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n the past decade, the localized en-
hancement of fluorescence processes
and Raman scattering has materialized
as a model application of plasmonic nano-
structures.'~'® Tuned to the right wavelength,
such a nanostructure acts as an antenna,
leading to an enhancement of the incident,
exciting radiation as well as amplifying the
light reemitted by the molecule. The ob-
tained increase in signal can be used to make
visible weak radiative processes, for example,
in biological systems'”~2° or organic semi-
conductors.?' To quantify the efficiency of
this approach, an enhancement factor can
be defined which compares the measur-
able signal, in most settings the optical
power radiated to the far-field, for the case
of a molecule near an enhancing structure with
that of the same molecule in free space. The
total enhancement factor is the result of a
balance between various processes pertaining
to both the excitation and reemission of light
and depends on many properties of the mo-
lecule as well as the plasmonic structure.
Various models have been presented to
predict the enhancement factors near rough
metal surfaces® and metal nanoparticles. > ~2¢
These models give interesting insight into
the factors which affect enhancement, but
make assumptions regarding either the
molecule's transition rates>>?® or intrinsic
quantum yield.®> In addition, the effect of
the plasmonic nanostructure is described
using either empirical values**?* or a sim-
plified analytical model."””~'9%5~27 While
analytical models may produce elegant de-
scriptions of complex phenomena and can
aid in the comprehension of a process's
physical background, numerical simulations
are often unavoidable when considering a
real-world scenario. In this study, we present a
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The enhancement of fluorescence and Raman scattering by plasmonic nanostructures is

studied theoretically with special focus on the effects of the observed molecule's properties

and the realistic geometry of the plasmonic nanostructure. Numerical experiments show that

the enhancement factor may vary by many orders of magnitude depending on a fluorophore's

transition rates or intrinsic quantum yield. For different molecules, boosting fluorescence

enhancement means optimizing different factors, leading to a different ideal geometric and

spectral configuration. This framework, coupled with powerful new simulation tools, will

facilitate the design and characterization of fluorescence-enhancing plasmonic nanostructures

as well as yield experimental access to the intrinsic properties of the molecules under study.
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formalism which distills the properties of
both the molecule and the plasmonic nano-
structure into two unitless factors. This ap-
proach can be used to describe a wide
range of molecules and plasmonic environ-
ments. With the factors chosen appropri-
ately, we can reproduce the results of the
previous models but also find settings in
which considerably different results are to
be expected. The presented formalism allows
an optimal configuration for the position as
well as the spectral tuning of the molecule with
respect to the plasmonic particle to be deter-
mined. Paired with a numerical tool allow-
ing the simulation of complex geometries,
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the formalism can be applied to realistic systems. This
information is important for the design and optimiza-
tion of plasmonic nanostructures in single molecule
fluorescence and Raman scattering applications, but
can also aid in the interpretation of experimental
results.

THEORETICAL BACKGROUND

Consider a quantum system such as a fluorescent
molecule in free space, illuminated by a plane wave of
wavelength 1., and intensity I°. The Jablonski diagram
of this system is shown in Figure 1. A molecule in the
ground state |g) is excited to an intermediate excited
state |i) by absorption of an incident photon. This
process occurs with the transition rate y,ps. From |i),
the molecule quickly and nonradiatively decays to the
excited state |e). Once in |e), the molecule can decay
either radiatively or nonradiatively to the ground state
|g). Intrinsic losses form a nonradiative decay channel
with a decay rate of yi., while emission of a photon
occurs with the decay rate yen. The emitted photon's
wavelength A, is red-shifted with respect to Ae, due to
the energy lost in the |i)—|e) transition.

Exciting the quantum system in proximity to a plas-
monic nanostructure has two dominant effects on the
transition rates described above. First, the enhance-
ment of the incident light in the near-field of the
nanostructure increases absorption by the molecule.
The absorption rate can be written as y ,ps =16 = 107/E 55
where [ is the plasmonically enhanced incident inten-
sity, o is the absorption cross section of the |g)—|i)-
transition and E,,s is the energy of the absorbed
photons. Thus, the plasmonic particle causes an en-
hancement of the molecule's excitation by the factor

Fexc = I/IO (1)

