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O
ptical antennas are essential de-
vices to interface light to nano-
scale elements and focus electro-

magnetic energy to subwavelength
dimensions much beyond the classical dif-
fraction limit.1 To meet this goal, most opti-
cal antennas take advantage of surface plas-
mon modes on metal nanostructures to
squeeze light into nanoscale volumes.2 Re-
cent advances in plasmonics open new
routes to generate, manipulate, and detect
light at the nanoscale, with applications in
near-field microscopy,2 enhanced light-
matter interactions,3,4 surface-enhanced
molecular sensing,5,6 or photovoltaics.7

In that context, a thorough understand-
ing of the optical response of antennas is
essential.8 One of the most important char-
acteristics of an optical antenna lies in its
ability to locally enhance the electromag-
netic intensity. Estimates of the electromag-
netic enhancement are generally deduced
from measurements of the optical emission
phenomenon to amplify fluorescence,5,6 Ra-
man scattering,9 or nonlinear
photoluminescence.3,10 These measure-
ments provide an accurate quantification
of the global gain brought by the antenna
during both excitation and emission pro-
cesses. However, extracting the contribu-
tion of the antenna at the excitation wave-
length only is a challenging task, as the
detected luminescence signal results from
an intricate combination of modifications
on excitation intensity, emission rate, and
collection efficiency.6,11

Experimental characterization of the an-
tenna amplification for the excitation pro-
cess only is a crucial task to provide the de-
signer with direct feedback on the antenna
properties. Such characterization is highly

needed to understand the nontrivial down-
scaling relationship between radiowave
and optical regimes,1 and to optimize the
electromagnetic amplification for the vari-
ous applications.2 A novel experimental ap-
proach based on a modified dark-field scat-
tering setup has been recently reported.8

This provides useful information on various
relevant parameters such as antenna reso-
nant frequencies, bandwidths, and radia-
tion patterns. However, estimates on local
excitation intensity enhancement turn out
to be difficult based on the complex detec-
tion geometry. Another approach to deter-
mine the antenna amplification for the exci-
tation process relies on a procedure based
on fluorescent molecules to probe the local
field enhancement.11 Combining fluores-
cence correlation spectroscopy (FCS) and
fluorescence lifetime measurements, the re-
spective contributions of excitation and
emission gains can be quantified from the
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ABSTRACT Optical antennas are essential devices to interface light to nanoscale volumes and locally enhance

the electromagnetic intensity. Various experimental methods can be used to quantify the antenna amplification

on the emission process, yet characterizing the antenna amplification at the excitation frequency solely is a

challenging task. Such experimental characterization is highly needed to fully understand and optimize the

antenna response. Here, we describe a novel experimental tool to directly measure the antenna amplification on

the excitation field independently of the emission process. We monitor the transient emission dynamics of

colloidal quantum dots and show that the ratio of doubly to singly excited state photoluminescence decay

amplitudes is an accurate tool to quantify the local excitation intensity amplification. This effect is demonstrated

on optical antennas made of polystyrene microspheres and gold nanoapertures, and supported by numerical

computations. The increased doubly excited state formation on nanoantennas realizes a new demonstration of

enhanced light-matter interaction at the nanoscale.

KEYWORDS: colloidal quantum dots · plasmonics · nanoantennas · microspheres ·
metal nanoapertures · fluorescence enhancement · Auger recombination
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overall fluorescence enhancement. A third approach

takes advantage of the broad absorption spectrum of

colloidal quantum dots to probe the photolumines-

cence intensity on and off the antenna resonance.12

However, these techniques require an extensive series

of measurements and do not provide direct access to

the excitation gain in a single measurement.

