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Computational study of fluorescence scattering
by silver nanoparticles
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We study the nature of fluorescence scattering by a radiating fluorophore placed near a metal nanoparticle
with the finite-difference time-domain method. Angle-resolved light-scattering distributions are contrasted
with those that result when ordinary plane waves are scattered by the nanoparticle. For certain sized nano-
particles and fluorophore dipoles oriented parallel to the metal surface, we find that the highest scattered fluo-
rescence emission is directed back toward the fluorophore, which is very different from plane-wave scattering.
The largest enhancements of far-field radiation are found when the dipole is oriented normal to the surface. We
also examined the effect of the fluorophore on the near field around the particle. The fields can be enhanced or
quenched compared to the isolated fluorophore and exhibit strong dependence on fluorophore orientation, as
well as interesting spatial variations around the nanoparticle. © 2007 Optical Society of America
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. INTRODUCTION
luorescence is one of the dominant detection methodolo-
ies in the biosciences. During the past decade, there
ave been continual advances in probe chemistry. For
odern fluorophores such as the cyanine dyes, the optical

bsorption cross-sections are comparable to their geomet-
ic cross-sections, and their quantum yields are often 0.5
r higher. Hence it seems unlikely that future small or-
anic fluorophores will be substantially brighter than cur-
ently available fluorophores. In part, this limitation is
ne of the reasons behind the current interest in quantum
ots and polymeric probes containing multiple fluoro-
hores [1–4].
During the past several years we have reported that

ertain kinds of fluorophore-metal interactions can lead to
n increase in fluorophore brightness. By metal we mean
conducting metallic structure, typically wavelength- or

ubwavelength-sized silver particles. We found that prox-
mity of fluorophores to metallic particles resulted in in-
reased intensity, decreased lifetime, and sometimes in-
reased photostability [5–9]. These effects appear to be
ue to several reasons, namely, the increased fields near
he particles induced by the incident light and coupling of
xcited-state fluorophores to surface plasmons in the
etal particle, which in turn radiates to the far-field [10].

Of course the surface plasmons in question are electro-
agnetic surface modes of a metallic sphere that can ex-

ibit charge densities consistent with dipolar, quadrupo-
ar, and higher excitations). The increased fields near the
0740-3224/07/092259-9/$15.00 © 2
etal particle are a result of the optical cross-section of
articles being larger than their physical cross-section.
his effect does not occur for organic fluorophores, which

imits the magnitude of their optical cross-sections.
In this paper, we use the finite-difference time-domain

FDTD) method [11–20] to model how a radiating fluoro-
hore interacts with an isolated, spherical silver nanopar-
icle. The fluorophore is taken to be a point dipole source
n the near field of the nanoparticle. A realistic model for
ilver is used that allows for plasmon excitations. The re-
ulting angular distributions of the emission for the fluo-
ophore in various orientations relative to the nanopar-
icle are examined. We consider several different
anoparticle sizes and distances of the fluorophore from
he nanoparticle. Parallel and normal orientations of the
uorophore’s radiating dipole moment relative to the
anoparticle surface are also examined. Where appropri-
te, we compare the fluorescence emission scattering with
he scattering that results from plane waves of identical
avelength. The plane-wave case corresponds to the well-
nown Mie scattering by a sphere [21,22], and we also
alidate our FDTD calculations by finding good agree-
ent with Mie theory predictions. In the case of the fluo-

ophore dipole being parallel to the metal surface, for
mall �20 nm� and large �320 nm� diameter nanoparticles,
e find that the spatial distribution of the scattered fluo-

escence emission is comparable to that of scattered plane
aves of the identical wavelength and polarization. For
n 80 nm diameter nanoparticle, however, we find the
007 Optical Society of America
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uorescence scattering to occur predominantly back in
he direction of the fluorophore. This is in stark contrast
o Mie scattering. We find that the degree of backscatter-
ng of the fluorescence by the nanoparticle is dependent
n the distance of the fluorophore from its surface. The
argest far-field scattered intensity, however, is found to
ccur when the fluorophore’s dipole is oriented normal to
he surface.

