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Abstract
Metal-Enhanced Fluorescence (MEF) has become an important method in biomedical sensing. In
this paper, we present the distance-dependent MEF of sulforhodamine B (SRB) monolayer on silver
island films (SIFs). SRB is electrostatically incorporated into the Langmuir-Blodgett (LB) layers of
octadecylamine (ODA) deposited on glass and SIFs substrates. The distances between SRB and SIFs
or glass surfaces are controlled by depositing a varied number of inert stearic acid (SA) spacer layers.
SRB is incorporated into positively charged LB layers of ODA by immersing the ODA deposited
substrates into aqueous solution of SRB. Dye incorporated ODA layers with 10 nm separation
distance from the SIFs surface show maximum metal-enhanced fluorescence intensity; ~7-fold
increase in intensity as compared to that from the glass surface. The corresponding enhancement
factor is reduced with increasing or decreasing the probe distance from the SIFs surface. Additionally,
SRB on SIF surfaces show reduced lifetimes. We observed the shortest lifetime from the SRB with
5 nm distance from the SIF surfaces and the lifetime increased consistently with increasing the
distances between the fluorophore and the SIFs surface. These observed spectral changes, increase
in fluorescence intensity and decreased fluorescence lifetimes, are in accordance with the expected
effects due to near-field interactions between the silver nanoparticles and fluorophores. We have also
analyzed the complex fluorescence heterogeneous decays on metallic nanostructured surfaces using
continuous distributions of decay times. The decay-time distributions appear to be sensitive to the
distance between the metal and fluorophore and represent the underlying heterogeneity of the
samples. The present systematic study provides significant information on the effect of fluorophore
distance on the metal-enhanced fluorescence phenomenon.

1. Introduction
In recent years there have been many investigations of the optical properties of molecules in
the proximity of metallic nanoparticles or rough surfaces.1–9 Metallic structures can have a
number of effects on the spectral properties of nearby fluorophores. Metals are traditionally
considered as a quencher for radiating emitters specifically in the near-field regime. However,
the luminescence and Raman signals can be enhanced on metallic nanostructures. Metallic
interfaces display complex interactions of the local electromagnetic fields with fluorophores.
A metallic particle near a fluorophore can influence both its excitation and emission, eventually
leading to significantly enhanced spectral properties. The metal-enhanced fluorescence (MEF)
10–13 effect can yield an increase in the quantum yield, and reduction in fluorescence lifetime
of emitting fluorophores that are held in close proximity to noble metal surfaces that are
roughened on the nanometre scale. The MEF effect derives from the interaction of the dipole
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moment of the fluorophore and the surface plasmon field of the metal resulting in an increase
in the radiative decay rate and stronger fluorescence emission. Fluorescence lifetimes of
molecules near metal surfaces are dramatically affected by the electromagnetic interaction
between the excited molecules and the metal surface. MEF is also described as radiative decay
engineering (RDE) since the radiative decay rate of fluorophores can be controlled by the
careful engineering of the chemical environment and physical morphology of the
nanopatterned metal surfaces.3,10 A critical MEF parameter is controlling the precise distance
(5–20 nm) at which the fluorophores are located from the metal surface to render maximum
fluorescence intensity.14–17 In some cases, a dielectric (such as silica) coating of required
thickness can be evaporated over the SIF, or a molecular spacer that binds directly to metal
surfaces (e.g. thiols with silver/gold) of the desired length can be used. In none of these cases
the probe distance and orientation was well controlled. The study of MEF and its applications
is still in its infancy and there is a need to develop further understanding of the fundamental
physics and chemical processes that govern MEF before practical applications can be
developed. The controlled construction of ordered molecular structures on metallic
nanostructures will help in understanding the meal-fluorophore interaction in greater detail.
Although the distance between the probe and metallic surface is precisely controlled, the
variations in molecular orientations might lead to the varied enhancement factor.18,19

