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Efficient excitation and collection of single-
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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.
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. INTRODUCTION
crucial issue for many applications in biophotonics is to

nhance the detected signal of fluorescent molecules or
uantum dots. This can be done by increasing the local
xcitation intensity, the emission rate, or the radiation
ollection efficiency. All these properties can be controlled
y properly tailoring the electromagnetic environment
1]; microstructures and nanostructures thus offer new
pportunities for highly efficient detection of single emit-
ers. In this perspective, strong attention has been de-
oted to metallic nanostructures (see [2,3] for reviews).
hese structures are known to generate strong electro-
agnetic fields in their vicinity, allowing a more efficient

xcitation of molecules. However, metals are also known
o quench the fluorescence or luminescence emission, and
delicate balance has to be found between field enhance-
ent and losses [4,5].
An alternative to enhancing the excitation intensity is

o improve the detected fluorescence by increasing the col-
ection efficiency. Already, a flat dielectric interface sig-
ificantly modifies the angular emission of a dipole if the
mitter is sufficiently close to the interface [6–8]. For a di-
ole bound to a glass–water interface with averaged di-
ole orientations, up to 72% of the total fluorescence is
mitted into the glass half-space of refractive index 1.5.
owever, the angular distribution shows a significant

mission maximum around the direction of the critical
ngle of total internal reflection, with about 34% of the
uorescence being emitted into the glass above the criti-
al angle [9–11]. This radiation is not collected by classi-
0740-3224/09/071473-6/$15.00 © 2
al microscope objectives and is therefore called forbidden
ight [8]. To achieve fluorescence collection efficiencies of

ore than 50%, it is necessary to collect light above the
ritical 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-
ric microspheres can be a viable alternative for enhanced
uorescence detection in solution. When a latex micro-
phere is illuminated with a tightly focused Gaussian
eam, it overfocuses light in a region with subwavelength
imensions in both the transverse and longitudinal direc-
ions, creating high local intensities (see Fig. 1, right
anel). This effect stems from interferences between the
eld scattered by the sphere and the high angular compo-
ents of the incident Gaussian beam passing aside the
phere [17]. Microspheres therefore appear as an attrac-
ive and cost-effective route to enhance the fluorescence
mission up to five times without requiring expensive
anofabrication facilities. Let us point out that this phe-
omenon differs from the so-called “photonic nanojets”
rising when a dielectric microsphere is illuminated by a
lane wave [18–20]. Under plane wave illumination, no
ubwavelength confinement is obtained along the axial
irection, and thus the resulting focal volume does not
utperform the diffraction limit obtained with a high nu-
erical aperture (NA) objective. This largely lowers the

nterest of such standard nanojets for fluorescence detec-
ion.

In this Letter, we provide a detailed experimental and
heoretical analysis of the interaction between an emitter
009 Optical Society of America
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nd a microsphere under tightly focused Gaussian illumi-
ation. We thoroughly investigate the origins of the fluo-
escence enhancement close to a dielectric microsphere
nd quantify the gains in excitation and collection effi-
iencies. Both experimental observations and numerical
imulations show that the microsphere increases the ex-
itation intensity sensed by the molecule up to a factor of
.2, while at the same time it allows for a gain in collec-
ion efficiency up to 60% by redirecting the light emitted
t large incidences toward the optical axis.

. EXCITATION AND COLLECTION
FFICIENCIES CHARACTERIZATION
he presence of a microsphere affects the fluorescence
ignal via three phenomena: (i) local enhancement of the
xcitation intensity inside the focused spot, (ii) improve-
ent of the emitter’s quantum yield, and (iii) modification

f the emitter’s radiation pattern, directing more energy
oward the detectors. We have recently developed an ex-
erimental procedure to distinguish between the respec-
ive weights of these contributions by employing fluores-
ence correlation spectroscopy (FCS) combined with
uorescence lifetime measurements. This procedure has
lready been used to quantify the fluorescence alteration
y gold nanometric apertures [21] and is briefly reviewed
ere.
In steady state, the detected fluorescence count rate

er molecule (CRM) is given by [22]

