorescence
signal are recorded, and the autocorrelation of this signal is
computed:

g�2���� =
�F�t� · F�t + ���

�F�t��2 , �1�

where �·� stands for time averaging. A sample correlogram
g�2���� recorded in a nanoaperture is given in Fig. 1�b�. The
analysis of the experimental data relies on a numerical fit
based on a three-dimensional Brownian diffusion model:

g�2���� = 1 +
1

N
�1 −

�B�
�F�

�2�1 + nT exp�−
�

�bT

��
�

1

�1 + �/�d�	1 + s2�/�d

, �2�

where N is the total number of molecules, �F� the total sig-
nal, �B� the background noise, nT the amplitude of the dark
state population, �bT

the dark state blinking time, �d the mean
diffusion time, and s the ratio of transversal to axial dimen-
sions of the analysis volume. Note that, strictly speaking, the
assumption of a free three-dimensional diffusion model is
not fulfilled within an aperture. However, this discrepancy
can be taken into account by setting the aspect ratio s as a
free parameter: it converges to a value close to unity for each
run. It is clear from Fig. 1�b� that this model fits remarkably

well the experimental data. From the correlogram and Eq.
�2�, it is possible to compute the count rate per molecule �i.e.,
the average number of photons emitted by a single molecule�
as CR= ��F�− �B�� /N. Then, the fluorescence enhancement �
is given by the ratio of the count rate per molecule measured
in the case of an aperture and in the case of an open solution.
We point out that all the presented fluorescence data are spa-
tially averaged over all the possible molecule orientations
and positions inside the detection volume.

Our experimental setup has already been presented in Ref.
28, but it is recalled in Fig. 1�a� for completeness. It is based
on an inverted microscope �Zeiss Axiovert 35M� with a
NA=1.2 water-immersion objective �Zeiss C-Apochromat�.
For experiments in solution, a 50 �m pinhole defines a
three-dimensional detection volume. Nanopositioning of the
aperture inside this confocal volume is performed with a
multiaxis piezoelectric stage �Polytek PI P527�. After the
pinhole, the fluorescence signal passes through a 50 /50

FIG. 1. �Color online� �a� Schematics of the experimental setup
�APD, avalanche photodiode�. Inset: Micrograph of a single
nanoaperture milled in a gold film. �b� Sample correlogram re-
corded on a nanoaperture: autocorrelation function of the fluores-
cence emission signal recorded from A647 dyes in a 120 nm circu-
lar gold aperture. On the upper part of the graph are plotted the fit
residuals.
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beamsplitter and is focused on two avalanche photodiodes
�Perkin-Elmer SPCM-AQR-13� with 670�20 nm fluores-
cence bandpass filters �Omega Filters 670DF40�. The fluo-
rescence intensity fluctuations are analyzed by cross corre-
lating the signal of each photodiode with an ALV6000
hardware correlator. This configuration eliminates correla-
tions due to the dead time of the photodiodes �50 ns� and
avoids artifacts. Each individual FCS measurement was ob-
tained by averaging ten runs of 10 s duration.

For experiments in apertures, a droplet of solution con-
taining Alexa-Fluor 647 fluorescent molecules �A647� is de-
posited onto the top of the aperture, with typically micromo-
lar concentration. Note that the droplet acts as a reservoir of
“fresh” molecules, which are constantly diffusing from the
droplet to the aperture. This strongly limits photobleaching
effects. Let us also emphasize that in all the following ex-
periments, the signal-to-noise ratio was kept at values better
than 10.

III. EXPERIMENTAL RESULTS

A. Fluorescence rate enhancement

We have measured the fluorescence count rate enhance-
ment factor � as a function of the diameter of the aperture
for two sets of apertures: the first set milled in an aluminum
film, and the other set milled in gold �Fig. 2�. The excitation
wavelength is set to �e=633 nm. We stress that all the values
of � presented in Fig. 2 have been measured at low excita-
tion intensity �40 �W� to ensure that the dyes are well below
saturation. Both curves have a similar shape: starting from
relatively low �
4� enhancement factors for small apertures,
the curves quickly rise to a maximum and then decrease for
larger aperture diameters. However, regardless of the aper-
ture size, gold always gives a higher enhancement than alu-
minum. Most interestingly, it reaches a maximum value that
is 55% higher than the value observed for aluminum
��max
12 for gold and �max
7.7 for aluminum�. It should
also be noted that the optimal diameter is shifted towards
significantly smaller hole sizes for gold �120 nm� compared

to aluminum �170 nm�. The physics behind this behavior
will be discussed in Sec. IV. It can, however, already be
concluded that working with apertures milled in gold rather
than aluminum brings two advantages. First, the fluorescence
emission enhancement factor is significantly higher. Second,
it allows us to work at smaller diameters and, consequently,
at higher concentrations while keeping single molecule res-
olution.

