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Metal-enhanced fluorescence from tin nanostructured surfaces
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The recent surge in interest in the metal-enhanced fluorescence (MEF) phenomenon and its
numerous applications in the biosciences has fueled research into identifying alternative metals to
silver which have desirable properties, such as enhanced emission and fluorophore photostability. In
this paper, we subsequently study and reveal that tin nanodeposits are a suitable metal for MEF with
an electric field wavelength dependence somewhat different than silver. An enhanced fluorescence
emission coupled with a reduced fluorophore lifetime suggests both an electric field and
plasmon-coupling component are the underlying mechanisms for tin-based MEF. In addition, an
enhanced fluorophore photostability is observed near-to tin nanodeposits.

© 2010 American Institute of Physics. [doi:10.1063/1.3284081]

I. INTRODUCTION

Fluorescence detection is the dominant tool in medical
diagnostics and biotechnology today.l_5 While fluorescence
can be a very sensitive technique, the detection limit is usu-
ally limited by the quantum yield of the fluorophore (label),
the autofluorescence of the sample, and the photostability of
the fluorophores. In this regard, metallic nanostructures have
been used to favorably modify the spectral properties of fluo-
rophores and to alleviate some of their more classical photo-
physical constraints. The use of fluorophore-metal interac-
tions has been termed metal-enhanced fluorescence (MEF)
by Geddes and Lakowicz.® To date, MEF from plasmonic
nanostructured materials such as silver,’ gold,8 copper,9
Zinc,lo chromium,11 and nickel'? have been observed by our
laboratory. In this regard, silver, gold, and copper nanopar-
ticles were used for applications of MEF with fluorophores
emitting in the visible wavelength region, while zinc and
chromium nanostructured films were shown to additionally
enhance the fluorescence emission of fluorophores in the UV
and blue spectral regions, where as nickel was shown to
enhance in the near infrared spectral range.12 In this paper
we subsequently show that tin nanodeposited films can also
be used as substrates for MEF applications. Tin nanodeposits
of various thicknesses were deposited using thermal vapor
deposition onto glass microscope slides, which were charac-
terized by optical absorption and atomic force microscopy
(AFM) techniques. Enhanced fluorescence emission from
fluorophores was observed for fluorophores near-to the tin
deposits. In addition, we have observed a shorter fluores-
cence lifetime for fluorophores, which is in complete agree-
ment with other reports and trends for MEF from other met-
als such as silver, which also shows a reduced coupled
system lifetime, suggesting that both an enhanced electric
field and a plasmon-coupling component underpins the
mechanism for fluorescence enhancement.
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Il. EXPERIMENTAL SECTION

Materials. Fluorescein was obtained from Sigma-
Aldrich Chemical company and used as received. Silane
prepm glass microscope slides were purchased from Sigma-
Aldrich. Tin nanostructured films of various thicknesses
were deposited onto silane-plrepTM glass microscope slides us-
ing thermal vapor deposition, AccuCoat, Inc. Rochester, NY,
USA.

Preparation of sandwich format samples for MEF mea-
surements. A solution of 100 ul of a fluorophore (10 uM)
was sandwiched between two glass slides for the control
sample and between one glass and one tin nanostructured
film. Fluorescein was excited with a cw laser source at 455
nm and the fluorescence emission spectra measured as de-
scribed as below.

Fluorescence lifetime analysis. Fluorescence lifetimes
were measured using the time-correlated single photon
counting technique, a Horiba Jobin Yvon fluorescence life-
time spectrometer (TemPro) with a 444 nm NanoLED as the
light source. The intensity decays were analyzed in terms of
the multiexponential model

1) = 2 o exp(~1/7), (1)

where «; are the amplitudes and 7i are the decay times,
2,;ai=1.0. The fractional contribution of each component to
the steady-state intensity is given by
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The mean lifetime of the excited state is given by
=2 (3)
and the amplitude-weighted lifetime is given by

(n=2 a. (4)
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FIG. 1. (Color online) Absorption spectrum of vapor deposited metallic tin
of various thicknesses deposited onto glass slides (top). The photograph of
glass and tin slides with different thicknesses 1, 2, 4, 8, and 10 nm (bottom),
demonstrating the semitransparent nature of the films.

