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Dielectric microspheres illuminated by a tightly focused Gaussian beam can focus light on a tiny spot with
subwavelength dimensions along the three directions of space. We report here a detailed experimental and
theoretical study of the interaction between a single fluorescent molecule and this peculiar electromagnetic
distribution. The microsphere increases the excitation intensity sensed by the molecule up to a factor of 2.2,
while at the same time it allows for a collection efficiency of up to 60% by redirecting the light emitted at large
incidences toward the optical axis. By combining these two effects, the number of collected fluorescence pho-
tons can be increased up to a factor of 5. We quantify the evolution of the excitation and collection contributions
with the microsphere dimensions and compare our experimental findings with numerical simulations. © 2009
Optical Society of America
OCIS codes: 260.2510, 240.3990, 170.6280, 350.3950, 290.4020.

1. INTRODUCTION

A crucial issue for many applications in biophotonics is to
enhance the detected signal of fluorescent molecules or
quantum dots. This can be done by increasing the local
excitation intensity, the emission rate, or the radiation
collection efficiency. All these properties can be controlled
by properly tailoring the electromagnetic environment
[1]; microstructures and nanostructures thus offer new
opportunities for highly efficient detection of single emit-
ters. In this perspective, strong attention has been de-
voted to metallic nanostructures (see [2,3] for reviews).
These structures are known to generate strong electro-
magnetic fields in their vicinity, allowing a more efficient
excitation of molecules. However, metals are also known
to quench the fluorescence or luminescence emission, and
a delicate balance has to be found between field enhance-
ment and losses [4,5].

An alternative to enhancing the excitation intensity is
to improve the detected fluorescence by increasing the col-
lection efficiency. Already, a flat dielectric interface sig-
nificantly modifies the angular emission of a dipole if the
emitter is sufficiently close to the interface [6-8]. For a di-
pole bound to a glass—water interface with averaged di-
pole orientations, up to 72% of the total fluorescence is
emitted into the glass half-space of refractive index 1.5.
However, the angular distribution shows a significant
emission maximum around the direction of the critical
angle of total internal reflection, with about 34% of the
fluorescence being emitted into the glass above the criti-
cal angle [9-11]. This radiation is not collected by classi-
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cal microscope objectives and is therefore called forbidden
light [8]. To achieve fluorescence collection efficiencies of
more than 50%, it is necessary to collect light above the
critical angle, as done for instance by a parabolic collector
[9,10,12] or by a solid immersion lens [13-15].

In a recent publication [16], we have shown that dielec-
tric microspheres can be a viable alternative for enhanced
fluorescence detection in solution. When a latex micro-
sphere is illuminated with a tightly focused Gaussian
beam, it overfocuses light in a region with subwavelength
dimensions in both the transverse and longitudinal direc-
tions, creating high local intensities (see Fig. 1, right
panel). This effect stems from interferences between the
field scattered by the sphere and the high angular compo-
nents of the incident Gaussian beam passing aside the
sphere [17]. Microspheres therefore appear as an attrac-
tive and cost-effective route to enhance the fluorescence
emission up to five times without requiring expensive
nanofabrication facilities. Let us point out that this phe-
nomenon differs from the so-called “photonic nanojets”
arising when a dielectric microsphere is illuminated by a
plane wave [18-20]. Under plane wave illumination, no
subwavelength confinement is obtained along the axial
direction, and thus the resulting focal volume does not
outperform the diffraction limit obtained with a high nu-
merical aperture (NA) objective. This largely lowers the
interest of such standard nanojets for fluorescence detec-
tion.

In this Letter, we provide a detailed experimental and
theoretical analysis of the interaction between an emitter
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Fig. 1. (Color online) Schematic view of the experimental setup
for confocal single molecule detection enhanced by a single mi-
crosphere (left panel) and numerical simulation of the electric
field intensity distribution near a dielectric microsphere (diam-
eter 2 um, refractive index 1.59) illuminated with a tightly fo-
cused Gaussian beam at A=633 nm with 1.2 NA (right panel,
note the logarithmic scale). The outer medium refractive index is
set to 1.33; the glass slide refractive index is 1.5.

and a microsphere under tightly focused Gaussian illumi-
nation. We thoroughly investigate the origins of the fluo-
rescence enhancement close to a dielectric microsphere
and quantify the gains in excitation and collection effi-
ciencies. Both experimental observations and numerical
simulations show that the microsphere increases the ex-
citation intensity sensed by the molecule up to a factor of
2.2, while at the same time it allows for a gain in collec-
tion efficiency up to 60% by redirecting the light emitted
at large incidences toward the optical axis.

