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Femtosecond and picosecond near-field ablation of gold
nanotriangles: nanostructuring and nanomelting
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J. Boneberg - A. Plech - P. Leiderer

Abstract We report on recent insights into the interaction
between ultra-fast laser pulses and plasmonic nanoparticles.
We discuss femtosecond near-field ablation as a simple but
versatile tool for the nanoscale modification of surfaces and
the high-resolution measurement of a nanostructure’s near
field. Two model systems are presented, illustrating the com-
plexity of near-field distributions. Furthermore, finite dil-
ference time domain calculations in combination with ab-
sorption spectra provide a deeper insight into the factors in-
fluencing the near-field distribution. For the first time, an
almost perfect agreement between the measured ablation
pattern and experiment has been reached for gold triangles
with a side length around 500 nm. Additionally, the results
from picosecond laser irradiated plasmonic structures dis-
play a new regime of nanoscale laser material processing.
We present first results showing nanometre confined melt-
ing induced by laser pulses.

1 Introduction

Focusing light down to the nanometre scale is important
for a wide range of applications from the local modifica-
tion of a substrate [1] to highly effective optical pumping
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of nanoscopic structures (e.g. quantum dots [2] and mol-
ecules [3]).

A promising candidate for this goal is the optical near
field of micro- and nanostructures with its highly localised
clectromagnetic ficld distribution, which allows for focusing
down to a few nanometres. Though several applications for
this local field enhancement have been successfully demon-
strated [2—6], the direct measurement of the local field dis-
tribution is still of great importance for the understanding
and most efficient application of the optical near field.

As an alternative to optical scanning techniques (e.g.
scanning near-field optical microscopy (SNOM) [7]), near-
field lithography methods have been proposed as high-
resolution methods measuring the optical near-field distribu-
tion of nanostructures. These techniques use the strong field
enhancement of the optical near field to locally modify an
imaging layer beneath the structure [8, 9], a polymer matrix
around the structure [ 10—12] or the surface beneath a nanos-
tructure itself [1, 8, 13-15], leaving a permanent imprint of
the field distribution with a single laser pulse. Thereafter,
the modified surface can be examined using high-resolution
microscopy.

In this article, we report on recent developments in direct
near-field lithography by means of femtosecond (fs) as well
as picosecond (ps) laser pulses and discuss the factors deter-
mining the local field distribution of a given nanostructure.
Furthermore, we will present calculations that reproduce the
measured ablation pattern almost perfectly and provide a
deeper insight into the relation between shape and local field
distribution of the plasmon resonance of a given nanostruc-
ture.

Finally, we will discuss the differences between the
clearly thermally driven ablation in the ps time regime and
the fs ablation experiments.
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2 Sample preparation

All metallic nanostructures discussed in the following were
prepared using shadow masks composed of a monolayer
of colloidal particles. To form this monolayer, we used a
modified version of the monolayer process, as proposed by
Burmeister et al. [16] and others [17-21].

The colloids were adsorbed onto a water/air surface. Due
to their mobility on this surface, the particles self organise
into a closely packed layer. In this closely packed form, the
resulting two-dimensional colloidal crystal displays a six-
fold symmetry with triangular holes between the particles.

Slowly removing the water from below the particles, the
monolayer can be cast on any given substrate. In this study,
we used silicon substrates (crystal orientation: [111], p-
doped, resistivity: 1-2 €2 cm) due to their low surface rough-
ness and environmental stability.

After deposition of the monolayer, a gold film (thickness
40 nm) was evaporated onto the samples. As the gold can
only reach the silicon surface through the triangular holes
between the colloids, a pattern of gold triangles forms on
the surface. After removing the colloids from the surface,
triangular structures with very sharp tips (down to 5 nm tip
radius) are obtained, something not easily achieved by con-
ventional lithography methods [13].

3 Experiment and calculations

For the fs ablation experiments, a single intense fs laser
pulse (800 nm, 150 fs, up to 10 mJ) from a multipass
Ti:Sapphire (Ti:Sa) amplifier system (Spectra Physics) was
directed onto the sample at an angle of incidence of 35°. The
polarisation of the laser pulse was perpendicular to the plane
of incidence, providing a parallel polarisation with respect to
the sample surface.

