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ABSTRACT: In this work we investigate the relationship between metalenhanced ﬂuorescence (MEF) and ﬂuorophore-induced plasmonic current (PC).
This is accomplished through measurements of both radiative emission (MEF)
and direct electrical current generation between discrete metal nanoparticles
upon ﬂuorophore excitation (PC). We have conducted these measurements on
silver and gold nanoparticle island ﬁlms, over a range of nanoparticle sizes and
spacing in the ﬁlms. We have observed an inverse relationship in the magnitude of
MEF with PC, where larger and more closely spaced metal nanoparticles are
found to result in increased PC and subsequently a decreased MEF. We attribute
this eﬀect to the relatively high capacitance and low charging energy of large and
closely spaced particles, providing an outlet for plasmon relaxation in the form of electron ﬂow and electrical current generation.
These results are signiﬁcant as they open potential for controlling for and the optimization of both MEF and PC.
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typically detected by a far-ﬁeld photodetector, providing
information regarding the ﬂuorophore and allowing for the
construction of various detection assays (Figure 1a).
PC is generated when a ﬂuorophore nonradiatively transfers
energy to a proximal metal nanoparticle island ﬁlm, resulting in
a measurable current change through the ﬁlm.15−17 This is
possible because of close spacing between discrete metal
nanoparticles in the ﬁlm, allowing for electron transport
between the particles, also known in the literature as electron
“hopping” (Figure 1b,c).19−23 Previous work from our
laboratory has also shown the electrical current change upon
ﬂuorophore excitation to be dependent on the magnitude of
the ﬂuorophore extinction coeﬃcient,15 providing information
regarding the ﬂuorophore and opening the possibility for
various detection assays. This dependence of the current on
ﬂuorophore extinction coeﬃcient is explained by the capability
of a higher extinction ﬂuorophore to bring more energy into
proximity of the metal nanoparticle, allowing for increased
energy transfer to the metal, and a subsequent increase in
current generation through the ﬁlm upon ﬂuorophore
excitation. Electron transport between discrete metal particles
in the ﬁlm is dependent on the capacitance and charging
energy of metal nanoparticles in the ﬁlm and has been

ecent advances in the understanding of metal-enhanced
ﬂuorescence (MEF) and ﬂuorophore-induced plasmonic
current (PC) have led to the development of both optical and
photovoltaic devices, respectively. These devices operate either
through “plasmon to light” optical far-ﬁeld detection such as in
MEF and surface plasmon resonance (SPR),1−12 or by
“plasmon to current” direct electrical current generation
resulting from the dephasing of plasmon resonance.13−17
This direct electrical current generation may be accomplished
using plasmon resonance in conjunction with a semiconducting material,13,14 or through electron transport between closely
spaced metal nanoparticles such as in PC.15,16 In both MEF
and PC, a ﬂuorophore may be used for nonradiative energy
transfer to a metal nanoparticle, resulting in plasmon
excitation. The excited plasmon may then relax through
various routes, including radiative emission, heat loss to the
surroundings, and electron transport.15,16 While extensive
literature is available regarding both optical and photovoltaic
techniques separately, little has been published regarding the
relationship between these two phenomena.
MEF has been studied extensively by various groups, with
much information available in the literature.1−10 In MEF, a
metal nanoparticle may use its relatively large size to act as a
nanoantenna for light capture, eﬀectively increasing the
absorption cross section of a proximal ﬂuorophore.1,18 The
ﬂuorophore may then nonradiatively transfer energy to the
metal nanoparticle, with subsequent emission from the metal
itself at a frequency mostly characteristic of the ﬂuorophore.1,7,8
This emission has been found to be more intense and with a
decreased ﬂuorescence lifetime as compared to the free-space
ﬂuorophore without the metal.1,5,6 This emission is then
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this work are relatively large (∼50 nm) and do not couple
strongly with the far-ﬁeld laser light because of a wavevector
mismatch between the far-ﬁeld radiation and the metal particle.
However, a proximal ﬂuorophore may still couple with and
excite plasmons locally in the near-electric ﬁeld of the metal
particle.15
In this work we investigate the relationship between MEF
and PC through measurements of both far-ﬁeld radiative
emission (MEF) and direct electrical current generation
between discrete metal nanoparticles upon ﬂuorophore
excitation (PC). This is carried out utilizing metal nanoparticles of various size and spacing in order to alter the
electronic properties of the metal nanoparticle island ﬁlm and
better understand the relationship between MEF and PC.
Understanding this relationship is critical in the optimization
of nanoparticle arrays for assay development in both optical
and direct electrical “plasmon to current” techniques.
Silver and gold nanoparticle island ﬁlms were prepared via
thermal vapor deposition as described in previous work from
our laboratory.15,16 Brieﬂy, Silane-prep slides (Sigma-Aldrich)
were cleaned with methanol, dried under N2, and used as a
substrate for thermal vapor deposition. The deposition rate
was held constant at 0.1 Å/s with a range of vapor deposition
times. Electrical current through the system was monitored
with a Keithley 6487 picoammeter/voltage source, in an opencircuit conﬁguration. Electrode materials were selected to
match the metal nanoparticle ﬁlm (for example silver-onsilver). The electrodes were positioned to make simultaneous
contact with the metal nanoparticle ﬁlm and the liquid solvent.
PC measurements were undertaken in a manner similar to
previous work from our laboratory.15,16 Brieﬂy, ﬂuorophore
solutions were prepared in deionized water and pipetted onto
the metal nanoparticle island ﬁlms. Fluorophores were then
excited with either a 473 or 594 nm p-polarized continuous
wave laser directed at the ﬁlm surface. Laser power was
controlled with an absorbing neutral density ﬁlter (Edmund
Optics) and held constant at a power of 10 mW. Change in
electrical current through the system was reported as the
absolute value of current change, ΔI, upon application of the
ﬂuorophore excitation source. Fluorescence emission measurements were obtained through a ﬁber optic collection cable
positioned above the ﬁlm surface, which carried the radiative
emission to a connected spectrophotometer with external
computer display. An experimental schematic is depicted in
Figure 2.