Nanoapertures allow for high count rates per molecule,
even at moderate incoming excitation powers. We have per-
formed a set of measurements of the count rate per molecule
while increasing the excitation power. Please note that spe-
cial care has been taken to characterize the level of back-
ground noise and the dark state fraction nT for each excita-
tion power. Results are presented in Fig. 3, in the case of an
open solution and in the case of apertures milled in gold or
aluminum. For aluminum, we limited the excitation power to
400 �W to avoid damaging the sample, as aluminum has a
damage threshold about ten times lower than gold. Without
the nanostructure, the count rates are limited to values below
180 000 counts per second �cps� per molecule �horizontal
line in Fig. 3�. In contrast, a striking count rate better than
1 200 000 cps /molecule is obtained in the nanoaperture
milled in gold at high excitation power. For aluminum, the
maximum rate reaches about 400 000 cps /molecule. There-
fore, at fluorescence saturation, a three times higher count
rate per molecule can be extracted in gold apertures as com-
pared to aluminum.

To model this experimental data, we use the standard ex-
pression of the fluorescence rate of a three level system sum-
marized by F=A

Ie

1+Ie/Is
, where Ie is the excitation intensity, Is

is the saturation intensity, and A is a constant proportional to
the dye absorption cross section, its quantum yield, and the
setup collection efficiency.35 Good agreement between this
model and the experimental data is found. This analysis
brings some insights in the photokinetic rate enhancements

12

10

8

6

4

F
lu

o
.e

n
h

an
ce

m
en

t

300250200150100
Hole diameter (nm)

Au
Al

A647
λ = 633nm

FIG. 2. �Color online� Enhancement factor as a function of the
aperture diameter for Alexa-Fluor 647 dyes at �e=633 nm �excita-
tion power of 40 �W� for nanoapertures milled in aluminum
�squares� and gold �circles� films.
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FIG. 3. �Color online� Count rate per molecule as a function of
the excitation power at �e=633 nm, for A647 dyes diffusing in a
120 nm diameter aperture in a gold film �circles�, in a 170 nm di-
ameter aperture in aluminum �squares�, or in open solution �tri-
angles�. Solid lines are numerical fits by a three-level system �see
text�. Fitting parameters are for open solution, A=0.6 kHz /�W and
Is=390 �W; for aluminum, A=5.0 kHz /�W and Is=130 �W; and
for gold, A=6.8 kHz /�W and Is=260 �W.
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induced by the nanostructure, as we will discuss in Sec. IV.
Before we move on to that discussion, we describe further
experimental investigations towards alterations of the spec-
trum and directivity of the detected fluorescence beam.

B. Spectral analysis

When an emitter is placed near an arbitrary object or in-
side a cavity, its emission spectrum may be altered.26,39 The
data reported in Fig. 2 correspond to a spectral integration
from 650 to 690 nm, which covers most of the dye emission
spectrum but prevents any indirect observation of an alter-
ation of the emission spectrum. To detail the fluorescence
spectrum, we first performed a FCS measurement to quantify
the average number of molecules inside the nanoaperture.
Then, with a flipping mirror, the fluorescence beam was sent
to a spectrograph �Jobin-Yvon SPEX 270M� equipped with a
nitrogen-cooled charge coupled device �CCD� detector. The
raw spectrum is eventually normalized by the number of
molecules given by FCS. This procedure allows us to di-
rectly compare the intensities obtained per single molecule
for different aperture sizes.

Normalized fluorescence spectra per A647 molecule mea-
sured in open solution and on several apertures in a gold film
are presented in Fig. 4�a�. The detected count rate per mol-
ecule is significantly enhanced over the whole A647 emis-
sion spectrum, with a maximum enhancement for 120 nm
diameter apertures, as observed in FCS. Interestingly, the
shapes of the spectra do not change noticeably between open
solution and the different apertures. The same behavior has
been observed for apertures in aluminum �data not shown�.
In Fig. 4�b�, we plot the spectrally dependent enhancement
factor �that is, the ratio of the spectrum recorded for an ap-
erture by the reference spectrum in open solution�. Within
the range of 650–690 nm, the apparent value of � slightly
increases with the wavelength, showing a higher enhance-
ment for redshifted wavelengths. Our data also indicate that
the optimal emission wavelength yielding the larger en-
hancement tends to be redshifted while increasing the aper-
ture size, hereby confirming an intuitively expected scaling
effect.