It should be noted that both exact [23,24] and quasi-
tatic limit [25,26] analytical solutions have also been de-
eloped for the light scattering dipole/spherical metal
anoparticle problem that we treat numerically here. Im-
ressive manipulations with these solutions have been
uccessfully used to predict, for example, how fluorophore
adiative lifetimes are altered by the presence of the
etal. However, the actual expressions for the electro-
agnetic fields are highly complex and unwieldy. For ex-

mple, we are unaware of any explicit evaluations of the
ear-field intensity patterns around the nanoparticles us-

ng any of these solutions. A rigorous computational elec-
rodynamics method, such as the FDTD method used
ere, has the advantage that it is very straightforward to
etermine the complete electromagnetic field and to con-
truct any desired near-field or far-field quantity. It is also
ossible to consider, with no significant increase in effort,
lternative shapes and configurations that are not as
menable to analytical treatment. Surprisingly, to the
est of our knowledge, our study appears to be the first
DTD simulation of a fluorophore interacting with a
etal nanoparticle.
Finally it is important to note that our main goal is to

lucidate the nature of scattering of near-field fluores-
ence from the surface of a metal nanoparticle. To this
nd we deliberately performed separate calculations for
arious fixed orientations of the fluorophore relative to
he nanoparticle and considered a variety of different sys-
em parameters. Of course in some actual experiments,
.g., experiments involving colloidal solutions, orienta-
ional averaging effects can arise that would prevent ob-
ervation of some of the features seen here. Section 2
ives further details of the calculations, and Section 3
resents our results. Section 4 summarizes our conclu-
ions.

. COMPUTATIONAL DETAILS
igure 1 is a schematic of the system studied. A spherical,
ilver nanoparticle is placed at the origin, and the fluoro-
hore is placed some distance along the negative x axis. It
s assumed the excitation stage of fluorescence has oc-
urred and the fluorophore is now emitting radiation. We
odel this radiating fluorophore as an oscillating, point

ipole. We consider z, y, and x dipole polarizations and ex-
mine the resulting angle-resolved scattered light inten-
ity in the x–y plane. This particular choice of planes for
easuring the scattering is motivated by typical fluores-

ence polarization experiments. The z- and y-polarized di-
oles are parallel to the metal surface, and the
-polarized dipole is normal to the metal surface. In fluo-
escence polarization experiments involving such parallel
ipoles, one can associate the z-polarized case with what
s termed vertical polarization and the y-polarized case
ith what is termed horizontal polarization. (While the
–y plane angular intensities are different for z and y po-

arizations, by symmetry they can of course be thought of
s different cuts of the scattered intensity from one spe-
ific parallel-oriented dipole.)

Three-dimensional FDTD simulations [11–20] were
erformed using the program FDTD SOLUTIONS (version
.0) from Lumerical Solutions, Inc. (Vancouver, Canada).
time-windowed dipole source, radiating at a fixed wave-

ength of 420 nm, was used to mimic the emission of a
ommercially available fluorophore, Alexa Fluor 405 (AF
05), from Invitrogen (Carlsbad, California). This is a soft
ource, to allow backscattered radiation to pass through it
13]. We also carried out analogous FDTD calculations
ut with a time-windowed plane-wave source to generate
ngular distributions and optical cross-sections for com-
arison with Mie theory [21,22] predictions. Mie theory
esults were obtained with the program MIECALC from
imuloptics (Schwabach, Germany).
Typically the durations of our simulations were 200 fs,

orresponding to an excess of 20,000 time propagation
teps for each calculation. The FDTD package employed
as frequency domain monitors that perform discrete
ourier transforms of the time domain fields while the
imulation is running. In this manner, continuous wave
cw) information is obtained at any prespecified wave-
engths for the various electric and magnetic field compo-
ents. These fields can then be projected onto the far field
o obtain the angular distributions.

All of the calculations were done assuming a back-
round relative dielectric constant of 1.0. The auxiliary
ifferential equations method [11] was used to implement

realistic, frequency-dependent, and lossy dielectric
odel for the silver nanoparticle. At 420 nm, the main
avelength of interest, it is equivalent to a metallic di-
lectric constant of approximately −5.5+0.22i, in good
greement with an interpolation of the empirical results
f Johnson and Christy [27].

