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Abstract In this contribution we present recent experi-
mental and theoretical results on local near-field assisted
laser ablation. Along these lines, we have generated sub-
diffraction sized nanostructures on fused silica substrates,
exploiting the local near fields of highly ordered triangu-
lar gold nanoparticle arrays generated by nanosphere lithog-
raphy. After preparation, the nanoparticle arrays were ir-
radiated with a single 35 fs long laser pulse with a cen-
tral wavelength of A = 790 nm. The pulse energy was set
to £ = 3.9 pJ, resulting in a fluence well below the abla-
tion threshold of the fused silica substrates. In addition, 3D
electromagnetic simulations using a finite integration tech-
nique in time domain have been performed. The simulations
demonstrate that indeed the local field in the vicinity of the
tips of the triangular nanoparticles overcome the ablation
threshold and easily explain the generated nanostructures.
Most importantly, the simulations show, that higher order
modes contribute to the ablation process. These modes cause
ablation along the side edges of the nanoparticles. Finally,
we demonstrate, that the optical properties of the triangular
nanoparticles, which can be tuned by their morphology, are
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crucial parameters for the generation of the ablation struc-
tures.

1 Introduction

Highly ordered sub-diffraction sized nanostructures on sur-
faces generated in a parallel process are of enormous inter-
est for a variety of applications in nanotechnology, e.g., for
friction reduction [1], to study the static and dynamic prop-
erties of DNA [2], or to investigate cell differentiation on
structured surfaces [3, 4]. To achieve such kind of nanos-
tructures, light induced processes play an important role.
Along these lines, ordered SiO», latex, or gold nanospheres
on substrates have been illuminated with laser light [5—-11].
For SiO; or latex spheres the focusing effect creates local
fields on the substrate, which are high enough to overcome
the ablation threshold of the substrate. Small round holes
are generated underneath the spheres after applying a sin-
gle laser pulse [6, 7, 9]. Elongated holes can also be cre-
ated by varying the angle of incidence of the incoming laser
light and using multi-pulses [8]. Another possibility to ob-
tain elongated holes is to exploit the unique optical proper-
ties of noble metal nanoparticles. Briefly, the optical prop-
erties of noble metal nanoparticles are dominated by the ex-
citation of localized surface plasmon polariton resonances,
i.e., by a collective oscillation of the conduction band elec-
trons [12, 13]. For simplicity, we refer to this kind of exci-
tation as plasmon resonance or simply as plasmon. The ex-
citation of a plasmon resonance is accompanied by a local
field enhancement in the vicinity of the reversal points of
the coherently oscillating electrons. Combining this effect
with the focusing of the gold nanospheres, elongated holes
have been generated on the underlying substrate in single
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shot experiments [7, 14]. However, the most complex nanos-
tructures have been generated using triangular nanoparticles
[11, 15-17]. These nanoparticles have no focusing effect on
the light and, hence, only the applied fluence and the near
field distribution, which can be tuned by the polarization of
the laser light, determine the shape of the ablation pattern.
Along these lines, small holes [11, 15—-17], nanochannels
[15] and bone-like nanogrooves [16] have been generated.

However, detailed investigations, which modes con-
tribute to the ablation process, are still lacking. In a recent
publication by Kolloch et al. [18] either dipole-like ablation
structures or quadrupole-like ablation structures have been
observed for triangular nanoparticles of different sizes and
significantly different plasmon resonances. In our presenta-
tion we demonstrate that, besides the strongly excited dipole
mode, also higher order modes are simultaneously involved
in the ablation process, which cause minor but clearly visi-
ble ablation structures in the substrate. Finally, we compare
our results to the results obtained by Leiderer et al. [11].
The comparison reveals that the optical properties of the tri-
angles have a significant influence on the generated ablation
structures.