CRM = ��
�Ie

1 + Ie/Is
, �1�

here � is the fluorescence collection efficiency and �
krad/ktot is the quantum yield with krad as the radiative
mission decay rate and ktot as the total decay rate. � is
he absorption cross section, Ie is the excitation intensity,
nd Is� �ktot /�� is the saturation intensity. Please note
hat the I and I are given here as the number of photons

ig. 1. (Color online) Schematic view of the experimental setup
or confocal single molecule detection enhanced by a single mi-
rosphere (left panel) and numerical simulation of the electric
eld intensity distribution near a dielectric microsphere (diam-
ter 2 	m, refractive index 1.59) illuminated with a tightly fo-
used Gaussian beam at 
=633 nm with 1.2 NA (right panel,
ote the logarithmic scale). The outer medium refractive index is
et to 1.33; the glass slide refractive index is 1.5.
e s
er second and per surface unit. The FCS technique al-
ows one to reliably estimate this CRM, which corre-
ponds to the average number of photons emitted by a
ingle molecule [22,23].

The fluorescence enhancement �F near a microsphere
s defined as the ratio of the detected fluorescence CRM
ear the microsphere with respect to the open solution for
fixed excitation power, �F=CRMsphere/CRMsol. Let us

onsider the two extreme excitation regimes depending on
he relative values of Ie and Is. In the low excitation re-
ime Ie�Is, the CRM and the fluorescence enhancement
educes to

CRMlow = ���Ie �Ie � Is�, �2�

�F,low = �����Ie
�Ie � Is�, �3�

here ��, ��, and �Ie
are the enhancements in the collec-

ion efficiency, quantum yield, and excitation rate, respec-
ively. In the saturation regime Ie�Is, the dependence on
he excitation intensity disappears in Eq. (1), and the
uorescence rate enhancement is expressed [21] as

�F,sat = ���krad
�Ie � Is�, �4�

hich indicates that the fluorescence enhancement at
aturation is determined only by the gains in collection ef-
ciency �� and radiative emission rate �krad

.
In our specific case, it is possible to further simplify the

bove equations. A nonabsorbing dielectric microstructure
s expected to only marginally modify the dye’s photo-
hysics, since the absence of absorption losses does not
pen new nonradiative deexcitation routes. We confirm
his assumption by the report in Section 4 of experimental
vidence based on time-correlated fluorescence measure-
ents that the fluorescence lifetime of the dye is not af-

ected by the presence of the microsphere. Consequently,
e consider that �krad

=��=1. Equations (3) and (4) then
ecome

�F,low = ���Ie
�Ie � Is�, �5�

�F,sat = �� �Ie � Is�. �6�

his set of equations provides the guidelines for distin-
uishing between the gains in collection efficiency �� and
xcitation intensity �Ie

brought by the photonic structure.
he procedure can be summarized as follows: the fluores-
ence rates per molecule CRM are measured by FCS for
ncreasing excitation powers in open solution and in the
ase of a microsphere. The resulting data points are fitted
ccording to Eq. (1) to deduce the fluorescence enhance-
ents �F,low and �F,sat taken at the asymptotic limits
here Ie→0 and Ie→�, respectively. According to Eq. (6),

he value of �F,sat at saturation gives the collection effi-
iency enhancement ��. The excitation intensity enhance-
ent is obtained as �Ie

=�F,low/�F,sat [Eq. (5)]. This unam-
iguously separates the excitation and emission
ontributions to the total fluorescence enhancement.
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. EXPERIMENTAL METHODS
ur experimental setup is based on an inverted confocal
icroscope with a NA=1.2 water-immersion objective

Fig. 1, left panel). A single latex microsphere of well cali-
rated diameter (Fluka Chemie GmBH: ds=1, 1.5, 2, or
	m; dispersion �0.1%; refractive index 1.59) is set at

he microscope objective focus with nanometer resolution
sing a three axis piezoelectric stage. For the microsphere
ample preparation, the spheres are diluted in pure water
nd dispersed on a cleaned microscope glass coverslip be-
ore air drying to ensure adhesion to the substrate. The
oncentration is set to isolate a single sphere per 10 	m
10 	m. Adhesion onto the glass surface is sufficient to

nsure that the sphere remained stuck on the substrate
or the duration of the experiment.