The sample was mounted below a video microscope on a
micrometre bench giving control over the exact spot illumi-
nated by the laser.

For the ps ablation experiments, we used an improved
version of the setup in which the incident laser pulse was
normal to the sample surface. The picosecond laser pulse
was generated by using the aforementioned laser system
without the final pulse compressor (800 nm, approx. 200 ps).

After the samples were irradiated, they were charac-
terised in a high-resolution scanning electron microscope
(SEM, Zeiss Gemini Supra). For even higher resolution and
quantitative analysis of the samples, atomic force micro-
scope (AFM) measurements were conducted on areas of in-
terest (Veeco Multimode with Nanoscope V controller).

Depending on the level of contamination with nanoscopic
particles due to redeposition of the ablated species, some
samples had to be cleaned before the AFM measurements

were carried out. A snow jet cleaning setup was used for the
removal of the particles. It utilises the freezing and immedi-
ate evaporation of a highly pressurised stream of CO; onto
and from the heated substrate to remove loose particles from
the sample surface.

Even though this method has been reported to be very
disruptive to surfaces, here we could not find any sign of
surface modification (i.e. scratches) that could be linked to
the removal process even with large-area SEM/AFM scans.

In order to compare the results with theory, we carried
out calculations using finite difference in the time domain
(FDTD) simulation software provided by Lumerical Inc.
[11]. One unit cell of metallic nanotriangles which form the
periodic lattice was calculated by the use of periodic bound-
ary conditions. The rounded edges and slightly curved sides
of the triangles were also taken into account. In order to dis-
tinguish between the different excitation modes for a given
structure, we compared the absorption spectra of gold nano-
triangles on a glass substrate between experiment and simu-
lation. In a next step, these nanostructures were transferred
onto a silicon substrate to simulate the ablation method. For
the elucidation of single-particle effects versus periodic lat-
tice influence, we repeated the same calculations exemplar-
ily for an isolated triangle.

3.1 Femtosecond ablation

Femtosecond laser ablation was carried out for two different
sizes of gold nanotriangles. When using colloids with a di-
ameter of 320 nm, one obtains triangles with a side length of
about 85 nm. Larger triangles with a side length of 540 nm
were produced using colloids with a diameter of 1500 nm
(the colloids were polystyrene particles by Interfacial Dy-
namics Corp.) [22].

Single shots of femtosecond pulses were applied to ho-
mogeneous regions with particle arrays. When looking at the
general intensity dependence of the ablation pattern of a sin-
gle laser pulse (i.e. going from the rim of a single laser spot
to higher intensities), both sizes undergo the same stages of
interaction between the incident laser light and the nanos-
tructures. The particles will be expelled at rather low flu-
ence and can sometimes be found in places where they have
not been deposited. On almost every place where a triangle
had been lying, holes appear at certain spots below the tri-
angle, even if a direct neighbour is still at its place. These
holes are at first situated close to two of the three tips of a
triangle for the polarisation considered in this article. The
holes increase in size as the fluence is raised. For the highest
fluences, the surface between the triangles is also affected
by the laser pulse. Due to the very inhomogeneous inten-
sity profile of our laser system at the time of the experiment,
an absolute value for the different fluence regimes could be
roughly guessed at best. Therefore, we will limit our discus-
sion to be purely phenomenological.



Figure 1 exemplifies the evolution of such holes with
higher fluences for the larger triangles. Note that for higher
fluences an additional hole appears in the previously unaf-

Fig. 1 SEM image showing the evolution of the surface modification
by the near field of nanotriangles with a side length of 540 nm with in-
creasing (from left to right) femtosecond laser fluence. Detail: ablation
pattern for pairs of nanotriangles at increasing fluences. Round inset:
blow-up of a redeposited single nanotriangle. The double-headed ar-
row gives the direction of the polarisation of the incident laser light.
Scale bar: 1 um

Fig. 2 AFM images of the
ablation pattern for
nanotriangles with a side length
of 85 nm (left) and 540 nm
(right). For the measurement of
the smaller triangles, the sample
had to be cleaned using the
snow jet technique. The position
of the height profile is depicted
in the AFM image with a bar in
the corresponding colour. In the
graph, the profiles are shown
with an arbitrary offset. The
double-headed arrows give the
direction of the polarisation of
the incident laser light. Scale
bars: 100 nm (/eft) and 300 nm
(right). False colour rulers:

0 nm to 10 nm (/eft) and O nm to
70 nm (right)
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fected tip of the triangle. The small droplets that are visible
around the former position of the triangle are a by-product of
the deposition process and are not connected to the ablation
process.