As already pointed out for nanoaperture arrays,26 no direct
correlation can be found between the white light transmis-
sion through the aperture and the fluorescence spectra. In the
case of our study, we point out that white light transmission
measurements through a single aperture of diameter
120–300 nm yielded transmission curves almost flat over the
650–710 nm spectral range covered by the dye emission.
This range, therefore, seems too narrow to monitor any clear
spectral link between white light transmission and
fluorescence.

C. Fluorescence radiation pattern

A nanoaperture may strongly modify the radiation pattern
of emitters placed inside it. For instance, Lezec et al.4 have
reported an unusual “beaming” effect in the transmitted light
from nanoapertures decorated with a periodic set of grooves.
In our case, a beaming effect—by concentrating light in a
reduced emission cone36,37—would increase the molecular

detection efficiency and, thus, the enhancement factors ex-
hibited by gold and aluminum. In order to check experimen-
tally the directivity of the fluorescence emission, we have
modified our setup to image the microscope objective back
focal plane on a CCD camera equipped with fluorescence
filters.38 This configuration allows us to directly monitor the
fluorescence radiation pattern from an aperture. It should be
emphasized that the numerical aperture of the microscope
objective limits the collection to a cone of 64° half-angle. We
present in Fig. 5 pictures of the A647 fluorescence beam
from a 130 nm diameter hole milled in gold and a 170 nm
hole milled in aluminum—these diameters correspond to the
maximum enhancement factors. In both cases, the dye’s
emission fills the back aperture of the microscope objective.
Within the collection angle of the microscope, we could not
detect any clear effect.

According to recent calculations,40 the far-field directivity
of the beam transmitted through a single subwavelength ap-
erture is highly dependent on the hole size and on the per-
mittivity of the material surrounding the aperture. The direc-
tivity of the beam tends to increase when the modulus of the
permittivity decreases and when the aperture size increases.
In the case of Fig. 5, gold has a lower permittivity than
aluminum, but the hole milled in gold is smaller than the one
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FIG. 4. �Color online� Spectral analysis of the fluorescence en-
hancement for A647 dyes diffusing in apertures milled in a gold
film. �a� Integrated count rate per molecule vs emission wavelength,
for a 10 s acquisition time. �b� Fluorescence enhancement factor vs
emission wavelength.
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milled in the aluminum film. Altogether, the competition be-
tween these two effects leads to a similar far-field directivity
for both apertures.

IV. DISCUSSION

A natural question while comparing the properties of gold
versus aluminum apertures addresses the origin of the higher
fluorescence count rates observed for gold. As stated in the
Introduction, the fluorescence enhancement observed in Fig.
2 can be induced by a locally increased excitation intensity,
by a larger quantum efficiency of the emitter �increased ra-
diative rate vs nonradiative decays�, and by a better collec-
tion of the emitted light within the objective’s numerical ap-
erture. For this last effect, our measurements of the
fluorescence radiation pattern indicate that both metals show
a similar behavior, with almost identical collection efficien-
cies. This invalidates any beaming effect linked with gold.

The trends shown by the molecular count rate versus the
excitation power yield more insights. At saturation, the fluo-
rescence rate is proportional to the radiative rate and no
longer depends on the excitation rate. Therefore, the behav-
ior seen in Fig. 3 for excitation powers above 300 �W shows
a net enhancement of the radiative rate for gold apertures
versus aluminum. Numerical fitting of the data displayed in
Fig. 3 indicates a gain in emission of 7.8 for gold and 2.8 for
aluminum. We, thus, conclude that a metal holding plas-
monic resonances in the visible range allows for higher emis-
sion rates, even if the emission spectra are not significantly
modified by the nanostructure.

