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Abstract. Nanosculptured thin films (STF) are prepared by the oblique angle deposition tech-
nigue and take different forms of nano columnar structures. Varieties of STFs were investigated
to find the optimum structure for biosensing based on the surface enhanced fluorescence. A
comparative study was carried out with STFs containing the nanocolumnar structures that differ
in their shape, heighhy, and tilt angle with respect to the surfack thicknessd), and arrange-

ment. The greatest enhancement of the fluorescent signal was found for Ag-based STFs on Si
(100), giving an enhancement factorafl, whereh ¥4 400 nm d ¥ 75 nm and ¥4 23’ rela-

tive to Ag closed film using fluorescent dye Rhodamine 123. We immobilized the fluorescent
receptor to the thiol self-assembly monolayer on Ag-based STF and Ag dense film to demon-
strate the applications of STFs for specific biosensing. Upon excitation of the fluorophore by an
Hg light source, a CCD camera with controlled exposure time would detect the pattern of fluo-
rescent receptor Anti-Rabbit IgG on the surfaces. A specially designed optical fiber housing
attached to the microscope allowed quantitative measurement of the fluorescence spectrum
on a microspot parallel to the image gr@l2012 Society of Photo-Optical Instrumentation Engineers
(SPIE).[DOI: 10.1117/1.JNP.6.0115p8

Keywords: optical biosensing; sculptured thin films; fluorescence spectroscopy; surface
enhanced fluorescence.

Paper 11122SS received Nov. 24, 2011; revised manuscript received May 1, 2012; accepted for
publication May 3, 2012; published online Jun. 21, 2012.

1 Introduction

The quest for optical methods capable of detecting trace amounts of biologically important mole-
cules under physiological conditions can be traced back to Hirschfeld, who demonstrated in the
mid-1970s detection of a single antibody molecule tagged with 80 to 100 fluoroptRieemr
integrated arrays of sensors based on using a mature technology, such as the Si tédtamlogy
great advantage for biochip&luorescence is one optical phenomena that can be used to detect
biopathogens on surfaces; however, fluorescent emission from analytes, especially from biolo-
gical assays, is weak. In order to increase the fluorescent signal from an analyte, attempts have
been made to increase the number of dye molecules bound to the surface, but this produces
concentration quenching, reducing first the quantum efficiency and then the total emission. Sur-
face enhancement and therefore fluorescence can be achieved due to special morphology of the
metal nanosculptured surfaces. It is widely accepted that the mechanism for surface-enhanced
processes is predominantly electromagnetic in nature. Metal nanoparticles and nanostructured
metal films possess localized surface plasmon resonances (LSPRs) that imbue these materials
with a number of unique and useful optical propefti€ear evidence for the role of local
plasmon resonances in the excitation and emission processes has been PréSPRs.

are responsible for the size- and shape-dependent optical spectra leading to the use of metal

0091-3286/2012/$25.00 © 2012 SPIE
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nanoparticles in a variety of bio-diagnostic applicafidrend plasmon modes have been impli-

cated in the extraordinary transmission of light through nanoscafeindlslit® arrays. Further-

more, the confined local electric field enhancements that accompany the excitation of LSPRs are
used in a variety of near-field enhanced spectroscopy and imaging modes, from near-field scan-
ning optical microscopy'? to surface-enhanced Raman spectroscopy (SERSAIthough

SERS applications have motivated much of the research into surface-enhanced spectroscopy
in the past decade, the widespread use of fluorescence-based sensing in biology and the impor-
tance of radiative decay near metal electrodes in organic optoelecfrérdos two factors lead-

ing to new interest in the study of simple fluorescence near metal nanostrétitsugh

planar metal films generally quench the emission from nearby fluoropRétabe effects

of metal nanostructures are more complicated. Depending on the details of the system under
investigation, fluorescence quenchifig® enhancemenit?”° or bott?* have been reported in
experimental studies of fluorescent dyes and quantum dots near nanostructured metals.