While the general intensity dependence is the same for
both sizes of triangles, the distribution of the holes in a
medium-fluence regime shows a major difference. Figure 2
presents the ablation pattern at a medium-fluence regime for
both sizes.

Looking at the smaller triangles, the holes form on those
tips which are aligned parallel to the polarisation of the laser
beam. Additionally, they can be found directly below the tips
of the structures.

For the larger triangles, the situation is quite different.
There, the holes form below those tips that are aligned per-
pendicularly to the polarisation of the incident laser beam.
Furthermore, they can now be found a few nanometres away
from the actual tip of the triangle. With increasing fluence,
an additional hole appears at the tip of the triangle, which
was absent from the ablation pattern with lower fluences (see
also Fig. 1).

3.2 Picosecond ablation

Picosecond irradiation experiments were carried out on only
one size of triangular nanostructures. Colloidal masks con-
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sisting of particles with a diameter of 1740 nm (polystyrene
particles by Microparticles GmbH) were used to prepare
slightly larger triangles than in the fs experiments. While the
direct comparison between the ablation patterns is not pos-
sible due to the difference in particle size, a general compar-
ison between the ablation mechanisms should still be feasi-
ble.

Looking at the energy dependence for ps ablation, there
are more distinguishable regimes than in the case of fs ab-
lation. Furthermore, even though ablation occurs at higher
fluences, the patterns obtained are quite different in compar-
ison with fs experiments. Figure 3 shows examples for the
various regimes. Coming from low fluences, the triangles
deform before they get ablated. In contrast to the melting of
nanostructures induced by nanosecond laser irradiation or
high repetition rate femtosecond irradiation [23-25], the de-
formation of the triangle can at first only be seen on (wo of
the three tips, which is strictly reproducible. Figure 4 com-
pares the shape of six different triangles with the two dif-
ferent orientations according to the position in the array. In
the background a larger area of modified triangles is shown,
demonstrating the uniformity of the process. One can see
that even the details of the melting of the tips are reproduced
for triangles with the same orientation.

At higher intensities, the whole triangle gets deformed
until it is removed without modification of the underlying
surface.

With increasing laser (luence, small droplets appear on
the surfaces in the regions where the triangles were situated
prior to irradiation. Still, no modification of the surface is
noticeable.

Fig. 3 (Left; a—f) SEM images
showing the evolution of the
surface modification by the near
field of nanotriangles produced
by 1740 nm colloids with
increasing picosecond laser
fluence. (right) AFM image of
the surface modification by
picosecond near-field ablation
(measurement after snow jet
cleaning). The position of the
height profile is depicted in the
AFM image with a bar in the
corresponding colour. In the
graph, the profiles are shown
with an arbitrary offset. The
double-headed arrows give the
direction of the polarisation of
the incident laser light. Scale
bars: 300 nm. False colour ruler:
0 nm to 13 nm

Upon further increase of the intensity, surface modifica-
tion can be found. It appears at first at those tips of the trian-
gles that are directed in the same way as those where the first
melting could be observed for lower fluences. At the highest
fluences, the whole surface below the triangles is modified.
For a more quantitative analysis, an AFM image showing
the ablation pattern of a single nanotriangle is depicted in
the left-hand half of Fig. 3.

3.3 Simulation/absorption spectra

Figure 5 shows the calculated field distributions for the tri-
angular structures on silicon used for the fs ablation exper-

Fig.4 SEM image of modified nanotriangles (produced with 1740 nm
colloids) after ps laser irradiation. Scale bars: 300 nm

position [nm]



iments. Furthermore, both the calculated and the measured
absorption spectra for the same triangles on a glass substrate
are shown.