In this contribution, we describe a novel and direct

approach to quantify the electromagnetic amplifica-

tion on an optical antenna for the excitation process

only. It relies on sequential resonant photon absorp-

tion in colloidal quantum dots (QDs). Unlike molecular

systems, QDs can sustain multiple excited states.13,14 In

this contribution, we focus on the contributions of sin-

gly (exciton X) and doubly (biexciton BX) excited

states,15�18 and show that the ratio of the BX to the X

state photoluminescent decay amplitudes provides a

direct measure of the local excitation intensity. This can

thus be used as a powerful tool for characterizing opti-

cal antenna responses on the excitation process inde-

pendently of the emission process. Moreover, in a single

measurement, the single exciton lifetime and intensity

can be measured, from which the fluorescence and

emission gains can also be deduced. A schematic de-

scription of the system is depicted in Figure 1a.

We demonstrate this principle with core/shell/shell

CdSe/CdS/ZnS QDs, whose properties are shown in Fig-

ure 1b. The QDs are rodlike, having a peak emission at

670 nm (corresponding to a diameter of nearly 10 nm,

as shown in the inset TEM image) and typical aspect

Figure 1. (a) Configuration to analyze a generic antenna made of a gold nanoparticle dimer. (b) Normalized absorption (blue)
and emission (red) spectra of the CdSe/CdS/ZnS QD sample. The emission, centered at 670 nm, has a full-width at half-
maximum of 31 nm. The inset depicts a TEM image of several QDs. Scale bar is 10 nm. (c) Schematic description of the de-
cay routes for singly (exciton X) and doubly excited (biexciton BX) states. (d) Representation of the kinetic model used in the
text. (e) Photoluminescence decay curves and contributions of X and BX population decay amplitudes for a flat glass inter-
face at 50 �W average excitation power. (f) Photoluminescence decay curves for a flat glass interface at increasing excita-
tion powers showing a growing contribution of the BX population.
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ratio of 5. The photon absorption mostly occurs at the
thicker part of the rod, where the CdSe core is embed-
ded. We point out that the data presented here are av-
erages over several QDs that surround the optical an-
tenna. Therefore, the excitation intensity enhancement
has to be understood as a spatially averaged enhance-
ment over the analysis volume. Most importantly for
the current application, the QDs exhibit both a high
(�50%) quantum yield and a relatively long biexciton
Auger recombination lifetime of about 500 ps. Further
information can be found in the synthesis section as
well as in the Supporting Information.

We use the QDs to probe the local excitation inten-
sity amplification on optical antennas made of dielec-
tric microspheres and metal nanoapertures under fo-
cused illumination. Dielectric microspheres realize one
of the simplest forms of optical antenna to overcome
the diffraction limits and enhance the fluorescence de-
tection.19 Their dielectric nature ensures that no
quenching losses affect the QDs lifetime measure-
ments. To reach higher gains in excitation intensity,
we take advantage of plasmonic resonances on gold
nanoapertures. Metal nanoapertures form reliable test
antennas, as they can be reproducibly fabricated, and
have been demonstrated to be sensitive platforms for
enhanced fluorescence detection.20,21

RESULTS AND DISCUSSION
BX/X Ratio as a Probe of Local Excitation Intensity. Figure 1

briefly summarizes the concepts involved. As a conse-
quence of the strong quantum confinement of the free
charge carriers, the lifetimes of the multiply excited
states strongly depend on the number of generated
charge carriers.14 As depicted in Figure 1c, the decay
from a BX to a X state can take two routes: either radia-
tive with emission of one photon or nonradiative
through Auger recombination. The Auger lifetime typi-
cally scales with the QD’s volume (and also exhibits
some shape dependence) and usually ranges between
ten and a few hundreds of picoseconds, whereas the X
state radiative lifetime can approach tens of nanosec-
onds. The respective amplitudes of the X and BX state
decays can therefore be addressed by monitoring the
QD’s transient emission dynamics.15,16 Hereafter, we
consider that both the excitation pulse duration and
the instrument temporal resolution are much shorter
than the faster multiexciton dynamic (namely Auger re-
combination), so that the contributions of BX and X
states to the photoluminescence decay can be unam-
biguously measured.