Figure 1. Cartoon depicting both metal-enhanced ﬂuorescence
(MEF) and ﬂuorophore-induced plasmonic current generation
(PC). (a) For Isolated noncontinuous nanoparticulate surfaces, the
silver nanoparticles are spaced far enough apart to facilitate MEF but
also perturb plasmonic current ﬂow. (b) As the nanoparticles increase
in size and their interparticle spacing decreases, both PC and MEF
can be observed. (c) As the particles grow larger and their
interparticle spacing signiﬁcantly decreases, PC becomes more
favorable over MEF.

described in detail in recent work from our laboratory.15,16
Larger and more closely spaced discrete nanoparticles have
been found to provide for increased particle capacitance and
decreased particle charging energy, leading to increased
ﬂuorophore-induced current generation.16 This is signiﬁcant,
as it represents a method of increasing plasmonic current,
simply by making metal particles in the ﬁlm larger and more
closely spaced (Figure 1c). In addition, nanoparticles used in

Figure 2. Schematic depicting the experimental MEF-PE optical train.
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UV−vis absorbance spectra of typical silver and gold
nanoparticle island ﬁlms over a range of ﬁlm thermal vapor
deposition times have been reported in previous work from our
laboratory.16 Increased thermal vapor deposition led to redshifted and broadened absorbance spectra, indicating the
growing of the average particle size in the ﬁlm. As these particle
sizes in the ﬁlm increase, the spacing between the particles
decreases. In other words, the particles grow into each other,
starting to form connections toward the eventual formation of
a continuous metal ﬁlm.15,16 This is supported by representative scanning electron microscopy images of the ﬁlms, which
are also reported in previous work from our laboratory.15,16
Films may be characterized as either electrically non-, semi-, or
fully continuous metal ﬁlms. Here, dry noncontinuous ﬁlms
display zero measurable current in the absence of an applied
bias. Dry semicontinuous metal nanoparticle ﬁlms display a
small current in the absence of an applied bias due to some
metal pathways forming across the ﬁlm. In contrast, fully
continuous ﬁlms display a relatively high current and low
resistance of ∼1 Ω in the absence of an applied bias (Figure 3).

Figure 4. Electrical current generation from the excitation of 10 μM
Fluorescein di-sodium salt solutions on continuous (A), semicontinuous (B), and noncontinuous (C) silver-island ﬁlms. Arrows
indicate when the excitation light was applied.

where ε0 is the vacuum permittivity, ε the static relative
permittivity of the medium surrounding the particle, r0 the
particle radius, and s the distance between two neighboring
particles.22,24−27
The particle capacitance is then related to the charging
energy required for the metal nanoparticle to gain an electron
by

Figure 3. Electrical current through dry gold ﬁlms produced via
thermal vapor deposition at various deposition times. The deposition
was performed at a constant pressure and constant deposition rate of
9 × 10−6 Torr and 0.1 Å/s, respectively. At long deposition times, the
ﬁlms are relatively thicker and ideally suited for SPCE (surface
plasmon coupled emission) or SPR (surface plasmon resonance)
experiments. Thinner ﬁlms with resistances below ∼5000 Ω are
ideally suited for metal-enhanced ﬂuorescence (MEF) and plasmonic
current (PC) measurements.