2. EXCITATION AND COLLECTION
EFFICIENCIES CHARACTERIZATION

The presence of a microsphere affects the fluorescence
signal via three phenomena: (i) local enhancement of the
excitation intensity inside the focused spot, (ii) improve-
ment of the emitter’s quantum yield, and (iii) modification
of the emitter’s radiation pattern, directing more energy
toward the detectors. We have recently developed an ex-
perimental procedure to distinguish between the respec-
tive weights of these contributions by employing fluores-
cence correlation spectroscopy (FCS) combined with
fluorescence lifetime measurements. This procedure has
already been used to quantify the fluorescence alteration
by gold nanometric apertures [21] and is briefly reviewed
here.

In steady state, the detected fluorescence count rate
per molecule (CRM) is given by [22]

ol,

1+1J1,

CRM = k¢ (1)

where « is the fluorescence collection efficiency and ¢
=kyad/ kit 1s the quantum yield with £,,4 as the radiative
emission decay rate and ki, as the total decay rate. o is
the absorption cross section, I, is the excitation intensity,
and I (ky/0) is the saturation intensity. Please note
that the I, and I, are given here as the number of photons
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per second and per surface unit. The FCS technique al-
lows one to reliably estimate this CRM, which corre-
sponds to the average number of photons emitted by a
single molecule [22,23].

The fluorescence enhancement 7z near a microsphere
is defined as the ratio of the detected fluorescence CRM
near the microsphere with respect to the open solution for
a fixed excitation power, 7p=CRMgypere/ CRM,. Let us
consider the two extreme excitation regimes depending on
the relative values of I, and I,. In the low excitation re-
gime I,<I,, the CRM and the fluorescence enhancement
reduces to

CRMIOW = K¢0-Ie (Ie < Is) s (2)

TF Jow = 7]/(7]¢7]Ie (Ie <Is)? (3)

where 7,, 74, and 7, are the enhancements in the collec-
tion efficiency, quantum yield, and excitation rate, respec-
tively. In the saturation regime I,> 1, the dependence on
the excitation intensity disappears in Eq. (1), and the
fluorescence rate enhancement is expressed [21] as

TF sat = ﬂxﬂkrad (Ie > Is): (4)

which indicates that the fluorescence enhancement at
saturation is determined only by the gains in collection ef-
ficiency 7, and radiative emission rate Mh g

In our specific case, it is possible to further simplify the
above equations. A nonabsorbing dielectric microstructure
is expected to only marginally modify the dye’s photo-
physics, since the absence of absorption losses does not
open new nonradiative deexcitation routes. We confirm
this assumption by the report in Section 4 of experimental
evidence based on time-correlated fluorescence measure-
ments that the fluorescence lifetime of the dye is not af-
fected by the presence of the microsphere. Consequently,
we consider that 7,  =7,=1. Equations (3) and (4) then
become

7F low = 7’:(7]12 (Ie <Is); (5)

MF,sat = Mk (Ie > Is) . (6)

This set of equations provides the guidelines for distin-
guishing between the gains in collection efficiency 7, and
excitation intensity #; brought by the photonic structure.
The procedure can be summarized as follows: the fluores-
cence rates per molecule CRM are measured by FCS for
increasing excitation powers in open solution and in the
case of a microsphere. The resulting data points are fitted
according to Eq. (1) to deduce the fluorescence enhance-
ments 7p oy and 7p g, taken at the asymptotic limits
where I,— 0 and I, — o, respectively. According to Eq. (6),
the value of g, at saturation gives the collection effi-
ciency enhancement 7,. The excitation intensity enhance-
ment is obtained as 77 = 7r low/ 7 sat [EQ. (5)]. This unam-
biguously separates the excitation and emission
contributions to the total fluorescence enhancement.
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3. EXPERIMENTAL METHODS

