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We resolve the photokinetic rates enhancement of Rhodamine 6G molecules diffusing in-aghyeaterol

mixture within a single nanometric aperture milled in an opaque aluminum film. Combining fluorescence
correlation spectroscopy and lifetime measurements, we report the relative influence of excitation, radiative,
and nonradiative decay in the fluorescence process, giving a detailed description of the physics behind the
overall 15-fold enhancement of the average fluorescence rate per molecule. This procedure is broadly adaptable
to a wide range of nanostructures.

Introduction open waterglycerol (3:1) solution and inside a 150 nm
diameter aperture. FCS is a well-established technique to analyze
fluorescence intensity fluctuations originating from a limited
observation volumé’ The fluorescence intensity is collected
and used to compute the correlation functig®(r) = [F(t)F(t

+ 7)F(t)[8, whereF(t) is the fluorescence photocount signal
and the bracketS[stand for time averaging. FCS is a valuable
tool to assess molecular mobility, association and dissociation
kinetics, enzymatic activity, and fluorescence photophysics. Let
us mention that previous studies on fluorescence inside a
nanoapertufé-18did not allow for the determination of the full
photophysics rates. We have now improved both our experi-

. ! mental setup and our data analysis procedure to make this stud
effects combine to lead either to fluorescence enhancement or ossible P ysisp y

. oo p
to quenching. This originates from the fact that the detected . . -
fluorescence is a product of excitation and emission processes: Throulghoutl tgiwork, Rh6G Imolgculesharg_gllu_ted within a
excitation depends on the external radiation field interacting with Wa(tjer—g ycelz%é ) d) :nlxturelto S ov_\;_hown the f' u|3|on plroc?fss ¢
the environment, while emission efficiency is set by the balance and ease ata analysis. € use of glycerol arfects

of radiative and nonradiative decays. Hence, measuring therhodamine’s fluorescence, as it lowers the emission rate and
influence of these processes is a crucial point to characterizediMinishes its apparent quantum yield. However, this does not
fluorescent devices alter our conclusions as we always perform relative comparisons

i this paper. we invesigae the molecuar photophysics 2T 1 STISSOn 1 ober scluien o s w0
alteration induced by a single nanometric aperture milled in an . P X 9 P P

X ’ - influence and assess the role of excitation, radiative, and
opaque aluminum film. These structures are promising nano- e :
. . . . . . nonradiative decays in the reported 15-fold fluorescence en-
photonic devices to improve single-molecule detection at high

concentration?13Nanoapertures provide a simple and highly E:&Cetheer:jt.tc-)rgsct)il:rqaktgot\r/lv(laefg%Strglstelfatihoen fgStarﬁgggs?rfusi rSe
parallel means to reduce the observation volume below the 9 y ’

diffraction limit in confocal microscopy and to allow a broader I this work, single molecules are permanently diffusing in
range of biological processes occurring at high concentrations@nd out of the analysis volume. The FCS measurements are
to be monitored with single molecule resolutii*Moreover, not sensitive to individual trajectories or dipole orientation but

the nanoapertures can be designed to enhance the fluorescendBforms on population and space averaged properties. In our
emissionts16 offering an efficient way of discriminating the analysis of the FCS data, we first assume Rh6G molecules to

signal against the background. be modeled by a three-level system, as depicted in the inset of
Here, we combine fluorescence correlation spectroscopy Figure 1. To derive the kinetic parameters by FCS, we assume

(FCS) with lifetime measurements to characterize the photoki- the illumination in the sample volume element to be uniform.

netic rates of rhodamine 6G (Rh6G) molecules diffusing in an !:)eriving a complete analysis including nonuniform excitation
is beyond the scope of this paper. To analyze the FCS data, we

N - - use the analytical expression derived for free Brownian three-
Corresponding author. E-mail: jerome.wenger@fresnel.fr. . . . . . .
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* UniversiteLouis Pasteur. efficiency (see discussion in Experimental Section).