EC =

(2)

where EC is charging energy, e the elementary electric charge,
and C capacitance of the particle.20,22 A detailed description of
metal nanoparticle capacitance and charging energy in our
ﬁlms is provided in previous work from our laboratory.15
Essentially, electron transport is favored in larger and more
closely spaced particles.
Figure 5 shows measurements of both MEF and PC with
silver nanoparticle island ﬁlms produced over a range of
thermal vapor deposition times in order to alter particle size
and spacing in the ﬁlms.16 Fluorescein was chosen as the
ﬂuorophore in this experiment because of the large overlap
between its emission and the silver nanoparticle ﬁlm
absorbance, providing for optimal energy transfer.1,2,7 Increasing particle size and decreasing spacing between the particles
was found to result in an increased current change upon
ﬂuorophore excitation, thought to be due to the increased
tendency for electron transport between the closely spaced
discrete nanoparticles. In contrast, MEF was found to be
greatest in the relatively small and far spaced nanoparticle

PC in our ﬁlms is found to be largest in noncontinuous ﬁlms
(Figure 4). This is explained by the fact that in semi- and fully
continuous metal ﬁlms, the background current due to current
ﬂow through the metal is relatively high, hindering the
observation of a large current change with excitation of the
ﬂuorophore.
Silver and gold ﬁlms used for investigation of the
relationship between MEF and PC in this work were
electrically noncontinuous and brought as close as possible
to semicontinuous ﬁlms, without forming pathways across the
ﬁlm for electron transport. Increasing particle size and
decreasing particle spacing in the ﬁlm increase the metal
particle capacitance according to the concentric sphere
model.15,16,22,23
C = 4πε0εr0(r0 + s)/s

e2
2C

(1)
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Figure 5. (Top) MEF from 10 μM ﬂuorescein di-sodium salt
solutions from various silver ﬁlms, vapor deposited at diﬀerent times,
and (bottom) corresponding ﬂuorophore-induced plasmonic current,
ΔI. Each point is an average of three laser exposures and subsequent
current measurements, with error bars calculated as the standard
deviation of these three measurements. The deposition was performed
at a constant pressure and constant deposition rate of 9 × 10−6 Torr
and 0.1 Å/s, respectively.

Figure 6. (Top) MEF from 10 μM sulforhodamine 101 aqueous
solutions on various gold ﬁlms, vapor deposited at diﬀerent times, and
(bottom) corresponding ﬂuorophore-induced plasmonic current.
Each point is an average of three laser exposures and subsequent
current measurements, with error bars calculated as the standard
deviation of these three measurements. The deposition was performed
at a constant pressure and constant deposition rate of 9 × 10−6 Torr
and 0.1 Å/s, respectively.

substrates, demonstrating an inverse relationship with PC, as
expected. This observation is attributed to the very close
spacing of nanoparticles in the ﬁlm providing a mechanism for
plasmon dephasing in the form of electron transport,
essentially turning oﬀ MEF. In other words, upon plasmon
excitation, relatively small and isolated nanoparticles are more
likely to relax via radiative emission compared to very closely
spaced nanoparticles, which may relax via electron transport.
In addition to silver, a similar experiment was carried out
with gold nanoparticle island ﬁlms produced over a range of
thermal vapor deposition times, subsequently altering the
particle size and spacing within the ﬁlms. Representative
scanning electron microscopy images of very similar ﬁlms in
previous work from our laboratory show the gold particles to
be less spherical compared to the silver particles, with more
complex geometrical shapes.15 Investigation of the relationship
between MEF and PC on gold island ﬁlms was carried out
using sulforhodamine 101 as the ﬂuorophore, which emits at
594 nm, providing for a large overlap with the gold ﬁlm
absorbance. A similar inverse relationship between MEF and
PC was observed in these gold ﬁlms as with the silver ﬁlms,
with increased PC and decreased MEF observed in ﬁlms
composed of large and very closely spaced metal nanoparticles
(Figure 6).
We have additionally investigated ﬂuorophore photostability
on various silver nanoparticle island ﬁlms in order to better
understand the relationship between MEF and PC. The eﬀect
of proximal metal nanoparticles on ﬂuorophore photostability
has been previously studied in the literature, and the
observation of an increased ﬂuorophore photostability in the
presence of metal nanoparticle ﬁlms has been reported many
times.28,29 This enhanced photostability has been attributed to