Things get more intricate at low excitation powers �well
below fluorescence saturation�, as the fluorescence signal is
proportional to the quantum yield of the dye and the excita-
tion power. Previous theoretical analysis on aluminum aper-
tures has shown that excitation enhancement played a critical

role in the overall fluorescence gain.5 From an experimental
point of view, it is extremely difficult to estimate the relative
weight of the contributions from the excitation and quantum
yield. Therefore, we conducted a numerical analysis based
on the finite element method using COMSOL MULTIPHYSICS

version 3.3.42 The size of the computational space is
1.0�1.0�1.1 �m3, with radiation boundary conditions on
all six faces. A quartz substrate is assumed, on top of which
a 200 nm thick layer of gold or aluminum is placed, the
upper region being water. Dielectric properties of gold and
aluminum are incorporated via the complex dielectric con-
stant, as measured by spectroscopic ellipsometry from
300 to 1600 nm.42 A single nanoaperture is placed in the
center of the metal layer. To simplify the numerical compu-
tations, we restricted the observation area to a plane 15 nm
inside the aperture. This provides the trends for the relative
contribution of emission and excitation, and avoids normal-
ization issues over the entire aperture volume. Quantitative
comparison between experimental data and numerical com-
putations integrated over the entire aperture volume will
form the basis of a future communication.

To estimate the increase of the excitation intensity over
the nanoaperture, a plane wave at 633 nm is launched
500 nm below the structure, incoming from the glass side.
Light intensity is measured and averaged over the plane
15 nm inside the aperture. This result is then normalized by
the integrated intensity within the same surface with no
metal layer. Results for gold and aluminum films are dis-
played in Fig. 6 versus the aperture diameter �empty mark-
ers�. These curves are qualitatively consistent with the ex-
perimental data found in Fig. 2, and show a remarkable
agreement with the aperture diameters found for maximum
fluorescence enhancement. A clear increase of the excitation
intensity is found to occur inside the aperture for a diameter
below the half-wavelength as already known from Ref. 5.
Remarkably, the averaged excitation intensity is about 40%
higher for a 120 nm aperture in gold as compared to a
170 nm aperture in aluminum �comparable to 55% observed
experimentally�. This factor directly contributes to the better

Al Au

FIG. 5. �Color online� Images of the fluorescence emission
beam in the microscope objective back focal plane. Up: CCD pic-
tures of the beam emitted from a 170 nm hole milled in aluminum
and a 130 nm hole milled in gold. Bottom: Line cuts of these pic-
tures along a horizontal line �dots, raw experimental data; solid
lines, smoothing of the raw data�.
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FIG. 6. �Color online� Enhancement factors versus the aperture
diameter computed by the finite element method and averaged over
a plane 15 nm inside the aperture. Circles refer to gold, squares to
aluminum. Empty markers denote excitation gains, filled markers
stand for emission.
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fluorescence enhancement measured for gold apertures at
low excitation powers.

For the emission calculations, a 1 nm dipole is positioned
at various locations in the plane 15 nm inside the aperture.
The radiative emission is estimated from the quartz side by
integrating the z component of Poynting vectors across a
plane located 20 nm below the metal surface. This power is
then compared to the emission in the absence of the nanoap-
erture. Calculations are performed for x, y, and z dipole ori-
entations, and the reported radiative enhancement is an aver-
age for these orientations. Figure 6 displays the emission
enhancement factors versus the aperture diameters for gold
and aluminum films �filled markers�. A clear effect is seen
between gold and aluminum, with 2.5 times more favorable
emission enhancement in the case of gold. This is fully con-
sistent with the higher count rates observed for gold at fluo-
rescence saturation �a factor of 2.8 experimental�. This factor
is also in agreement with the two times larger saturation
intensity found for gold in Fig. 3 �the saturation intensity is
proportional to the ratio of the total decay rate to the excita-
tion cross section, hereby indicating a larger increase of de-
cay rate than excitation power when comparing gold to alu-
minum�. At low excitation powers �below fluorescence
saturation�, the gain due to emission in the overall detected
signal is lower, as it depends on the fluorophore quantum
yield which interplays radiative and nonradiative rates. Start-
ing from the gain in emission rate presented in Fig. 6 and
given the quantum yield of A647 in solution of 30%, we
infer a maximum quantum yield of 70% for A647 in a
120 nm gold aperture, and 50% for A647 in a 170 nm alu-
minum aperture. Therefore, the relative difference between
the quantum yield gains for gold and aluminum is estimated
to be about 40%. Again, this factor directly contributes to the
better fluorescence enhancement obtained for gold apertures.