Comparing the calculated field distributions to the abla-
tion patterns in Fig. 2, one can see that the ablation pattern
is reproduced in great detail.

The absorption spectra show a good general agreement
between experiment and simulation as well. However, in
the experimental spectra a much broader distribution and a
slight red shift of the main peak are noticeable, especially
for the smaller triangles.

For the smaller triangles, distinct peaks at 720 nm and
760 nm show up in the simulation and measurement, re-
spectively. For the larger triangles, the main peak lies at
1700 nm for both the experiment and the calculation. For
smaller wavelengths additional peaks are calculated, which
mark multipole excitations. The measured spectrum shows
only one broad peak in this region, probably due to size and
shape variations of the produced structures.

4 Discussion

4.1 Near-field distribution

Comparing ablation patterns for the smaller and the larger
triangles after fs irradiation (Fig. 2), the most striking dif-
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ference is that the pattern for the larger triangles is tilted by
90° against the pattern of the smaller triangles with respect
to the polarisation of the incident laser light.

While the smaller triangles show a behaviour one would
expect from a dipolar antenna, the ablation pattern of the
larger triangles contradicts such a simple explanation.

Such tilting of the ablation pattern has been described in
earlier publications [13—-15] but could not be replicated by
discrete dipole approximation (DDA) calculations. To ex-
plain the deviation between experiment and calculation, it
was assumed that the ficld of the adjacent triangles influ-
ences the local field distribution of each triangle.

With the help of the comparison of the absorption spec-
tra obtained by experiment and simulation, the FDTD cal-
culations (Fig. 5) show almost perfect agreement with the
respective ablation pattern. Furthermore, the field distribu-
tion does not change if only a single triangular structure is
simulated (inset of Fig. 5), indicating that the influence of
neighbouring triangles is at best marginal.

To understand the field distribution of the 540 nm trian-
gles, one has to take the absorption spectra into account. The
peak around 800 nm of the smaller triangles is associated
with a regular dipolar resonance of these structures. It can
easily be excited by the 800 nm radiation of the Ti:Sa laser.

For the larger structures, however, the large dipolar peak
can be found in the infrared, which makes it impossible to
excite with 800 nm laser light.

Fig. 5 Measured and calculated
absorption spectra for 85 nm
(left) and 540 nm (right)
nanotriangles on glass with the
corresponding calculated
scattered field intensitics
(normalised on the incoming
field) for 800 nm irradiation on
silicon. Small inset: calculated
field distribution for a single
540 nm nanotriangle. The
double-headed arrows give the

extinction coefficient (experiment)

direction of the polarisation of
the incident laser light. Scale
bars: 100 nm (/eft) and 300 nm
(right) False colour rulers: 0 to
255 (left) and 0O to 30 (right)
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In the vicinity of the laser wavelength, one can see
different smaller peaks in the simulation or one broader
peak in the measured spectrum. These peaks correspond to
quadrupolar excitations of the triangles. Those excitations
do have ficld distributions that arc perpendicular to the po-
larisation of the incident laser light.

4.2 Comparison between ps and fs ablation

Ablation is in general a thermal process, where materials get
heated to above the spinodal line separating the metastable
and unstable parts of the liquid. Femtosecond ablation on
semiconductors in particular is discussed in terms of non-
thermal processes caused by the strong depletion of carri-
ers from the valence band into the (antibinding) conduction
band [15, 26, 27]. This explains the exceedingly low abla-
tion threshold fluence found in semiconductors, such as sil-
icon or germanium.

Here both pictures are complicated moreover by the pres-
ence of the gold triangles, which can undergo a phase tran-
sition as well. With femtosecond irradiation the triangles are
completely expelled from the surface, leaving behind an ab-
lation crater in the substrate. For the picosecond pulses the
ablation on the substrate is much less pronounced due to the
smaller absolute amplitude of the field. This implies at the
same time that the ablation process on the substrate is indeed
of non-thermal origin.