Our experimental setup is based on an inverted confocal
microscope with a NA=1.2 water-immersion objective
(Fig. 1, left panel). A single latex microsphere of well cali-
brated diameter (Fluka Chemie GmBH: d,=1, 1.5, 2, or
3 pm; dispersion <0.1%; refractive index 1.59) is set at
the microscope objective focus with nanometer resolution
using a three axis piezoelectric stage. For the microsphere
sample preparation, the spheres are diluted in pure water
and dispersed on a cleaned microscope glass coverslip be-
fore air drying to ensure adhesion to the substrate. The
concentration is set to isolate a single sphere per 10 um
X 10 um. Adhesion onto the glass surface is sufficient to
ensure that the sphere remained stuck on the substrate
for the duration of the experiment.

A 50 pLi droplet of Alexa Fluor 647 fluorescent mol-
ecules diluted in pure water to a concentration of 40 nM is
deposited on top of the microsphere sample. Alexa Fluor
647 are purchased from Invitrogen, Carlsbad, Calif., and
have peak absorption and emission at 650 and 668 nm,
respectively. The molecules are excited by a linearly po-
larized He—Ne laser beam at 633 nm focused by the com-
bination of the microscope objective and the microsphere.
The backward-emitted fluorescence is collected via the
same combination of microsphere and microscope objec-
tive, and filtered from the scattered laser light by a di-
chroic mirror (Omega Filters 650DRLP) and a long-pass
filter (Omega Filters 640AELP). A 30 um confocal pinhole
conjugated to the microscope objective focal plane rejects
out-of-focus light. After the pinhole, the fluorescence is de-
tected by an avalanche photodiode with 670+20 nm band-
pass filter (Omega Filters 670DF40).

For FCS, the fluorescence intensity temporal fluctua-
tions F(¢) are analyzed by a hardware -correlator
(ALV-GmbH ALV6000) to compute the temporal correla-
tion, g@ (1) =(F)F(t+1)/(F(t))?, where ( ) stands for time
averaging over the experiment duration [22,23]. Each
FCS measurement is obtained by averaging ten runs of
10 s duration. Numerical fit of the FCS data provides the
average number of molecules N and, therefore, the fluo-
rescence CRM. We refer the reader to [16] for a detailed
discussion on FCS analysis close to a latex microsphere.

For lifetime measurements, we use a time-correlated
single photon counting card (PicoQuant PicoHarp 300).
The excitation is switched to a picosecond laser diode op-
erating at 636 nm. Perfect spatial overlap between the
modes of the pulsed laser diode and the CW He—Ne laser
is obtained by coupling to a single-mode optical fiber prior
to focusing in the microscope [21]. Overall, the temporal
resolution of the setup is 120 ps, well below the 1.0 ns
fluorescence lifetime recorded for Alexa Fluor 647 in wa-
ter solution.

We emphasize that the value of the fluorescence en-
hancement is extremely sensitive to the position of the
microsphere. An accurate positioning of the focus with
+150 nm precision is required along the axial direction
[16]. In what follows we only present the results obtained
at the optimal position. Note that the values for each di-
ameter have been averaged over several microspheres to
ensure the reproducibility of the results. Finally, let us
point out that owing to the statistical approach used here,
all our results have to be understood as spatially aver-
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aged values over all the possible molecular orientations
and positions inside the confocal detection volume.