Langmuir-Blodgett (LB)20 films provide controlled distance and well-defined orientation of
fluorophores on metallic nanostructures. The structure, composition and thickness of the LB
films can be precisely controlled at the molecular level. The fluorophores deposited by the LB
technique are expected to be at one distance rather than a range of distances from the metal
surface or the metal island films, but of course there will still be in-plane heterogeneity of
fluorophores on or between the metal particles. Additionally, the probe orientation with surface
normal is fixed and maintained in every LB monolayer irrespective of the distance from the
surface. Not all fluorescence probes are suitable for orientation in LB films. Typically the
probes should consist of at least one long alkyl-chain (tail) and a hydrophilic head group. In
order to better understand the distance effect on MEF, it is advisable to study the distance
dependence behavior of several different probes. Accordingly, we combined the LB technique
that provides useful precisely controlled layers with electrostatic adsorption technique. Using
adsorption technique, the anionic probes such as sulforhodamine B (SRB) can be
electrostatically incorporated into cationic octadecylamine (ODA) layers, as in the present case,
and cationic probes can be incorporated into anionic LB layers deposited on surfaces that can
be used for MEF. Combination of these two techniques offer well-controlled distance and
orientation for a wide variety of probes including amphiphilic, nonamphiphilic and water-
soluble ionic dyes from the surface.21

In this paper, we present how the fluorescence intensity and radiative decay rates of
sulforhodamine B (SRB) molecules are affected as a function of distance between the
fluorophore and silver island films (SIFs). The incorporation of sulforhodamine B (SRB) in
the octadecylamine LB films was reported previously.21 The adsorption process mainly
occurred due to the ionic interaction between the cationic amino group of the long-chain amine
and the sulfonic group of the SRB dye. The orientation of the SRB dye molecule in the LB
films determined by polarized absorption spectra indicated a lying-flat orientation of the SRB
molecule. Structural characteristics of the SRB adsorbed octadecylamine LB films such as
orientation, layer-layer distance, and topography of the film surface were studied by FTIR
spectroscopy, low-angle X-ray diffraction, and atomic force microscopy (AFM).21 The
separating distances between the SIFs surface and fluorophore are controlled by varying the
numbers of inert stearic acid LB layers. Hence this system of SRB in LB films provides an
ideal opportunity to study the distance dependence of MEF using several commonly available
probes.
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2. Experimental details
Sulforhodamine B (SRB), Stearic acid (SA), octadecylamine (ODA), (Figure 1) spectroscopic
grade chloroform were obtained from Aldrich and used without further purification. Deionized
water, purified using Millipore Milli-Q Gradient System, was used for LB monolayer
deposition and in all other chemical modifications. Silver nitrate, ammonium hydroxide,
sodium hydroxide, glucose were purchased from Aldrich and used as received. Silver island
films were deposited on clean glass slides (Corning, NY) using the method reported previously
by us.15 The SIFs slides were stored in Milli-Q water until they were used for LB deposition.
SIFs coated on glass slide displayed the characteristic surface plasmon resonance with an
absorption maximum near 460 nm.

