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ABSTRACT

When an electromagnetic wave interacts with a nano structured metallic surface or a nanoparticle, the electromagnetic
fields near the surface are greatly enhanced by factors up to 1000. This phenomenon is due to two processes: (i) the
‘lightning rod’ effect, conventionally described as the crowding of the electric field lines at a sharp metallic tip and (ii)
the excitation of localized surface plasmons at the metal surface. Both are responsible for the enhancement of
fluorescence, second-harmonic generation and Raman scattering. For metal nanoparticles often both processes are
involved in creating the localized enhanced near field. Since sculptured thin films (STFs) can have a rod like structure
and an overall large porosity, it is expected that these structures will exhibit enhanced fluorescence and Raman signals.
Results of comparative study of surface enhanced fluorescence are presented from STFs containing metal nano
structures. The highest enhancement is found for Ag based STFs giving an enhancement factor of x14.

1. INTRODUCTION

Metal based nano-structures are becoming more and more practically important for photonic devices, particularly for
sensing applications, due to the surface enhanced phenomena they exhibit. A number of physicochemical effects related
to the behavior of fluorophores near nanoparticles have been brought into focus by this emerging field of plasmonics.
Among these, surface enhanced fluorescence (SEF) is one of most useful phenomena'*>*>%™% with significant
applications in biotechnology and life sciences, alongside with the surface enhanced Raman scattering (SERS). When a
molecule is excited, there are a variety of processes which will return it to ground state. If we consider three processes
for returning to the ground state (radiationless energy loss, intersystem crossing through the triplet state, and emission of
photons) then the efficiency of emission will be a function of the competing rates of these processes:
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Where 77 is efficiency or quantum yield which is a dimensionless quantity given by the ratio between the emitted photon
and the number of absorbed photons. The rate constants K firx designate those for florescence emission, radiationless
energy loss, and intersystem crossing, respectively. The average lifetime of the excited state is inversely related to the
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Surface enhanced fluorescence (SEF) takes place in the proximity of metal structures. The effect of fluorescence
enhancement has been intensively studied by several groups'™®. In the proximity of metals, the fluorophore radiative
properties are modified and an increase in the spontaneous emission rate is observed, which is associated with a
concomitant increase in the radiative quantum efficiency. This results from the shortening of the fluorescence lifetime,
which enables faster cycling of the fluorophore. These are given by the following relationships:
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Here, 77, is the quantum yield, modified by the nanostructure, k f and ki are rate constants as in (1), K, is the

additional rate constant induced by the nanostructure and 7, is the fluorophore lifetime modified by the nanostructures.
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Figure 1: Fluorescence effect: a) molecule is excited by light, b) Schematic explanation of excitation and emission processes, (1)
excitation from the ground state, (2) decay to the nearest energy level and (3) photon emission via returning to the ground state.

The fluorophore emission intensity depends on the distance between the metal and the fluorophore in a complex
fashion'~. At very close distances (less than several nm), the fluorophore experiences significant non-radiative decay
components, and consequently the emission is strongly quenched. At intermediate distances (e.g. for Ag around 5 nm),
the non-radiative decay process subsides and the enhancement effect begins to dominate, producing the overall
fluorescence amplification peak, which, for spherical metal nanoparticles, reaches a typical value in the order of 10. For
longer distances, (10 nm and above), the amplification tapers off, eventually reaching unity”.

Metallic nano-features on different substrates are the most comfortable beds for building optical nano-biosensors in a
variety of analytes such as water and blood. They can be formed by conventional nano-lithography techniques on metal
substrates or on dielectric substrates, which can be coated with a thin metal film in a following preparation step. A
promising option is to prepare the nanostructures with oblique angle deposition techniques (combined with a suitable
substrate rotation), thus giving the advantageous possibility to grow nearly arbitrarily shaped, separated nanostructures in
a single deposition step without any pre- or post-deposition patterning of the film. The nanostructures deposited with this
so-called glancing angle deposition (GLAD) technique can be made of inorganic or organic dielectrics, metals, and
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semiconductors, on a variety of substrates’. There are 3 reasons that motivated us to investigate such structures for
biosensing applications: (i) as metal nanorods they can be used to enhance local electromagnetic fields, (ii) being highly
porous, they exhibit large surface to volume ratio and (iii) the possibility of preparing them with different morphologies
allows for unique optical properties, such as the polarization-selective reflection from chiral nanostructures.
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Figure 2: Top-view SEM micrographs of different STF structures prepared for this study.

