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Abstract: Raman spectroscopy is the workhorse for label-free analysis of molecules. It relies
on the inelastic scattering of incoming monochromatic light impinging molecules of interest.
This effect leads to a very weak emission of light spectrum that provides a signature of the
molecules being observed. Considerable efforts have been made over the last decades, in
particular with the development of Surface Enhanced Raman Spectroscopy (SERS), to
enhance the intensity of the emitted signal so that ultimately, traces of molecules can be
detected. Here, we show that dense self-organized networks of quasi-monodisperse
nanoparticles redepositing during femtosecond laser ablation of trenches in fused silica can
lead to a significant field enhancement effect, enabling the Raman detection of a single-
molecule layer deposited on the surface (so called monolayer). Unlike previously reported for
SERS experiments, here, there is no metal layer promoting plasmonics effects causing
localized field enhancement. The method for producing SERS substrates is therefore quite
straightforward and low cost.
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1. Introduction

Surface Enhanced Raman Spectroscopy since its discovery in the seventies ([1-3]) is based
primarily on the use of localized surface plasmons resonant effects ([4,5]) originating from
the presence of nanoscale metallic features like for instance, nanoparticles coated with silver
or gold. While impressive Raman signal enhancements have been reported (typically from 10°
to 1012) [4-6], the fabrication of SERS substrates remains complex and costly. Furthermore,
the use of metallic nanoparticles poses additional constraints such as their reactivity with the
environment being probed, their limited biocompatibility and the lack of reusability [9].
Alternative approaches for Raman enhancement mechanisms are therefore particularly
attractive as they may bypass current limitations.

Among the investigated alternative routes, the use of semiconductors, titanium oxide
particles, and silica colloids have been proposed. In semiconductors [10], the enhancement
mechanism is attributed to a charge transfer between semiconductor particles and the analyte.
However, enhancement effects (on the order of 10%) remain smaller than those obtained with
silver or gold nanoparticles. To address this problem, various authors (see for instance [5])
have proposed the use of photonic crystals. Anderson [7] suggested a non-plasmonic method
based on a Whispering Gallery Mode (WGM) in isolated micron-size beads of silica. SERS
effects have also recently been reported in monodisperse, uncoated, sub-micron silica colloids
arranged in 2D crystals [8], although single molecule detection was not achieved. In this case,
the enhancement mechanism is attributed to Mie scattering.



Research Article Vol. 25, No. 9| 1 May 2017 | OPTICS EXPRESS 9589

Optics EXPRESS

Here we propose yet another alternative Raman enhancement mechanism: a dense
network of self-organized, quasi-monodisperse nanoparticles, redeposited during
femtosecond laser ablation in fused silica.

2. Methodology
2.1 Production of dense network of nanopatrticles

To produce a dense network of nanoparticles, we used a 800 nm Ti:sapphire, chirped pulse
amplification (CPA) laser that produced 85 fs pulses at a repetition rate of 1 kHz. The CPA
system was equipped with an integrated simultaneous spatial and temporal focusing (SSTF)
[11, 12] system as described by Block ez al. [13].

In this scenario the dispersion compensated pulse is left spatially chirped upon exiting the
CPA compressor resulting in increased localization of the intensity at focus, since only there
are all spectral components overlapped [14—18]. The degree of an SSTF beam’s spatial chirp
is described by the beam aspect ratio (the width of the collimated spatially chirped beam
relative to the non-chirped beam) in this case ~10. This also determines the degree of pulse
front tilt (PFT) present at focus, which has been shown to have an impact on material
modifications relative to scan direction [19-23].

The SSTF beam was focused under low numerical aperture conditions (0.05 NA) to a ~20
pm spot (measured 1/¢* diameter of the central intensity) on the front surface of a fused silica
substrate using a 25.4 mm focal length, 90-degree off-axis parabola. The sample was then
translated beneath the focus along the direction of PFT using 3-axis specimen scanning
stages. Pulse energies were investigated from 10 to 80 pJ with scan speeds of 1 and 10 mm/s
for each pulse energy. These focusing conditions and energy deposition technique allow for
an efficient production of nanoparticles. As shown in [24] among others, nanoparticle
networks can also be produced by a classical ablation method, i.e. without SSTF.