Below photoluminescence saturation, the X state
mostly results from the absorption of a single photon
while the BX state is created after the sequential ab-
sorption of two photons. Immediately after pulsed
photoexcitation, the X and BX relative populations
thus scale linearly and quadratically (respectively) with
the excitation intensity. BX state formation can thus be

seen as a second-order nonlinear optical process.18 De-

cay from the BX state can take two routes: either radia-

tive with emission of one photon or nonradiative re-

combination through Auger relaxation.14 However, it is

important to note that the BX state relaxes to the X

state regardless of the nature of the relaxation process,

and that at most one single photon is emitted during

the BX to X collapse.

In the following we demonstrate that the ratio of

doubly to singly excited state photoluminescence de-

cay amplitudes is proportional to the local excitation in-

tensity and is not dependent on the emission rate. We

represent the multiexciton relaxation under pulsed ex-

citation by using a first-order kinetic model. We restrict

the discussion to the case when only the singly excited

state (exciton X) and doubly excited state (biexciton

BX) contribute to the detected QD photoluminescence

signal. A more general discussion can be found for in-

stance in the Supporting Information of ref 17. Figure

1(d) illustrates the kinetic model and notations. pi(t) are

the relative populations of the i-excitonic state, ki are

the total decay rates. After pulsed excitation, the popu-

lations evolve as

Here pi
0 denote the initial relative populations, taken

just after excitation. As the biexciton decay rate kBX is

dominated by the Auger recombination rate, kBX �� kX,

and kBX/(kBX � kX) � 1. The populations can thus be sim-

plified as

The second term in e�kBXt in the pX population relates

to the fact that the X population actually grows as the

BX population decays.

We are primarily interested in the photolumines-

cence signal s(t) that is detected in the TCSPC experi-

ment. The measured photoluminescence relates to the

multiexcitonic populations as

where ki
rad is the radiative decay rate for the ith mulitex-

citon state; aX and aBX are the amplitudes of the tran-

sient components in the photoluminescence signal s(t)

of characteristic decay times �X � 1/kX and �BX � 1/kBX,

respectively. The amplitudes aX and aBX are measured

by the time-correlated single-photon counting (TCSPC)

experiment. Substituting eq 2 into eq 3 gives the fol-

lowing expressions for the X and BX amplitudes:

pBX(t) ) pBX
0 e-kBXt

pX(t) ) (pX
0 +

kBX

kBX - kX
pBX

0 )e-kXt -
kBX

kBX - kX
pBX

0 e-kBXt

(1)

pBX(t) ) pBX
0 e-kBXt

pX(t) ) (pX
0 + pBX

0 )e-kXt - pBX
0 e-kBXt (2)

s(t) ) kX
radpX(t) + kBX

radpBX(t) ) aXe-kXt + aBXe-kBXt

(3)

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 8 ▪ 4571–4578 ▪ 2010 4573



Since all multiexcitonic states eventually collapse into
an X state, both BX and X initial populations contribute
to the X photoluminescence signal. The aX amplitude
is therefore proportional to the X radiative rate and to
the total population pTot

0 � pX
0 � pBX

0 that starts in an ex-
cited state (X or higher). The aBX amplitude is propor-
tional to the difference in X and BX radiative rates, as a
consequence of the e�kBXt temporal dependence of the
X population pX. The X and BX radiative decay rates are
different, and the latter is difficult to infer experimen-
tally due to the strong Auger recombination process.
However, it is known that the X and BX states are nearly
degenerate in energy.15,16 It has also been previously
shown that kBX

rad typically exceeds kX
rad by a factor r �

2�3, that is mostly fixed by the degeneracy of the BX
state.18,22 The X and BX amplitudes thus rewrite

The above equations already demonstrate that both aX

and aBX are proportional to the same radiative rate kX
rad.

