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Abstract

Quasi-percolated nanostructured silver thin films are used as the starting morphology for
inducing simultaneously changes in shape and ordering effects by laser irradiation. The
complex fingered nanostructures are transformed into nanospheres which in turn are arranged in
micro-circular patterns when irradiated through a pinhole. These transformations are
characterized by transmission electron microscopy and atomic force microscopy. The observed
effects are explained using Fresnel diffraction theory. Good agreement with the experimental
results is obtained. These results suggest that precise patterning engineering can be achieved
through control of the spatial parameters such as the pinhole diameter and the distance from the

mask to the sample.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The formation of controlled patterns at the micron and
submicron level is important for the fabrication of different
devices such as sensors or memories among others. Several
approaches (chemical, lithographic) have been developed
which lead to patterns having different shapes and sizes.
In many cases these techniques are often complicate and
time-consuming. Simultaneously patterning procedures are
constantly evolving and achieving structures which are
smaller and smaller; as an example, very recently nanoscale
circular patterns of the order of 13 nm have been achieved
using template self-assembly of diblock copolymers [1].
An interesting fast and simple alternative is to use laser
light in order to transform matter at the nanometer
scale. Laser-induced changes in size and morphology in
noble metal thin films have been reported previously [2].
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Furthermore the possibility of changing selectively the size,
in different surroundings, of the nanoparticles and control the
corresponding distribution has also been demonstrated [3-6].
In a previous work, we have shown that it is possible, within
the same process, to induce both morphological changes
and submicron patterning of metallic films at the percolation
transition using a light structured illumination field to irradiate
the sample [7]. Transition zones between transformed and
untransformed regions were of the order of a few tens of
nanometers. This technique has been referred to recently as
diffraction-aided laser-induced microstructuring (DLAM) and
used to pattern with a razor edge TiO, thin films deposited on
glass [8]. A similar procedure has been used for the fabrication
of ordered arrays of silicon cones by optical diffraction in
ultrafast etching [9]. A different approach leading to ordered
arrays of gold nanoparticles (gratings) has been proposed
recently. This technique relies on the coupling of light into
waveguided modes through plasmons in gold nanoparticles
deposited on a membrane [10]. As in the present experiments
the starting morphology are noble metal films close to the
percolation state. Very recently we have used a single slit in

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. Experimental set-up for irradiating the samples. The starting quasi-percolated nanostructured silver thin film is shown on the
right-hand side, the scale bar indicates 200 nm. The pinhole has a diameter of 60 xm and is placed at a distance of 300 «m from the sample.

order to produce by DLAM parallel bands of ordered silver
nanoparticles [11]. Furthermore complex structured light fields
can be produced with periodic masks such as phase mask
diffraction gratings or a metallic square grid commonly used
in transmission electron microscopy (TEM) [7, 12]. TEM
is a powerful tool to study the morphology and structure of
nanometric particles: however, in most of the cases it provides
a two-dimensional characterization. On the other hand,
atomic force microscopy (AFM) characterization gives three-
dimensional information which is essential to understand the
photo-transformation processes involved in laser irradiation.
In the present work we show, starting with a quasi-percolated
film morphology and using a diffractive mask, how to obtain an
ordered pattern of silver nanoparticles. The diffractive mask is
a 60 um pinhole. The obtained diffraction pattern is imprinted
in the quasi-percolated silver thin film. In the high intensity
regions which in this case are rings the nanostructures are
transformed into silver nanoparticles with sizes ranging from
10 to 100 nm. The observed effects are explained with Fresnel
diffraction theory and a good agreement between theory and
experiment is obtained. This opens up the possibility to control
precisely the patterning effects through the spatial parameters
characterizing the mask and its distance to the sample.

