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Abstract We demonstrate the influence of electrical current
on the ability of surface plasmons to amplify fluorescence
signatures. An applied direct current across Silver Island
Films (SIFs) of low electrical resistance perturbs the
fluorescence enhancement. For a given applied current,
surface plasmons in just-continuous films are sparsely
available for fluorophore dipole-coupling and hence the
enhanced fluorescence is gated as a function of the applied
current. For thicker, low resistance films, sufficient charge
carriers are now present in the metal that metal-enhanced
fluorescence (MEF) is perturbed to a lesser extent, induced
surface plasmons readily formed on the surface by the close-
proximity dipole.
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Abbreviations
MEF Metal-enhanced fluorescence
SIFs Silver Island Films
FITC Fluorescein isothiocyanate
SEM Scanning electron microscopy
AFM Atomic force microscope

Introduction

Since the earlier observations of the close-range interactions
of metallic surfaces with luminescent species dating back to
1970s [1, 2] many laboratories have reported on the effects
of fluorophores near-to plasmon resonant particles [3–5].
Our laboratory has also been working on both developing a
fundamental understanding of the Metal-Enhanced Fluores-
cence (MEF) [6–8] phenomenon and secondly, applying the
enhanced photophysical properties of fluorophores to
biological applications [9]. In all of these reports, surface
plasmons are induced in the near-field by close proximity
fluorophore dipoles, the surface plasmons in turn radiating
the coupled quanta, resulting in fluorescence amplification
(Fig. 1—Top). The coupled fluorescence is for the most
part very similar to the free-space fluorescence, observed in
the absence of the metal, with the exceptions that the
radiative lifetime is significantly shorter, which is thought
to be underpinned by the plasmon decay [6–8] and the
angular-dependent emission of the coupled emission [10].
In this paper, we further our understanding of the MEF
phenomenon and show that we can significantly alter and
indeed turn off MEF, by the passage of a direct current
through Silver Island Films (SIFs) of low electrical
resistance (Fig. 1—Bottom). Interestingly, non-continuous
films with a high resistance show no effect with current, as
expected, and thick continuous films with a low resistance,
are simply not suitable for plasmon coupling as previously
shown [11]. Subsequently, our findings suggest that just-
continuous films with a low electrical resistance can
therefore be used to gate MEF “on and off” and indeed at
in between emission intensities. Given the recent interest in
the uses of MEF, then we believe that our findings will be
of very high significance for lab-on-a-chip based technol-
ogies, and in the development of new fluorescence
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detectors, which directly measure coupled quanta/fluorescence
[12].

Experimental

Materials

Silver nitrate (99.9%), sodium hydroxide (99.996%), ammo-
nium hydroxide (30%), D-glucose and premium quality
silane-prep ™ glass slides (75×25 mm), Ethanol (HPLC/
spectrophotometric grade), fluorescein isothiocyanate were

obtained from Sigma-Aldrich. All chemicals were used as
received.

Methods

SIFs, which have previously been used for MEF [9, 13],
were deposited on amine-coated glass slides, the procedure
modified to allow the deposition of SIFs over a longer time-
period to modify the electrical resistance of the surfaces. In
a typical SIFs preparation, a solution of silver nitrate (0.5 g
in 60 ml of deionized water) was prepared in a clean
100-mL glass beaker. 200 μL of freshly prepared 5% (w/v)
sodium hydroxide solution and 2 ml of ammonium
hydroxide were added to a continuously stirred silver
nitrate solution at room temperature. The solution was
subsequently cooled to 5 °C by placing the beaker in an ice
bath, followed by soaking the Silane-prep™ glass slides in
the solution and adding a fresh solution of D-glucose
(0.72 g in 15 ml of water). The temperature of the mixture
was then warmed to 30 °C. The beaker was removed from
heat after 2 min and the slides were kept in solution for 1–
30 min depending on the required resistance. Films
deposited for >15 min were found to be completely
conducting (Resistance <1 Ω-cm−1), while films deposited
for <6 min were non-conducting, (Resistance >106 Ω-cm−1).
Films deposited, between 5–10 min were “just” conductive,
the films having resistances up to several hundred ohms.
Scanning Electron Microscope (SEM) images of the
surfaces show the particulate (high resistance) to continu-
ous (low resistance) nature of the films, Figs. 2 and 4
inserts. The slides were then removed from the mixture,
washed with water, dried under N2 and the slides resistance
measured with a GDT-11 voltmeter (GB Instruments ™).