Second, the local density of optical states p can be
strongly enhanced in proximity to the plasmonic par-
ticle. The scalar field p describes the availability of
states that a photon emitted from the molecule can
populate, forming the physical grounds for the Purcell
effect.”® According to Fermi's golden rule,*3® ., o< p,
and so the plasmon-induced enhancement of p causes
an increase in y.m. In contrast to free-space, however,
not all of the optical states near the plasmonic particle
are radiative, some leading to plasmonic quenching, a
nonradiative decay process which can be explained by
the ohmic losses in the metal particle.3' We thus split
the emission rate y., into radiative (y,,q) and plasmo-
nically quenched (y,) components. The effect of the
plasmonic particle on the emission process can then be
expressed by the enhancement factors

14
Fag = 129, Fy = 20 (2)
em Vem

where 2., is the molecule's emission rate without the
particle. These two enhancement processes reflect the
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Figure 1. Term diagram of the considered quantum system:
ground, intermediate, and excited states |g), |i), and |e),
respectively, with radiative (solid lines) and nonradiative
transitions (dashed lines).

competing coupling of the molecule's emission to
radiative and nonradiative modes of the plasmonic
particle. For an idealized spherical nanoparticle, a simple
spacial dependence of this coupling can be found, for
example, by performing an analytical multipole expan-
sion of the particle's modes.>*” For realistic geometries,
however, a more complex behavior is expected, requiring
an accurate description of the particle's shape.

One should note that while the enhancement factors
F describe an influence on the dynamics of a quantum
system, they are purely electromagnetic in nature. In no
way do they assume a chemical effect on the molecule or
a change in the structure of the quantum system, but
only manipulation of light. This means that they can be
described using classical electrodynamics and, as will be
shown below, obtained for arbitrary geometries using
classical electromagnetic simulation routines.

Considering that the measurable value in fluores-
cence or Raman scattering applications is in general
the number of photons, or the power, radiated to the
far field, we introduce the total rate of radiative decay
I'tad = NeYrad, Where N, is the number of molecules in
the excited state. The rate equation for N, can be
written as

dn,

d_te = Ngyabs _Neyint _Neyrad —Ne’}/q (3)

where Ny is the number of molecules in the ground
state. With N = N, + N, describing the total number of
molecules, the steady-state condition for N, leads to

YabsVrad
Fg = N @)
N Yabs + Yint + Yrad + Vq

or, expressed in terms of the enhancement factors,

IO&Fexcyngrad

T = N— S
PFexc +¥80(1/ @y — 14 Frad + Fq)

(5

where the molecule's intrinsic free-space quantum
yield ®2, = y2./(y2n + yin0- The rate of radiative decay
without the particle, I'%q, can be computed by setting
Fexc = Fraa = 1 and Fg = 0. The total enhancement factor
G with the particle is then given by T'ypa/T%q.
Equation 5 can be simplified in certain cases. First, we
assume P2, = 1, so no intrinsic losses. Here, two special
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cases can be observed. For weak illumination, a small
absorption cross section, or a short-lived excited state, the
first term in the denominator in eq 5 can be neglected,
and the total rate of radiative decay simplifies to

g = NIO&Fexc(I)p (6)

with the external quantum yield ®p, = Fi,q/(Fraq + Fg) Of
the plasmonic system. In this case, a molecule which is
excited immediately decays, either radiatively or non-
radiatively, and so Ng &~ N. One can see that I'q is
proportional to the incident intensity P, so we call this
the linear regime. Without the particle, the total rate of
radiative decay in this regime computes to Ty = NP&
and one can write the total enhancement factor in the
linear regime as G = Fey Dy,

Conversely, with a high incident intensity, a large
absorption cross section or assuming a long-lived
excited state, eq 5 simplifies to

Fag = N)/ngrad (7)

Here, the ground state is depleted and I'\,q does not
depend on P, so we call this the saturation regime. In this
case, a high nonradiative decay rate does not affect I',.q
as a molecule which decays nonradiatively will immedi-
ately be re-excited and available for radiative decay. Here,
without the particle one obtains T2,y = Ny, and the total
enhancement factor is simply given by G = F,q.

Finally, with a low intrinsic quantum yield, the total
rate of radiative decay can be approximated by

I_‘rad = Nloaq)OmFechrad (8)

Frag |@>p

Fexc®p |a<p

[
T« 1

Figure 2. Radiative enhancement factor G in dependence of
the factors o, 5 and @Y.