The increased surface area (and hence the increased quantity of adsorbed dye) of a nano-
structured metal surface compared with a planar substrate or dens film might account for some of
the reports of enhancement. The observation of enhancement in single molecule expefiments,
planar dye layers with adsorbed nanopartitiemnd the observation of fluorescence signal
amplification due to the sculptured thin films (S¥idicate that real, nontrivial enhancements
of fluorescence using near-field effects are achievable. The origins of such nontrivial fluores-
cence enhancement effects near nanostructured metal can be understood as arising from two
contributions. First, by concentrating the incident light into local nanoantennas, nanostructured
surfaces can lead to increased absorption of the incident light by the fluorophores. Second, metal
nanostructures can alter the radiative and the nonradiative decay rates of nearby fluorophores,
changing both the fluorescence lifetime and quantum yield. Although it has remained difficult to
separate the effects of excitation and emission enhancement, both of these local field effects are
expected to be extremely sensitive functions of the shape of the metal particle, the orientation of
the dye, and the distance between the dye and the Th&tplst as they are for dyes attached to
planar metal filmg>?® In this paper we present an extensive comparative study of enhanced
fluorescence from a variety of nanometallic thin films versus dens films on different substrates.
The main purpose of this study is to demonstrate biosensing from the microspot area based on
the amplification of fluorescence signal due to the special surface morphology of STF.

STFS% are nanostructured materials with unidirectionally varying properties that can be
designed and realized in a controllable manner using variants of physical vapor deposition tech-
niques. The growth mechanism is based on self-organized nucleation during deposition and
subsequent highly directional growth due to an atomic shadowing mechanism. A particle flux,
incident to the substrate at an angléusuallya 80 deg as measured with respect to the
substrate normal), enables preparation of columnar thin films under oblique angle deffosition.
The ability to instantaneously change the growth direction of their columnar morphology,
through simple variations in the direction of the incident vapor flux, leads to a broad spectrum
of columnar forms such as spiral, screws, vertical columns, and chevrons. To date, the chief
applications of STFs are in optics as polarization filters, Bragg filters, and spectral hole
filters 3”38 At visible and infrared wavelengths, a single-section STF is a unidirectionally non-
homogeneous continuum with direction-dependent properties. Being porous, an STF can actas a
sensor for fluids. Recent experimental restiétad theoretical SPR calculatié?s show a great
potential for using STFs as SPR sensors. Biomedical applications such as tissue scaffolds, drug-
delivery platforms, virus traps, and lab-on-a-chip are also in different stages of develgient.

STF are new potential materials for fluorescent enhancement near the $urfalsis. work we

present an extensive study towards biosensing based on a surface-enhanced fluorescence
phenomenon from nanostructured metal STFs. A broad comparative study was done using
Rhodamine 123 as a fluorophore on a variety of films that differ by their morphology, materials

as metals and substrates, inclination angles, hdighil{ angle with respect to the surfacg,(
thickness @), and arrangement to find the best STF candidate for biosensing applications. We
used: (1) Rhodamine 123 as a fluorescent dye to stain the special surfaces of STFs. After
the staining by Rhodamine 123 we compared different STFs and their references to show
the amplification of fluorescent signal due to the metal nanosculptured surfaces. The samples
were quantified by means of the fluorescent signal from captured fluorescence images and
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fluorescence spectra using a spectrometer. A special optical fiber holder was designed and
inserted into the microscope in place of the eyepiece and guided the fluorescence signal to
the spectrometer. By immobilizing the fluorescent antibody to the thiol self-assembly monolayer
on surfaces we show the applications of the STF as a specific biosensor.

2 Experimental

2.1 Preparation of STFs

STFswere prepared using the oblique angle deposition techfM@T&Fs of different materials,
such as Si, Ag, Au, and Cu on different substrates, were prepared by methods including sputter
deposition and e-beam evaporation. The deposition angle was adjuatéd3® deg(deposi-
tion anglea as measured with respect to the substrate normal) to form nanostructures of manifold
shapes (spirals, screws, vertical colurffhs)sing appropriate substrate rotation schemes.
Subsequently, dense films of each material were also deposited with deposition angle
a ¥ 0 deg as reference samples. Pre-patterned substrates, comprising monola€ds of
nanospheres prepared by a self-assethbigthod, and Au dot honeycomb-like array gained
by evaporating Au through the voids of such self-assembled nanospheess, used to form
periodic nanostructure arrays.