To predict the optimal diameter for aperture-enhanced
fluorescence, we computed the propagation constant � of the
fundamental guided mode inside an infinitely long cylindri-
cal aperture as a function of the aperture diameter �Fig. 7�.
The inner medium was taken to be water �refractive index of
1.33�. The computation is based on the differential method
written in a cylindrical geometry.41 � is defined as �=kz /k0,
where k0=2	 /�. For apertures through a perfectly conduct-
ing metal, the cutoff is defined as the size of the aperture
where the real part of the propagation constant � vanishes. If
the aperture is smaller than the cutoff, � becomes imaginary
and no propagative guided mode exists. Moreover, at the
cutoff, the group velocity vg equals zero. In the presence of
absorption, � becomes complex valued and, strictly speak-
ing, there is no cutoff as the propagation constant never
equals zero. A cutoff can still be defined, though. Following
the intuitive definition of Baida et al.,11 we define the cutoff
as the size where the imaginary part of � becomes higher
than its real part: this corresponds to the crossing point of the
curves plotted in Fig. 7. The corresponding position is shown
in Fig. 7 as vertical dashed lines. Also indicated with arrows
in Fig. 7 is the position of the maximum fluorescence emis-
sion enhancement �max �taken from Fig. 2�. Surprisingly, the
optimum diameter for fluorescence enhancement falls about
50 nm below the intuitive cutoff diameter. To clarify this
discrepancy, it should be stressed that for absorbing materi-

als, the crossing between the real and imaginary parts of �
does not correspond anymore to a zero group velocity. For a
real metal, vg never vanishes, but passes through a minimum
when the real part of � is minimum. This corresponds to a
maximum of the photonic density of modes.43 This point is
shown in Fig. 7 as a black dot. It appears that the observed
position of �max is very close to the position of the minimum
group velocity. Therefore, we relate the maximum field en-
hancement inside the aperture to a maximum density of pho-
tonic modes and to a minimum group velocity. The signifi-
cant shift of the optimum diameter as compared to the
intuitive position of the cutoff has to be considered while
designing nanoapertures for optimized single-molecule
analysis.

As a final test experiment, we have performed measure-
ments for gold apertures at �e=488 nm excitation wave-
length, using Rhodamine6G as a fluorescent molecule �Fig.
8�. In this case, a rather low enhancement factor is found
��
2.5� that only weakly depends on the aperture size. To
understand these results, one has to recall that at this excita-
tion wavelength, gold behaves more like a highly absorbing
dielectric than like a metal. On the other hand, detection was
performed in the range of 550–590 nm, where gold has a
strong metallic behavior. Using the same experimental con-
ditions, apertures milled in aluminum were shown to yield
larger enhancement factors.28 The inset of Fig. 8 presents the
calculated propagation constants for the corresponding aper-
tures: there is no cutoff as the real part of � never approaches
zero. Therefore, the group velocity never reaches low values.

FIG. 7. �Color online� Propagation constant � of the fundamen-
tal guided mode inside the aperture vs aperture diameter for gold
and aluminum films, the aperture being filled with water. Solid line,
real part of �; dotted line, imaginary part of �. The vertical dashed
lines show the intuitive position of the cutoff, the arrows indicate
the position of the observed maximum enhancement factor �max,
and the dots show the position of the minimum group velocity
�minimum value of Re����.
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This demonstrates the crucial importance of milling the
nanoaperture in a material that exhibits a strong metallic
character at the excitation wavelength. The strong electro-
magnetic field confinement induced by the metallic nanocav-
ity is confirmed to be a key factor in the aperture-enhanced
fluorescence process.

V. CONCLUSION

Using fluorescence correlation spectroscopy, we have rig-
orously characterized the fluorescence emission enhance-

ment factors � for dyes freely diffusing in nanometric aper-
tures milled in gold and aluminum films. We have observed
that apertures milled in gold exhibit significantly higher fluo-
rescence enhancement factors than apertures milled in alumi-
num. We demonstrate that the higher value of � for gold is
related to a larger enhancement of the excitation intensity
and radiative rate. The maximum enhancement for gold also
occurs at a smaller aperture diameter, which is beneficial for
single-molecule detection at high concentrations. Moreover,
the enhancement covers the entire emission spectrum of the
dye and shows only slight spectral variations. We have
shown that the maximum value of � is obtained when the
group velocity of the guided mode inside the aperture is
close to zero, that is, when the photonic density of modes is
maximum. This diameter is significantly shifted �up to
50 nm� as compared to the intuitive position of the cutoff of
the fundamental guided mode. This effect has to be taken
into account while designing nanoapertures for high-
efficiency single-molecule analysis. Let us finally emphasize
that nanoapertures, in spite of their conceptual simplicity,
demonstrate unique and appealing properties for controlling
fluorescence emission. These properties are of great
interest to increase the effectiveness of fluorescence-based
techniques.
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