The rate of radiative decay without the particle is given
by T'%,4 = NI°& ®2, for high intrinsic losses, thus the total
enhancement factor computes to G = FoycFraq-

One can see that the actual fluorescence enhance-
ment G observed near a plasmonic particle depends on
the properties of the fluorescent molecule and the
plasmonic system as well as the incident intensity. Three
regimes can be identified, discriminated by the factors
o s

Yem
and @®°. While the factors oo and ®°, describe the
illuminated quantum system in free space, 5 depends

only on the properties of the plasmonic particle. The
described regimes are illustrated in Figure 2.

Frad +F
p =t ©)
exc

RESULTS AND DISCUSSION

To estimate the validity domains of the different
regimes presented in the previous section, the enhance-
ment factors Fe,q, Fraq and Fg were calculated numerically
for a quantum system (from now on referred to as a
“molecule”) near a realistic gold nanoparticle, shown in
Figure 3a. This particle is largely smooth on its right side
and rougher on its left side, allowing a comparison of the
effect of roughness on the localized enhancement fac-
tors. Simulations were performed using the surface
integral equation (SIE) method,*? and the dielectric con-
stant for gold was taken from experimental data.>®

First, the resonant behavior of the particle was
investigated. Figure 3b shows the particle's normalized
scattering cross section Cs,, maximum intensity en-
hancement /.., and mean intensity enhancement
Imean for plane-wave illumination at different wave-
lengths. The illumination scheme is illustrated in
Figure 3a. Maximum and mean intensities were calcu-
lated on a surface 6 nm from the particle, as suggested
by the gray transparent surface shown in Figure 3a.
Other polarization settings were also studied but
yielded much weaker resonances and can thus be
neglected compared to the shown configuration. In
this paper, we define the maximum of the scattering
cross section as the plasmon resonance, as it is easily

(b) MA2d32425

500 550 600 650 700 750 800
A [nm]

Figure 3. Geometry of plasmonic particle under study (a) and its resonant response (b) for plane wave illumination incident in
direction k and polarized along E. Curves in panel b show normalized scattering cross section Cs.,, maximum intensity
enhancement /..., and mean intensity enhancement /,,ca, at points 6 nm from the particle's surface, that is, on the gray

transparent surface suggested in panel a.
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Figure 4. Plasmonic particle-dependent enhancement factors F as well as external quantum yield &, and parameter (5 for a
molecule positioned 6 nm above a realistic plasmonic particle, its dipole moment oriented normal to the surface. The right
two columns show the total enhancement factor G for linear and lossy regimes. A, B, and C denote the tuning configuration
(see text). The range plotted in each column is from zero to the value given at the bottom.

accessible in far-field measurements. Because of different
damping processes and the onset of retardation ef-
fects, the near-field enhancement, which is of primary
interest in this study, can in fact be red-shifted with
respect to the scattering cross section.>*~3” However,
for gold nanorods, this discrepancy has been shown to
become important only for rod diameters larger than
100 nm,** considerably larger than the 52 or 58 nm
dimensions of the particle in this study. Indeed, as can
be seen in Figure 3b, the red shift is small compared to
the width of the plasmon resonance, and so the error
made with this practical assumption can be neglected
in our case. For very thick particles or plasmonic
systems with narrow resonances, however, a means
of more accurately characterizing the near-field en-
hancement would have to be devised.

As excitation and reemission processes occur at
different wavelengths (see Figure 1) the factors F.q
and Fq were determined at a wavelength red-shifted
from the excitation wavelength by a Stokes-shift of
1000 cm™". To investigate the effect of tuning the
plasmon resonance to the molecular process, three
spectral configurations were studied as shown in Table 1.

TABLE 1. Spectral Configurations

tuning Dexc Aem
A A3 As excitation on resonance
B A A3 reemission on resonance
C A As centered configuration

Depending on the observed enhancement regime,
maximizing the measurable signal means optimizing
certain enhancement factors of the plasmonic particle.
These values depend on both the wavelength and the
position of the molecule relative to the particle. To
determine an optimal geometric and spectral config-
uration, we have plotted in Figure 4 the various en-
hancement factors for the molecule placed at points
6 nm above the particle's surface. At this distance, the
nanoscopic structure of the particle's surface is not
reproduced and the field distribution depends on the
geometry of the particle as a whole. Closer to the particle,
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Figure 5. Total rate of radiative decay I',.4 as a function
of I°G /%y = a.. The molecule is located 6 nm from the front-
right tip of the particle (see text).

its local topography structure becomes important and
must be taken into account in the simulations,*® as will be
discussed below.