The values of «; and 7; were determined by a nonlinear
least-squares impulse reconvolution with a goodness-of-fit
X? criterion.

Optical spectroscopy. The absorption spectra of the tin
nanostructured films of varying thicknesses were collected
using a Varian Cary 50 UV-Vis spectrophotometer. Fluores-
cence spectra of the fluorophores were measured with blank
glass sandwiches and glass-nanostructured film sandwiches
using an Ocean Optics HD2000 fluorometer.

AFM. AFM images were performed on a molecular im-
aging picoplus microscope. Samples were imaged at a scan
rate of 1 Hz with 512X 512 pixel resolution in a tapping
mode.

Finite-difference time-domain (FDTD) calculations. The
FDTD method was employed here to determine the electric
field intensities and distributions at the surface of tin nano-
particles in a total field scattered field (TFSF). TFSF sources
are used to divide the computation area or volume into total
field (incident plus scattered field) and scattered field only
regions. The incident p-polarized electric field is defined as a
plane wave with a wave vector that is normal to the injection
surface. The scattered and total fields were monitored during
the simulation such that the total or scattered transmission
can be measured. Using LUMERICAL (Canada) FDTD solu-
tion software, the simulation region was set to 800X 800
X 800 nm with a mesh accuracy of six. The overall simula-
tion time was set to 500 ns and calculated over a frequency
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FIG. 2. (Color online) AFM images of 4, 8, and 15 nm Sn on glass. Below
are the respective line scans for the AFM images.

range from 300 to 800 nm for silver nanoparticles and 300-
800 nm for the tin nanoparticles.

lll. RESULTS AND DISCUSSION

Figure 1 shows the absorption spectra of 1, 2, 4, 8, and
15 nm thickness tin nanodeposits. Tin nanodeposits of 1, 2,
and 4 nm show an absorbance peak around 340 nm. With
increasing thickness, a broad absorption spectrum was ob-
served, which is indicative of the aggregation and close
proximity of the nanodeposits on the surface. In Fig. 1 (bot-
tom), the different thickness tin deposits show their transpar-
ency with decreased loading. The morphology of different
thickness of nickel films was measured by AFM. AFM im-
ages of 4, 8, and 15 nm Sn film are shown in Fig. 2. For the
15 nm tin film, the height of islands was ~7 mm, as seen
from the line scan results. For the 8 nm Sn film, the height of
the Sn particles was ~5 mm. For the 4 nm Sn film, the
height of the Sn particles was around 2 nm. From the thick-
ness of the Sn film also measured using the quartz crystal
microbalance in the thermal vapor deposition unit, it can be
concluded that there are multilayers of the Sn nanoparticles
on the glass slides and Sn nanoparticles grow larger with
increasing thickness, or extent of surface loading.

To test the tin deposits for potential applications in MEF,
the fluorescence emission spectra of fluorescein in water on
different thickness Sn films and on glass were measured as
shown in Fig. 3. It can be seen that the fluorescence of fluo-
rescein is enhanced (=~2.5 fold) for 15 nm Sn, where the
enhancement factor increased with increased Sn thickness
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FIG. 3. (Color online) Emission spectra (top) and fluorescence enhancement
factor (bottom) for a solution of fluorescein in water sandwiched between
glass and tin slides of varying thicknesses. Ex: 455 nm, filter 500 nm long-
pass. The enhancement factors were determined from several measurements
on the film surface.