The Si, Cu, and Ag STFs were grown by ion-beam sputter oblique angle dep&Ssititme
Au nanorod STFs were grown with direct current (dc) sputter oblique angle deposition, and the
Ag nanorod STFs by means of electron-beam-evaporation oblique angle dejdFitpm(a).
The deposition of Ag and Au films was carried out in a combined electron-beam evaporation and
sputtering system (Edwards). The distance between the source and the substrate was kept at
approximately 16 cm for electron-beam evaporation, with the nominal deposition rates measured
with a resonating quartz crystal sensor. lon beam sputter oblique angle deposition (for Si, Cu,
and Ag nanostructures) was carried out in a high vacuum deposition chamber with a base pres-
sure of1.0x 10°® Paas described elsewhéef&° A sintered target (purity 99.999%) was sput-
tered by a 1000 e¥rP-ion beam, extracted from a radio-frequency (13.56 MHz) ion source with
a triple-grid ion extraction system (grid diameter 40 mm). Argon gas with a mass flqyf
5.50 scciras a process gas, was kept constant for all experiments. After growth, the topography

(b) Particles qux‘/“//

(@) I
S X h d 2%
S Rotation S Rotation \ /ﬁ
= Pad
. Substrate
\‘Substrate Particles flux
CT™ Normal
| b —
——
| I
.+ Particles
e flux Substrate

Fig. 1 (a) Schematic of the oblique angle deposition setup. One stepper motor controls deposition
angle , and a second stepper motor is used for substrate rotation about the substrate normal.
CTM Y4 crystal-thickness monitor, PVD ¥4 physical vapor deposition. (b) Illustration of the columns
creation during the evaporating process: side view with h vertical height, d is rods’ transverse
diameter (along the major axes) in the plane of incoming vapor flux, is the inclination angle nor-
mal to the substrate, and the top view withb the rod conjugate diameter (along the minor axes)
perpendicular to the plane of incoming vapor flux. Note that the inclination angle shown in (b) is
actually determined by the tilt angle of the substrate shown in (a).
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of the samples was examined with scanning electron microscopy (SEM) at 2.5 kV acceleration
voltages. Analysis of the SEM micrographs was done using a commercially available Scanning
Probe Image Processor (version 3.2.6.0.) with the grain detection module. A schematic illustra-
tion for the oblique angle deposition setup and the general structure of the rods is demonstrated
in Fig. 1(a)and1(b), respectively. Awide variety of STFs were prepared by the above methods.
Among these STFs are silicon spiralsQifd, nanospheres, silicon spirals on gold dots, silicon
rods on polystyrene nanospheres, Cu hanorods with various heights on silicon and fused silica
(f.s.) substrates, Ag nanorods, and Au nanorods on silicon and f.s. substrates.

2.2 Preparation of Fluorescent Dye

For fluorescence measurements, the samples were spin-coated at 4000 RPM with fluorescent
dye Rhodamine 123 diluted in methanol at 0.6 wt%. The thickness of the spun dye layer was
estimated by atomic force microscope measurements to be approximately 50 nm. Care was taken
in selecting the spinning conditions to obtain uniform dye films and similar thicknesses on both
the sample and its reference.

2.3 Fluorescence Microscopy Imaging

With light microscope optics adjusted for fluorescence microscopy, it is possible to examine the
distribution of a single molecular species in a specimen and, under specialized conditions, even
detect individual fluorescent molecules. In contrast to other forms of light microscopy based on
object-dependent properties of light absorption, optical path differences, phase gradients, and
birefringence, fluorescence microscopy allows visualization of specific molecules that fluoresce
in the presence of the excitation light soutcin this study, fluorescence measurements were
performed using an Olympus fluorescence upright microscope BX51 with an Hg arc lamp as
excitation light source. The green Hg line at 546 nm was used for excitation in all of the experi-
ments and the emission was detected using the red filter at 590 nm.

Light passing thorough the objective lens propagates as a parallel beam, which is collected by
an internal tube lens as an aberration-free image in the real intermediate image pl&)e (Fig.
Detection of the image/signal obtained in the intermediate image plane was performed: (1) using
a high sensitivity cooled CCD camera with a controlled exposure time, the acquired images were
then analyzed using Matlab and the average intensities of the sample and its reference were
compared; and (2) the measurements were also performed using a fluorescence spectrometer.
The light from the mercury lamp was focused on the analyte samples (dye or fluorescent recep-
tor) by Olympus semi-apochromatic UIS2 objectives lew@8sand x50 MPlanFLN, infinity
corrected (with 0.45 and 0.8 numerical apertures, respectively). The presented measurement was

CCD . .
Fiber Optic
Camera .
Housing
Spectrometer
e f g —— ’Emission
2 b ocd | | filter
L
] | of S - S cube
: | | " Dichroic
Excitation mirror
aHg Arc lamp filter
b Diffusing glass
c UV filter

d Neutral Density filter

e Collector lens (Condenser) - A
f Condenser Aperture Diaphragm (&858
g Field Diaphragm