In Figure 4, the molecule's dipole moment is as-
sumed to be oriented perpendicular to the surface of
the particle. Calculations were also carried out for
parallel orientation, but the radiative enhancement
factors obtained were orders of magnitude weaker as
the image dipole induced in the particle counteracts
the molecule's own emission in this orientation. We
thus assume normal orientation throughout this
paper. For randomly oriented or rotating molecules,
the enhancement factors may simply be divided by
three.

When calculating the enhancement factors in
Figure 4, the appropriate wavelengths were chosen
for the spectral tunings A—C, that is, Fex(Aexc):
Fradlem), and Fops(dem). From these factors one can
then compute @, and 3 along with the total enhance-
ment factors G in the different regimes. In the linear
regime, maximizing the measurable signal entails max-
imizing both the incident intensity enhancement Fe,,
and the quantumyield @, As ®, does not vary greatly
between tunings A—C, the enhancement of the inci-
dent intensity becomes the primary dependency. In-
deed, one can see that tuning A, with the highest value
for Fey, yields the highest total enhancement factor
G = Foy®p in the linear regime, even though tuning B
has a slightly higher quantum yield. In the satura-
tion regime the total radiative enhancement factor is
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Figure 6. Dependence of the enhancement factors F along with the external quantum yield ®, and the factor 5 on the
particle—molecule distance h (all horizontal axes). The last image shows the positions of the calculated points.

G = F,,g and one can see that it is maximized in tuning
B, closely followed by tuning C.

Between the two extreme cases of the linear and
saturation regimes, the total rate of radiative decay can
only be described by the rather complex eq 5 with
@Y, = 1. Intuitively, one might think that T',,q would be
maximal for tuning C as it lies in between the cases A and
B.In Figure 5, the total rate of radiative decay is plotted as a
function of P&/y2., = a, in units of y2.. Here, the molecule
is placed h = 6 nm from the front-right tip of the gold
particle (see Figure 6). The values for the enhancement
factors F were taken from the simulations, shown in Table 2.

TABLE 2. Values for Enhancement Factors (F)

Fexc Fraa Fq
tuning A 132 82 632
tuning B 30 131 672
tuning C 3 18 143

One can clearly see the linear and saturation regimes
for low and high abscissae, respectively. Also, for o. &
30, the highest value of T'.q is indeed obtained in
tuning C, albeit for a very small region.

It becomes clear that maximizing I',,q involves tak-
ing the molecule's properties into account. If values for
& and y2, are known, the correct tuning configuration
can be determined using Figure 5. Fluorescent mol-
ecules that either have a very short lifetime in their
excited state (ygm large) or are difficult to excite (&
small) will in general be observed in the linear regime.
These are common assumptions made when discuss-
ing plasmonic fluorescence enhancement.®® In this
case, it is advantageous to choose a configuration with
large enhancement Fq,. of the incident light and a
reasonable quantum yield such as the presented par-
ticle in tuning A. If the lifetime is very long (y2,, small) or
the molecule easy to excite (5 large), one will be in the
saturation regime and a high enhancement F,,4 of the
radiative decay rate should be aspired, as in tuning B.
This configuration is found, for example, when enhanc-
ing electric dipole-forbidden transitions. If the used
molecule is between the two extremes, one will obtain
best results using a configuration like tuning C. If the
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exact properties of the molecule are not known, tuning
C seems to be a good compromise, showing both a
large enhancement in saturation and reasonable per-
formance in the linear regime. The modest depen-
dence of the enhancement values on the spectral
tuning is in part due to the fact that the width of the
plasmon resonance is of the same order as the Stokes-
shift. For larger Stokes-shifts, the importance of correct
spectral alignment is expected to rise considerably.