Sculptured thin films (STFs) are nanostructured materials with unidirectionally varying properties that can be designed
and realized in a controllable manner using variants of physical vapor deposition. The ability to virtually instantaneously
change the growth direction of their columnar morphology, through simple variations in the direction of the incident
vapor flux, leads to a wide spectrum of columnar forms. To date, the chief applications of STFs are in optics as
polarization filters, Bragg filters, and spectral hole filters'*'". At visible and infrared wavelengths, a single-section STF
is a unidirectionally nonhomogeneous continuum with direction-dependent properties. Several sections can be grown
consecutively into a multisection STF, which can be conceived of as an optical circuit that can be integrated with
electronic circuitry on a chip. Being porous, an STF can act as a sensor of fluids. Biomedical applications such as tissue
scaffolds, drug-delivery platforms, virus traps, and labs-on-a-chip are also in different stages of development.
Sculptured thin films (STF) are new potential materials for fluorescent enhancement near the surface. In this work we
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investigated the existence of enhanced fluorescence in several STF materials. The origin of the SEF enhancement is
questionable as extinction measurements do not show any signs of LSPR excitation in the 400-900nm range.

2. EXPERIMENTAL

The STF samples were prepared using the glancing angle deposition technique. Varieties of samples were prepared using
different materials: Si, Ag, Au and Cu on different substrates such as fused silica and Si and with different morphologies
such as nanorods and nanohelices. The Si and Cu STF were grown by ion beam sputter GLAD as described
elsewhere'>'*'* whereas the rodlike Au STFs were grown with DC sputtering and the rodlike Ag STFs by means of
electron beam evaporation. The deposition angle was set to approximately 85° in all cases.  In figure 2 we present
typical scanning electron microscope (SEM) micrographs showing the columnar structure. For reference measurements,
continous film samples of each material were prepared with on-axis deposition. Some of the samples were templated
with monolayers of SiO, nanospheres using a colloidal self-assembly method'* and with Au dots in hexagonal
arrangements gained by evaporating Au through the holes of such self-assembled films of hexagonally closed packed
nanospheres with subsequent removal of the spheres.

For fluorescence measurements, the samples were spin coated with a 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 50nm. Care was taken in selecting the spinning conditions to obtain uniform dye films and similar
thicknesses both on the sample and its reference. Fluorescence measurements were performed using an Olympus
fluorescence microscope with an Hg arc lamp as excitation light source having three fluorescence cubes with the

x> Aem | = 1{365nm,420nm }, {480nm,505nm}, {546nm,590nm}} . The

green Hg line at 546nm was used for excitation in most of the experiments and the emission was detected using the red
filter at 590nm. The detection was done using a high sensitivity cooled CCD camera with a controlled exposure time.
The grabbed images were then analyzed using Matlab and the average intensity was compared between the sample and
its reference. Part of the measurements was also performed using fluorescence spectrometer.

following excitation-emission wavelengths: {l

3. RESULTS AND DISCUSSION

Figure 3 shows an example of two fluorescence images, one for a Ag STF (thickness approximately 400 nm) deposited
by e-beam evaporation on fused silica. The STF consists of rod-like nanostructures with rod diameter d = 75 nm,
inclined at an angle a =~ 23° with respect to the substrate plane. The left image corresponds to the continuous Ag film
used as a reference, which has thickness of approximately 415 nm (deposited on fused silica).

In figure 4 we present fluorescence spectra of different samples with STFs of different elements, grabbed using polarized
fluorescence spectrometer where a blue light excitation source (488 nm) was used. As can be seen, the Si spirals on SiO,
nanospheres shows the least signal comparable to the reference sample, which is a bare Si substrate. The largest
enhancement is found for the STF sample containing Cu nanopillars (deposited with fast continuous substrate rotation)
on a bare Si substrate.