Since the founding works of PurcéllDrexhage’, and
Kleppner? it is well recognized that the spontaneous de-
excitation of a quantum emitter can be controlled by its
environment, leading to modifications of the total de-excitation
rate and spatial emission distribution. Following Fermi’s golden
rule, the spontaneous de-excitation rate is proportional to the
local density of states (LDOS) Many structures have been
shown to alter the LDOS, such as planar interfdcpptonic
crystals? cavities’ nanoparticle$;® nanoantenn# or nanopo-
rous gold film!! However, determining the influence of a
structure on the emission process is a difficult task, as different
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Rh6G S e k linearly with the excitation intensity. Thereforg; can be written
- - - 150nm . as
Nanoaperture g =¢ || |k, Korac
k F KapefPapelOlo)
ph __ ""M,aper __ "apeffape aper__
Objective S A Ne=E = (ol = NN, ()
40x /1.2 M,sol Kso#)sol o e)sol
Below saturation, three gain factors (excitatigg,, quantum
488nm > Dichroic yield 774, and collection efficiencyy,) contribute to the overall
mirror fluorescence enhancement. An increase of any of these quantities
will result in an enhanced fluorescence rate.
& 540nm To estimate the photokinetic rates, the triplet fracflepand

triplet relaxation timer,t will be measured by FCS together
Figure 1. Schematic view of the experimental setup used to illuminate With molecular brightnes&y as a function of the excitation
one single nanoaperture, and notations used to describe the moleculapower. Under steady-state conditions, these quantities are given

transition rates. by19
Measuring Molecular Photokinetics with FCS.Preliminary kee 1 Olg lo

results have shown that nanometric apertures milled in a metallic Teq =— K— 1T+ =0 T+ 11 3)

film could significantly enhance the fluorescence rate emitted kPh ot s s

per moleculé>18 A challenging question is to determine the ol |

specific influence of the nanoaperture on the different molecular 1 _ 4 " E€BC Kk 4o, — (4
C Kon Kon + Oty — (4)

photokinetic rates that eventually lead to the overall fluorescence  Tut 0Ole 1 Kag T Knra 1+

enhancement. In this section, we will show that performing FCS . . . o
at different excitation intensities brings specific answers to this The parametersir and ay, are given by direct identification

question, in a procedure similar to the one used in refs 19 andPetween the left- and the right-hand side of eqs 3 and 4.
20. Expressions 1, 3, and 4 will be the key model to analyze the

To measure the fluorescence rate per moledyeeither FCS data versus the excitation intendigy The evolution of
inside the nanoaperture or in open solution, we quantify the Fw. Teq @ndzyr versus the applied excitation power will be
average number of emitterio; from the FCS correlation fitted according egs 1, 3, and 4 to yield the parameteg{sur,
amplitude at the origid7 while the total average detected @i @ndlsin a procedure similar to the one used in ref 19.
fluorescence intensitf is separately measured. Normalizing Combining these equations akgd: = Krag + quad + Kise, We
the fluorescence intensity by the actual number of molecules, €xPress now the photophysical rates as functiomaedsurable
we directly obtain the fluorescence rate per moledtlg = quantities:

F/Niot. We then introduce the fluorescence enhancemenats

the ratio of the detected count rate per molecule inside the o
nanoaperture and in open solution at a fixed excitation power

1 = FmapelFumsol The fact that a value afr greater than

sixfold was reported for Rh6G in a water solution in a 150 nm O ls

aperture highlights that the nanoaperture affects the photophysi- Kaa = T 1— aqlg 6)

cal properties of the fluorescent dife.

To understand the physical origin of this effect, we will Korad = Kiot — Krad — Kisc (7
express the detected fluorescence rate per moldeuléor
molecular brightness). The electronic states of Rh6G involved I
in the fluorescence process can be modeled by a three-level Koo = al,,ﬁ (8)
systemt®20 The inset in Figure 1 presents the notations used Orls
throughout this paper.q$lenotes the ground state, Be excited
singlet state and T the triplet stake = ol denotes the excitation kph — %ure (9)
rate; o stands for the excitation cross section, dads the O
excitation intensity. The variablégq Knrag Kisc, andkpn are the ) _ ) N
rate constants for radiative emission, nonradiative deexcitation Edquations 59 enlighten the different quantities needed to
to the ground state (internal conversion), intersystem crossing,fu”y express the photokinetic rates involved in the fluorescence
and triplet state de-excitation. The total de-excitation rate is Process. The quantities-, ar, oar, andls will be estimated by
noted askot = 1/7i0t = Krad + Knrad + Kise, and it is the excited fitting the FCS data versus the excitation intensitfollowing
state lifetime. With this system of notations, the detected €ds 1, 3, and 4. The total de-excitation riateis obtained from

fluorescence rate per molecule is expressed under steady-statbfetime measurements, and the collection efficiencyis
conditions : estimated from the fluorescence emission pattern (see discussion

below). The photokinetic rates of the emitters can now be fully
ol le determined experimentally. This process will be done for Rh6G
Fu = K¢ =0 (1) molecules in an open wateglycerol solution and inside a 150
1+ 11 1+ 141
nm nanoaperture.