2. Experimental details

The starting quasi-percolated Ag films were prepared by pulsed
laser ablation (PLA), using 15000 shots of a Q-switched
Nd:YAG laser providing 5 mJ pulses of 10 ns duration with
a repetition rate of 5 Hz, at a wavelength of A = 355 nm and
at an average fluence of 0.64 J cm™2. The PLA process was
carried out in vacuum (P &~ 1 x 107> Torr). The substrates
were Cu TEM (transmission electron microscopy) support
grids covered with a carbon film. A detailed description of
the experimental conditions is given elsewhere [13]. The
morphology of the quasi-percolated films deposited on the
TEM grids and the mean sizes of the Ag nanoparticles were
examined by transmission electron microscopy (TEM) and
atomic force microscopy (AFM). The experimental set-up used
to irradiate the samples is shown in figure 1. For the present

experiments we have used a quasi-percolated thin film shown
on the right-hand side of figure 1. The sample was irradiated
through a diffractive device, which in the present case was
a circular aperture with a diameter a of 60 um. The same
Nd:YAG laser used for the pulsed laser deposition was used
to irradiate in air the nanostructured samples at the same
wavelength (355 nm). A focusing lens was placed in the
laser beam to control the energy density. Since the irradiated
samples were prepared on TEM grids, they were immediately
observed after irradiation by electron microscopy and atomic
force microscopy.

3. Results and discussion

As mentioned before we have irradiated a sample which
is in a quasi-percolated state. This morphology is crucial
in order to obtain the results reported here since, as stated
previously, the fingered nanostructures will be the precursor
particles which, upon irradiation, will transform into spherical
nanoparticles. In a previous work we have studied the
morphological changes as a function of the increasing energy
density [7]. Below a minimum value, no modifications
were detected on the sample as compared with the initial
morphology. Two types of morphological changes were found,
in the first type which occurred at an energy threshold Fy,; the
nanoparticles remained with similar irregular shapes: however,
the characteristic distance between them (i.e. their average
separation) increased. For higher fluences, a second transition
Fino occurred characterized by the transformation of the
widened quasi-percolated pattern into individual spherically
shaped nanoparticles. The observed changes were induced
under a single laser pulse as in the present case. The observed
transitions took place upon irradiation at quite small fluences
(from 25 to 35 mJcm™?); these are far below the typical
ablation threshold of silver in the region below 1 J cm~2 [14].
In our previous work we showed that it is possible to
take advantage of the laser-induced changes on individual
nanoparticles to produce patterning in the nanostructured thin
film by illuminating through spatially designed light fields.
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Figure 2. Circular patterns obtained upon irradiation through a
pinhole with a diameter of 60 wm placed at 300 m from the sample,
visualized by TEM (a) and AFM (c), with corresponding structural
details (b) and (d), respectively. The high resolution AFM image (d)
shows an area of 64 um?, with a height scale of 0.5 wm on the
cross-section profile (e).

These structured light fields can be obtained using suitable
masks and gratings.

In the present investigation, we address the case of a mask
with a small hole (pinhole having a diameter of 60 um) as
shown in figure 1 to generate a simple pattern resulting from
its diffracted light field. In figure 2(a) the TEM image of the
irradiated sample with an average fluence of Fy = 25 mJ cm
is shown. The corresponding image obtained by AFM is

Table 1. AFM measurements of the diameter and height of the
nanoparticles in rings R;, R, and Rj.

R, R, R;s
Diameter (nm) 100-160 100-130  100-120
Height (nm) 75-88 80-100 143-180