We now turn to express the initial populations pX
0

and pBX
0 . When QDs are excited above their band edge,

photon absorption events can be considered as inde-
pendent and are described by a Poissonian statistics
following22

where n̄ and k are the average and absorbed number
of excitation photons per QD per pulse, respectively.
The total (X and BX states) initial population pTot

0 is pro-
portional to the probability of getting at least one
photon absorbed,

while the initial BX population pBX
0 is proportional to

the probability of getting over one photon absorbed,

which finally gives the following expressions for the X
and BX amplitudes:

The most important point of this demonstration is
that both aX and aBX are proportional to the same radia-
tive rate kX

rad. Dealing with photonic antennas to en-
hance the total photoluminescence signal, both aX and
aBX undergo the same emission rate enhancement.
While computing the ratio of the BX to the X state pho-

toluminescent decay amplitudes, the emission rate con-
tribution cancels out, and only a term proportional to
the local excitation intensity remains:

As r � 1 � 1 is a constant, the aBX/aX ratio only de-
pends on the average number of absorbed photons n̄,
which is a direct probe of the local excitation intensity.
For excitations below saturation n̄ �� 1, aX � n̄ and aBX

� n̄2, hence aBX/aX scales linearly as the excitation inten-
sity. Hereafter, we will refer to aBX/aX as the “BX/X ra-
tio”. This BX/X ratio thus provides a direct access to the
local excitation intensity, and can be used to character-
ize optical antennas. An increase in this ratio on a
nanoantenna as compared to a flat interface (for the
same average excitation power) is a direct demonstra-
tion of an increased local excitation intensity.

Calibration on a Flat Glass Interface. We start the experi-
mental study by calibrating the QDs transient emission
dynamics on a flat glass interface. This will serve as a ref-
erence for the next investigations on optical antennas.
Figure 1e and Figure 1f display TCSPC histograms re-
corded for increasing laser powers on QDs dispersed on
a flat glass-heptane interface. At low excitation pow-
ers, two components (with amplitudes aX1

and aX2
, pro-

portional to the initial X state population)17 are already
visible in the decay curves. This dual-exponential decay
may originate from a statistical mixture of two QDs
populations, from charging or from temporal fluctua-
tions in the exciton lifetime.23 As the excitation power
is increased, a significant fast transient component
arises. Its amplitude aBX is proportional to the initial BX
state population.17

The TCSPC data is modeled using the following
expression:

In the analysis, the lifetimes are fixed to �X1
� 9.5 ns,

�X2
� 2.0 ns, and �BX � 0.5 ns. The aX1

, aX2
exciton, and

aBX biexciton decay amplitudes are left as the only free
parameters. We found that aX1

and aX2
increase linearly

with the excitation power, while aBX increases quadrati-
cally. As demonstrated above, the ratio aBX/(aX1

� aX2
)

(referred as “BX/X ratio” in the following) depends only
on the average number of absorbed photons and is a
direct probe of the local excitation intensity. This is evi-
denced by the linear behavior of the BX/X ratio while in-
creasing the excitation power as shown in Figure 2
and Figure 3.

Excitation Field Enhancement on Dielectric Microspheres. We
now use the BX/X ratio to probe the local excitation in-
tensity enhancement on a simple optical antenna made
of a polystyrene microsphere. When a microsphere is il-
luminated with a tightly focused Gaussian beam, it
was shown to overfocus light in a region with subwave-

aX ) kX
rad(pX

0 + pBX
0 )

aBX ) (kBX
rad - kX

rad)pBX
0 (4)

aX ) kX
radpTot

0

aBX ) kX
rad(r - 1)pBX

0 (5)

P(k, n̄) ) n̄ke-n̄

k !
(6)

pTot
0 ∝ 1 - P(0, n̄) ) 1 - e-n̄ (7)

pBX
0 ∝ 1 - P(0, n̄) - P(1, n̄) ) 1 - (1 + n̄)e-n̄

(8)

aX ∝ kX
rad(1 - e-n̄)

aBX ∝ kX
rad(r - 1)(1 - (1 + n̄)e-n̄)

(9)

aBX

aX
) (r - 1)