Including intrinsic losses in the molecule, that is,
@2, < 1, the simple cases of the linear and saturation
regimes described above are no longer valid. For very
lossy systems, however, eq 8 shows a simple depen-
dence of I'[,q on G = FoFrag. Here, the nonradiative
losses caused by plasmonic quenching, described by
F4 play no role because their effect is negligible com-
pared to the much higher intrinsic losses. The factor G
for lossy systems is shown in the rightmost column in
Figure 4 for spectral tunings A, B, and C. Reciprocity
demands that the two factors F.,. and F,,4 be the same
for a plasmon resonance tuned to their respective wave-
length (Feyc at tuning A is equal to F.q at tuning B).3®
Owing to the asymmetry of the plasmon resonance curve
shown in Figure 3, especially in the near-field, however,
the respective other factors are in fact different when
shifting the plasmon resonance. Indeed, one can see that
Fexc is much lower for tuning B than F .4 for tuning A. This
leads to an optimal spectral configuration of tuning A for
the case of large intrinsic losses.

Next, we are interested in the dependence of I',,4 for
different particle—molecule separations. In Figure 4
and Figure 5, a fixed distance of 6 nm was chosen.
The enhancement factors F along with ®, and f are
now calculated for distances between 2 and 20 nm
from the particle's surface, shown in Figure 6. The front-
right tip of the plasmonic particle was again chosen for
the position of the molecule. One can see that all the
enhancement factors F increase monotonously as one
nears the particle. However, as both F.4 and Fy com-
pete in the quantum yield ®,, the rapid increase in Fg
causes a steep decrease in @, for h < 5 nm. Conse-
quently, the initially rising linear enhancement factor
Fexc®p culminates in a maximum at around h = 3 nm
from the surface before decreasing again as one
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Figure 7. Geometry and enhancement parameters around the left, rough end of the plasmonic particle. Factors are shown in
tuning A for distances h = 1 nm (inner surface) and h = 6 nm (outer, clipped surface) above the particle's surface. Scaled as in

Figure 4.

further nears the particle. In the linear regime, the
optimal configuration is thus not on the surface itself,
but at a small distance from the particle, before fluo-
rescence quenching becomes dominant. For decreas-
ing quantum yields, the optimal distance h moves
closer to the particle.*® Finally, in the limit of ®% — 0,
that is, the lossy regime, as well as in the saturation
regime, the closer one is to the particle, the more light
is radiated to the far field as quenching plays no role.
The optimal distance from the scatterer accordingly
depends on the type of molecule under study. For
quickly decaying fluorophores, we can infer that it is
best to place the molecule at a distance from the
particle's surface. This localization can be performed,
for example, via surface functionalization. For slowly
decaying molecules or such with large intrinsic losses,
on the other hand, the total radiated power is max-
imized if the particle is as close to the surface as possible.
It is thus best to deposit such molecules directly on or
very close to the surface of the enhancing particle.
The distance-dependence of the enhancement fac-
tor has a direct effect on the optimal geometric
configuration of the particle—molecule system. In a
previous study we have shown that for distances over
h =5 nm from the surface of a plasmonic nanoparticle,
the field enhancement no longer depends on the
nanoscopic topography of the particle® Likewise,
the enhancement distributions in Figure 4, at h = 6 nm,
display no effects of the realistic surface of the mod-
eled nanoparticle, showing only the characteristic
response of a dipole antenna. The distance depen-
dence shown in Figure 6, recorded over the smooth,
right end of the particle, also shows similar behavior as
reported for idealized, perfectly smooth structures.?>
We conclude that for large enough distances from the
particle or sufficiently smooth surfaces, calculations
with idealized geometries will yield accurate results.
Turning to the left, rougher end of the studied
particle, however, we can see that the particle's realistic
shape can in fact have a large impact on the enhance-
ment processes. Figure 7 shows the geometry and
enhancement parameters calculated in tuning A for
distances h =1 nm (inner surface) and h = 6 nm (outer,
clipped surface) above the particle's surface. Two re-
markable features can be seen in this representation.
First, for h = 1 nm, the surface roughness induces very
localized and intense regions of field enhancement,
yielding values of F.,. much higher than for a smooth
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surface. Interestingly, the plasmonic quantum yield ®,
does not reproduce the surface topography, though it
does decrease for smaller h as expected. Evidently, the
coupling to nonradiative modes experiences a similar
enhancement by the roughness as the coupling to
radiative modes. Second, in those regions of strong
incident field enhancement, the total linear-regime
enhancement G = F, D, takes on unexpectedly high
values. At a distance of h = 1 nm, a molecule operat-
ing in the linear regime would be expected to
be nearly totally quenched.?® The surface roughness,
however, can cause fluorescence enhancement strong-
er even than for optimal placement over a smooth
particle. In the saturation and lossy regimes, as well, the
roughness causes localized areas of extremely large
enhancement. It becomes clear that an accurate geo-
metrical description of the nanoparticle is absolutely
imperative unless the plasmonic particles under study
are completely smooth or the molecule is prevented
from reaching the particle's surface.