shown in figure 2(c). The material has been modified in three
concentric ring-shaped stripes of decreasing width from the
exterior to the interior (labeled R;, R, and Rj, respectively).
The morphology between the rings corresponds to the un-
irradiated region which is presented in figure 1 right-hand side
(quasi-percolated state). In figure 2(b) an amplification of
ring R; is presented. Inside the ring the material has been
transformed into nanospheres having dimensions in the range
between 10 and 100 nm. This transformation is associated
with the second morphological transformation occurring at an
irradiation threshold Fi,, mentioned before. In both rings R,
and R; the same effects are observed: however, the widths
of the rings decrease. In addition, at each border of ring
Ry (see figure 2(b)), two small concentric regions can be
distinguished consisting of a wider quasi-percolated pattern
which is associated with an irradiation fluence just above
the first threshold Fy; discussed above. The same changes,
though less evident, can be observed in rings R, and Rj.
The morphology at the center of the circular patterns is more
complex, suggesting that the pinhole is not perfectly circular
or the mask is not perfectly parallel to the sample surface. In
fact, the principal problem of our experimental set-up is that the
silver nanostructures are deposited on a TEM grid covered with
an amorphous carbon thin film. This film is not a flat surface,
therefore uniformity effects are evident in the images obtained
by AFM [12]. Furthermore the rings are not complete; this
is probably due again to the non-uniformity of the films. In
figure 2(c) the AFM image is presented and the concentric
rings R;, R, and R; are clearly observed. The additional
information in this case is the height of the transformed (and
untransformed) regions as shown in figures 2(d) and (e). The
AFM results are summarized in table 1. For the larger
nanoparticles the diameters are in accordance with the TEM
measurements. The smaller nanoparticles were more difficult
to analyze by AFM, probably because of the non-uniformity of
the surface underneath. However, in R; some measurements
gave 10-30 nm in diameter and from 5-10 nm in height.
It is interesting to note from table 1 that the nanoparticles
have a tendency to decrease in diameter as one goes from the
exterior to the interior rings. The AFM results show that the
nanoparticles are not spherical but oblate (diameter > height)
in the first two rings. However, in ring R3; the opposite
appears to occur (height > diameter). At this point we do
not have an explanation for this effect but it indicates that the
transformations are very sensitive to the changes in intensity
of the diffracted light field. In the quasi-percolated region
the nanoparticles have a height of the order of 25 nm on
average; their morphology is more complex (finger-like). In
this case one can use the Féret diameter to characterize
their size which is of the order of 100 nm [13]. In our
previous paper it was found that the laser energy was absorbed
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mainly by the silver nanostructures rather than the carbon
substrate [7]. This explanation is still valid in the present case
since at this wavelength (355 nm) silver is strongly absorptive.
The laser pulse induces the melting and diffusion processes
reshaping the nanoparticles into truncated spheroids which
are thermodynamically a more favorable morphology. It is
worth mentioning that a locally laser-induced solid to liquid
mechanism was invoked to explain analogous results in quasi-
percolated gold thin films [10].

For some simple cases such as the patterning of silver
quasi-percolated thin films through a razor edge or a single slit
we have shown that the experimental results can be described
using Fresnel diffraction theory [7, 11]. The case of circular
apertures is mathematically more complex. To calculate the
light field produced by the diffraction of a circular aperture we
consider an observation point P at the plane of the sample.
The sample is located at a distance Z from the source and at a
distance Z, from the mask with a circular aperture which has a
diameter a.

Starting from the Fresnel integral in polar coordi-
nates [15, 16]:

U= U VA + 0 2 im - / (é;' 77) em(z;rzzoo)pz
1AZZO
e anrpcos((p G)pdp d(p (1)
where Uy = A"Zlkf;m is the field at the point of observation P

without the mask and (&, n) is the complex amplitude.
This integral is solved using the Hankel transform of zero
order:

Z+Z 2
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IAZZ() )»Z()
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2
where the last integral that contains the Bessel function has
solutions in terms of the Lomel functions.
The irradiance is given in units of Uy and assuming in this
case that the source is at Z > 0:

at

I =|U? =n? (C*+ 5% 3)

22Z2

where C and S are the Lomel functions [15, 16].