(Fig. 3, bottom). The fluorescence was diminished when the
tin (Sn) thickness was smaller than 4 nm. It is well known
that the absorption (C,) and scattering (C,) portions of a
metallic nanoparticles extinction Cr underpin both the en-
hanced absorption and enhanced emission effects which cu-
mulatively account for the enhancement factors in MEE."

4

kl
CEZCA+CS=k1 Im(a)+ |C¥
6

2’ (5)

where k;=2mn;/\, is the wave vector of the incident light in
the surrounding medium (typically, air, water, or polymer
film), « is the polarizability of the sphere with radius r, n; is
the refractive index of the medium, and A, is the incident
wavelength. The term |a|? is the square of the modulus of &

a=4mr (e, —&)/(e, +2¢)), ©)

where €, and g, are the dielectric and the complex dielectric
constants of the media and the metal, respectively. Given that
the absorption component scales as the radius cubed and the
scattering component scales as the radius to the sixth power,
it is therefore expected that close-proximity fluorophores
would demonstrate more enhanced properties near-to larger
nanoparticles. This finding is consistent with trends observed
for continuous and particulate silver and gold films and their
influence on MEE.*!* The real-color photograph inserts (Fig.
3, bottom insert) also provide additional visual evidence for
enhanced emission from the Sn film. In this regard, it should
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TABLE I. Fluorescence lifetime of fluorescein in water (pH=7.0) and on tin
nanodeposits measured using time domain fluorometry. (7): the amplitude-
weighted lifetime. 7o the mean lifetime. The experimental geometry of
samples (top left) and schematic representation of metal-enhanced fluores-
cence (top right).

Ex
/Em A ex\{ A em
B Glass n Transfer / MEF

Fluorophore coupling <10 nm

900000 Soupting 16

B - S G
T A% T A2% | <> T x
(ns) (ns) ns ns
Fluorescein in 3.9 100 3.9 3.9 1.0

H,0 in cuvette

Fluorescein 3.5 | 78.9 7.6 21.1 3.9 4.1 1.2
glass/glass
sandwich
Fluorescein 4 3.8 76 4.1 24 3.8 3.8 0.9
nm Tin/ glass

Fluorescein 8 3.4 60 3.6 40 3.5 3.5 0.9
nm Tin/ glass

Fluorescein 15 3.1 40 3.6 60 3.4 34 1.2
nm Tin/ glass

be noted that the true MEF enhancement factor (I Sn/I glass)
is actually ~125 fold. This is because the MEF phenomenon
is through space interaction with fluorophore-particle cou-
pling at distances less than 20 nm. Given that the MEF en-
hancement originates from only the first 20 nm of solution in
a 1 um solution sandwich, then the observed ~2.5-fold en-
hancement originates from only 2% of the total sample vol-
ume, with an effective enhancement therefore of nearly 125
fold. Table I (top) shows the metal enhanced sandwich ex-
perimental geometry used in this study.

The photostability of fluorescein on a 15 nm tin film was
also measured. Figure 4 shows fluorescein emission as a
function of time, excited at 455 nm and observed through a
500-nm-long pass filter. The relative intensities of the plots
reflect that more detectable photons can be observed per unit
time from the 15 nm tin film, as compared to glass (a control
sample), where the integrated areas under the plots is propor-
tional to the photon flux from the respective samples. By
additionally adjusting the laser power to match the same ini-
tial steady-state intensities of the samples, the fluorescein on
tin can be seen to be more photostable. This finding suggests
that the lifetime of the fluorescein is shorter on 15 nm tin
film, the fluorescein in essence spending less time on average
in an excited state due to the fast nonradiative energy transfer
to the tin, and therefore is less prone to photo destruction,
i.e., is more photostable.