4. RESULTS AND DISCUSSION

Figure 2(a) shows the measured CRMs versus the excita-
tion power for the different sphere diameters and for the
reference case in free solution. Solid curves indicate nu-
merical fits using Eq. (1), which stand in good agreement
with the experimental data. CRM enhancements with the
different microsphere diameters are clearly observed at
all excitation powers. Let us also emphasize that CRMs
larger than 100 kHz are readily obtained with the micro-
sphere, while these values remain unreachable in free so-
lution. From the numerical fits we deduce the values of
the fluorescence enhancement factors in the limits of low
excitation 7y 1oy and saturation g .. The results are dis-
played in Fig. 2(b) versus the sphere diameter, showing
an optimum for a diameter of 1.5 um. It is worth noticing
that with a 1.5 um latex microsphere it is possible to
reach a five times enhancement of the molecular fluores-
cence, a value that is comparable to the enhancement fac-
tors reported with some metallic nanostructures [3].
Along with FCS experiments, we perform fluorescence
lifetime measurements to quantify the alteration of the
molecule total decay rate close to the microsphere. Typical
decay curves are plotted in Fig. 3 in the case of the refer-
ence solution [black dots (free solution)] and for a 2 um
diameter sphere (red dots). A numerical fit taking into ac-
count the 120 ps instrument resolution indicates a life-
time reduction near the sphere of less than 4%. For the
other sphere diameters, we observed even smaller varia-
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Fig. 2. (Color online) (a) CRM versus excitation power for the
different sphere diameters and for the reference solution. Dots:
experimental data; solid curves: numerical fit using Eq. (1). (b)
Fluorescence enhancement factors in the low excitation regime
7 low and at saturation 7 .., as deduced from the numerical fits
in (a).
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Fig. 3. (Color online) Fluorescence lifetime measurements.
Dots: experimental data; solid curves: numerical fits taking into
account the resolution of the setup. The curves are horizontally
shifted for clarity.

tions in the fluorescence lifetime, which are limited by the
statistical accuracy of our measurements. Thus, we con-
sider that for the range of diameters tested here, the mi-
crosphere has a negligible influence on the fluorescence
lifetime. Since the nonabsorbing microsphere obviously
does not open new nonradiative de-excitation routes, our
observations of an unchanged fluorescence lifetime mean
that the dye’s radiative rate and consequently its quan-
tum yield are also unaffected by the microsphere. This
validates the assumption 7,  =74=1 made in Section 2.

We can now distinguish the excitation and emission
contributions to the overall fluorescence enhancement.
Following Eq. (6), the collection efficiency enhancement
7, is given by the value of 77 ¢, at saturation. The exci-
tation intensity enhancement is obtained as 7,
=15 low! M7 sat [Eq. (5)]. According to this procedure, Fig. 4
shows the excitation and collection enhancement factors
corresponding to the experimental results in Fig. 2(b). It
appears from these results that excitation and collection
effects are both involved in the global fluorescence en-
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Fig. 4. (Color online) Contributions of (a) excitation and (b) col-
lection enhancements close to a single microsphere (random di-
pole orientation). Markers are experimental data; curves result
from numerical computation (see text).
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hancement. For the optimal microsphere diameter of
1.5 um, the excitation intensity sensed by the molecule is
enhanced by a factor of 2.2, while at the same time the
collection efficiency is increased by the same factor. Given
the collection efficiency of 30% for the 1.2 NA objective
with no microsphere, the enhancement brought by the mi-
crosphere amounts to a collection efficiency of about 66%.
Such a large collection efficiency can only be obtained by
redirecting the so-called forbidden light emitted at large
incidence angles toward the optical axis [8,10], which
shows that the microsphere acts as an efficient light col-
lector. The microsphere can thus be seen as a microlens
placed in the emitter’s near field, allowing a more efficient
focusing of the incident beam as well as increasing the
collection of the fluorescence light.

To support the experimental data, we perform three-
dimensional numerical simulations of the field distribu-
tion near a microsphere using the Lorentz—Mie theory
[24]. The incident linearly polarized Gaussian beam is
simulated using first-order Davis coefficients with the
beam shape parameter corresponding to the experimental
configuration of NA=1.2 [17]. A typical electromagnetic
field intensity distribution in the case of a 2 um diameter
sphere is plotted on the right panel of Fig. 1. To compute
the excitation intensity enhancement, we introduce the
intensity density o, as the total excitation intensity Iy, per
unit of effective volume Vg, 0,=Iy/ Vg, where the excita-
tion intensity is given by [22,25]

IV= f |E|2dV’ (7)
\%

and the effective volume is defined as

o]

Vyg=———. (8)
E[*dV
4

The numerical integration of the field intensity is made
over the region outside the microsphere where the inten-
sity is larger than I,,,,/10, with I, being the maximum
intensity of the excitation field. Finally, we obtain the ex-
citation intensity enhancement as the ratio of g, for the
microsphere to the reference value of ¢, without the
sphere. The theoretical results are plotted versus the mi-
crosphere diameter in Fig. 4(a) and are found to be in
good agreement with the experimental data, with a rela-
tive difference comparable to the experimental statistical
errors.