The fabricated grooves vary from a few microns to a few tens of microns in depth. The
ablated material redeposits on both sides of the groove and form intricate networks of
nanoparticles as shown in Fig. 1.
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Fig. 1. Laser grooves ablated by a femtosecond laser (at a pulse energy of 40 pJ) using a
simultaneous spatial and temporal focusing scheme (SSTF) [11,12]. The distance between
grooves is such that no ejecta is found between them. In the deposit region, nanoparticles with
typical diameter of slightly less than 100 nm are found. These nanoparticles are not randomly
deposited, but spontaneously arrange in planar network assemblies forming layers of
decreasing thickness as we move away from the groove.



Research Article Vol. 25, No. 9 | 1 May 2017 | OPTICS EXPRESS 9590

Optics EXPRESS

2.2 Experimental procedures

The nanoparticle ejecta were coated with polymers according to two procedures.

The first one, in fact found accidently, was through a direct mechanical contact with a
stretched polymer membrane (polyurethane) as found in packaging boxes for delicate objects.
These membranes are extremely robust and deformable, but through adhesion, it may leave
residues on the contacted surface forming a deposit. This procedure is simple and was
reproduced multiple times on different specimens. It is however not quantitative, as it is
difficult to precisely know what amount of material was deposited. Note that the deposited
compounds can be removed by exposing the substrate to a plasma ashing for a few minutes.
We refer to this first approach as ‘contamination method’.

The second method uses a monolayer deposited through a silanisation process.
Technically, we first exposed the substrate to an oxygen plasma activation process for 3 min,
and then proceed to a silanisation by exposing the material to a vapor phase of
chloro(dimethyl)octylsilane for five hours. The process is terminated by a thermal
evaporation step that removes any non-reacted adsorbed molecules. This procedure is known
to produce uniform monolayers with a grafting density of 3.2 pmole / m” [13].

3. Results
3.1 Contamination by mechanical contact with a polymer membrane

In a first experiment, the substrate was clamped in between two polymer membranes
(polyurethane) applying a uniform adhesive force and contaminating the surface as described
in the procedures section above. The Raman spectra were taken after removing the substrate
from the contact of the polymer membranes and by direct observation of the contaminated
nanoparticles. The results are shown in Fig. 2. While the spectrum taken in between lines
shows the expected peaks for fused silica, the one taken near the trench and within the zones
where nanoparticles are found, exhibits a dramatic enhancement. The additional peaks can
clearly be attributed to the polymer of the membrane (a reference spectrum taken from the
membrane directly is also shown). The spectrum taken in the middle of the trench shows
some fainted traces of the membrane spectrum.

Ref. Polymer 1

Intensity (a.u.)

80 um from )
the trench

In the middle of the trench

1 " 1 n 1 i 1 X i i i

" X i 1
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Wavenumber (cm™)

Fig. 2. Raman spectra for a substrate with laser ablated trenches placed in contact with a
polyurethane membrane. Starting from the bottom, the curves show the spectra of the substrate
measured: 1/ in between lines, 2/ in the middle of the trench, 3/ at a distance of 80 microns
from the trench (where nanoparticles are found), respectively. The Raman spectra are
normalized using the D1 peak intensity of Silica. The Raman spectrum of the polymer
membrane is shown for identification.
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3.2 Monolayer detection

This first experiment shows that an enhancement mechanism is observed in the region where
nanoparticle deposits are found. However, the method through direct mechanical contacting
does not allow for quantitative evaluation of the enhancement sensitivity. In a second
experiment, a monolayer of chloro(dimethyl)octylsilane was deposited in a vapor phase on a
substrate of fused silica containing laser ablated trenches, obtained with similar conditions as
the previous one. The result shown in Fig. 3, confirms that the substrate with laser ablated
trenches is indeed capable of detecting a single molecule layer deposited on the surface.
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Fig. 3. From bottom to top: Raman spectra taken 1/ at a distance of 30 microns from a trench,
2/ from the reference solution (chloro(dimethyl)octylsilane) used to produce the monolayer
and 3/ far from a trench. Peaks attributed to the atmosphere surrounding the specimens are
indicated. The two spectra of fused silica were normalized and obtained following rigorously
the same measurement procedure. Zones of particular interest are painted in light blue.

