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I

n the past decade, the localized enhancement of ﬂuorescence processes
and Raman scattering has materialized
as a model application of plasmonic nanostructures.116 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 obtained increase in signal can be used to make
visible weak radiative processes, for example,
in biological systems1720 or organic semiconductors.21 To quantify the eﬃciency of
this approach, an enhancement factor can
be deﬁned which compares the measurable 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 molecule as well as the plasmonic structure.
Various models have been presented to
predict the enhancement factors near rough
metal surfaces22 and metal nanoparticles.2326
These models give interesting insight into
the factors which aﬀect enhancement, but
make assumptions regarding either the
molecule's transition rates25,26 or intrinsic
quantum yield.25 In addition, the eﬀect of
the plasmonic nanostructure is described
using either empirical values22,23 or a simpliﬁed analytical model.1719,2527 While
analytical models may produce elegant descriptions 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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ABSTRACT

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.
KEYWORDS: plasmonics . ﬂuorescence enhancement .
surface-enhanced Raman scattering . luminescence . realistic nanostructure .
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formalism which distills the properties of
both the molecule and the plasmonic nanostructure into two unitless factors. This approach can be used to describe a wide
range of molecules and plasmonic environments. With the factors chosen appropriately, 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 determined. Paired with a numerical tool allowing 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 optimization 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 λexc and intensity I0. The Jablonski diagram
of this system is shown in Figure 1. A molecule in the
ground state |gæ is excited to an intermediate excited
state |iæ by absorption of an incident photon. This
process occurs with the transition rate γabs. From |iæ,
the molecule quickly and nonradiatively decays to the
excited state |eæ. Once in |eæ, the molecule can decay
either radiatively or nonradiatively to the ground state
|gæ. Intrinsic losses form a nonradiative decay channel
with a decay rate of γint, while emission of a photon
occurs with the decay rate γem. The emitted photon's
wavelength λem is red-shifted with respect to λexc due to
the energy lost in the |iæ|eæ transition.
Exciting the quantum system in proximity to a plasmonic nanostructure has two dominant eﬀects on the
transition rates described above. First, the enhancement of the incident light in the near-ﬁeld of the
nanostructure increases absorption by the molecule.
The absorption rate can be written as γabs = Iσ~ = Iσ/Eabs
where I is the plasmonically enhanced incident intensity, σ is the absorption cross section of the |gæ|iætransition and Eabs is the energy of the absorbed
photons. Thus, the plasmonic particle causes an enhancement of the molecule's excitation by the factor
Fexc ¼ I=I0

(1)

Second, the local density of optical states F can be
strongly enhanced in proximity to the plasmonic particle. The scalar ﬁeld F describes the availability of
states that a photon emitted from the molecule can
populate, forming the physical grounds for the Purcell
eﬀect.28 According to Fermi's golden rule,29,30 γem  F,
and so the plasmon-induced enhancement of F causes
an increase in γem. 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.31 We thus split
the emission rate γem into radiative (γrad) and plasmonically quenched (γq) components. The eﬀect of the
plasmonic particle on the emission process can then be
expressed by the enhancement factors
Frad ¼

γq
γrad
, Fq ¼ 0
0
γem
γem

(2)

where γ0em is the molecule's emission rate without the
particle. These two enhancement processes reﬂect the
KERN ET AL.

Figure 1. Term diagram of the considered quantum system:
ground, intermediate, and excited states |gæ, |iæ, and |eæ,
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 expansion of the particle's modes.23,27 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 ﬂuorescence 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
Γrad = Neγrad, where Ne is the number of molecules in
the excited state. The rate equation for Ne can be
written as
dNe
¼ Ng γabs  Ne γint  Ne γrad  Ne γq
dt

(3)

where Ng is the number of molecules in the ground
state. With N = Ne þ Ng describing the total number of
molecules, the steady-state condition for Ne leads to
Γrad ¼ N

γabs γrad
γabs þ γint þ γrad þ γq

(4)

or, expressed in terms of the enhancement factors,
I0 σ~Fexc γ0em Frad
Γrad ¼ N 0 ~
I σFexc þ γ0em (1=Φ0m  1 þ Frad þ Fq )

(5)

where the molecule's intrinsic free-space quantum
yield Φ0m = γ0em/(γ0em þ γint). The rate of radiative decay
without the particle, Γ0rad, can be computed by setting
Fexc = Frad = 1 and Fq = 0. The total enhancement factor
G with the particle is then given by Γrad/Γ0rad.
Equation 5 can be simpliﬁed in certain cases. First, we
assume Φ0m = 1, so no intrinsic losses. Here, two special
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Γrad ¼ NI0 σ~Fexc Φp