LB film depositions on glass and SIFs coated glass are accomplished using computer controlled
KSV 5000 LB trough. Milli-Q deionized water (at 20 °C, with resistivity of 18.2 M -cm) was
used as water subphase. The pH of water used was 5.8 and 10.3 for the deposition of steric
acid and octdecylamine LB layers, respectively. The pH of the subphase was adjusted with
NaOH or HCl. The pure stearic acid or octadecylamine monolayers on the water subphase were
formed by spreading a known concentration of stearic acid or octadecylamine in chloroform.
After allowing for 15 minutes to evaporate the solvent chloroform, the monolayer at the air-
water interface was slowly compressed to an optimum surface pressure (20 and 45 mN/m for
SA and ODA monolayer, respectively). Subsequently, the compressed monolayer was
transferred by the LB technique onto the solid substrates, where a clean glass and a SIFs coated
glass slides were sandwiched together and monolayers were deposited at a dipping speed of 7
mm/min. The initial layer on the surface was obtained during the upstroke giving rise the head
group of the amphiphilic SA or ODA deposited in contact with the surface of the substrate.
The observed monolayer transfer ratio from the compressed water subphase to substrate was
~0.95. A schematic representation of LB layers with varied distance between the ODA layer
and SIFs surface is shown in Figure 2. We first deposited a monolayer of ODA directly onto
both glass and SIFs surfaces to obtain the probe layer with 0 nm distance from the surfaces.
Subsequently, to get the probe layer with defined distance from the surfaces we deposited the
required number (i.e. 1, 3, 5, 9 or 19) of steraic acid layers followed by two ODA layers (Figure
2). Each stearic acid layer on the surface provides 2.5 nm distance. Subsequently, by using 1,
3, 5, 9 and 19 layers of stearic acid results the probe layers on glass and SIFs surfaces with
distances (d) of 5, 10, 15, 25 and 50 nm, respectively. After the layers were completely dried
at ambient conditions, SRB was incorporated into the ODA layers by immersing in aqueous
SRB solution for about 5 min. To avoid any probe aggregation in ODA layers we used lowest
possible concentration of 1 × 10−6 M and short period of immersing time (5 min). It is important
to note here that SRB molecules could not be incorporated into the LB films of only stearic
acid with any number of layers, indicating the electrostatic interactions between negatively
charged SRB and positively charged ODA are necessary for probe incorporation into the films.
The SRB adsorbed LB film on glass shows characteristic absorption and fluorescence spectra
that can be ascribed to be originated from the monomeric SRB dye incorporated into the ODA
layers. The observed absorption and fluorescence band maximums were 565 and 585 nm,
respectively. Polarized absorption spectroscopic study reveals the SRB transition dipole
moment orientation in the ODA LB layers is 73° which is in agreement with our previous
report.21

Absorption spectra were collected using a Hewlett-Packard 8453 spectrophotometer.
Fluorescence spectra of monolayers on solid substrates were recorded using a Varian Cary
Eclipse Fluorescence Spectrophotometer using front face illumination geometry with 514 nm
excitation from a Xenon arc lamp. Time-resolved intensity decays were recorded using a
PicoQuant Fluotime 100 time-correlated single-photon counting (TCSPC) fluorescence
lifetime spectrometer. The excitation source was a pulsed laser diode (PicoQuant PDL800-B)
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with a 20 MHz repetition rate. The Instrument Response Function (IRF) is about 60 ps. The
excitation was vertically polarized and the emission was recorded through a polarizer oriented
at 54.7° from the vertical position. A bandpass filter at 570–630 nm (Chroma Inc.) was used
in the collection path, thus eliminating the scattered excitation light and collecting the
fluorescence from the SRB probes in the region of interest.

The fluorescence intensity decays were analyzed in terms of the multi-exponential model22:

(1)

where, τi are the lifetimes with amplitudes αi and . The contribution of each
component to the steady-state intensity is given by:

(2)

The average lifetime is represented by:

(3)

and the amplitude-weighted lifetime is given by:

(4)

The values of μi and τi were determined using the PicoQuant Fluofit 4.1 software with the
deconvolution of instrument response function and nonlinear least squares fitting. The
goodness-of-fit was determined by the χ2 value.

The intensity decays are also analyzed in terms of a lifetime distribution. For a lifetime
distribution model μi values are replaced by distribution functions μ(τ). The total intensity I
(t) is given by

(5)

where ∫α(τ)dτ = 1. For a bimodal distribution equation 5 is used with two terms within the
integral. We assumed the distributions were Gaussian with

(6)

where &τmacr; is the central value of the distribution, σ is the standard deviation of the
Gaussian and the FWHM is 2.345σ.

3. Results and Discussion
Figure 3A shows the fluorescence emission spectra of SRB incorporated into ODA layers with
a 10 nm separation distance from the glass and SIFs surfaces. The fluorescence spectra were
collected at the same excitation and detection conditions allowing a direct comparison between
the two substrates. The incorporated SRB has emission band maximum of ~585 nm from both
glass and SIFs surfaces. Very similar spectral features, except difference in fluorescence
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intensity, from SRB incorporated into the ODA layers have been observed from the metalized
and non-metalized areas (Figure 3B). Accordingly, a significant enhancement of ~7-fold in
fluorescence intensity from the SRB layers on SIFs surface is noticed (Figure 3). The
enhancement factor is the ratio of integrated intensities of SRB detected on SIFs and glass
substrates and appears to be uniform across the 550–700 nm spectral range.