The theoretical diffraction intensity profile resulting from
the mask with a hole is obtained solving equation (3) and
is presented in figure 3 bottom by a solid line as a function
of the horizontal distance x in the plane of the sample.
Using the measured experimental parameters (laser wavelength
A = 355 nm, distance from the mask to the sample Z, =
300 £ 30 wm and diameter a = 60 wm of the pinhole)
the oscillations of the diffracted pattern match quite well
the spacing between the induced morphological rings Rj,
R, and R; of the nanostructured thin film (figure 3 top).
It is important to mention that in our experimental set-up
Z (distance from pinhole to mask) was difficult to control
precisely in particular because the surface of the sample is
not flat. This has consequences in the interference phenomena
occurring here; one of these is that the transformed rings are
not complete. We have therefore considered this distance as
an adjustable parameter and we have varied it by about 10%.
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Figure 3. TEM microphotograph of the imprinted rings. The solid
line is the diffracted intensity as a function of the horizontal distance
x in the plane of the sample, according to Fresnel theory. The
vertical dotted lines allow us to determine the minimum energy
density Fp, represented by a solid horizontal line needed to
transform the quasi-percolated nanostructures into nanoparticles.

The best accordance to our experimental results (position of
the diffracted intensity peaks and their corresponding width)
was for Zp = 306 um. It is thus easy to identify the diffracted
intensity field associated with the observed micrograph. This
is represented by the solid and dotted vertical lines. The
solid vertical lines coincide with the middle of the irradiated
ring, while the dotted lines with the borders of the ring.
The solid horizontal line defines then the minimum energy
density F,i, necessary to transform the quasi-percolated silver
into nanospheres. Using the measured experimental value
for Fy (25 mJ cm™?) the threshold value can be determined.
Therefore Fiin/Fo = 1.23 and thus Fpi, = 30.75 m] cm ™2
This is very close to the value found in a previous work
which was 28 mJ cm~? irradiating with a KrF excimer laser
(A = 248 nm with a pulse duration of 25 ns) [7]. The dotted
horizontal line is a guide to the eye and shows that small
changes in the normalized irradiation intensity can change
substantially the induced pattern in the silver thin film.

In figure 4 the theoretical diffraction intensity profile is
computed for three different distances (295, 306 and 310 pm)
from the pinhole to the sample. It is evident that the effect
of varying this parameter is important. In the top curve of
figure 4 (Zy = 295 um) a peak is present pointing at a
distance x = 4 um. This peak diminishes drastically for
Zy = 306 um and completely disappears at Zy = 310 pum.
This implies that a variation of 15 pm in the screen to sample
distance results in drastic changes in the imprinted pattern
on the quasi-percolated silver sample. In all three cases
the dotted horizontal line corresponds to the threshold value
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Figure 4. Diffracted intensity as a function of the horizontal distance
x in the plane of the sample for three pinhole to sample distances.
The dotted horizontal lines correspond to the threshold value in
energy density Fp,.
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Figure 5. Diffracted intensity of the central peak as a function of the
distance from the pinhole to the sample. The dotted horizontal line
corresponds to the threshold value in energy density Fii,. A
variation of about 500 nm in Z, can produce or not a mark in the
center of the diffracted rings.

Finin = 30.75 mJ cm ™2 necessary to induce the transition from
quasi-percolated nanostructures to nanoparticles. Therefore by
varying the distance between the pinhole and the sample one
can change the number of rings imprinted in the sample and
their corresponding width.

Finally in figure 5 the variation of the normalized
irradiation intensity of the central diffracted peak with the
pinhole to sample distance is presented. The horizontal dotted
line corresponds to Fi,;, as described before. From this figure
one can observe that a variation of about 500 nm around
302.7 um in the pinhole to sample distance should result in

the appearance or disappearance of a nanotransformed region
in the center of the diffracted rings imprinted on the surface
of the sample. This result suggests that precise patterning
engineering can be achieved through the control of the spatial
parameters such as the pinhole diameter and the distance from
the mask to the sample.

4. Conclusions

In conclusion, we have shown that micron and submicron
patterning can be achieved simultaneously by laser irradiation
through a circular aperture on quasi-percolated silver thin
films. Furthermore the experimental results can be
explained using Fresnel diffraction theory. This suggests
that nanopatterning engineering can be realized through the
variation of the spatial parameters such as the diameter of
the aperture and its distance to the sample. A significant
improvement in the patterning quality should be achieved using
very flat substrates. Further experiments are in progress.
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