3.3 Effect of nanoparticles density and distribution

To test the stability and repeatability of the process, we applied the same preparation
procedures on two different specimens, produced at two different periods of time and coated
with the same monolayer. On the two specimens, we took a series of Raman spectra around
the band 2750-3250 cm™ at increasing distances from the laser trench as well as across the
thickness of the deposited layer.
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Fig. 4. Raman scan across the surface, illustrating the Raman enhancement and revealing the
monolayer is only confined to the nanoparticle layer. The dark dots (left axis) represent the
peak intensity of the highest intensity Raman peak of the monolayer. The triangles (right axis)
are the peak intensity for the main band of silica.
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Fig. 5. Raman intensity peak taken at 2904 cm™ (i.e. the most intense peak from the monolayer
Raman signal) as a function of the distance from the trench. Measurements were taken every
ten microns. The curve shows discontinuity and a few peaks are clearly visible (highlighted
with a blue arrow). These peaks are not measurement artefacts and are effectively present.
These strong discontinuities suggest the presence of ‘hot spots’.

The results are shown in Figs. 4 and 5, specifically comparing the intensity of the peak
measured at 2904 cm™' — the most prominent one among the specific peaks related to the
monolayer. Both curves show the same behavior and same decay as we move the Raman
probe away from the nanoparticle networks. In addition, Fig. 5 shows the presence of sharp
peaks (for instance at distance of 225 pum, 375 um, and 660 pm as indicated by blue arrows).
The Raman spectrum was re-measured multiple times to exclude possible measurement errors
and consequently yielded the same results. These peaks are therefore not artifacts.

To further verify the possible existence of ‘hot spots’, we conducted Raman mapping
experiments over an 8 x 8 um area, at a distance of 50 microns from the trench, and then
further away at a distance of 400 microns. The results are shown in Fig. 6. These maps are
made by acquiring a matrix of Raman scans at points, spaced in both directions by 0.5
micron. Despite the monolayer being deposited on the silica nanoparticles, there is no visible
enhancement for the Raman signal coming from the silica molecules themselves. This
observation is highlighted in Fig. 7 and suggests that the enhancement mechanism is, as
expected, predominantly a surface effect caused by the nanoparticles.
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Fig. 6. Raman intensity maps revealing the presence of ‘hot spots’ where the field-
enhancement is the most prominent. Right and left maps are taken at 50 pm and 400 pm from
the trench out of which the nanoparticles were expelled (the size of the maps are identical).
Parameters for the Raman measurements are rigorously identical for each point and for both
maps.
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In this experiment, both Raman signals were acquired in rigorously identical conditions,
but at two different locations on the substrate where nanoparticles are present (30 microns
from the trench) and far away, where no nanoparticles are to be found (700 microns from the
trench).
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Fig. 7. Two Raman spectra taken at distances close (30 um) and far away (700 pm) from the
trench. Although the monolayer is present everywhere, the enhancement effect affects only the
signal of the monolayer deposited on the nanoparticles. The two curves are obtained with
rigorously the same Raman exposure and signal collection conditions. The blue curve is
arbitrary shifted up for clarity. Inset: Magnified view of the two normalized curves around
2904 cm™', showing this peak barely visible in the region without nanoparticles (dark curve).
We use the intensity ratio for this peak measured at 30 and 700 um as a rough estimate of the
enhancement factor, here between 100 and 150.

4. Interpretation

Let us now discuss the possible mechanism responsible for the local field enhancements. A
first hypothesis is to suspect that the monolayer (that was deposited in a vapor phase) may
have redeposited and formed a uniform layer everywhere, and on each nanoparticle layer. The
large quantities of nanoparticles expelled from the trench offers an increased surface area for
molecules to deposit and therefore, logically a larger quantity of molecules is to be found in
the vicinity of the trench, and therefore an enhanced Raman signal, not only because of the
larger number of molecules present, but also through multiple Mie scattering events.