To further characterize the observed MEF, we measured the fluorescence intensity decays from
the dye incorporated into LB layers on both glass and SIFs surfaces using time-correlated single
photon counting (TCSPC) instrument. The corresponding intensity decays observed for the
SRB on glass and SIFs with a 10 nm distance from the surfaces are shown in Figure 4. The
solid-lines indicate the best fit to the experimental decay curves. As can be seen from the figure,
the intensity decay of SRB dye on SIFs is faster than that on glass surface. The fluorescence
lifetime of SRB incorporated in the ODA layer is significantly (~5-fold) shortened when the
layer is on SIFs surface. This shortening of lifetime on SIFs strongly supports that the increase
in fluorescence intensity (Figure 3) is due the interaction of SRB molecules with the silver
nanoparticles.11,15,19 Nobel metal colloids exhibit strong scattering properties23–25 and the
scattering from colloids may contribute to the observed short lifetime. We have taken sufficient
precautions to make sure the observed reduced lifetime, especially the short component in the
probe intensity decay from the SIFs surface is not due to the scattered light but due to the SRB
emission. Control measurements on the glass or SIFs substrates, without SRB, yielded almost
no signal when observed through the combination of filters used to detect the SRB emission.

The quantum yield and lifetime of a fluorophore are given by:

(7)

(8)

where Γ is the intrinsic radiative or emissive rate and knr represents all the other rate processes
returning the molecule to the ground state without emission. In presence of metal nano-particles
equation 7 & 8 are modified as:

(9)

(10)

In terms of radiative decay engineering model, the radiative decay rate is increased to Nr Γ in
the presence of metallic nanostructures. k′nr is nonradiative rate in the presence of metal
particles.

The simultaneous increase in fluorescence intensity and decrease in lifetime indicates an
increased radiative decay rate in the presence of silver particles.3 This unusual effect is due to
a change in the radiative decay rate of the fluorophores, which depends on the photonic mode
density near the fluorophores3, seems to be responsible for the observed 7-fold enhancement
in fluorescence and ~5-fold decrease in fluorescence lifetime of LB monolayers on SIFs.

It is important to understand the effect of fluorophore-to-metal distance on the changes in the
intensities and lifetimes of the fluorophore. Fluorescence emission spectra from SRB
incorporated into the ODA layers with varied distances from the SIFs surface are shown in
Figure 5. Also shown in the figure is the emission spectrum of SRB incorporated into ODA
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layers on glass (dash line), whose intensities are insensitive to the distance from the glass
surface. Figure 6 shows the effect of distance on the fluorescence enhancement. As seen from
the figure, the highest MEF of ~7-fold is noticed for the SRB incorporated ODA layers with
the probe distance of 10 nm from the SIFs surface and enhancement factor is consistently
reduced with increasing the probe distance from 10 to 50 nm. The lowest MEF of about 2-fold
is observed from the SRB layer deposited on SIFs with a 50 nm separation distance. This
substantiates that the MEF is indeed dependent on probe distance from the metallic surface.
Interestingly, we also observed the monotonic decrease in MEF (from 7.5-fold to 2.0-fold)
with decreasing the probe distance from 10 to 0 nm. The reduction in enhancement factor below
10 nm might due to the known fluorescence quenching ability of the metal particles on common
fluorophores. Accordingly, the observed net fluorescence enhancement below 10 nm is the
combination of at least two effects. The first one is fluorescence enhancement due to MEF and
the second one is quenching due to near by metallic particles.