1— ol
= ©)

s

wherer is the collection efficiencyg = kiadkiot the quantum
yield, oar = ko, and Is = (kol0)[1/(1 + kisdkon)] is the
saturation intensity. In the low excitation regime € Is), eq 1 Sample Preparation.Opaque aluminum films (thickness 150
indicates that the fluorescence rdg is proportional to the nm) were deposited over standard cleaned microscope glass
collection efficiency and the quantum vyield and increases coverslips (thickness 150m) by thermal evaporation. Focused

Experimental Section
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Ga' ion beam (FEI Strata DB235) was then used to directly IR R T M R T A AR -
mill isolated circular nanometric apertures of 150 nm diameter
in the aluminum layer. This diameter was chosen to be close to
the cutoff of the fundamental mode that may propagate through 21.8
the hole at the excitation wavelength.

FCS Experimental Setup.The experimental configuration g
is depicted in Figure 1. The setup is based on a custom- £1.4 4
developed confocal microscope with 488 nm laser excitation <
provided by a solid-state sapphire 488LP laser (Coherent). To
excite one single nanoaperture, the laser beam is tightly focused 1.0
with a Zeiss C-Apochromat objective (4ONA = 1.2/infinite
corrected) while the sample is positioned within nanometric
resolution with a three axis piezo stage (Polytek Pl P527). The
beam waist at the microscope focus was calibrated to 220 nmaperture and numerical fits. The excitation power was set to 100 and

using FCS measurements on Rh6G in pure water solution 600 W (gray and black curves, respectively); the beam waist was

(diffusion coeffici(_ent fixed to 28Qum?/s). Fluo_res_cence frpm calibrated to 220 nm from FCS measurements on Rh6G in open water
Rh6G molecules is collected by the same objective and filtered solution.

by a dichroic mirror (Chroma Z488RDC). The confocal pinhole
was set to a diameter of 30m (the focusing lens has a 160
mm focal length). The detection is performed by focusing on
two avalanche photodiodes (Perkin-ElImer SPCM-AQR-13)
through a 50/50 beamsplitter and 58320 nm bandpass filters
(Omega Filters 535AF45).

To perform FCS, the fluorescence intensity fluctuations are
analyzed by cross correlating the signal of each photodiode with
a ALV6000 hardware correlator. This configuration eliminates
correlations due to the dead time of the photodiodes (250 ns)
and avoids artifacts. Each individual FCS measurement was
obtained by averaging 10 runs of 10 s duration. Results were
analyzed and fitted with Igor Pro software (Wavemetrics).

Special care was taken to calibrate the background noise
within the apertures. At 30@W excitation power, the back-
ground noise typically amounts to 12 000 counts/s, while the
fluorescence rate per molecule is 210 000 counts/s. The single
molecule signal-to-noise ratio is thus about 17.5, which is much
higher than in our previous value of 112 000/50 0802.2
reported in ref 15. This improvement results from a better
transmission and collection efficiency and a higher rejection of
the laser backscattered light. Finally, we checked that photo- t t
bleaching was negligible in the experiments reported here, asO® = IH(U) St-udu= A[ex;{— a‘) - ex;{— T_o)] 11)
the average number of detected molecules remained constant
while increasing the excitation power. whereA = tto/(Tiot + 70). TO take the limited resolution of

FCS Data Analysis. Deriving a complete mathematical our setup into account, we fit the lifetime traces with the above
expression for the autocorrelation function within a single expressionA and i are varied without constraints, whitg
aperture is a challenging task, as it amounts to describing theis fixed to the system response time of 0.85 ns. As seen on
local excitation and collection efficiencies and the molecular Figure 4, this model takes into account both the fluorescence
concentration correlation, which are all affected by the structure. rise and the fluorescence decay.