A 50 	L droplet of Alexa Fluor 647 fluorescent mol-
cules diluted in pure water to a concentration of 40 nM is
eposited on top of the microsphere sample. Alexa Fluor
47 are purchased from Invitrogen, Carlsbad, Calif., and
ave peak absorption and emission at 650 and 668 nm,
espectively. The molecules are excited by a linearly po-
arized He–Ne laser beam at 633 nm focused by the com-
ination of the microscope objective and the microsphere.
he backward-emitted fluorescence is collected via the
ame combination of microsphere and microscope objec-
ive, and filtered from the scattered laser light by a di-
hroic mirror (Omega Filters 650DRLP) and a long-pass
lter (Omega Filters 640AELP). A 30 	m confocal pinhole
onjugated to the microscope objective focal plane rejects
ut-of-focus light. After the pinhole, the fluorescence is de-
ected by an avalanche photodiode with 670±20 nm band-
ass filter (Omega Filters 670DF40).
For FCS, the fluorescence intensity temporal fluctua-

ions F�t� are analyzed by a hardware correlator
ALV-GmbH ALV6000) to compute the temporal correla-
ion, g�2���= �F�t�F�t+�� / �F�t��2, where � � stands for time
veraging over the experiment duration [22,23]. Each
CS measurement is obtained by averaging ten runs of
0 s duration. Numerical fit of the FCS data provides the
verage number of molecules N and, therefore, the fluo-
escence CRM. We refer the reader to [16] for a detailed
iscussion on FCS analysis close to a latex microsphere.
For lifetime measurements, we use a time-correlated

ingle photon counting card (PicoQuant PicoHarp 300).
he excitation is switched to a picosecond laser diode op-
rating at 636 nm. Perfect spatial overlap between the
odes of the pulsed laser diode and the CW He–Ne laser

s obtained by coupling to a single-mode optical fiber prior
o focusing in the microscope [21]. Overall, the temporal
esolution of the setup is 120 ps, well below the 1.0 ns
uorescence lifetime recorded for Alexa Fluor 647 in wa-
er solution.

We emphasize that the value of the fluorescence en-
ancement is extremely sensitive to the position of the
icrosphere. 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
t the optimal position. Note that the values for each di-
meter have been averaged over several microspheres to
nsure the reproducibility of the results. Finally, let us
oint out that owing to the statistical approach used here,
ll our results have to be understood as spatially aver-
ged values over all the possible molecular orientations
nd positions inside the confocal detection volume.

. RESULTS AND DISCUSSION
igure 2(a) shows the measured CRMs versus the excita-

ion power for the different sphere diameters and for the
eference case in free solution. Solid curves indicate nu-
erical fits using Eq. (1), which stand in good agreement
ith the experimental data. CRM enhancements with the
ifferent microsphere diameters are clearly observed at
ll excitation powers. Let us also emphasize that CRMs
arger than 100 kHz are readily obtained with the micro-
phere, while these values remain unreachable in free so-
ution. From the numerical fits we deduce the values of
he fluorescence enhancement factors in the limits of low
xcitation �F,low and saturation �F,sat. The results are dis-
layed in Fig. 2(b) versus the sphere diameter, showing
n optimum for a diameter of 1.5 	m. It is worth noticing
hat with a 1.5 	m latex microsphere it is possible to
each a five times enhancement of the molecular fluores-
ence, a value that is comparable to the enhancement fac-
ors reported with some metallic nanostructures [3].