In an experimental system, it can be difficult to com-
pletely immobilize a molecule, thus its position around a
plasmonic particle may vary with time. The impact of this
spacial uncertainty can be directly extracted from Figure 4
and Figure 7: At distances close to the particle, the molec-
ule's localization should be as rigid as possible, as a shift of
even few nanometers can move the molecule out of a hot
spot, immediately reducing the enhancement. Farther
away, the molecule's immobilization is no longer critical,
as the enhancement factors do not change considerably
over tens of nanometers.

Until now, the radiative enhancement of fluores-
cent molecules with different properties has been
discussed. To extend this study to the enhancement
of Raman scattering, one might think it would suffice to
choose an appropriately small excited lifetime, that is, a
very high y2.,, as the excited state is virtual. However,
with an interpretation of Raman scattering as a combi-
nation of absorption and reemission, the two can no
longer be completely separated. Instead, conventional
(nonresonance) Raman scattering (considering a particu-
lar vibrational mode) can be interpreted as two dipoles at
the excitation, respectively, the scattering wavelengths,
coupled to have the same dipole moment E 1 Driven in
the excitation field Eexc, one can write

p = a'gexc (10)
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where a is a polarizability tensor and, barring chemical
effects as the molecule nears the metallic particle,
independent of the position. The Raman-scattered
light is then the light radiated by the corresponding
dipole at the scattered wavelength in the plasmonic
system. The excitation and emission properties of a
dipole lead to the well-known Raman enhancement
factor*?

G = Fexc(lexc) Fraduem) (11)

This factor describes the power of the Raman-
scattered light radiated to the far field with the mole-
cule in the plasmonic system compared to one in free-
space, considering identical illumination. Immediately,
one can see that G is the same as in the lossy regime:
Raman scattering is enhanced by the same factor as a
fluorescent molecule with a very poor intrinsic quantum
yield. This is not unexpected as Raman scattering is often
compared to fluorescence by a very poor emitter.*343

From Figure 6 we can deduce that the highest
nonresonance Raman enhancement is obtained if
excitation is performed at the resonance wavelength
of the plasmonic particle. This prediction is supported
by numerous experimental studies.***> Haynes et al.
deduce that the enhancement factor is the greatest for
Amax inside a window of ~120 nm containing both
the excitation and scattering wavelengths. However,
this simply corresponds to the width of the plasmon
resonance and high enhancement factors are, in fact,
measured in particular if the plasmon resonance coin-
cides with the excitation wavelength (cf. Figure 5 in the
study,* Amax = Aex), for which we also predict best
performance. Although these measurements contain
considerable uncertainties like particle size, shape, and
molecule location, the obtained optimal configuration
is in agreement with our result. Conversely, if maximiz-
ing the scattered intensity is not essential, tuning the
plasmon resonance of the particle to the scattered
wavelength allows selective enhancement of a parti-
cular mode in a broadband Raman spectrum.*?

In resonance Raman scattering, quenching is not
completely absent as the coherent oscillations of the
molecular dipole excited by the incident field can
couple to modes of a nearby plasmonic particle.”’”
Typically, the dephasing rate « of the near-resonantly
excited molecular dipole is much larger than the decay
rate of the near-resonant transition's excited state.*® In
this case, the enhancement of the Raman process
behaves just like that of a fluorescent system with an
intrinsic quantum vyield of ®°, = 2y%./k.** The en-
hancement of Raman scattering is thus equivalent to
that of a lossy fluorophore, with conventional Raman
scattering corresponding to the limit %, — 0.

With the given framework, the enhancement factors
for various types of molecules can be determined for
realistic geometries. This will aid in the design and
characterization of structures optimized to yield the
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highest fluorescence or Raman signal. Using numerical
simulations or near-field microscopy®”~*° to character-
ize the structures alone, the theory presented above
can also be used to gain additional information about a
molecule: Given the factor S around a plasmonic
particle, the regime in which a nearby molecule is
enhanced is a measure for o or @, and can be used
to estimate the molecule's transition rates or intrinsic
quantum yield.