The simulations were performed on a PC with the fol-
owing components: AMD Athlon 64 FX Dual Core proces-
or, 2.78 GHz, 1.15 MB cache, 2 MHz bus speed, and 4 GB
AM. All postprocessing of FDTD data was performed us-

ig. 1. Schematic of the model radiating fluorophore/metal
anoparticle system studied.
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ng MATLAB (version 7.0) from Mathworks (Natick, Massa-
husetts), and SIGMAPLOT (version 9.0) from Systat Soft-
are Inc. (San Jose, California).

. RESULTS AND DISCUSSION
o verify the accuracy of our FDTD simulations, as well
s for comparison with our dipole/nanoparticle results, we
rst consider plane-wave scattering by silver nanopar-
icles with diameters d=20, 80, and 320 nm. Figure 2
hows results for vertically �z�-polarized incident light
ith �0=420 nm. For a small d=20 nm nanoparticle Mie

heory predicts essentially symmetrical scattering around
he z axis (top). This is understandable because the par-
icle size is much smaller than the incident wavelength,
nd the particle acts as a simple dipole. The FDTD simu-
ation gave the same symmetrical distribution of the scat-
ered light. The d=80 nm particle also gave a similar re-
ult for both Mie theory and FDTD.

Next we considered scattering by a d=320 nm nanopar-
icle. In this case the light is preferentially scattered in
he forward direction, which corresponds to angles near
° or 360° in our system (Fig. 2, top). The FDTD simula-
ions gave essentially the same spatial distributions (bot-
om). The light is not scattered symmetrically about the z

ig. 2. Angular distribution of light scattered around the z axis
along the x–y plane) by silver nanoparticles calculated by both
DTD and Mie theory. Incident polarization is vertical (along the
axis). The incident wavelength throughout is 420 nm. Note: The

ntensity of the scattered radiation for 20 and 80 nm nanopar-
icles is 6 and 2 orders of magnitude lower, respectively, than
hat of the 320 nm particle, and has been offset for clarity of
resentation.
xis because this larger nanoparticle is not in the electro-
tatic limit and the field distributions in and around the
article are more complex than a simple dipole. It should
e noted that the magnitude of the scattered radiation for
he d=20 nm particle is 6 orders of magnitude lower than
hat of the 320 nm particle, and the magnitude of the
cattered radiation for the d=80 nm particle is 2 orders of
agnitude lower than that of the 320 nm particle. Hence

he 20 and 80 nm particle data have been deliberately off-
et for clarity of presentation of all the data in one graph.
e also calculated the scattering spatial distribution with

orizontally �y�-polarized illumination (Fig. 3). For a
mall 20 nm nanoparticle, the scattered light follows a
os2 � distribution about the z axis (top). The zero inten-
ities at 90° and 270° reflect the fact that a dipole does not
adiate along its optical axis. A similar result also occurs
or the 80 nm nanoparticle (middle). For the larger
20 nm nanoparticle, the light is again preferentially for-
ard scattered in all cases (bottom).
We should note that the level of agreement between the

nalytical (Mie theory) and FDTD results in Figs. 2 and 3
s good, but not perfect. In principle, FDTD calculations
ill converge to the exact analytical result as the grid

esolution is refined. However, refining the grid resolution
y a factor of 2, say, corresponds to an overall factor of 16
ncrease in computational time when both the increased
umber of spatial grid points and time grid points are
onsidered. There is also an eightfold increase in com-
uter memory. For our calculations, we employed a grid
pacing of 2 nm for the d=20 nm sphere and a grid spac-
ng of 4 nm for the d=80 and 320 nm sphere, which gen-
rally resulted in 10%–20% agreement with the analyti-
al theory. We should note that metal nanoparticle
roblems are particularly difficult to converge owing to
he abrupt and large field changes that occur across the
oundaries of the particles and associated staircasing er-
ors. (The spherical particle is approximated as a con-
lomeration of cubes, resulting in a jagged, staircaselike
etal surface/air boundary.) It is likely, particularly for

he smallest particle considered, that grid spacings of 1 or
.5 nm or smaller are required to achieve convergence to
ithin 5% or better (see, e.g., an FDTD study of metal
anowires [28]), which is a level of convergence and nu-
erical effort that is unnecessary for our purposes. This

greement between Mie theory and our FDTD simula-
ions for scattered light validates our results.