(6)

with the external quantum yield Φp = Frad/(Frad þ Fq) of
the plasmonic system. In this case, a molecule which is
excited immediately decays, either radiatively or nonradiatively, and so Ng ≈ N. One can see that Γrad is
proportional to the incident intensity I0, so we call this
the linear regime. Without the particle, the total rate of
radiative decay in this regime computes to Γ0rad = NI0σ~
and one can write the total enhancement factor in the
linear regime as G = FexcΦp.
Conversely, with a high incident intensity, a large
absorption cross section or assuming a long-lived
excited state, eq 5 simpliﬁes to
Γrad ¼ Nγ0em Frad

(7)

Here, the ground state is depleted and Γrad does not
depend on I0, so we call this the saturation regime. In this
case, a high nonradiative decay rate does not aﬀect Γrad
as a molecule which decays nonradiatively will immediately be re-excited and available for radiative decay. Here,
without the particle one obtains Γ0rad = Nγ0em and the total
enhancement factor is simply given by G = Frad.
Finally, with a low intrinsic quantum yield, the total
rate of radiative decay can be approximated by
Γrad ¼ NI0 σ~Φ0m Fexc Frad

(8)

Figure 2. Radiative enhancement factor G in dependence of
the factors R, β and Φ0m.

The rate of radiative decay without the particle is given
by Γ0rad = NI0σ~Φ0m for high intrinsic losses, thus the total
enhancement factor computes to G = FexcFrad.
One can see that the actual ﬂuorescence enhancement 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
R ¼

I0 σ~
Frad þ Fq
, β ¼
Fexc
γ0em
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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

(9)

and Φ0m. While the factors R and Φ0m describe the
illuminated quantum system in free space, β depends
only on the properties of the plasmonic particle. The
described regimes are illustrated in Figure 2.
RESULTS AND DISCUSSION
To estimate the validity domains of the diﬀerent
regimes presented in the previous section, the enhancement factors Fexc, Frad, and Fq 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 factors. Simulations were performed using the surface
integral equation (SIE) method,32 and the dielectric constant for gold was taken from experimental data.33
First, the resonant behavior of the particle was
investigated. Figure 3b shows the particle's normalized
scattering cross section Csca, maximum intensity enhancement Imax, and mean intensity enhancement
Imean for plane-wave illumination at diﬀerent wavelengths. The illumination scheme is illustrated in
Figure 3a. Maximum and mean intensities were calculated 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

Figure 3. Geometry of plasmonic particle under study (a) and its resonant response (b) for plane wave illumination incident in
direction B
k and polarized along B
E . Curves in panel b show normalized scattering cross section Csca, maximum intensity
enhancement Imax, and mean intensity enhancement Imean 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 Φp and parameter β 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 effects, 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.3437 However,
for gold nanorods, this discrepancy has been shown to
become important only for rod diameters larger than
100 nm,34 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 enhancement would have to be devised.
As excitation and reemission processes occur at
diﬀerent wavelengths (see Figure 1) the factors Frad
and Fq were determined at a wavelength red-shifted
from the excitation wavelength by a Stokes-shift of
1000 cm1. 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

λexc

λem

A
B
C

λ3
λ1
λ2

λ5
λ3
λ4

excitation on resonance
reemission on resonance
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 conﬁguration, we have plotted in Figure 4 the various enhancement 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,
KERN ET AL.

Figure 5. Total rate of radiative decay Γrad as a function
~/γ0 = R. The molecule is located 6 nm from the frontof I0σ
em
right tip of the particle (see text).

its local topography structure becomes important and
must be taken into account in the simulations,38 as will be
discussed below.
In Figure 4, the molecule's dipole moment is assumed 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 AC, that is, Fexc(λexc),
Frad(λem), and Fabs(λem). From these factors one can
then compute Φp and β along with the total enhancement factors G in the diﬀerent regimes. In the linear
regime, maximizing the measurable signal entails maximizing both the incident intensity enhancement Fexc
and the quantum yield Φp. As Φp does not vary greatly
between tunings AC, the enhancement of the incident intensity becomes the primary dependency. Indeed, one can see that tuning A, with the highest value
for Fexc, yields the highest total enhancement factor
G = FexcΦp in the linear regime, even though tuning B
has a slightly higher quantum yield. In the saturation 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 Φp and the factor β on the
particlemolecule distance h (all horizontal axes). The last image shows the positions of the calculated points.