Fluorescence lifetimes of probes contain a wealth of information related to the system being
investigated revealing the microenvironments around the fluorophores. Additionally, a
combination of quantum yield and lifetime can reveal the effects of the metal particles as the
radiative and non-radiative decay rates of the fluorophores. To understand more about the effect
of probe distance from the SIFs on the observed MEF and SIFs quenching ability on the SRB,
we measured the fluorescence intensity decays for all SRB incorporated ODA layers deposited
on both SIFs and glass surfaces. Figure 7 shows the corresponding fluorescence intensity
decays. Interestingly, the intensity decay of the probe on SIFs with 5 nm distance show shortest
decay time and the average lifetimes are consistently increased with increasing the distance
from the SIFs surface from 5 to 50 nm. Furthermore the SRB layer within contacting distance
(i.e. 0 nm) from the SIFs surface show longer decay than the SRB probes positioned at a
distance of 5 nm from the SIF surface. On the other hand, within the experimental errors, the
corresponding fluorescence intensity decays of the probes deposited with any distance from
the glass surface show very similar lifetimes (the intensity decay of monolayer on glass is
shown in Figure 4). The ratio of the average lifetimes of each particular probe layer on glass
and that of on SIFs surface was plotted as a function of the distance from the SIF surface (Figure
6). The highest factor of reduction in fluorescence lifetime of about 7.5-fold is observed from
the SRB incorporated ODA layers deposited on SIFs with 5 nm distance from the surface and
it reduces to ~2-fold when the probes are spaced by 50 nm distance. The observed lifetime
decreases on SIFs surface with any distance might be result of at least two processes. One of
which is due to an increase in the radiative decay rate and the second is due to the increased
non-radiative interactions of the probes with the metallic surface. Although it is difficult to
draw a boarder line between the contributions from each of these two processes, we believe
an increase in the radiative decay rate is the dominant reason for the decreases in lifetime shown
in Figure 7. The increase in the radiative decay rate is probably largest when the probe distance
from the surface is above 7–8 nm and that due to the non-radiative interactions is major below
7–8 nm from the surface.

For a heterogeneous system, steady state measurements only provide the averaged information.
Time-resolved fluorescence can extract information from a heterogeneous system and could
also provide the molecular population distribution of the probed system. Fluorophores
positioned on metallic nano-structured substrates at varied distances is a heterogeneous system.
For this reason we thought that lifetime distribution could provide a better picture of the
distance-dependent metal-enhanced fluorescence. Figure 8A presents the lifetime distributions
of the probe on glass. Two components one centered around 1 ns and the second one centered
at ~2.5 ns were found. Note that the time-axis is different from the top panel. It is apparent
from the figure that the distributions are similar for all distances of SRB molecules from the
glass substrate. The lifetime distributions of SRB molecules on SIFs are shown in Figure 8B.
The major lifetime distribution with a short lifetime centers around 200 ps is observed when
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the SRB molecules are directly on the SIFs surface. The center of this short lifetime distribution
shifts monotonically towards longer lifetimes with increasing the distance of the probe from
the metalized surface and the FWHM of this Gaussian distribution is systematically increased.
Combining all the lifetime distributions in a single plot (Figure 8C), it is apparent that the
lifetime distributions on SIFs are significantly different than that on glass. These effects on the
lifetime distributions are of particular interest because they provide insight into the range of
environments experienced by the fluorophores. The distributions suggest a single average
environment for the probe on glass, and a range of environments for the probe on the SIFs.

Our results demonstrate that the fluorescence intensities (quantum efficiencies) and lifetimes
(radiative decay rates) varies with the distance between the probe monolayer and metal
nanostructures. The increases in the rates of emission (Nr) and excitation (Nex) between the
metal and fluorophore can be interrelated by15

(11)

(12)

where d is the distance between the metal and fluorophore, Rr and Rex are the characteristics
distances over which these effects decrease to 1/e exponentially. The total fluorescence
intensity in the presence of metal (Im) as a function of metal-fluorophore distance d is given
by:

(13)

where I0 is the measured intensity in the absence of metal. The ratio of fluorescence quantum
yields of the probes as a function of metal-fluorophore distance (d) in presence and absence of
metal particles can be rewritten as:

(14)

Equation 13 can be deduced as:

(15)

We used equation 15 to analyze our measured steady-state intensities and lifetimes of SRB at
various distances from the SIFs surfaces. We assumed that knr ≈ knr