We determined extinction cross-sections over a range of
avelengths using the FDTD method and found them to
gree well with the corresponding Mie theory predictions
results not shown). For reference, we comment briefly on
he corresponding spectral structures, which are corre-
ated with surface plasmon resonances. For d=20 nm,
here is a simple plasmon resonance at 370 nm with
WHM of �40 nm. In this small particle limit, absorption
ominates the extinction. For d=80 nm, the plasmon
esonance is redshifted to 400 nm and is broader, with
WHM=70 nm. In this case the scattering and absorption
omponents equally contribute to the extinction. Finally,
or d=320 nm, scattering dominates and a more complex,
road spectral structure exists with peaks at 420, 520,
nd 900 nm.
We now turn to the case of a fluorophore, treated as an
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scillating dipole, interacting with a silver nanoparticle in
he near field. We consider the fluorophore to be posi-
ioned on the negative x axis and 10 nm away from the
etal surface (see Fig. 1). In Figs. 4 and 5 the dipole is

riented along the z and y axes, respectively, i.e., the di-
ole is oriented parallel to the metal surface, and in Fig. 6
he dipole is oriented along the x axis, i.e., the dipole is
riented perpendicular to the metal surface. We depict in
hese figures the angular distributions associated with
he oscillating dipole in both the presence and absence of
he different sized nanoparticles. While the scattering in-
ensity is given in arbitrary units, note that all the FDTD
alculations were done in a similar manner so that the
agnitudes of the intensities both within a given FDTD

gure and across different FDTD figures can be com-
ared. However, these intensities may not reflect the
uantum yield of the system.

ig. 3. Angular distribution of light scattered around the z axis
ethod and Mie theory. Incident polarization is horizontal (along
For horizontal orientations and the 20 nm nanoparticle
Fig. 5), the spatial distribution of the scattered emission
s comparable to that of scattered plane waves. For this
mall nanoparticle and vertical fluorophore orientation
Fig. 4), the emission was mostly symmetrical around the
axis, but there was a small increase in emission back in

he direction of the fluorophore, which is 180°. For the
orizontal orientation (Fig. 5), the emission closely ap-
roximates the cos2 � distribution, but again with a slight
xcess intensity back toward the fluorophore. For the nor-
al fluorophore orientation (x axis) (Fig. 6), the scattered

mission from the 20 nm particle shows almost identical
patial distribution to that of the isolated dipole with a
eak at 90° and 270°, which is expected, and zero emis-
ion at 0°, 180°, and 360°, which is also expected as the
ipole does not radiate along its optical axis. It is inter-
sting to note that for most scattering angles the 20 nm

e x–y plane) by silver nanoparticles calculated using the FDTD
axis). The incident wavelength throughout is 420 nm.
(in th
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ilver particle shows suppression of fluorescence (quench-
ng) for both the vertical and the horizontal polarizations
f the fluorophore. This can be expected for the 20 nm par-
icle as it is highly absorbing, thus leading to quenching

ig. 4. Intensity distribution for a vertical fluorophore (oriented
long the z axis) alone and near different sized silver nanopar-
icles calculated using the FDTD method. A value of �=180° is
he direction from the nanoparticle back to the fluorophore.

ig. 5. Intensity distribution for a horizontal fluorophore (ori-
nted along the y axis) alone and near different sized silver nano-
articles calculated using the FDTD method. A value of �=180°
s the direction from the nanoparticle back to the fluorophore.
f fluorescence. The 320 nm particle, on the other hand,
hows fluorescence suppression (quenching) primarily for
he vertical oriented fluorophore. More interesting results
re found for a fluorophore near a d=80 nm silver nano-
article. We have calculated the surface plasmon reso-
ance for the d=80 nanoparticle to be close to 400 nm
data not shown). Of the three particle sizes considered,
he 80 nm particle plasmon resonance wavelength is the
losest to the fluorophore’s emission wavelength �420 nm�,
nd so one might expect to observe some scattering en-
ancements and altered directionality. In this case, for
oth the vertical and horizontal polarizations, the emis-
ion is strongly directed back toward the fluorophore and
nhanced in many of the scattering angles (Figs. 4 and 5).
he extent of directionality is quite strong with a major