Fig. 2 Schematic drawing of the optical setup utilizing LSPR-enhanced fluorescence spectros-
copy collecting the signal through the fiber optic at the intermediate plane of the fluorescent
microscope.
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Fig. 3 (a) Fluorescence spectra obtained using the microspectrofluorometer from some of the
samples covered by Rhodamine 123 used in the study for 10 ms exposure time withx50 objective;
(b) Zoom on the low intensity signals.

performed for30x 30 m areas with300x 300 pixelresolution and total acquisition time of
3 s. Matlab software was used to analyze the data.

2.4 Microspot Spectral Fluorometry

Due to the integration of the microscope with a spectrometer, the fluorescence emission spec-
trum was recorded simultaneously with the image grab. We designed a special optical fiber
holder to fit in place of the standard microscopic eyepiece @igvith possible XY and
focus adjustments. The distal end of the fiber is connected to the spectrometer and the strongest
signal is obtained when the fiber is placed in the plane of the primary image of the microscope.
The acquired spectra were filtered from noise by a median filtering technique using Matlab
and then analyzed (Fig). The maximal values of the sample and its reference were compared to
obtain the fluorescence emission enhancement factprThe microspot diameted,y,, being
inspected is determined by the microsceg®imary magnificatioM and the diameter of the
fiber Diiper (Dspot ¥4 Dfiver M). Hence in our case usir@pe, ¥4 1 mmandM % 50, the spot
diameter isDgpo¥2a20 m. The background was removed from the received spectra using
Matlab software. Micro spot fluorometry enabled investigation of the effects of amplification
of the fluorescent signal from STFs and reference films in a more quantitative fashion. Size of
the microspot defines the dimensions of the sample being detected quantitatively with the
spectrometer and smaller spot allows detecting smaller bioentities such as single cells.

3 Results and Discussion

3.1 Fluorescence Signal from a Variety of STFS Using Rhodamine 123

For each sample, a substrate or a dens film of the same material and with the same thickness
deposited on a similar substrate was taken as a reference. The enhancement factor is defined as
the ratio between the fluorescence signal of thelS¥ By and the fluorescence signal from the
corresponding reference filfd R after the background subtraction:

FO Ryre
f 1 .
ef Yigg ot N

Fluorescent signalsd bwere achieved by reducing the backgrourd P ¥4&8 PS minf Fd bg

Some of thee.f.values were calculated according to the fluorescence images. In our pioneering
work on surface enhanced fluorescence (SEF) from STF in vifscherichia colibacteria
detection was demonstrated, we repdft&don e.f. of 15 or larger with respect to glass sub-
strates. Furthermore, if we subtract the background from the fluorescence peak values reported
in®2°2 and then calculate the ratio, an enhancement factor of 20 instead of 15 is obtained
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Table 1 Summary of the nano-STF used in the study and their fluorescencee.f.

# Sample Enhancement Reference Description

1 AgSTF 23*, 20** *Ag closed h %400 nm, d %75 nm, %23° on f.s. substrate
nanorods film,

(4 samples) **f.s.

2 AISTF 36.66*, 5.9,* *Al dense, h %1000 nm, d %30 nm, ¥20° on f.s. substrate
nanorods **f.s.

3 Si STF with 9.6*, 2.15**  *Ag dense, Sirods (h %450 nm or 100 nm), ¥ 90°, on Si
evaporated **Si substrate and Ag nanolayer (5 nm and 15 nm)
top layer of on top
Ag on Si
(2 samples)

4 Cu STF 2* (1-3)**  *Cu dense, Cu nanorods 220 nm height on Si substrate,
nanorods **Sj and f.s. % 90° or Cu nanorods 550 nm height on sillica

substrate, % 90°

5 Ag islands 4 1 Si and f.s. 5 nm and 15 nm thick islands of Ag on Si and f.s.
(4 samples) substrates

6 Si STF with 0.5 f.s. Si rods (h %50 nm or 100 nm), % 90°, on f.s.
evaporated substrate and Ag nanolayer (5 nm and 15 nm)
top layer of on top
Ag on fused
silica
substrate
(2 samples)