This study is beyond the scope of this paper. To analyze the
FCS data, we use the analytical expression derived for free
Brownian 3D diffusion and Gaussian molecular detection  Extensive FCS experiments were carried while increasing the

390 KW/cm?
1.2+ 65 kWicm®

||||rITI'| ||||||I'I'| |||||rl'l'| ||||I1TI'|_l_I'
0.001 0.01 0.1 1
Time (ms)

Figure 2. Raw fluorescence autocorrelations (crosses) in a 150 nm

converged to a value almost equal to one for each run (this
comes close to the naive guess of the nanoaperture diameter vs
height ratio). Figure 2 displays typical fluorescence autocorre-
lations and numerical fits, showing that this rough model
describes remarkably well the experimental data.

Fluorescence Lifetime Measurements and Analysis:luo-
rescence lifetimes are measured with a time-to-amplitude
converter (TimeHarp100, PicoQuant) and pulsed two-photon
picosecond excitation. To take the limited resolution of our time-
tagging setup into account, we record the system response to
an incoming picosecond pulse train of fixed duration and delay,
which is displayed on Figure 4. The system pulse response is
modeled byH(t) = U(t) exp(—t/to) whereU(t) equals O fort <
0 and 1 fort > 0. 1 is the intrinsic resolution of our setup,
measured tap = 0.85 ns from the data presented on Figure 4
(dashed line).

The output signaD(t) of the time-correlated photon-counting
card convolves the system pulse resporé@) with the
molecular fluorescence dec&t) = U(t) exp(—t/tior), which is
assumed to be monoexponential :

Results

efficiency 17 excitation power from 100 to 60@W (the upper limit was set
to avoid damaging the sample). Figure 2 displays typical
P =1+ fluorescence autocorrelations taken at 100 and8@0excita-
1 w2 . 1 tion power. From the microsecond range processes in the
N (1 - 53 (1 +n exp( - )) (10) correlation function, it can clearly be seen that the excitation
tot oT// (1 + 1/1,)A/1 + STlT, power affects the triplet fraction and the triplet time.
For each excitation power, measurements were performed on
Niot is the total number of moleculeS[is the total intensity, a minimum of 10 different apertures. Each autocorrelation

(Ois the background nois&r = Ted(1 — Teg) is the triplet function was fitted to extrady, Teq andzyr. Figure 3 displays
amplitude, 7yt is the triplet blinking time,z4 is the mean the average values of these quantities versus the excitation power
diffusion time, ands is the ratio of transversal to axial in open solution (empty markers) and in a 150 nm aperture
dimensions of the analysis volume. This expression assumes dfilled markers). From the data displayed in Figure 3A, the
3D Brownian diffusion, which is strictly speaking not fulfilled  fluorescence rate enhancemggat= Fy ape/Fum sol f€aches a value
with a nanoaperture. To account for this discrepancy, the aspectof 15, which is the highest reported increase in a single nanohole.
ratio s was set as a free parameter in the numerical fits and The fivefold enhancement of the local excitation intensity
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fluorescence decay traces. As discussed in the experimental

350

A setup section, we fit the lifetime traces with eq 11. The numerical
3009 fits are in very good agreement with the experimental data, yield
250 lifetimes of 3.8 ns in open solution and those of 0.3 ns inside

150 nm

nanoaperture the nanoaperture, showing a 12-fold lifetime reduction induced

by the aperture. These figures consistently show that the nano-
structure alters the fluorescence process. However, to discrimi-
nate between fluorescence enhancement or quenching, we need
to combine the results of lifetime measurements with FCS.
Finally, the collection efficiency is needed to evaluatgay
andkqra¢ For the experiments on open solution, we calibrated
« by performing FCS on Rh6G in a water solution, where the
transition rates are well-knowii.Our calibration results are
presented in Supporting Information and agree fairly with the
values previously reported. For the experiments with a nanoap-
erture, we need to evaluate by how much the structure affects
the emission patterf?.We investigated the far-field fluorescence
emission pattern in the microscope objective back focal plane.
From the intensity transverse distribution after the dichroic
mirror, one has a direct access to the fluorescence angular
emission pattern at the microscope objective focus. The
fluorescence beam shape was monitored using three different
techniques: by gradually closing a circular diaphragm, by
transversely scanning a knife edge, and by direct imaging with
a high-gain CCD camera. These measurements are detailed in
Supporting Information. In each case, the emission was found
0.6 4 to completely fill the microscope objective numerical aperture
(NA = 1.2 in water, half-cone collection angte64°), showing
0.4+ no particular beaming effect as compared with the open solution

02 - W configuration. This does not prove that there is strictly no effect

of the nanoaperture on the fluorescence angular distribution,
0.0 but it shows that this effect is small and confined to angles larger
i i ' ' i than 64. To estimate a value for the collection efficiency
0 200 400 600 800