2 Experimental
2.1 Sample preparation

Regular arrays of triangular gold nanoparticles were pre-
pared by means of nanosphere lithography [19-24], utilizing
the drop coating method of Micheletto et al. [25]. Briefly,
monodisperse latex nanospheres (Fa. Microparticles) with a
diameter of 1390 nm have been assembled on fused silica
plates with an edge length of 12 mm, which served as sub-
strates. Under appropriate conditions, large monolayer ar-
eas of well-ordered latex nanospheres have been prepared,
which were used as lithographic masks. Subsequently, a
gold film with a thickness of 150 nm was deposited using
a thermal evaporation chamber (Balzers BA 510) operat-
ing at a pressure of 10 Pa. Finally, the nanosphere masks
were completely removed by sonicating the substrates for 3
minutes in dichloromethane, leaving behind large areas of
highly ordered triangular gold nanoparticles. Details of the
preparation can be found in the supplementary material of
Ref. [16].

2.2 Laser treatment

To create the nanostructures on the substrate surface, the
samples were irradiated under ambient conditions with sin-
gle light pulses with a pulse duration of 35 fs (full width
at half maximum) and a central wavelength of A =790 nm.
The laser light was provided by an amplified Ti:Sapphire
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laser system (Femtolasers Femtopower Pro), coupled to a
modified microscope set up. The light was expanded by a
telescope system, to achieve a homogeneous illumination
and a flat wave front. Afterwards, the laser light was fo-
cused by a Zeiss Epiplan 50x/0.5 NA objective on the sam-
ple surface. By placing a sample 20 pm ahead of the focus,
the illuminated area on the sample surface was adjusted to
22 pm in diameter. The pulse energy has been adjusted by
a motor driven gradient neutral density filter and was set to
E = 3.9 uJ. Taking the Gaussian intensity profile of the laser
light into account, the local fluence at the investigated area
was F = 1.36 J/cm?, i.e., well below the ablation threshold
of fused silica (2 J/em? [26, 27]). Irradiation of a sample has
been performed with linearly polarized laser light at normal
incidence. After applying a single pulse to one spot on a
sample, it has been moved to a new position and another ex-
periment has been performed. After irradiation, the samples
were cleaned for 2 hours in aqua regia and subsequently son-
icated for a few minutes in distilled water to remove residues
of eventually remaining gold and ablated fused silica. De-
tails of the laser set up and the laser treatment have been
described elsewhere [16, 26].

2.3 Simulations

The time domain electromagnetic response for triangular
nanoparticles is investigated separately, by using finite in-
tegration technique (FIT) using CST Microwave Studio.! In
order to analyze the dependence of the modal excitation on
the geometry, small and large triangular nanoparticles have
been modeled.

The side length and thickness of the large (small) tri-
angular nanoparticle are 320 nm (70 nm) and 100 nm
(30 nm), respectively. For the simulations of the large trian-
gular nanoparticles, smaller dimensions as compared to the
experiment have been chosen to reduce the computational
time. However, the simulations show all relevant features for

1 www.cst.com.
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the comparison with the experimental results. The computa-
tional domain of the system is shown in Fig. 1. The system is
excited at normal incidence using a plane wave with differ-
ent polarization directions, and traveling in the z-direction.
Dirichlet and Neumann boundary conditions are applied at
boundaries of the polarization directions for electric and
magnetic fields, respectively. Open perfectly matched layer
boundary conditions are applied along the z-direction of the
computational domain. The time domain excitation signal
is chosen to be a Gaussian modulated sine wave centered
at a wavelength of 790 nm (379.7 THz) with a pulse dura-
tion of 35 fs (full width at half maximum). This translates
into a bandwidth of approx. 13 THz (26 nm). The center
wavelength and pulse duration are selected to be the same
as the laser source in the experiment. The frequency depen-
dent complex material properties of gold are represented by
a Drude model fit to the available literature values [28]. The
dielectric constant ¢, of silica is set to 2.08.