Along with FCS experiments, we perform fluorescence
ifetime measurements to quantify the alteration of the

olecule total decay rate close to the microsphere. Typical
ecay curves are plotted in Fig. 3 in the case of the refer-
nce solution [black dots (free solution)] and for a 2 	m
iameter sphere (red dots). A numerical fit taking into ac-
ount the 120 ps instrument resolution indicates a life-
ime reduction near the sphere of less than 4%. For the
ther sphere diameters, we observed even smaller varia-

ig. 2. (Color online) (a) CRM versus excitation power for the
ifferent sphere diameters and for the reference solution. Dots:
xperimental data; solid curves: numerical fit using Eq. (1). (b)
luorescence enhancement factors in the low excitation regime
F,low and at saturation �F,sat, as deduced from the numerical fits

n (a).
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ions in the fluorescence lifetime, which are limited by the
tatistical accuracy of our measurements. Thus, we con-
ider that for the range of diameters tested here, the mi-
rosphere has a negligible influence on the fluorescence
ifetime. Since the nonabsorbing microsphere obviously
oes not open new nonradiative de-excitation routes, our
bservations of an unchanged fluorescence lifetime mean
hat the dye’s radiative rate and consequently its quan-
um yield are also unaffected by the microsphere. This
alidates the assumption �krad

=��=1 made in Section 2.
We can now distinguish the excitation and emission

ontributions to the overall fluorescence enhancement.
ollowing Eq. (6), the collection efficiency enhancement
� is given by the value of �F,sat at saturation. The exci-
ation intensity enhancement is obtained as �Ie
�F,low/�F,sat [Eq. (5)]. According to this procedure, Fig. 4
hows the excitation and collection enhancement factors
orresponding to the experimental results in Fig. 2(b). It
ppears from these results that excitation and collection
ffects are both involved in the global fluorescence en-

ig. 3. (Color online) Fluorescence lifetime measurements.
ots: experimental data; solid curves: numerical fits taking into
ccount the resolution of the setup. The curves are horizontally
hifted for clarity.

ig. 4. (Color online) Contributions of (a) excitation and (b) col-
ection enhancements close to a single microsphere (random di-
ole orientation). Markers are experimental data; curves result
rom numerical computation (see text).
ancement. For the optimal microsphere diameter of
.5 	m, the excitation intensity sensed by the molecule is
nhanced by a factor of 2.2, while at the same time the
ollection efficiency is increased by the same factor. Given
he collection efficiency of 30% for the 1.2 NA objective
ith no microsphere, the enhancement brought by the mi-

rosphere amounts to a collection efficiency of about 66%.
uch a large collection efficiency can only be obtained by
edirecting the so-called forbidden light emitted at large
ncidence angles toward the optical axis [8,10], which
hows that the microsphere acts as an efficient light col-
ector. The microsphere can thus be seen as a microlens
laced in the emitter’s near field, allowing a more efficient
ocusing of the incident beam as well as increasing the
ollection of the fluorescence light.

To support the experimental data, we perform three-
imensional numerical simulations of the field distribu-
ion near a microsphere using the Lorentz–Mie theory
24]. The incident linearly polarized Gaussian beam is
imulated using first-order Davis coefficients with the
eam shape parameter corresponding to the experimental
onfiguration of NA=1.2 [17]. A typical electromagnetic
eld intensity distribution in the case of a 2 	m diameter
phere is plotted on the right panel of Fig. 1. To compute
he excitation intensity enhancement, we introduce the
ntensity density �e as the total excitation intensity IV per
nit of effective volume Veff, �e=IV /Veff, where the excita-
ion intensity is given by [22,25]

IV =�
V

�E�2dV, �7�

nd the effective volume is defined as

Veff =

��
V

�E�2dV�2

�
V

�E�4dV

. �8�

he numerical integration of the field intensity is made
ver the region outside the microsphere where the inten-
ity is larger than Imax/10, with Imax being the maximum
ntensity of the excitation field. Finally, we obtain the ex-
itation intensity enhancement as the ratio of �e for the
icrosphere to the reference value of �e without the

phere. The theoretical results are plotted versus the mi-
rosphere diameter in Fig. 4(a) and are found to be in
ood agreement with the experimental data, with a rela-
ive difference comparable to the experimental statistical
rrors.