The preparation of dried samples on the surface was
undertaken as follows: 300 μL fluorescein isothiocyanate
(FITC, 2.5 mM) in ethanol solution was dropped on the
surfaces of SIFs, which had different resistances. The
solvent was evaporated and the samples were studied. For
oxidation and dipole re-orientation studies (control sam-
ples), 100 μL FITC was dropped in 1 mL 0.25% (w/v) poly
vinyl alcohol (PVA) in water, and spin-coated on the SIFs
(≈7 Ω-cm−1). This procedure produced ≈37 nm thick films
(measured using AFM, not shown here) which prevented
both the diffusion of oxygen and the re-orientation of the
fluorophore dipoles during current flow. Fluorescence
measurements were collected at an angle of 90° to the
surface, with 473 nm excitation light incident at 45° to the
glass/silvered surface, using a Fiber Optic Spectrometer
(HD2000) from Ocean Optics, Inc. Voltage gating experi-
ments were carried out as follows: Direct current (Extech
Instruments 382213) was applied to the SIFs with different
resistances, Fig. 1—Bottom insert, and gated “on and off”
during fluorescence measurements.
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Fig. 1 Graphical representation of current interpretation of metal-
enhanced fluorescence (top), Metal-enhanced fluorescence perturbed
with applied voltage/current (bottom). F fluorophore, MEF metal-
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Results and discussions

Figure 2 shows the effects of an applied voltage on FITC
coated on a semi-continuous (just-continuous) film (7 Ω-
cm−1), the experimental set-up shown in Fig. 2—Bottom-
Insert. Remarkably, as the voltage is gated on and off, the
FITC fluorescence can be seen to both rise and fall
respectively, a direct correlation with the applied current.
The fluorescence emission spectra are otherwise spectrally
identical during gating, only the magnitude of the intensity
fluctuating. The color photographs of Fig. 2—Bottom-
Insert, show the actual fluorescence during gating. In a
series of detailed control experiments, silver background
emission and changes in the plasmon absorption as a
function of applied current/voltage were eliminated as the
possible cause of the effect (not shown here). Interestingly,
as the voltage and current were progressively changed, the

FITC emission was subsequently gated respectively, giving
us a strong indication that our observations are a direct
result of the applied current.

We also considered the possibility of surface oxidation
and dipole re-orientation as a cause of the effect. However,
in nitrogen purged thick 0.25% w/v PVA film (≈37 nm), the
fluorescence gating effect is still readily observed. It is
interesting to consider the magnitude of the observed
changes in the fluorescence signal. From Fig. 2—Top, we
see an ≈50% change in signal during voltage gating,
however several factors are thought to account for the
fluorescence signal not to change to an even further extent:
(1) FITC molecules are coated both on and between the
silver islands, hence a large population are likely to be
unaffected by an applied current; (2) There is a temperature
rise during voltage gating, which should result in an
increase in FITC emission (11 °C and 28 °C for 7
(Fig. 3—Top) and 0.4 Ω-cm−1 (thermal image not shown),
respectively), offsetting the magnitude of the observed
effect. In solution we observed an increase in FITC
emission with temperature (Data not shown). Furthermore,
the plasmon absorption of the SIFs is also shown to be
unperturbed by an increased temperature; (3) The general
decrease in fluorescence signal over time, both gated and
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Fig. 2 Top—time-dependent fluorescence emission of FITC (mea-
sured at 544 nm) on semi-continuous SIFs with applied “on” and “off”
voltage (2.1 V, 0.3 A). Top-insert shows the SEM image of semi-
continuous SIFs film. Bottom—fluorescence spectra of FITC on SIFs
with (2.1 V, 0.3 A) gated on and off. Bottom-inserts show the
schematic representation of the experimental set-up and real-color
photographs taken through a 473 nm notch filter
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Fig. 3 Time-dependent temperature measurements of a 7 Ω-cm−1 SIFs
during voltage gating. Thermal images of SIFs were taken when the
applied current was turned off” and “on” (top). Fluorescence emission
of FITC from SIFs placed on a hot plate before the heat was turned
“on” and after it was turned “off”. No current was applied in this
experiment (bottom). Circles indicate the location, where the fluores-
cence emission spectrum of FITC was measured
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not gated, is thought to be due to the photostability of FITC
with 473 nm laser excitation.