The aim of this study is to analyze the field enhancement
due to plasmon—polariton modes at the triangle-silica inter-
face for two different polarization directions. In addition,
the power enhancement is computed from the ratio of time
averaged power density at selected positions. Note that in all
depicted simulation plots the mesh discretization around the
metal-dielectric interface is smaller than 1 nm. However, for
clarity the vectors in the electric field plots are interpolated
to a much coarser grid. Finally, all presented plots are snap
shots, taken at the time with the maximum field enhance-
ment.

3 Results

Figure 2(a) displays an SEM image of the generated gold
nanoparticles on a fused silica substrate. It demonstrates that
highly ordered triangular nanoparticles have been prepared.
From the SEM image we obtain an edge length of the tri-
angular nanoparticles of L = (464 4= 30) nm and a tip to tip
distance between the nanoparticles of D = (342 + 25) nm.
Since the height cannot be extracted from the SEM im-
age, additional ex situ AFM measurements have been per-
formed (cf. Fig. 3(a)), which reveal a nanoparticle height of
H = (150 & 5) nm, as expected from the deposited amount
of gold. The optical spectrum of a sample is depicted in
Fig. 2(b). It shows one pronounced dipole plasmon reso-
nance at A = 730 nm, which can be attributed to the dipo-
lar excitation of the triangular nanoparticles. The minor res-
onance at A = 650 nm is caused by elongated nanoparti-
cles, which have been simultaneously prepared on a differ-
ent part of the sample due to a double layer mask. Since
the spot for the extinction measurement is not limited to
the triangular nanoparticles, both resonances are visible in
the spectrum. However, for our experiments we focus solely
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Fig. 2 (a) SEM image of the generated highly ordered triangular gold
nanoparticles. (b) Extinction spectrum of the sample

on the triangular nanoparticles with a plasmon resonance at
A =730 nm.

Before and in particular after illumination with laser light
and cleaning of the sample, extensive AFM measurements
have been performed. Figure 3 displays 3-dimensional AFM
images of the sample. Image 3(a) depicts a single triangular
gold nanoparticle before illumination. Figure 3(b) and (c)
depict the generated nanostructures for a polarization direc-
tion of the laser light approximately along a common bi-
sector and along the base of a triangle, respectively. Note
that the triangular nanoparticles are completely removed
from the fused silica substrate after a single laser shot,
but their original position is clearly imprinted in the sub-
strate. In the case of a polarization along the common bi-
sector of the triangle (Fig. 3(b)), one major hole has been
created. In contrast, if the polarization is along the base
(Fig. 3(c)), two holes have been generated on the fused sil-
ica. The AFM analysis of a set of these holes yield a mean
hole depth of d = (20 &= 3) nm and a mean hole width of
w = (100 £ 5) nm. Besides the major holes, some minor,
mainly linear sub-structures are observed, which do not nec-
essarily appear at the tips rather than on the side edges of the

@ Springer



746

A.A. Jamali et al.

150 nm

0nm
2 um/div
a 0

nm

- ' .
\ *-.20 nm

- s
IS
N b

2 pm/div
b A\ 0nm

-20 nm

2 uym/div

Fig. 3 (a): AFM image of a single triangular gold nanoparticle before
laser treatment. (b) and (c): AFM images of the sample after illumina-
tion with a single linearly polarized laser pulse with a pulse duration of
35 fs. The black arrows indicate the polarization direction of the laser
light

former position of the triangles. This indicates that not only
the dipole mode is involved, in fact, higher multipole modes
contribute to the ablation. However, the effect due to higher
multipoles is much weaker than for the dipole mode.

To explain the generated structures, extensive 3-di-
mensional simulations of the energy density of the local
fields, using a finite integration technique in time domain,
have been performed.