/. We have recovered the
four free parameters Nr

(d = 0), Nex
(d = 0), Rr, Rex in equation 15 by fitting the steady-state and

time-resolved data (shown in Figure 6) by non-linear least square analysis. We have obtained
Nr

(d = 0) = 5; Nex
(d = 0) = 10; Rr = 25 nm and Rex = 16 nm. The nonradiative decay rate (knr

/ ~
2 × 109 sec−1) estimated from the fitting agrees well with the reported literature value.26
Furthermore, our analysis reveals that the rate of excitation is increased by a factor of 10 and
arises at a distance of 16 nm. On the other hand the increase in radiative decay rate is 5-fold
and this increase continues over a distance of ~25 nm.

It is informative to show the distance dependent changes of radiative decay and excitation rates.
These rates were obtained from equations 11 and 12 and the measured spectral parameters.
The changes in radiative decay rate and rate of excitation as a function of distance between the
fluorophore and SIFs surfaces are shown in Figure 9. These results suggest that enhanced
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excitation occurs below 10 nm and the increase in radiative rate (Nr) on SIFs surface decreases
with increased distances over 25 nm.

4. Summary
SRB incorporated octadecylamine LB layers deposited on silver island films are used to study
the distance-dependent metal-enhanced fluorescence. Inert stearic acid layers are used to
control the distance between the probe and metallic nanostructured surfaces. The maximum
enhancement of fluorescence near a factor of 7 was observed with the probe distance of 10 nm
from the SIFs surface and the enhancement decreases to 2-fold when the probe is separated by
50 nm. The minimum fluorescence lifetime was observed when the SRB molecules are 5 nm
from the SIFs surface. We also present continuous lifetime distributions which can better
represent the observed heterogeneous decay of the fluorophore on SIFs substrate. The evolution
of the lifetime values as a function of the distance between the metal nanostructure and probe
is studied. Lifetime distributions of SRB on SIFs at multiple distances show different central
lifetime values. In this systematic steady-state and time-resolved spectroscopic study, we
described the effect of probe distance from the silver nanostructures on metal-enhanced
fluorescence using well-defined distance and controlled orientation of fluorophores by
established LB technique. The distance dependent changes of radiative decay and excitation
rates of SRB in presence of metallic nanostructures are also presented. The present study
reveals how the fluorophore-metal interactions changes with the distances between metal and
probe.
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Figure 1.
Chemical structures of sulforhodamine (SRB) and the long-chain amphiphilic molecules
stearic acid (SA) and octadecylamine (ODA) used for LB deposition.
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Figure 2.
Schematic representation of Langmuir-Blodgett layers construction and subsequent
electrostatically adsorbed SRB dye molecules at ODA layers. ODA layers were spaced by inert
SA layers from the substrate. d is the distance between fluorophore and SIF surface that can
be varied with the numbers of inert SA layers at a resolution of ~ 2.5 nm.
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Figure 3.
(A) Emission spectra of SRB incorporated into LB layers deposited on glass and SIFs surfaces
and the panel B shows the corresponding intensity normalized emission spectra.
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Figure 4.
Fluorescence intensity decays of SRB incorporated in ODA layers on glass and SIFs.
Instrument response function (IRF) is also included.
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Figure 5.
Emission spectra of SRB incorporated ODA layers deposited at various distances from SIFs
surface. Fluorescence spectrum of SRB on glass surface is also included (dash line).
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Figure 6.
Fluorescence intensity decays of SRB on SIFs surface at various distances. The dots and the
lines represent the data and multi-exponential fits respectively. The lower solid line is the
impulse response function (IRF) for the instrument.
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Figure 7.
Fluorescence enhancement factor and corresponding ratio of lifetimes of SRB on glass and
SIFs surfaces versus distance from the SIFs surface.
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Figure 8.
Fluorescence lifetime distributions of SRB at varied distances from (A) Glass and (B) SIFs
substrates. (C) Combining the lifetime distributions of (A) & (B).
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Figure 9.
Normalized rate of excitation [Nex(d)/Nex

(d = 0)] and rate of radiative decay [Nr(d)/Nr
(d = 0)] as

a function of SRB distance from the SIF surface.
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