G = Frad 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
Φ0m = 1. Intuitively, one might think that Γrad 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 I0σ~/γ0em = R, in units of γ0em. 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)

tuning A
tuning B
tuning C

Fexc

Frad

Fq

132
30
73

82
131
118

632
672
1143

One can clearly see the linear and saturation regimes
for low and high abscissae, respectively. Also, for R ≈
30, the highest value of Γrad is indeed obtained in
tuning C, albeit for a very small region.
It becomes clear that maximizing Γrad involves taking the molecule's properties into account. If values for
σ~ and γ0em are known, the correct tuning conﬁguration
can be determined using Figure 5. Fluorescent molecules that either have a very short lifetime in their
excited state (γ0em large) or are diﬃcult to excite (σ~
small) will in general be observed in the linear regime.
These are common assumptions made when discussing plasmonic ﬂuorescence enhancement.25 In this
case, it is advantageous to choose a conﬁguration with
large enhancement Fexc of the incident light and a
reasonable quantum yield such as the presented particle in tuning A. If the lifetime is very long (γ0em small) or
the molecule easy to excite (σ~ large), one will be in the
saturation regime and a high enhancement Frad of the
radiative decay rate should be aspired, as in tuning B.
This conﬁguration is found, for example, when enhancing electric dipole-forbidden transitions.39 If the used
molecule is between the two extremes, one will obtain
best results using a conﬁguration like tuning C. If the
KERN ET AL.

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 performance in the linear regime. The modest dependence 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 Stokesshift. For larger Stokes-shifts, the importance of correct
spectral alignment is expected to rise considerably.
Including intrinsic losses in the molecule, that is,
Φ0m < 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 dependence of Γrad on G = FexcFrad. Here, the nonradiative
losses caused by plasmonic quenching, described by
Fq, play no role because their eﬀect is negligible compared 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 Fexc and Frad be the same
for a plasmon resonance tuned to their respective wavelength (Fexc at tuning A is equal to Frad at tuning B).38
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 Frad 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 Γrad for
diﬀerent particlemolecule separations. In Figure 4
and Figure 5, a ﬁxed distance of 6 nm was chosen.
The enhancement factors F along with Φp and β are
now calculated for distances between 2 and 20 nm
from the particle's surface, shown in Figure 6. The frontright 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 Frad and Fq compete in the quantum yield Φp, the rapid increase in Fq
causes a steep decrease in Φp for h < 5 nm. Consequently, the initially rising linear enhancement factor
FexcΦp culminates in a maximum at around h = 3 nm
from the surface before decreasing again as one
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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 ﬂuorescence quenching becomes dominant. For decreasing quantum yields, the optimal distance h moves
closer to the particle.40 Finally, in the limit of Φ0m f 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 maximized 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 factor has a direct eﬀect on the optimal geometric
conﬁguration of the particlemolecule 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.38 Likewise,
the enhancement distributions in Figure 4, at h = 6 nm,
display no eﬀects of the realistic surface of the modeled nanoparticle, showing only the characteristic
response of a dipole antenna. The distance dependence shown in Figure 6, recorded over the smooth,
right end of the particle, also shows similar behavior as
reported for idealized, perfectly smooth structures.25,26
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 enhancement 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 remarkable 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 Fexc much higher than for a smooth
KERN ET AL.
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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.

surface. Interestingly, the plasmonic quantum yield Φp
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 = FexcΦp takes on unexpectedly high
values. At a distance of h = 1 nm, a molecule operating in the linear regime would be expected to
be nearly totally quenched.25 The surface roughness,
however, can cause ﬂuorescence enhancement stronger 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 geometrical 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 completely 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 molecule'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 ﬂuorescent 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 γ0em, as the excited state is virtual. However,
with an interpretation of Raman scattering as a combination of absorption and reemission, the two can no
longer be completely separated. Instead, conventional
(nonresonance) Raman scattering (considering a particular vibrational mode) can be interpreted as two dipoles at
the excitation, respectively, the scattering wavelengths,
coupled to have the same dipole moment pB.41 Driven in
the excitation ﬁeld EBexc, one can write
pB ¼ R 3 EBexc
VOL. 6

’

NO. 11

’

9828–9836

(10)
’