the decreased ﬂuorescence lifetime of the metal−ﬂuorophore
coupled system.28,29 This is because if the ﬂuorophore spends
less time in the excited state when coupled to a metal
nanoparticle, then it is less susceptible to excited-state
photodestructive processes such as photooxidation,29 which
would ultimately decrease photostability. In other words,
energy transfer from the ﬂuorophore to metal and subsequent
fast emission from the metal is thought to protect the
ﬂuorophore from photobleaching,28,29 resulting in the
observed photostability increase in the presence of metal
nanoparticles. These photostability investigations do not
provide an assessment of the ﬂuorophore radiative lifetime
on the various nanoparticle ﬁlms, and the eﬀect of these
various ﬁlms (high MEF and high PC) on the radiative lifetime
is currently unknown.
We subsequently measured ﬂuorescence intensity decay
curves (i.e., photon ﬂux vs time) for ﬂuorescein on various
silver island ﬁlms, providing photostability information
regarding both high MEF and inversely high PC supporting
ﬁlms. Decay time constants were calculated as the time
required for the signal to decay to 1/e of the initial intensity.
Relatively small and far spaced nanoparticles (high MEF) were
found to provide for increased photostability compared to a
glass control, supporting previous MEF photostability studies
in the literature.28,29 However, very large and closely spaced
nanoparticles (high PC) were found to result in a relatively
decreased ﬂuorophore photostability. An overall trend of
decreasing ﬂuorophore photostability with increasing nanoparticle size was observed (Figure 7). This observation may be
explained by the MEF “turn oﬀ” eﬀect reducing the
ﬂuorescence intensity through time, with an increasing number
of ﬂuorophores losing energy to the metal as a function of time
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Figure 7. Fluorescence emission intensity versus time (photostability) from 10 μM ﬂuorescein solutions on silver island ﬁlms made with various
thermal vapor deposition times, with 10 mW 473 nm excitation. Decay time constants (τ) were calculated as the time required for the ﬂuorescence
emission to decay to 1/e of the initial intensity.

Figure 8. Cartoon depicting the photostability of ﬂuorophores on both glass (A) and increasing size (B → C) of metallic nanoparticles. (A)
Photostability (ﬂuorescence intensity vs time) of a solution of ﬂuorophore from a glass substrate; (B) photostability of a solution of ﬂuorophore
from silver nanoparticle coated glass, and (C) photostability from larger sized nanoparticle deposited glass. As the nanoparticles grow in size, the
magnitude of induced plasmonic current (PC) increases, while the contribution of MEF decreases. MEF contributes to the system photostability,
whereas ﬂuorophores which generate PC do not, as these become nonﬂuorescent (MEF, metal-enhanced ﬂuorescence).
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in the relatively large and closely spaced nanoparticles (Figure
8). This is supported by studies in the literature involving the
voltage gating (or turning oﬀ) of MEF, in which emission
intensity is found to decrease exponentially over time following
an applied voltage.30,31 This result is signiﬁcant as it describes a
diﬀerence in the photostability of a ﬂuorophore−metal
nanoparticle coupled system with nanoparticle size and spacing
optimized for either MEF or ﬂuorophore-induced current
generation.
In conclusion, we have observed an inverse relationship
between metal-enhanced ﬂuorescence (MEF) and ﬂuorophore-induced plasmonic current (PC). This was accomplished through measurements of both radiative ﬂuorescence
emission and electrical current with ﬂuorophore excitation on a
metal nanoparticle island ﬁlm. It was found that increasing
nanoparticle size and decreasing spacing between adjacent
particles in the ﬁlm provided for increased current generation
and decreased radiative emission. This is explained by an
increase in particle capacitance in the large particles, favoring
plasmon relaxation via current generation as opposed to
plasmon relaxation via radiative emission in the relatively small
nanoparticles. This ﬁnding is signiﬁcant as it allows for
controlling between metal-enhanced radiative emission and
ﬂuorophore-induced current simply by altering the size and
spacing of metal nanoparticles in the ﬁlm. In addition, we have
obtained ﬂuorescence intensity decay curves on various silver
island ﬁlms, providing information regarding ﬂuorophore
photostability on ﬁlms optimized for either MEF or plasmonic
current. Here it was observed that relatively large and closely
spaced particles resulted in a decrease in ﬂuorophore
photostability, which we attribute to an increase in
ﬂuorophore-to-metal energy transfer through time in these
large and closely spaced metal nanoparticles.
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