To numerically compute the gain in collection efficiency
rought by the microsphere, we set a single dipole close to
he surface of the sphere at the position corresponding to
he maximum intensity found in the excitation field dis-
ribution in Fig. 1. We compute the average Poynting vec-
or flux in the far field over a spherical surface of 20 	m
adius located underneath the microsphere, with a center
t the dipole location and a maximum half-angle of 60°
orresponding to the microscope objective NA. The collec-
ion efficiency is then obtained as the ratio of this Poyn-
ing vector flux to the flux computed over all directions of
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pace �4� sr�. Finally, the collection efficiency enhance-
ent is derived by normalizing the collection efficiency

ound with a microsphere to the reference one found with-
ut the sphere. To reproduce the random dipole orienta-
ion in the experimental observations, we average the col-
ection efficiencies found for dipole orientations along
ach direction x, y, and z. Figure 4(b) displays our results
ersus the microsphere diameter. These numerical re-
ults stand again in good qualitative agreement with the
xperimental findings, although we did not consider spa-
ial averaging over various dipole locations as in the FCS
xperiments. Altogether, the numerical simulations con-
rm that gains in both local excitation intensity and col-

ection efficiency contribute in about equal parts to the
verall fluorescence enhancement. These simulations also
onfirm the drop in the fluorescence enhancement found
xperimentally for microsphere diameters below 1 	m.

ig. 5. (Color online) Angular distribution of the fluorescence
ntensity of a molecule located at 100 nm above a 2 	m polysty-
ene microsphere in water (red curve) for a dipole oriented along
he Z axis (a) and averaged over all orientations (b). The non-
lled curves correspond to the dipole emission without the
icrosphere.
To illustrate the increased collection efficiency brought
y the microsphere, we compute the radiation pattern for
dipole located at 100 nm on top of a 2 	m polystyrene
icrosphere in water. This radiation pattern is computed

n the far field at a distance of 20 	m from the dipole; it
ully takes into account the microsphere refractive effects.
igure 5 displays the angular distributions for a dipole
riented along the Z axis and for an average over all ori-
ntations. It is apparent that light emitted above the
ritical angle of 57° in the case of the polystyrene–water
nterface is largely redirected toward the optical axis, al-
owing efficient detection of the fluorescence radiation.
his gives the picture of the microsphere acting as a mag-
ifying lens directly in the emitter’s vicinity.

. CONCLUSION
e report a detailed experimental and theoretical study

f the fluorescence emission alteration close to a dielectric
icrosphere illuminated with a tightly focused Gaussian

eam. The microsphere increases the excitation intensity
ensed by the emitter up to a factor of 2.2, while at the
ame time it allows for a collection efficiency up to 60% by
edirecting the light emitted at large incidences toward
he optical axis. Altogether, these effects contribute to an
ncrease in the number of collected fluorescence photons
p to a factor of 5. The microsphere is shown to act as a
icrolens placed in the emitter’s near field, allowing a
ore efficient focusing of the incident beam as well as in-

reasing the radiation collection efficiency. Let us point
ut that the microsphere can be designed so that the
ains in excitation and collection efficiencies are maxi-
ized at the microsphere’s top surface by properly choos-

ng the microsphere radius and refractive index
17,18,26]. This extends the potential of dielectric micro-
pheres to detect luminescent probes immobilized on the
phere surface, which can eventually be chemically func-
ionalized [27]. Dielectric microspheres are thus found to
ffer a cheap, conceptually simple, and highly efficient
ay to enhance both excitation and harvesting of light

rom emitters. Further applications include optical mi-
roscopy [28], Raman spectroscopy [29], photolithography
30,31], or optical data storage [32].
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