The presented theoretical description can also prove
useful for interpreting experimental results obtained in
apertureless near-field microscopy.®*%°! In this ap-
proach, the plasmonic particle is replaced by a metallic
tip which can be moved around a sample with high
precision. Inserting the well-defined geometric config-
uration into the presented framework along with the bare
tip's response obtained from numerical simulations,>>~>*
the near-field optical image obtained from this method
can be further analyzed to yield the sample's quantum
yield or transition rates. In a near-field study on an organic
semiconductor (diindenoperylene, DIP) thin film,?' for
example, both the obtained enhancement factor and its
tip—sample distance dependence could be used to pre-
dict a very low quantum yield ®2, ~ 103 of the DIP
molecules. Indeed, previous studies have reported
quantum yields in the percent range for crystalline
films of perylene chromophores like DIP due to an ex-
citon dispersion with a minimum at the surface of the
Brillouin zone.>

CONCLUSION

In this paper, an expression for the total rate of
radiative decay of a fluorophore near a plasmonic
particle was derived, taking into account the Stokes-
shift, the quantum yield, and the rates of the observed
transition. It could be shown that, depending on the
properties of the molecule under study, the enhance-
ment factor could be described by one of many dif-
ferent expressions. Numerical investigation of the
photonic environment of a realistic gold nanoparticle
showed that different molecules will experience en-
hancement factors varying by many orders of magni-
tude. In addition, the optimal spacial and spectral con-
figuration of the molecule/particle system is strongly
dependent on the molecular transition's properties.
Taking the particle's surface roughness into account, it
could be shown that very localized areas of field
enhancement can lead to fluorescence enhancement
under conditions otherwise predicted to completely
quench the emitter.

These results shed new light on the enhancement of
radiative processes using plasmonic particles. It was
shown that a single optimal configuration cannot be
found for all types of molecules, but that both the
particle and the position of the molecule must be
engineered according to the molecule's properties. A
sound understanding of the different enhancement
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strengths will not only lead to structures with opti-
mized performance, but can also yield new techniques

METHODS

The three-dimensional simulations in this study were per-
formed using the surface integral equation (SIE) method.>?In
this approach, homogeneous bodies are discretized on their
surface only, minimizing the complexity of the calculations.
The unstructured mesh is capable of describing highly irreg-
ular structures, while continuous basis functions ensure the
physicality of the obtained fields arbitrarily close to the
particle's surface. The dielectric function for gold was taken
from experimental data>® and interpolated to the required
wavelengths. The particle's geometry was derived from a
scanning electron microscope (SEM) image of an actual gold
nanoantenna.’

The enhancement factors F can be directly obtained from the
electromagnetic simulation results. The excitation enhance-
ment Feyc is simply the intensity near the particle upon illumina-
tion with a unit amplitude plane wave. The emission enhance-
ment factors f.q and Fg are determined by placing a dipole
emitter near the particle, at positions for which the factors are to
be computed. Next, the powers radiated to the far field and
absorbed by the particle are calculated,

Prad = /ﬁ(?)-§(?) ds (12)
A
and
Paps = —/ A(r)-S(r)ds (13)
aQ

respectively. Here, A is a closed surface containing both the
emitter and the particle, 3Q is the particle's surface, ﬁ(rl is the
outward facing normal vector and S (r) = 2{E (¥) x H*(r)}/2is
the Poynting vector.®® The enhancement factors are then
obtained by comparison to the power Py, emitted by a dipole
in free space,

Prad Pabs
Frad = =

7 q —
Pdip Pdip

(14)

with Pyip = p>0*u/(1271¢). Here, p is the emitter's dipole moment,
w isits angular frequency, u is the surrounding space's magnetic
permeability, and c is the speed of light therein.

The enhancement factor for resonance Raman scattering,
Gggs, €an be derived from the study by Weitz et al.?? eqs (28)
and (32). Taking the limits of near-resonant excitation and fast
dephasing (i > y2.), one can write

1
VO
1+ L F g 4+ Fo — 1)

Substituting 7 = 2%m/k and assuming 77(Fraq + Fq — 1) < 1, that
is, dephasing is much faster than even the plasmonically
enhanced decay, eq 15 becomes

(15)

GRRS = 2 Fechrad

-1

n

_ 16
n! — 14+ Frag +Fq (16)

Grrs = FexcFrad

With CI>2, =1, this is the same enhancement factor as obtained
for weak emitters.
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