1 - (1 + n̄)e-n̄

1 - e-n̄
(10)

s(t) ) (aX1
e-t/τX1 + aX2

e-t/τX2) + aBXe-t/τBX (11)
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length dimensions in both the transverse and longitu-

dinal directions, creating high local intensities (see Fig-

ure 2a�c).24,25 This effect stems from interferences

between the field scattered by the sphere and the high

angular components of the incident Gaussian beam

passing aside the sphere. Microspheres therefore con-

stitute efficient and cost-effective devices to enhance

the fluorescence emission up to five times, without re-

quiring expensive nanofabrication facilities.26

Figure 2d shows photoluminescence decay curves

for different microsphere diameters at a fixed excita-

tion power. The fast (BX) transient component is clearly

larger on the microsphere than for the flat interface.

We point out that the X and BX lifetimes are unaf-

fected by the microsphere as compared to the case of

the flat interface as a consequence of the dielectric na-

ture of the sphere. Therefore, in the TCSPC data analy-

sis based on eq 11, we keep the same values for �j for

both the microsphere and the flat interface.

Figure 2e displays the BX/X ratios deduced from nu-

merical fits of the TCSPC data for increasing excitation

powers. As long as BX/X � 2 (average powers below 30

	W or energy densities below 14 pJ/	m2), the BX/X ra-

tios follows a linear relationship with the excitation

power. Under these conditions, the contributions of

higher excited states and saturation effects are still

Figure 2. (a) Experimental configuration schematics with a single microsphere. (b) Optical microscope image of 2 �m diam-
eter polystyrene microspheres fixed to a glass slide. (c) Field intensity distribution near a polystyrene microsphere (diameter,
2 �m; refractive index, 1.59) illuminated by a focused Gaussian beam at � � 633 nm with 1.2 numerical aperture. The outer
medium refractive index is set to 1.33, the glass slide refractive index is 1.5. (d) Photoluminescence decay curves on polysty-
rene microspheres at 30 �W average excitation power (curves shifted for clarity). (e) BX/X ratio versus excitation power for
microspheres and flat glass interface. The increase in the slope for microspheres yield the local excitation intensity enhance-
ment. Only the data with BX/X � 2 are considered for the determination of the slope. (f) Excitation enhancements determined
from the BX/X slopes and comparison to other methods: numerical simulations using Mie theory and FCS measurements.
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relatively small. For higher excitation powers, the BX/X

exceeds the linear trend and grows more quickly due to

higher multiple excited state contribution, and faster

saturation of X states relative to the BX.18

The increase in the slope of the curves in Figure 2e

(as compared to the reference case of the flat inter-

face) is directly related to the excitation intensity ampli-

fication brought by the optical antenna. For instance,

for a 2 	m sphere, we find a BX/X slope of 0.078 	W�1,

while for the flat interface we have 0.028 	 W�1. The ex-

citation intensity enhancement in that case is thus

0.078/0.028 � 2.78. Unity excitation intensity enhance-

ment is to be understood as compared to focusing on a

flat glass interface.

Figure 2f summarizes the excitation intensity en-

hancement factors deduced from (i) BX/X ratios on col-

loidal QDs, (ii) numerical simulations based on Mie

theory,25 and (iii) FCS-based procedure on organic

dyes.26 Good correspondence is demonstrated be-

tween the different methods, showing that a 2-fold in-

crease in excitation intensity beyond the diffraction

limit can be reached elegantly using microspheres of 2

	m diameter.

Excitation Field Enhancement on Gold Nanoapertures. To

reach higher gains in excitation intensity, we take ad-

vantage of plasmonic resonances on nanoapertures

milled in optically thick gold films (see Figure 3a�c).