raction of the emission in the direction of the fluorophore.
Although the normally oriented fluorophore (x-axis po-

arization) does not show the preferential backscattering
ue to the symmetry of this configuration, it is very inter-
sting for a separate reason (Fig. 6). It is clear from these
alculations that we consistently observe a much stronger
nhancement in the intensity of the scattered emission
ompared to the parallel dipole orientations of Figs. 4 and
. For the case of the scattered emission from the 20 nm
anoparticle, we see an approximately 2.5-fold enhance-
ent (when compared to the normally oriented isolated

ipole). For the 80 nm nanoparticle the enhancement in-
reases to approximately 13-fold, and its total scattered
ntensity is the greatest of all the particle sizes consid-
red, consistent with the approximate matching of its
lasmon wavelength with the dipole emission wave-
ength. The greatly enhanced intensity of the normal di-
ole orientation is easily understood from the perspective
f the addition of the fluorophore’s dipole, and the induced

ig. 6. Intensity distribution for a normal fluorophore (oriented
long the x axis) alone and near different sized silver nanopar-
icles calculated using the FDTD method. A value of �=180° is
he direction from the nanoparticle back to the fluorophore.
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ipole in the nanoparticle: this configuration allows the
ipoles to align along the x axis head to tail, leading to a
uch larger effective radiating dipole than in the parallel

rientation cases.
Another interesting phenomenon is observed when the

istance of the fluorophore from the surface of the silver
anoparticle is varied. Figure 7 shows the normalized
cattered emission intensity distribution around a d
80 nm silver nanoparticle from a vertically oriented
uorophore located at distances of s=5, 10, 20, 40, and
0 nm, respectively, where s is the distance along the x
xis between the fluorophore and the metal surface. It is
nteresting to see that the degree of backscattered emis-
ion increases from s=5–10 nm and peaks at s=20 nm be-
ore decreasing at higher distances. By highest degree of
ackscattered emission we mean that the angular scat-
ered intensity profile at s=20 nm is centered only around
ne peak (i.e., 180°), which has the lowest FWHM value,
.e., the majority of the scattered radiation is centered at

�=180°.
A similar result for varying the fluorophore position is

btained for calculations involving a horizontally polar-
zed fluorophore at different distances from the surface of
he 80 nm particle (Fig. 8). We again observed that the de-
ree of backscattered fluorescence increases from s
5–10 nm and peaks at s=20 nm before decreasing at
igher distances. The regions between s=5–20 nm from
he metal surface are of particular importance because it
s the region where most biological assays will be imple-

ented. These results suggest that the presence of metal
anoparticles in contact or in close proximity to fluoro-
hores creates scattering conditions that can fundamen-

ig. 7. Normalized scattered emission distribution for a vertical
uorophore (oriented along the z axis) at different distances, s,

rom the surface of a d=80 nm silver nanoparticle calculated us-
ng FDTD. A distance of s=20 nm (bold) shows the highest degree
f backscattering.
ally alter the characteristic emission pattern of a free
pace fluorophore (isotropic emission around its dipole
xis). Although the cases studied here are simplistic, they
ere the logical starting point for performing calculations

hat can provide insight into the nature of fluorescence
mission scattered from the surface of metallic nanopar-
icles. Additional calculations are currently underway in-
olving more complex nanostructures including arbitrary
haped nanoparticles such as triangles and squares,
anoparticle clusters (aggregates), patterned nanostruc-
ures such as gratings, and arrays of nanoparticles. The
esults of these calculations will be reported in due
ourse.