Table 1 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 highest fluorescence enhancement factor. The parameters used in the table are defined in
figure 5. Ag coated Si STF samples proved to result in a relatively high enhancement factor as well. Cu nanorods on
bare Si substrates exhibited the next level of enhancement. According to table 1, Au STFs show no enhancement which
is somehow surprising. On the other hand, for the sample containing Si spirals on Au nanodots, an enhancement factor
of 4 was observed. It remains unclear whether the Si or the underlying Au dots (dotsize in the range of =~ 150 nm
diameter and approximately 30 nm height) 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, thus canceling the rod lightening effect.
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LSPR excitation is not seen from the reflection and transmission spectra that we carried out. Previous works'> showed
that this occurs in the mid-infrared range of the spectrum. The porosity is another factor that can enhance the
fluorescence due to larger surface to volume ratio, which we think did not play a role here because the thin film dye used
for this study covers mainly the top surface of the sample.

Sample :Ag Reference Sample :Ag nanorods
Mean Intensity: 0.8735 Mean Intensity: 12

Figure 3: Example of fluorescence images grabbed from closed silver film (left), and columnar silver STF (right), showing an
enhancement factor of about 14. The images were originally in red and converted to grey scale.
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Figure 4: Fluorescence signals versus wavelength from three different samples, showing that the sample consisting of pillar-like Cu
structures on bare Si substrates exhibits the largest fluorescence. The fluorophore in this case was excited with 488nm light and the
emission is in the green.
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h... vertical height
d... rod diameter (in plane of incoming vapour flux)
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Figure 5: Schematic drawing of rod-like nanostructures grown with GLAD, showing the parameters defining the structure of the STF
samples.

Table 1: Summary of the nano-sculptured thin films used in the study and their fluorescence enhancement factors.

Enhancement
Samples factor Description

Rod - like Ag STF (4 samples) 14 h=400nm, d=75nm, 0=23° on fused silica substrate
Si STF with evaporated top Si rods (h=50nm or 100nm) , «=90°0n Si substrate and
layer of Ag on Si (2 samples) 8 Ag nanolayer (5nm and 15nm) on top
Rod - like Cu STF 8 Cu nanorods 220nm height on Si substrate, a=90°

5nm and 15nm thick islands of Ag on Si and fused silica
Ag islands (4 samples) 7 substrates
Si STF with evaporated top
layer of Ag on fused silica Si rods (h=50nm or 100nm) , a=90° 0n fused silica
substrate (2 samples) 5 substrate and Ag nanolayer (5nm and 15nm) on top

Si spirals, h=740nm, grown on honeycomb like Au
Si spirals on Au nanodots 4 nanodots of 30nm height patterned on Si substrate
Si-STF (4 samples) 3 Si rods, h=50-100nm on Si or glass substrates, a=90°
Cu-STF (4 samples) 2 h=45-100nm, d=30-60nm, a=20°, on fused silica

h=100-1100nm, d=40-150nm, a=30-42°, on fused silica
Cu-STF (4 samples) 0.5-1 substrate

h = 1090nm, Si substrate templated with mono-
Si spirals on SiO, nanospheres 0.5-1 layer of SiO2 nanospheres (diameter 350 nm)
Rod - like Au STF 0.5-1 h=285nm, d=40nm, a=35°, on fused silica substrate

4. CONCLUSIONS

To conclude, fluorescence enhancement was observed on metallic sculptured thin films mostly prominent in films
containing Ag nanorods, Ag islands or thin (<20 nm) coating of GLAD-grown Si nanorods with an Ag top layer. The
enhancement factor is found to be as high as 14. Upright, pillar-like nanostructures of Cu on bare Si substrates also
exhibited fluorescence enhancement up to a factor of 8. Si spirals on top of Au nanodots exhibited some noticeable
enhancement by a factor of 4. Au and Cu STF samples with inclination angle to the substrates in the range 20°-42°
exhibited no enhancement possibly due to touching of the rods, thus cancelling out the lightning rod effect. LSPR
excitation was not observed in the spectral range of 400-1100 nm. The porosity is believed not to play a role here
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because the thin film dye used covers mainly the top surface of the sample. This study shows the potential of metal based
STFs as suitable beds for fluorescence based sensing. Further studies are going on for the possibility of bacteria sensing
in water using the enhanced fluorescence observed in Ag based samples.
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