Similar metal nanoapertures have been demonstrated

Figure 3. (a) Experimental configuration schematics with a single nanoaperture. (b) Electron microscope images of 120 and
160 nm apertures milled in gold. (c) Field intensity distribution on a gold nanoaperture (diameter 120 nm) illuminated at �
� 633 nm. The inner medium refractive index is set to 1.33, the glass slide refractive index is 1.5. (d) Photoluminescence de-
cay curves on gold nanoapertures at 30 �W average excitation power. (e) BX/X ratio versus excitation power for gold nano-
apertures and flat glass interface. Only the data with BX/X� 2 are considered to determine the slope. (f) Excitation enhance-
ments determined from the BX/X ratios and comparison to other methods: FDTD numerical simulations and FCS
measurements.
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as platforms for enhanced single molecule fluores-
cence detection with gains up to 25
.11,21 Despite our
QDs relatively large shape, we did not observe any ef-
fect of their size preventing their diffusion into the
nanoapertures. We tested several apertures of the same
diameter and measured an experimental deviation of
less than 10%, which mostly results from minor nano-
fabrication deficiencies.

Figure 3d compares typical photoluminescence de-
cay curves for 120 and 160 nm diameter gold aper-
tures and flat glass interface for the same excitation
power. As for microspheres, the fast (BX) transient com-
ponent is again enhanced while working with nano-
apertures. In the latter case, the X lifetimes are reduced
to �X1

� 6.4 ns and �X2
� 1.65 ns, as a consequence of

metal quenching. The BX lifetime �BX � 0.5 ns is domi-
nated by the Auger recombination process and is there-
fore not noticeably affected by the metal aperture. Life-
time quenching by the aperture is shown hereafter to
have no impact on the practical implementation of our
method, which is valid as long as the X and BX life-
times can be resolved by the TCSPC system.

Figure 3e displays the BX/X ratios for increasing ex-
citation powers. BX/X ratios have a linear relationship
with the excitation power for average powers below 25
	W (energy densities below 12 pJ/	m2). The increase
of the slope as compared to the flat interface case is
used to quantify the excitation intensity enhancement.

Figure 3f summarizes the excitation intensity en-
hancement factors found for nanoapertures from (i)
BX/X ratios on colloidal QDs, (ii) FDTD-based numerical
simulations,27 and (iii) FCS-based procedure on organic
dyes.11 Satisfactory correspondence is also demon-
strated in that case between the different methods.
We point out that nanofabrication challenges and spa-
tial inhomogeneities in the electromagnetic distribu-

tion inside the nanoaperture make it difficult to experi-
mentally reach the enhancements predicted from
theory.

CONCLUSIONS
Various spectroscopic methods (fluorescence, Ra-

man scattering, photoluminescence) can be used to
quantify the overall amplification brought by an opti-
cal antenna on the emitted signal. However, extracting
the contribution of the excitation intensity enhance-
ment is a challenging task. Here, we provide the opti-
cal antenna designer with a novel experimental tool to
directly characterize the antenna amplification on the
excitation field independently on the emission process.
Monitoring the transient emission dynamics of colloi-
dal quantum dots, we show that the ratio BX/X of dou-
bly to singly excited state photoluminescence decay
amplitudes can be used as an accurate tool to quantify
the local excitation intensity increase on optical anten-
nas made of polystyrene microspheres or gold nano-
apertures. A single photoluminescence decay measure-
ment is enough, hereby providing a direct and efficient
tool to characterize optical antennas at the excitation
wavelength solely. As BX formation is a doubly resonant
process, the required pulse energies are orders of mag-
nitude lower than that for other second-order nonlin-
ear processes. Moreover, as the BX lifetime is typically
in the hundreds of picoseconds, there is no need for ul-
trashort laser pulses with duration below ten picosec-
onds. This further reduces the requirements for pulse
peak powers. We thus believe that our method holds
great potential for direct antenna characterization at
the excitation frequency. Altogether, the increase in
biexciton state formation on nanoantennas depicts a
new form of enhanced light-matter interaction at the
nanoscale.