With ps irradiation, a clear local deformation of the trian-
gles can be observed (note that the orientation, given by the
deformed tips of the triangles, is perpendicular to the polar-
isation of the laser). Taking into account the rounded shape
of the deformed triangles and comparing it to ns melting
experiments [23], this deformation can be associated with
nanoscale confined melting. In its liquid state, the surface
tension of the gold leads to the local formation of a droplet
still connected to the triangle.

The main difference to earlier ns and high repetition rate
fs melting experiments conducted on nanotriangles [23-25]
is the local confinement and selectivity of the ps melting.
While the melting of only the tips of the nanoscopic trian-
gular structures has been reported in previous publications
[23-25], the reproducible, selective melting of only two of
the three tips of the triangles has not been observed. Further-
more, as in the fs ablation experiments, the direction given
by the molten tips of the triangles is perpendicular to the
laser polarisation. All of this is strong evidence suggesting
that the triangle is heated locally due to the strong near-field
enhancement. However, in the ps time scale, the thermal dif-
fusion length

Lo=+D-t (1

(with 7 = pulse length and D = diffusion coefficient) is still
too small to affect the whole structure (Lp (200 ps; Au)

~ 160 nm; Lyiangle > 500 nm). Thus, nanometre confined
heating is achieved.

However, such partially melted structures have never
been observed in single-pulse fs ablation experiments. What
can often be found instead are still intact gold triangles that
are redeposited on the surface after ablation (see blow-up in
Fig. 1) [24, 25].

Comparing the regions with strong surface modification
for fs and ps ablation for larger triangles (right-hand halves
of Figs. 2 and 3) also shows large differences in the two
time domains. While the fs ablation patterns reproduce the
calculations in a very detailed fashion, the ps patterns show
only blurred features. Additionally, small hills can be found
on the silicon surfaces below the triangle. Comparing the
height profiles for both time regimes, one can see that while
there are relatively deep holes with quite high residues at
the rim for the fs ablation, the surface modification is much
more delicate in the case of ps irradiation. Here, a relatively
shallow hole with a relatively flat hill at the rim is found
below the triangle’s tip. In contrast to the fs experiments,
however, the whole area below the tip seems to be affected.

Taking all these observations into account, the most
likely process for ps surface modification seems to be melt-
ing of the silicon in the region of the strongest near fields.
During the following fast-freezing process, the silicon will
be stuck in a polycrystalline or amorphous state, explaining
the formation of the aforementioned hills. The more blurry
features in the case of the ps imaging supports this expla-
nation, as this can be attributed to the smoothing effect of a
melting phase.

5 Conclusions

This study has discussed the phenomenology of structural
evolution with femtosecond and picosecond ablation at
nanotriangle-decorated silicon surfaces. The near-field en-
hancement of the plasmonic gold nanostructures creates
very localised ablation structures that may be very useful
for non-contact patterning of surfaces. For a better under-
standing of the ablation process, a comparison between the
ablated structures and near-field distributions from FDTD
calculations has been made. Not only a qualitative, but also
a quantitative agreement has been found for the a priori as-
tonishing finding that the enhancement and thus ablation
cfficiency is not simply located at the triangle tips. Depend-
ing on the triangle sizes, ablation maxima along the triangle
edges are observed. The FDTD calculation correctly assigns
these patterns as multipole excitation of the triangles. This
explains the strong difference between the smaller particles,
where the laser wavelength is close to the primary (dipolar)
resonance, while this resonance shows a red shift with size,
letting the laser wavelength coincide with higher multipole
excitation.



Picosecond pulses can also cause ablation on the sub-
strate, but only at higher fluence, coincident with the non-
thermal nature of the ablation in silicon. At the same time, a
rich morphology change in the nanotriangles themselves be-
comes apparent. As energy deposition is still confined, the
melting of the triangles can be initiated selectively at those
tips which show the largest field enhancement.

For a deeper understanding of the underlying processes,
quantitative measurements of the different regime thresh-
olds are necessary and are presently being carried out. They
will provide a quantitative determination ol the near-field
enhancement in the maxima of the field distribution. Even
though near-field effects are being used for a large number
of different applications, direct measurements of the abso-
lute field enhancement are rather sparse until now.
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