It is equally informative to discuss the rate of change of
emission. From Fig. 2, we can see an almost bi-exponential
loss of fluorescence emission as the voltage is gated,
eventually reaching a plateau over a few hundred seconds,
i.e. <3 min. Interestingly, at the onset of an applied current,
the fluorescence intensity drops very rapidly indeed, within
a few seconds. At later times, the loss of emission is at a
much slower rate. Our current interpretation of this rapid
and then slow decay of fluorescence is thought to be
underpinned by two competing processes. Initially, the
fluorescence is off-gated by the passage of current, very
rapidly due to the inability of the surface plasmons to both
dipole-couple and therefore cause enhancement of fluores-
cence. At later times, the SIFs were observed to have
warmed slightly, which we have shown in Fig. 3—Bottom
results in an increased FITC emission. Subsequently, a
rapid off-gating effect, followed by slow surface heating,
due to the resistance of the films to current flow, is thought
to account for the bi-exponential loss of fluorescence
observed in Fig. 2 (Note: The slight increase in temperature
does not account for the decreased gated fluorescence, it
only offsets its magnitude).

We have also studied the effect of direct current on both
very thick and thin films, i.e. low and high resistance
respectively, Fig. 4. Interestingly, for thicker films, the
magnitude of the MEF effect is notably lower (55 a.u at
time t=0) as compared to the low resistance films shown in
Fig. 1, i.e. 190 a.u. This observation is completely
consistent with our understanding and interpretations of
MEF, [6–9, 13] where under the conditions employed here,
continuous films cannot support the generation of surface
plasmons and therefore MEF. Non-continuous films, with a
very high electrical resistance (i.e. low current flow), show
a greater initial MEF effect, i.e. ≈260 a.u., Fig. 4—Bottom,
consistent with other reports of MEF from SIFs by our
laboratory [6–9, 13]. Interestingly, both surfaces show a
less pronounced fluorescence gating effect as the SIFs
shown in Fig. 2, indicating the effect is more pronounced
for just continuous films.

It is important to comment on the possible mechanism
which results in the observed effects, shown in Figs. 2 and
4. It is widely thought that the plasmons themselves radiate
the coupled quanta in MEF [8]. It is thought that the
plasmons in the just-continuous films shown in Fig. 2,
which have a low electrical resistance, are not available for
dipole coupling and MEF when a current is applied, and
hence the MEF effect is gated. For thick films, Fig. 4—Top,
the films are sufficiently thick to allow current flow with
the plasmons freely available for MEF, the net change in
fluorescence observed during gating being much smaller.
For non-continuous films, which are ideal substrates for

MEF, resistance to current flow is very high and hence no
gating effect is observed, Fig. 4—Bottom. Figure 1—
Bottom outlines our proposed mechanism for the voltage/
current gated MEF effect.

Finally, to place our findings in context with recent
publications we note several works of interest, where a
scanning tunneling microscope is used to excite localized
plasmon resonances in metallic nanoparticles [14, 15], due
to the local field of the tip. Iwasaki et al. has subsequently
shown that close-proximity luminophores to the nano-
particles are then subsequently excited resulting in molec-
ular luminescence [15]. Our system here is macroscopic in
nature and indeed almost the inverse mechanism. After
optical excitation and induced surface plasmons, an
additional applied current across the nanoparticles film
decreases the extent of fluorophore dipole coupling,
reducing the overall MEF effect (Fig. 1—Bottom). Inter-
estingly, while these other reports are single nanoparticle
based and not nanoparticle films [15], we have not been
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able to similarly observe fluorescence without the need for
additional optical excitation. We also note that similar to
Iwasaki et al., our findings are not dependent on the
polarity, identical results obtained by simply switching
around the electrical leads (data not shown).

Conclusion

In this letter, we have shown the observation of gating MEF
by the addition of an applied current across just-continuous
silver films. Our findings suggest that for just-continuous
films with an applied current, surface plasmons are not as
readily available for near-field dipole coupling, the effect
diminished as thicker metal is used, in essence increasing
the number of charge carriers available for current flow and
freeing up surface plasmons for dipole coupling (MEF).
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