All of the results shown thus far have been for far-field
cattering of the fluorescence from the nanoparticles. It is
lso instructive to examine the electromagnetic near-field
istributions. Figure 9(a) shows the electric field intensity
n the x–y plane around an 80 nm silver nanoparticle
eparated 10 nm from a vertically (z axis) oriented fluoro-
hore or emitting dipole. For comparison, Fig. 9(b) shows
he intensity around an isolated fluorophore (or oscillat-
ng dipole). We have verified, as might be expected, that
his latter intensity is very similar to the near field of a
ertz dipole [29]. Figure 9(c) is an image of the near-field
nhancement and quenching that is generated by divid-
ng the intensity with the nanoparticle by the intensity of
he isolated fluorophore. The images are displayed in the
ogarithmic scale (base 10) for clarity of presentation. The
reas in Fig. 9(c) that correspond in the color map to
egative values are areas where we see quenching of the
uorophore’s near field, and areas that correspond to posi-
ive values are areas where we see enhancements in the

ig. 8. Normalized scattered emission distribution for a hori-
ontal fluorophore (oriented along the y axis) at different dis-
ances, s, from the surface of an 80 nm silver nanoparticle calcu-
ated using FDTD. A distance of s=20 nm (bold) shows the
ighest degree of backscattering.
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ear field. It is interesting to observe that the near field is
ot enhanced between the particle and the dipole, but the

ntensity has a crescentlike distribution on the opposite
ide [Fig. 9(c)]. This indicates that there is near-field en-
ancement only around one side on the nanoparticle. On
he side of the nanoparticle facing the fluorophore, there
s quenching of the field. We also examined the near fields
or a fluorophore oriented normal to the surface of the d
80 nm particle (along the x axis), Figs. 10(a)–10(c). The
ear-field enhancements in Fig. 10(c) are much higher
han the vertical dipole orientation case [note Fig. 10(c) is
n a scale that is an order of magnitude larger than that
f Fig. 9(c)] and, while somewhat more complex, still show
he largest enhancement for the far or distal side of the
article relative to the dipole. Such spatial variations in
he near-field enhancements are not easily inferred from

ig. 9. (Color online) Near-field intensity distribution around (a
vertical fluorophore (oriented along the z axis) calculated usin

solated fluorophore, and (c) near-field enhancement and quenchi
mages are displayed on a log scale.
he far-field information such as the scattered light angu-
ar distributions and thus provide additional insight into
he nature of metal enhanced fluorescence.

. CONCLUDING REMARKS
e presented a detailed computational study of light scat-

ering using a radiating fluorophore as the light source,
hen the fluorophore is in the vicinity of a metal nano-
article. The FDTD method was used and a realistic
odel for silver, allowing for surface plasmon excitations,
as studied.
Several interesting results emerged from our work.

irst, the far-field resulting angular distributions of the
cattered fluorescence emission, viewed in a plane rel-
vant to fluorescence polarization experiments, can be

0 nm silver nanoparticle separated s=10 nm from the surface of
FDTD method, (b) near-field intensity distribution around the
e white circle denotes the boundary of the nanoparticle. Note all
) a d=8
g the

ng. Th
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uite different from what results from plane-wave (Mie)
cattering. In particular for metal nanoparticles with sur-
ace plasmon wavelength close to the emitting fluoro-
hore’s wavelength (the d=80 nm diameter case in our
tudy), enhanced emission can occur at some angles. For
arallel fluorophore orientations relative to the metal sur-
ace a strong preferential backscattering effect is seen.
he strongest fluorescence, however, results when the
uorophore’s dipole is oriented normal to the metal sur-
ace. Finally, inspection of intensity patterns reveals how,
n the near field, very specific regions of the nanoparticle
an experience field enhancements. This type of result is
ot easily inferred from far-field observations and is rel-
vant to potential applications that would involve spa-
ially resolved molecular spectroscopy or detection using
uorescence.

ig. 10. (Color online) Near-field intensity distribution around
f a normal fluorophore (oriented along the x axis) calculated us
solated fluorophore, and (c) near-field enhancement and quenchi
mages are displayed in the log scale.
In the future we plan to study the interaction of more
omplex metallic nanostructures with fluorophores using
he computational modeling approach presented here.
his should enable the rational design of nanostructures
nd devices that can make use of the metal enhanced
uorescence and related phenomena.
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