METHODS
Synthesis of CdSe/CdS/ZnS QDs. A mixture of cadmium oxide

(CdO), n-tetradecylphosphonic acid (TDPA), and 1-octadecene
(ODE) was heated under argon to 280 °C in a three-neck flask.
Following, the stock solution of trioctylphosphine selenium
(TOPSe) was quickly injected to the hot solution. The growth
temperature was then reduced to 250 °C until the dots reached
the desired diameter. The CdS and ZnS shells were synthesized
using a dropwise injection of 1:1 molar ratio Cd/S and Zn/S solu-
tions, respectively. This results in elongated rodlike QDs, with a
typical aspect ratio of 5, thicker at their center and thinning to-
ward the edges. The QDs diluted in heptane exhibit a band edge
emission centered at 670 nm and are excited at 636 nm. They ex-
hibit a quantum yield of over 50% (measured vs an organic dye
solution), which is high for CdSe QDs emitting at this wave-
length. Further details of the synthesis and characterization are
given in the Supporting Information.

Experimental Setup. Our experimental setup is based on a con-
focal inverted microscope with a NA � 1.2 water-immersion ob-
jective. The excitation source is provided by a picosecond laser
diode operating at 636 nm (PicoQuant LDH-P-635), with pulse
duration of 50 ps, and repetition rate set to 20 MHz. The laser
profile is spatially filtered by a single mode fiber to provide

diffraction-limited focusing by the microscope objective (cali-
brated waist of 260 nm). The laser polarization is set to linear.

The backward-emitted fluorescence is collected via the
microscope objective, and filtered from the scattered laser light
by a dichroic mirror (Omega Filters 650DRLP) and a long-pass fil-
ter (Omega Filters 640AELP). A 30 	m confocal pinhole conju-
gated to the microscope objective focal plane rejects out-of-
focus light.

Single photon detection is performed by fast avalanche
photodiodes (PicoQuant Micro-Photon-Device MPD-5CTC) with
670 � 20 nm fluorescence bandpass filters. Appropriate neutral
density filters in front of the APDs ensure that the detected count
rates do not exceed 2% of the repetition rate (400 000 detected
events per second) to avoid photon pile-up artifacts. Lastly, tran-
sient emission dynamics are analyzed by a fast time-correlated
single photon counting module (PicoQuant PicoHarp 300). The
overall temporal resolution of our setup is measured to 120 ps.

Microspheres and Nanoapertures Preparations. Polystyrene micro-
spheres of calibrated diameter (Fluka Chemie GmBH, ds � 1,
1.5, 2, or 3 	m; dispersion, �0.1%; refractive index, 1.59) were di-
luted in pure water and dispersed on a cleaned microscope
glass coverslip to reach isolated spheres per 10 
 10 	m2. Air
drying of water solvent ensures microspheres adhesion to the
substrate even if subsequent solvent is added afterward.
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Nanoapertures were milled by focused ion beam (FEI Strata
DB235) on 200 nm thick gold films deposited using reactive DC
magnetron sputtering. Adhesion between the gold film and the
glass coverslip substrate is ensured by a layer of 10 nm chro-
mium oxide Cr2O3.

Numerical Simulations. Three-dimensional numerical simula-
tions of the field distribution near a microsphere are performed
using Lorentz�Mie theory.25,26 The incident linearly polarized
Gaussian beam is simulated using first-order Davis coefficients
with the beam shape parameter corresponding to the experi-
mental configuration of NA � 1.2. The numerical integration of
the field intensity is made over the upper surface of the sphere.

Numerical modeling on nanoapertures is based on the finite-
difference time-domain FDTD method using Rsoft Fullwave ver-
sion 6.0. The model considers a computational space of 0.4 
 0.4

 0.4 	m3, with perfectly matched layers boundary conditions
on all faces. A glass substrate is put underneath a 200 nm thick
layer of gold, the upper region and the inner of the aperture be-
ing water. Gold dielectric properties are incorporated as meas-
ured by spectroscopic ellipsometry.28 Excitation at 636 nm is
launched incoming from the glass side. Electromagnetic inten-
sity is measured and averaged over the plane 5 nm inside the ap-
erture, not taking into account the 5 nm region close to the
metal edges. Comparison to other methods using finite ele-
ments29 or differential theory30 ensure relevance of the results.
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