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Metal-enhanced fluorescence enhancement factors up to 7-fold have been observed for Basic

Fuchsin (BF) in close proximity to Zinc nano particulate substrates. In addition, the emission spec-

tra of BF close-to Zinc as compared to a control sample are heavily distorted, particularly on the

red-edge, giving systematic trends in enhancement, anywhere from 3- to 7-fold. We discuss these

remarkable wavelength dependent effects with regard to the mechanism of metal-enhanced fluores-

cence. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913671]

In the last 15 years, there has been a significant literature

on metal-enhanced fluorescence (MEF),1–4 where the near-

field interactions of plasmon supporting nanoparticles with

fluorophores typically give rise to spectroscopically favor-

able properties, such as enhanced fluorescence and a much

improved system photostability. Most of the reports of MEF

have focused on silver, due to its visible wavelength plasmon

band and the subsequent ability to enhance fluorescence in

the visible spectral region. Other metals have also been used

to plasmon-enhance fluorescence, including gold,5 copper,6

Aluminum,7 and Zinc.8 Gold and copper nanoparticles typi-

cally enhance fluorescence in the red to near-IR region,

while Aluminum and Zinc have particular advantages in the

UV and visible spectral regions. Since the report of MEF

from Zinc substrates by Geddes et al.,8 there have been

numerous other reports.9,10 However, in all these reports for

Zinc and indeed, all of the metals, there has been virtually no

reports of spectral distortions of fluorophores. Karolin and

Geddes11 recently demonstrated experimentally spectral

shifts from copper substrates with Rhodamine 800 in the red

spectral region(> 700 nm), but there have been no reports in

the UV or visible region to date. In addition, Le Ru has theo-

retically predicted spectral distortions,12,13 although the fast-

coupling and coupling from non-vibronically relaxed states

would ultimately lead to blue-shifted emission spectra,

which has not been experimentally observed to date either.

Subsequently, in this letter, we show that similar to copper,11

metal-enhanced fluorescence from Zinc substrates also leads

to significant spectral distortion on the red edge of the spec-

tra, with systematic changes in the enhancement factor

observed, in essence, a wavelength dependence in enhance-

ment. However, in contrast to the recent work on copper, the

spectra observed from Zinc show an increased full-width-

at-half maxima (FWHM), i.e., the spectra are broader.

Basic Fuchsin and 99.995% pure Zinc were purchased

from Sigma-Aldrich, USA and Kurt J. Lesker Company,

Material Group, Clariton, PA, USA, respectively. Fisher

brand glass slides were first washed with double dionized

water and ethanol (histological grade, Fisher Scientific,

USA), dried, and then plasma cleaned for 10 min. An

Edwards 360 thermal vapor deposition system was used for

the Zinc deposition at a rate of 0.3 nm/s, under a typically

pressure of 5 � 10�6 torr. A quartz crystal oscillator was used

to monitor the rate and the film thickness. A Cary 60 Bio

UV-Vis spectrometer (Agilent) was used to record the ab-

sorbance spectra. Standard 4 � 1 � 1 cm cuvettes were used

for Basic Fuchsin aqueous solutions, the Zinc slides were ori-

ented perpendicular to the beam. The absorbance spectra

were recorded relative to a background signal sample,

uncoated glass and a cuvette filled with water, respectively.

Synchronous scattering spectra, i.e., spectra recorded

when the emission wavelength¼ excitation wavelength

(kEx¼ kEm), were obtained on a Cary Eclipse, Varian, Inc.,

equipped with a plate reader. To minimize background signal,

samples were placed on absorptive neutral density filters

before being mounted perpendicular to the beam in the plate

reader. Basic Fuchsin emission spectra were recorded using a

Fluoromax 4P, Horiba, NJ, USA, in a standard 4 � 1 � 1 cm

cuvette. Emission spectra of Basic Fuchsin from Zinc films

of different thicknesses were recorded on a HR 2000 spectro-

graph from Ocean Optics. The samples were excited parallel

to the surface using a 405 nm laser, Power Technology Inc,

AR, USA. The excitation power was adjusted using a variable

neutral density filter and the power subsequently recorded on

a PM100D power meter (model S121C from Thor labs). The

emission was collected through a 600 lm core diameter optic

fiber from Ocean Optics, passing through a 510 nm long pass

filter (Edmund Optics), removing unwanted scattered excita-

tion light.

Zinc nanoparticulate films were deposited on glass

slides, and showed a broad plasmon band, <500 nm, Figure

1(a), consistent with a previous report.8 The unpolarized syn-

chronous scattering spectra, i.e., when the excitation wave-

length equals the emission wavelength, are shown in 1B.

The synchronous scattering spectra are a convolution of both
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the absorption and scattering properties of the surface, and

have been shown previously to be a good indicator of both

the magnitude and wavelength dependence of MEF.14 Given

that large nanoparticles are dominated by the scattering por-

tion of the extinction spectrum, i.e., scales as r6,15 we can

clearly see the synchronous spectra centered �380, i.e., red-

shifted, as compared to the absorption spectra of the Zinc

films in Figure 1(a). As expected, a 5 nm Zinc film scatters

more intensely and is red-shifted as compared to a 3 nm thick

Zinc nanoparticulate film.