Excitation power (uW) enhancemeny,, we consider the measurements performed in

Figure 3. (A) Count rate per moleculBy, (B) triplet fractionTeqand a water s_olut|on at low ex0|t_at|0n power. F_rom eqe.= M
(C) inverse triplet blinking time 47 versus the excitation power in "¢ 7ol Since the quantum yield for Rh6G in water solution is
open water-glycerol mixture (empty markers) and in a 150 nm aperture about 94%, the quantum yield gajp can be approximated to
(filled markers). Lines are numerical fits using egs 1, 3, and 4. 1. Numerical simulations predict an excitation enhancemgnt
= 5.221 For the fluorescence measurements in water 6.5

+ 0.5, we thus infer the collection efficiency gajp = 6.5/5.2

= 1.25+ 0.2. This value is fixed for the analysis on water
glycerol discussed hereafter.

200
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Discussion

We now combine the different experimental results with egs
5—9 to estimate the transition rates. The results are summarized
in Figure 5; numerical values are detailed in Table 1. Figure
5A shows that both radiative and nonradiative de-excitation rates
! : ! ! ; are affected by the nanoaperture, with a 27-fold radiative rate
enhancement and a 8.7 nonradiative rate increase. This effect
can be directly related to the LDOS increase induced by the
nanoaperture. The aperture diameter is close to the cutoff
condition for both excitation and emission wavelengths, leading
to low-group velocities and LDOS alteration. Moreover, the
theoretically predicted in ref 21 can not clearly account for this metal-dielectric interface set by the aperture may allow
large value. To characterize the photokinetic rates of the dye fluorescence energy transferred to a surface plasmon to be
detail, influence of excitation, quantum yield, and collection coupled out into the radiated field at the aperture €edge,
efficiency on the large fluorescence enhancement, the parametersontributing to the emission. Determining the physics underneath
oF, o1, Ay, andls are estimated by fitting the curves Bfy, the nonradiative enhancement is a challenging task, as many
Teq and 1fpr versus the excitation intensity according to eqs effects that cannot be directly observed come into play. As
1, 3, and 4. As it can be seen on Figure 3, this three-level modelshown in ref 23, a significant fraction of excited molecules close
remarkably well accounts for the experimental data. to a metal surface decay through exciting surface plasiots.

To complete the set of data brought by FCS, we measuredWithin a few nanometers of the metal surface, the plasmon
the fluorescence lifetimey; = 1/kior With a time-to-amplitude decay channel competes with quenching to the substrate through
converter and picosecond excitation. Figure 4 shows typical lossy surface waves.

pulse
response

T T T TTT1T1T

Time (ns)

Figure 4. Fluorescence decay traces measured in open solution (black
line) and in a 150 nm aperture (gray line). The shorter decay trace
(dashed line) is the pulse response of our apparatus.
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8x10° TABLE 1: Fluorescence Coefficients and Photokinetic Rates
A B ﬁf’ for Rh6G in Water —Glycerol (3:1) Mixture and within a 150
50100 -] S . / nm Nanoaperture
@ .| m b ;, / solution nanoaperture enhancement
- - ph
254 B2 Ky = é oF (10 st WY 0.0684+ 0.002 1.03+0.03 15.14+0.6
[— 2 o o7 1.6 4 ar (1073 W) 0.62+ 0.05 1.20+£0.05 1.9+0.2
= e S P oy (103 us 2 yW-Y) 0.78+ 0.05 2.5+ 0.1 3.2+ 0.2
20 (Rl NN B Is(10**phstcm? 1.05+0.05 1.03+-0.05 0.98+ 0.07
'g solution  nanoaperture o (1076 cnp) 1.55+0.15 8.7+ 1.7 5.6+ 1.2
£ x27 kiot (LGB s71) 2.65+0.10 33+ 3 125+ 1.2
2157 /' 05 Keag (108 s7%) 0.55+0.05 15+ 3 27+ 6
£ C Kora(108 s71) 21+03 18+5 8.6+2.7
= & 044 kisc (10P s°3) 0.8+0.1 57+1.1 7.1+ 1.6
R B | X2 kon (10P5°9) 1.3+0.1 21402 1.6+0.2
x8.7 £ ¢ 0.21+0.02 0.45+0.1 2.2+04
T E 02+ .
E .
S 0.1 Conclusion
o
oo—i— oo-——==  TEE To summarize this work, we have determined the influence
soluben;  nenoepsrNE soluion  nanoaperture of a subwavelength aperture on the fluorescence emission and
ax0®d D electronic transition rates of a Rhodamine 6G dye in a water
s glycerol mixture. The aperture was shown to have a dramatic
§ 6 effect both on the excitation and on the de-excitation rates, when
5,0 x56 its diameter was set at the cutoff of the fundamental excitation
B /' mode that may propagate through the hole. For Rh6G in a
§ 2 water—glycerol solution (3:1), we have reported a 5.6-fold
S i) - increase of the excitation rate together with a 27-fold enhance-