7 Si spirals on 0.58 Si Si spirals, h ¥ 740 nm, grown on honeycomb like
Au nanodots Au nanodots of 30 nm height patterned on Si

substrate

8 Si-STF 0 22-3 46 Si or Si rods, h ¥450-100 nm on Si or glass substrates,
(4 samples) Glass Y2 90°

9 Cu-STF 2.20 f.s. h % 45-100 nm, d % 30-60 nm, %:20° on f.s.
(4 samples)

10 Cu-STF (0.8-1.2)*, *Cu dense, h % 100-1100 nm, d % 40-150 nm, ¥ 30-42°,
(4 samples) (0.1-0.3)** **f.s. on f.s. substrate

11 Si spirals on 0.61 Si h % 1090 nm, Si substrate templated with mono-layer
SiO, of SiO, nanospheres (diameter 350 nm)
nanospheres

12 Au STF 3.85*% 0.85** *Au dense, h %285 nm, d %240 nm, ¥.35°, on f.s. substrate
nanorods **f.s.

13 Ag STF 51.5% 26.4** *Ag dense, Ag nanorods heigh I70 nm (the first 70 nm is closed)
nanorods **Si(100) without capping layer on Si(100)

14 Ag STF 10*, 5.15**  *Ag dense, Ag nanorods heigh 70 nm (the first 70 nm is closed)
nanorods **f.s. (nominal) 10 nm Si layer on f.s. substrate

15 Ag STF 1.7*%, 1.4*  *Ag dense, Ag nanorods heigh 70 nm (the first 70 nm is closed)
nanorods **Sj(100) (nominal) 20 nm Si layer Si(100)

16 Ag STF 10*, 5.17**  *Ag dense Ag nanorods heigh 70 nm (the first 70 nm is closed)
nanorods *+f g, without capping layer on f.s. substrate

17 Ag STF 4.5*, 2.3**  *Ag dense, Ag nanorods heigh I70 nm (the first 70 nm is closed)
nanorods **Sj(100) (nominal) 10 nm Si layer Si(100)

18 Ag STF 2.7*%, 1.065* *Ag dense, Ag nanorods heigh T70 nm (the first 70 nm is closed)
nanorods **f.s. (nominal) 20 nm Si layer on f.s. substrate

19 Ag STF 71*, 36** *Ag dense, h %400 nm, d %275 nm, % 23° on Si(100) substrate
nanorods **Si(100)
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Table 1 (Continued).

# Sample Enhancement Reference Description

20 Sirods on 0.8%,1.52**  *Au dense, Vertically aligned Si nanorods on haxagonally
Au dots **Sj(111) arranged Au dots, hdAub %32 nm (nominal),

haSip Y4740 nm, Substrate: Si(111)

21 Sirods on 0.71 Si(111) Vertically aligned Si nanorods on bare Si(100)
Si(100) haSip Y4740 nm, Substrate: Si(111)

22 Au dots, 0.6* 1.06** *Au dense, Si(111) with Au dots in hexagonal arrangement
hdAubP %2 nm **Si(111) hdAub ¥2 nm

23 Au dots, 0.75* 1.336** *Au dense, Si(111) with Au dots in hexagonal arrangement
hdAub ¥46 nm **Si(111) hdAub ¥46 nm

aThe mean value of the grabbed fluorescence images. *Single or **double asterisks near the enhancement
factor values in the column named“Enhancement’ relate to the metal or substrate respectively as a reference
from column “Reference.” Enhancement factor values were calculated according to the Eq. @).

(Tablel). Note that the enhancement factor can reach from a few 10 s up to 71 in certain cases
when measured on hot spots.

Table1l summarizes the main results of this study, showing a wide spectrum of results, with
the most prominent being the fact that Ag STFs result in the greatest fluoresdéffteparam-
eters used in the table are defined in Hi(h). The Ag-coated Si STF samples resulted in a
relatively highe.f.as well. The Al nanorods on bare Si substrates exhibited the next level of
enhancement. According to TaldleAu STFs show no enhancement, which is somehow sur-
prising. On the other hand, for the sample containing Si spirals on Au hanodetg odifiour
was observed. It remains unclear whether the Si or the underlying Au dots (dot size in the range
ofd 150 nmin diameter and an approximdtéZ 30 nm) is responsible for this enhancement;
thus this might indicate the importance of the size of the Au nanoparticles in determining the
fluorescence enhancement. It might also be possible that sometimes the rods in the metal STFs
touch each other, thereby forming broader structures and canceling the nanorod lightening effect.
LSPR excitation is not seen from the reflection and transmission spectra that we carried out.
Previous work® showed that this occurs in the mid-infrared range of the spectrum and some
were designed specifically for an excitation wavelength of 780 nm, however they show a weak
and broad absorption pe&kPorosity is another factor that can enhance fluorescence due to a
larger surface-to-volume ratio, which we think did not play a role here because the thin dye film
used for this study covers mainly the top surface of the sample. We explored the effect of photo-
bleaching and found that reduction of the fluorescence signal is surface-morphology-dependent.
For this reason, all of the results presented on Tallere measured under the same conditions.