Figure 2(a) shows the emission spectra of Basic Fuchsin

(BF) from both a 3 nm thick Zinc film and from a glass slide,

a control sample which does not contain plasmon enhancing

metal. Dividing these spectra, we readily generate the MEF

spectra, dotted line of Figure 2(a). These MEF spectra show

a wavelength dependence and have not hither to been

reported for Zinc. Interestingly, the MEF spectra appear to

peak with a mean enhancement value � 6. It is important to

note that for nearly all the reports of MEF in the literature,

these MEF spectra are flat, i.e., there is no wavelength de-

pendence of enhancement observed. When the spectra

are normalized, Figure 2(b), we observe a broader metal-

enhanced fluorescence BF spectrum, as compared to the

control sample. This is in contrast to a previous report from

copper substrates, where the greatest enhancements where

accompanied by spectra with more reduced FWHM. We also

studied the effects of different solvents on the position of the

emission spectrum and can conclude that the spectral shifts

observed here are not due to a polarity effect on the fluoro-

phore. Similar trends and results were observed for the 5 nm

thick Zinc nanoparticulate films, Figures 3(a) and 3(b).

Figure 4(a) shows the emission spectra from glass and

the 1,2,3,5, and 10 nm thick Zinc films studied. As the thick-

ness of the Zinc film increases, the enhancement factor (emis-

sion from Zinc divided by the emission from the glass control

FIG. 1. (A) BF aqueous solution absorbance and emission spectra.

Absorbance of different Zinc thicknesses (3, 5 nm). (B) Synchronous scatter-

ing spectra (kEx¼ kEm) from both a glass slide (control sample) and Zinc

coated slides (samples).

FIG. 2. (A) Emission spectra recorded for BF aqueous solution on glass

(control sample) and glass coated with a 3 nm Zn film (sample). The calcu-

lated MEF response is also shown, i.e., the emission response from the sam-

ple divided by the control sample, with the mean value shown, dotted line.

(B) Normalized spectra from both glass and zinc.

FIG. 3. (A) Emission spectra recorded for BF aqueous solution on glass

(control sample) and glass coated with a 5 nm Zn film (sample). The calcu-

lated wavelength dependence of MEF is also shown, with the mean value

shown, dotted line. (B) Normalized emission spectra from both glass and

zinc.
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sample) increases to a maximum enhancement for 3 nm Zinc

and then slightly decreases for both 5 and then 10 nm thick-

nesses, Figure 4(b). The FWHM remains roughly constant,

except for the 3 nm thickness, i.e., the largest enhancement,

which was significantly reduced, not like what was observed

in a previous paper pertaining to spectral distortions from cop-

per films.11 At first, one may think that this result is simply

experimental error. However, the spectra presented here are

the mean spectra from 3 positions over the Zinc surface, the

results and trends being reproducible. Subsequently, similar to

the previous copper report,11 the film which provides the

greatest enhancement in intensity also shows a narrower emis-

sion spectra, i.e., a reduced FWHM.

Finally, it is important to place our findings in context

with the broader and current MEF thinking today. The only

theoretical work to address spectral profile modifications in

MEF has been undertaken by Le Ru et al.,12,13 some time

back, with little experimental work being undertaken to date.

Le Ru suggests that there are three possibilities for relaxation

in a coupled MEF system, slow, fast, and ultrafast electron

relaxation. For the slow MEF case, the excited electron

relaxes to S1(0) from which it can then decay to S0. We con-

sider this to be the standard MEF condition, similar to classi-

cal far-field fluorescence. For the fast relaxation condition,

decay to the ground state, S0, may occur from any intermedi-

ate levels of S1 after absorption and the lowest level, S1(0).

In Le Ru’s ultra fast MEF model, the fluorophore radiative

decay rate in the presence of metal is assumed to be much

faster, where no electron relaxation occurs in S1, the emis-

sion being from S1(n) to S0(n), where n is the nth vibronic

level. In both the fast and ultra fast decay models, the

assumption is made that the fluorophore is both excited and

that the fluorophore emits the coupled quanta itself, i.e., the

metal is simply modifying the radiative decay rate of the flu-

orophore. Interestingly, if the fluorophore were indeed radi-

ating/decaying faster when in close proximity to metal, then

one would typically expect to see a blue shifted spectrum as

compared to the control sample, which is decaying in the

free space condition. This is because in classical fluores-

cence, the observed steady-state fluorescence spectrum is a

solvent relaxed spectra. If a fluorophore is subsequently

decaying quicker near-to metal, it follows that the solvent

will not have had time to fully relax, and hence, a blue

shifted spectrum would be expected. This effect was origi-

nally predicted by Geddes and Lakowicz in 2002 [Fig. 10 in

Ref. 16], the theory being developed by Le Ru et al. in

2007,12 but has not been experimentally verified.

Interestingly, the experimental data to date from both

copper substrates and the Zinc data presented here clearly

indicate a red shifted and red-edge distorted spectrum, which

is not in agreement with the earlier predictions of both

Geddes and Lakowicz16 and Le Ru et al. 12 One possible ex-

planation to this discrepancy is that in both predictions, MEF

has been attributed to a metal-modified fluorophore radiative

decay rate. In recent years, Geddes has postulated a different

mechanism for MEF, whereby the excited fluorophore non-

radiatively transfers energy to the surface plasmons, the

nanoparticle itself subsequently radiating the coupled quanta.

We therefore speculate whether the different plasmon energy

levels, thought to be a continuum of possible states, of the

nanoparticle account for the spectral distortions observed.

Work is currently under way in our laboratory to understand

the origins of spectral distortions in MEF with regard to the

radiating plasmon model (RPM) postulated by Geddes.17

In conclusion, we have observed spectral distortion for a

fluorophore when located in the near-field close-to Zinc

nanoparticulate films. This spectral distortion occurs on the

red-edge of the emission spectrum and accounts for the

wavelength dependence of MEF. The results for Zinc are not

like those observed previously for copper films and do not

appear to support the spectral profile modifications originally

predicted by Geddes and Lakowicz in 2002 and theoretically

by Le Ru et al. in 2007, predictions underpinned by models

employing fluorophore radiative rate modifications.
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