Two observations contradict this first hypothesis. In our first experiment, we contacted the
surface with a polymer through a mechanical interaction (the deposited material was not in a
vapor phase). Therefore, only upper nanoparticles in direct physical contact with the
membrane are preferably ‘contaminated’. This suggests that the hypothesis of increase
volume of particles would not be applicable in this case, unless homogeneous diffusion took
place after. However, in two Raman measurements taken with an increased numerical
aperture (NA) (not shown here), we observed that the peaks related to the foreign material
increase substantially relatively to the host material peaks. As the volume under observations
is smaller in the case of a higher NA, one would have expected a lowering of the polymer
peaks relative to the peaks of the host substrate. This point further contradicts the argument
for a simple surface increase as the main factor for an enhanced Raman signal and suggests
another SERS mechanism.
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Nevertheless, this observation does not exclude scattering of the probe Raman light as the
main mechanism causing the enhancement. Figures 5 and 6 show some evidences against a
pure scattering origin of the effect. Indeed, while doing a systematic scanning of Raman
signal moving away from the trench out of which the nanoparticles were extracted, we
observed mainly — and as expected — a decay of the Raman peak intensity, but with the
presence of localized enhanced peaks, found at random locations (for instance at 225 and 375
pm in the example shown in Fig. 5 and in the form of ‘hot spots’ in Fig. 6).

To explain this phenomenon, we draw the reader’s attention to the fact that the
nanoparticles ejected during ablation (of size in the range of 100 nm or less) do not form
completely random deposits of decreasing thickness as we move away from the ablation site.
As can be seen in Fig. 1, nanoparticles do self-assemble in self-organized structures formed of
linear clusters of nanoparticles, eventually forming intricate ring-like and sticks of tens of
nanoparticles, much like a net.

The preference for dielectric colloids to self-assemble in linear clusters or alike has been
theoretically predicted in [25-27]. In this study, using the couple dipole method (CDM), the
authors modeled the nanoparticles as built up out of atoms and took into account all their
many-body interactions to study configurations of single atoms, spherical and cube-shaped
atomic clusters. They found that the many body van der Waals interactions privileged the
formation of linear chains over triangular assembly, in particular if steric interactions exclude
triangular assembly, as suggested in [26]. Certainly, the formation of the cluster in the case
studied here is a complex problem, including some dynamics aspect and possible charging
mechanism during ablation. However, these works [25-27] hint at why such self-organization
may take place with dielectric nanoparticles, and form part of an explanation of why
nanoparticles expelled during ablation are not randomly depositing. When excited by the laser
during the Raman measurement, this self-organized network may form resonating elements
(albeit with rather low efficiency) and ‘hot spots’ (as highlighted in Fig. 6 that supports this
hypothesis), enough to create a significant SERS effect, making a monolayer of molecules
detectable.

5. Conclusion and outlook

Using femtosecond laser ablation applied to a silica substrate, we have been able to produce a
dense network of nanoscale particles that self-organize into semi-structured networks. We
attribute this self-organization process to the dipolar coupling between nanoparticles at the
time they are expelled from the substrates. Interestingly, we observe that these networks
induce a surface enhancement of Raman signals and de facto form a so-called SERS
substrate. Due to the nature of the nanoparticles (SiO,), the enhancement effect here cannot
be attributed to a plasmonics effect. The localized enhancement effect is instead seen as a
consequence of the formation of self-organized chained nanoparticle networks, that once
excited by the laser that stimulate Raman emission, create ‘hot-spots’ (as experimentally
shown in this work) leading to a surface field enhancement. All in all, we demonstrated that
femtosecond ablation of fused silica substrates offers a very simple and scalable method for
producing SERS substrates that are cost-effective, inert, and that can be reused multiple
times. The enhancement effect offers sufficient contrast for a clear identification of single
layers of molecules as demonstrated here with a layer of chloro(dimethyl)octylsilane.
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