ment of the radiative rate and an 8.7 increase of the nonradiative

Figure 5. (A) Radiative and nonradiative singlet de-excitation rates, ;la te, leading to ,?n overalll15-f|oIdFenht€;1]nc$mte ?t of t?he_ avterage

(B) intersystem crossing and triplet de-excitation rates, (C) quantum uorescence rateé per molecule. For the irst ume, 'S_ strong

yield ¢, and (D) effective excitation cross sectiomeasured for Rh6G quore'scence enhancgmgnt has been thqrpughly explalneq asa

molecules in open watemglycerol solution and in a 150 nm aperture.  combined effect of excitation, quantum efficiency, and collection
efficiency increase.

Figure 5B focuses on the triplet ratlkg andkyn, showing a Nanometric apertures in a metallic film are robust and easy-
sevenfold increase of the inter system crossing rate while theto-produce nanophotonic deyices. The significant inc.rease of
triplet de-excitation rate is almost unaffected. This is consistent the fluorescence count rate is a crucial effect, since it allows
with the fact that the triplet fractioffieq, Which is proportional  for the reduction of the excitation volume while still detecting
to the ratiokis/kon, is higher inside the aperture. The triplet rates @ sufficient signal, even with attoliter volumes and single
remain small compared with the singlet de-excitation rates, so molecule resolution. Understanding the fluorescence enhance-
that the triplet state has a reduced influence on the fluorescenceénent in a single nanoaperture brings new insights for designing
process inside the nanohole. Fortunatklyis more enhanced ~ innovative nanosensors and nanowells for biochemical analysis.
thanknragandkise, leading to an overall increase of the quantum For @ low quantum efficiency dye, the combined effect of
yield. Figure 5C shows a quantum vyield gajp close to 2, excitation and radiative rates enhancement leads to high
which directly contributes to the fluorescence enhancement. Thefluorescence photocount rates. For a high quantum efficiency
fact that Rh6G bears a reduced quantum yield in a water dye, enhancing the radiative rate has a reduced influence at low
glycerol mixture makes this enhancement more apparent. excitation power, but the fluorescence signal can still be

Figure 5D describes the apparent cross section, showing a significantly improved thanks to the excitation rate enhancement.
LN PR "We also point out that at fluorescence saturation, enhancing the
enhancement;, of 5.6. This indicates that the excitation

. o . L adiative de-excitation rate will lead to high-rate single photon
intensity is locally increased inside the nanoaperture as compared_ . .

. . S A ; emission.
with a diffraction-limited beam. To explain this, we point out

that the 150 nm aperture diameter is close to the cutoff of the Acknowledgment. We thank R. Rigler, R. Carminati, and
fundamental 488 nm mode that may propagate through the hole, -, Drexhage for fruitful discussion’s. This WOI’k’ was

The cutoff condition leads to modes with a low group velocity supported by Grant ANR-05-PNANO-035-01 “COEXUS" of
and to an increased LDOS allowing a local accumulation of the Agence Nationale de la Recherche.

energy?2*We also point out that this experimental result agrees
remarkably well with the theoretical 5.2 factor prediction based Supporting Information Available: Discussion of the

on the model discussed in ref 21 and used previously to infer ¢o|iection efficiency calibration from FCS measurements on
1. Altogether, these results claim an excitation enhancementRnsg in pure water and experimental results on the far-field
Mol = 5.6+ 1.2, a quantum yield increagg = 2.2+ 0.4,and  fiyprescence emission pattern from a nanoaperture. This material

a collection efficiency gaimy, = 1.25+ 0.2. We thus infer a s available free of charge via the Internet at http://pubs.acs.org.
fluorescence enhancememt= 7, 14 1745, ~ 15, which accounts
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