In this regard, we have also measured the time-resolved
intensity decays of fluorescein (fluorescence lifetimes) in
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FIG. 4. (Color online) Emission intensity vs time of fluorescein on 15 nm
tin and glass with constant 455 nm excitation (top curve), and with the laser
power adjusted to give the same initial steady-state fluorescence intensity as
that observed on glass (middle). Bottom trace shows the emission intensity
of fluorescence vs time for a sandwich solution on glass slides.

close proximity to Sn, data shown in Table I. The respective
lifetimes were calculated from those decays, using nonlinear
least-squares impulse reconvolution analysis. We see both a
reduced mean lifetime (7., on 15 nm Sn=3.4 ns) and
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amplitude-weighted lifetime ((7) on 15 nm Sn=3.4 ns) for
fluorophores near-to Sn as compared to the glass control
sample (7, on glass=3.9 ns and (7) on glass=4.1 ns).
These findings of reduced fluorophore lifetimes are consis-
tent with our previously reported findings for nanosecond
decay time fluorophores sandwiched between silver nano-
structures, similarly suggesting the radiating plasmon
is a suitable description of the tin-fluorophore en-
hancement mechanism. In this description, the lifetime of the
fluorophore-metal system is reduced due a faster and more
efficient fluorophore-plasmon coupling and then coupled
system, Table I (top, emission).

For tin-fluorophore combinations in this work, we sug-
gest two complementary effects for the observed fluores-
cence enhancement: (i) surface plasmons can radiate coupled
fluorescence efficiently, and (ii) an enhanced absorption or
electric field facilitates enhanced emission. When a lumino-
phore is placed near-to metal, there is often a very strong net
absorption effect caused by the localized enhanced electro-
magnetic field of the incident excitation field. Since en-
hanced electromagnetic fields in proximity to metal nanopar-
ticles are the basis for the increased system absorption in
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FIG. 5. (Color online) The dependence of electric field maximum intensity upon wavelength of the incident light (bottom). Calculations were undertaken
using FDTD simulations for Ag and Sn nanoparticles of sizes, 10, 100, and 250 nm (diameter). (Top) image of a nearfield intensity distribution around 100
nm Sn nanoparticles taken at 295 nm (position of the local maximum) and for a 100 nm Ag particle taken at 450 nm. White arrow shows direction of the

incident light injection. Finite difference time domain (FDTD).
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MEEF, we have additionally calculated the electric field dis-
tributions (using FDTD calculations) for tin nanostructures
on a planar surface (Fig. 5). We are aware that the morphol-
ogy of the actual particles is not exactly same, but we have
chosen diameters of 10, 100, and 250 nm to simplify and
indeed approximate the surfaces. FDTD calculations show
that the maximum electric field intensity is predicted to occur
in the UV range for tin. In contrast, for silver which is widely
used in MEFE,">"7 the notable wavelengths/range occurs from
400 to 500 nm. From Fig. 5, we can also see that the mag-
nitude of the electronic field in the same x and y planes is
much more favorable in the blue/visible spectral regions.
That said, the near-field enhancements observed around the
tin nanoparticles, coupled with their low cost to deposit,
makes the use of tin useful and attractive. It is also of interest
to note the electric field versus wavelength profile for tin is
more pronounced in the UV range, which may be important
for the label-less intrinsic-fluorescence-based detection of
proteins, work currently underway in our laboratory. To date,
very few metals have been shown to be plasmon supporting
materials in the UV, as reviewed in a recent paper in the
context of surface plasmon coupled fluorescence
spectlroscopy,18 hence tin nanoparticles may be an alternative
to aluminum, which has been shown useful for MEF in the
uv.

IV. CONCLUSIONS

In this letter, we report the first observation of MEF from
tin substrates. When fluorophores are placed in close prox-
imity to the tin substrates, MEF was observed. In addition,
the decay times of fluorophores were also reduced near-to
the tin substrates, suggesting both an enhanced electric field
and a plasmon-coupling component is the mechanism for the

J. Appl. Phys. 107, 024302 (2010)

observed fluorescence enhancement, similar to substrates
made from silver, copper, and gold nanoparticles, reported
by our laboratory in the past.
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