To numerically compute the gain in collection efficiency
brought by the microsphere, we set a single dipole close to
the surface of the sphere at the position corresponding to
the maximum intensity found in the excitation field dis-
tribution in Fig. 1. We compute the average Poynting vec-
tor flux in the far field over a spherical surface of 20 um
radius located underneath the microsphere, with a center
at the dipole location and a maximum half-angle of 60°
corresponding to the microscope objective NA. The collec-
tion efficiency is then obtained as the ratio of this Poyn-
ting vector flux to the flux computed over all directions of
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space (4 sr). Finally, the collection efficiency enhance-
ment is derived by normalizing the collection efficiency
found with a microsphere to the reference one found with-
out the sphere. To reproduce the random dipole orienta-
tion in the experimental observations, we average the col-
lection efficiencies found for dipole orientations along
each direction x, y, and z. Figure 4(b) displays our results
versus the microsphere diameter. These numerical re-
sults stand again in good qualitative agreement with the
experimental findings, although we did not consider spa-
tial averaging over various dipole locations as in the FCS
experiments. Altogether, the numerical simulations con-
firm that gains in both local excitation intensity and col-
lection efficiency contribute in about equal parts to the
overall fluorescence enhancement. These simulations also
confirm the drop in the fluorescence enhancement found
experimentally for microsphere diameters below 1 um.
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Fig. 5. (Color online) Angular distribution of the fluorescence
intensity of a molecule located at 100 nm above a 2 um polysty-
rene microsphere in water (red curve) for a dipole oriented along
the Z axis (a) and averaged over all orientations (b). The non-
filled curves correspond to the dipole emission without the
microsphere.
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To illustrate the increased collection efficiency brought
by the microsphere, we compute the radiation pattern for
a dipole located at 100 nm on top of a 2 um polystyrene
microsphere in water. This radiation pattern is computed
in the far field at a distance of 20 um from the dipole; it
fully takes into account the microsphere refractive effects.
Figure 5 displays the angular distributions for a dipole
oriented along the Z axis and for an average over all ori-
entations. It is apparent that light emitted above the
critical angle of 57° in the case of the polystyrene—water
interface is largely redirected toward the optical axis, al-
lowing efficient detection of the fluorescence radiation.
This gives the picture of the microsphere acting as a mag-
nifying lens directly in the emitter’s vicinity.

5. CONCLUSION

We report a detailed experimental and theoretical study
of the fluorescence emission alteration close to a dielectric
microsphere illuminated with a tightly focused Gaussian
beam. The microsphere increases the excitation intensity
sensed by the emitter up to a factor of 2.2, while at the
same time it allows for a collection efficiency up to 60% by
redirecting the light emitted at large incidences toward
the optical axis. Altogether, these effects contribute to an
increase in the number of collected fluorescence photons
up to a factor of 5. The microsphere is shown to act as a
microlens placed in the emitter’s near field, allowing a
more efficient focusing of the incident beam as well as in-
creasing the radiation collection efficiency. Let us point
out that the microsphere can be designed so that the
gains in excitation and collection efficiencies are maxi-
mized at the microsphere’s top surface by properly choos-
ing the microsphere radius and refractive index
[17,18,26]. This extends the potential of dielectric micro-
spheres to detect luminescent probes immobilized on the
sphere surface, which can eventually be chemically func-
tionalized [27]. Dielectric microspheres are thus found to
offer a cheap, conceptually simple, and highly efficient
way to enhance both excitation and harvesting of light
from emitters. Further applications include optical mi-
croscopy [28], Raman spectroscopy [29], photolithography
[30,31], or optical data storage [32].
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