9833

2012
www.acsnano.org

G ¼ Fexc (λexc ) Frad (λem )

(11)

This factor describes the power of the Ramanscattered light radiated to the far ﬁeld with the molecule in the plasmonic system compared to one in freespace, 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.22,23,43
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.44,45 Haynes et al.
deduce that the enhancement factor is the greatest for
λmax 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 coincides with the excitation wavelength (cf. Figure 5 in the
study,44 λmax ≈ λex), 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 maximizing the scattered intensity is not essential, tuning the
plasmon resonance of the particle to the scattered
wavelength allows selective enhancement of a particular mode in a broadband Raman spectrum.42
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.27
Typically, the dephasing rate κ of the near-resonantly
excited molecular dipole is much larger than the decay
rate of the near-resonant transition's excited state.46 In
this case, the enhancement of the Raman process
behaves just like that of a ﬂuorescent system with an
intrinsic quantum yield of Φ0m = 2γ0em/κ.22 The enhancement of Raman scattering is thus equivalent to
that of a lossy ﬂuorophore, with conventional Raman
scattering corresponding to the limit Φ0m f 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
KERN ET AL.

highest ﬂuorescence or Raman signal. Using numerical
simulations or near-ﬁeld microscopy4749 to characterize the structures alone, the theory presented above
can also be used to gain additional information about a
molecule: Given the factor β around a plasmonic
particle, the regime in which a nearby molecule is
enhanced is a measure for R or Φ0m 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.6,50,51 In this approach, the plasmonic particle is replaced by a metallic
tip which can be moved around a sample with high
precision. Inserting the well-deﬁned geometric conﬁguration into the presented framework along with the bare
tip's response obtained from numerical simulations,5254
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,21 for
example, both the obtained enhancement factor and its
tipsample distance dependence could be used to predict a very low quantum yield Φ0m ≈ 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 exciton dispersion with a minimum at the surface of the
Brillouin zone.55

ARTICLE

where R 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
factor42

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 Stokesshift, 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 enhancement factor could be described by one of many different expressions. Numerical investigation of the
photonic environment of a realistic gold nanoparticle
showed that diﬀerent molecules will experience enhancement factors varying by many orders of magnitude. In addition, the optimal spacial and spectral conﬁguration 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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for measuring the intrinsic properties of ﬂuorescent or
Raman-active molecules.

METHODS

REFERENCES AND NOTES

The three-dimensional simulations in this study were performed using the surface integral equation (SIE) method.32 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 irregular 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 data33 and interpolated to the required
wavelengths. The particle's geometry was derived from a
scanning electron microscope (SEM) image of an actual gold
nanoantenna.38
The enhancement factors F can be directly obtained from the
electromagnetic simulation results. The excitation enhancement Fexc is simply the intensity near the particle upon illumination with a unit amplitude plane wave. The emission enhancement factors Frad and Fq 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,
Z
Prad ¼
n^(rB) 3 SB(rB) dS
(12)
A

and
Z
Pabs ¼ 

DΩ

n^(rB) 3 SB(rB) dS

(13)

respectively. Here, A is a closed surface containing both the
emitter and the particle, ∂Ω is the particle's surface, n^(r
B) is the
outward facing normal vector and B
S (r
B) = R {E
B (B
r)H
B*(r
B)}/2 is
56
the Poynting vector. The enhancement factors are then
obtained by comparison to the power Pdip emitted by a dipole
in free space,
Frad ¼

Prad
Pabs
, Fq ¼
Pdip
Pdip

(14)

with Pdip = p2ω4μ/(12πc). Here, p is the emitter's dipole moment,
ω is its angular frequency, μ is the surrounding space's magnetic
permeability, and c is the speed of light therein.
The enhancement factor for resonance Raman scattering,
GRRS, can be derived from the study by Weitz et al.,22 eqs (28)
and (32). Taking the limits of near-resonant excitation and fast
dephasing (κ . γ0em), one can write
1

GRRS ¼
1þ

γ0em
K

!2 Fexc Frad

(15)

(Frad þ Fq  1)

Substituting η = 2γ0em/κ and assuming η(Frad þ Fq  1) , 1, that
is, dephasing is much faster than even the plasmonically
enhanced decay, eq 15 becomes
GRRS ¼

η 1

η 1
Fexc Frad
 1 þ Frad þ Fq

(16)

With Φ0m = η, this is the same enhancement factor as obtained
for weak emitters.
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