The complex geometries involved in both the silver morphology and the placement of the
Rhodamine 123 dye make the results summarized in Tatifcult to quantify and evaluate.

Most often, comparisons between substrates with and without sculptured or dens silver are made
to assess the degree of enhancement. In these instances, the rough silver topology causes dra-
matic changes in the surface area so that many more emitters can be adsorbed, making it difficult
to quantify the enhancement. Also, results tend to be averaged over large numbers of silver
nanoparticle aggregates and dye-to-silver separations whose enhancement may be very different.
Finally, little effort is generally made to separate contributions of absorption and emissive rate
enhancements to the overall increases in fluorescence. According td,TdigdeSTF with the
higheste.f.is Ag columns on Si(100). Since we are also interested in the comparison between the
SEF from bacteria on S##%—non-specific sensing, and with the immobilized receptors on
surfaces-specific sensing, STFs of Ag columns on f.s. (Fgshows the topology of the
structure) were used for the purpose of this study.

Figure5 shows an example of two fluorescence images, the right side for a Ag STF (thick-
ness approximately 400 nm) deposited by e-beam evaporation on fused silica. The right image
consists of a rod-like nanostructure with a rod diameter o75 nm inclined at an angle
23 degwith respect to the substrate plane. The left image corresponds to the continuous Ag film
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Fig. 4 SEM micrographs of the side (left) and top (right) views of Ag STF (upper) structure that
gives highest fluorescence signal enhancement factor with h 400 nm, d 75 nm, and
23 deg compared to the dens silver film (bottom) with 85-90 deg.

Fig. 5 Example of fluorescence using Rhodamine 123. Images grabbed from closed silver film
(left), and columnar silver STF (right).

Fig. 6 Fluorescence images for immobilized fluorescent receptor Anti-Rabbit IgG grabbed from
closed silver film (left) and columnar silver STF (right).

used as a reference, which has a thickness of approximately 415 nm (deposited on fused silica).
Visually one can easily see that the STF enhances the fluorescence signal compared to a closed
film. Averaged signal measurements show an enhancement factor of 15.

Figure6 shows fluorescence images for an immobilized fluorescent receptor Anti-Rabbit IgG
(1/100 antibody/PBS) grabbed from closed silver film (left), and columnar silver STF (right),
showing an enhancement factor of about 32. The right image consists of a rod-like nanostructure
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with rod diameter ofl 75 nm inclined at an angle 23 degwith respect to the substrate
plane, while the left image corresponds to the flat silver film used as a reference in both samples
with approximately 400 nm silver height.

4 Conclusion

SEF from metallic nano-STFs is investigated with a microspot resolution. An extensive com-
parative study was presented involving experimental results of fluorescent signals from a variety
of STFs compared to the reference/dens films using Rhodamine 123 dye as a fluorophore and
immobilized fluorescence receptor. Fluorescent signals were captured by a CCD camera, and a
specially designed optical fiber housing attached to the microscope allowed quantitative mea-
surements of the fluorescence spectrum on a microspot in parallel with the image grab. A fluo-
rescent enhancement facto26fwas obtained from the silver nanocolumns deposited at 23 deg
with respect to the f.s. substrate. Enhancement factors from a few 10 s up to 71 were also
observed on hot spots. The expected absolute values are much higher than what we reported
here. It is believed that this is due to several reasons: (1) There is a distribution of nanorod sizes
in the STF, (2) the nanorods are not isolated completely and sometimes clusters of rods touch
each other, and (3) some quenching effects can reduce the enhancement. This study highlights
the potential of metallic STFs for biosensing. Further studies are needed for: optimizing these
structures to specific applications, finding the minimal dimensions of the assay in terms of the
detection limit and demonstrating single molecule detection, and lifetime measurements can add
to better understanding of the origins of the fluorescence enhancement mechanism near nano-
structured metallic nanoclumns and distinguish between the enhanced absorption and the
enhanced emission.
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