Figure 4 shows the field distribution at a time ¢ = 68.0 fs
after beginning of the excitation, for an incident pulse polar-
ized along a common bisector of a large triangle. The max-
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Fig. 4 Simulated electric field distribution for a metal triangle with
side length of 320 nm, at the timestep of maximum field enhancement.
The source polarization is in horizontal direction (as indicated)
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Fig. 5 Simulated electric field distribution for a metal triangle with

side length of 320 nm, at the timestep of maximum field enhancement.
The source polarization is parallel to the base of the triangle

-----

imum field is located at the triangle tip, which points in the
direction of the polarization, while the other two tips show
smaller field enhancements. But most importantly, field en-
hancements also occur along the base of the triangle, which
is perpendicular to the polarization as well as on the other
two side edges. The latter field enhancements originate from
a multipolar excitation of higher order modes. The com-
puted enhanced power at the triangle tip is 155 times higher
compared to the power of the incident pulse.

The electric field distribution for a large triangle at t =
64.2 fs, illuminated with a polarization parallel to a base, is
shown in Fig. 5. The snap shot shows that the field maximum
is at the two tips parallel to the incident polarization, while
the tip perpendicular to the polarization exhibits no field en-
hancement. For this configuration, the calculated power en-
hancement is 107. However, in this case relatively high field
enhancements occur at the two side edges, which are not
parallel to the polarization. As before, these fields are due to
the excitation of higher order modes.

In addition to the simulations of the large triangular
nanoparticles, simulations of the field enhancements of
small triangles, with a side length of 70 nm and a height
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Fig. 6 Simulated electric field distribution for a metal triangle with
side length of 70 nm, at the timestep of maximum field enhancement.
The source polarization is in horizontal direction (as indicated)
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Fig. 7 Simulated electric field distribution for a metal triangle with
side length of 70 nm, at the timestep of maximum field enhancement.
The source polarization is parallel to the base of the triangle

of 30 nm have been performed, to demonstrate the influence
of the nanoparticle size. Figure 6 depicts the electric field
distribution at # = 62.4 fs for a polarization aligned along a
common bisector of a small triangle. The plot shows that the
field maximum is located at the triangle tip, which points in
the direction of the polarization, but also strong fields at the
other two tips occur. In addition, a smaller but significant
field enhancement at the base of the triangle, which is per-
pendicular to the polarization, and on the side edges, take
place. While the enhancement at the tips and the base is due
to the dipolar excitation, the field enhancements along the
side edges originate from a multipolar excitation of higher
order modes. The computed enhanced power at the triangle
tip is 32 times higher compared to the power of the incident
pulse.

Figure 7 shows the electric field distribution of a small
triangle at t = 52.8 fs for a polarization direction along the
base of the triangle. For this configuration, the electric field
has a maximum enhancement at the two tips, which are par-
allel to the polarization and is caused by the excitation of

the dipole mode. In this case, the electromagnetic power is
17.5 times enhanced. However, also at the side edges of the
nanoparticle field enhancements occur, due to excitation of
higher order modes.

4 Discussion

First, we compare our experimental results with our sim-
ulations. The comparison between Figs. 3(b) and 4 shows
a good agreement between the experiment and the simula-
tions. The field maximum at the right tip in Fig. 4 is pro-
nounced. Here, the highest power enhancement of 155 has
been calculated, causing the major hole observed in the ex-
periment. However, the agreement is not perfect, because in
the experiment, the polarization was not exactly along the
common bisector of the triangle. As a consequence, under
the upper tip a minor hole appears, while under the left tip
no hole is visible (cf. Fig. 3(b)). This non-symmetric char-
acteristic can be explained by the not ideally oriented polar-
ization, which was slightly tilted in the direction to the upper
tip. Since in the simulations the polarization is exactly along
the common bisector, the vector plot shows field enhance-
ments on both nanoparticle tips, which are perpendicular
to the polarization. In addition, a field enhancement along
the base, which is perpendicular to the polarization, appears
in the simulations (this effect is more pronounced for the
small nanoparticles, cf. Fig. 6). The comparison to the exper-
iment reveals that at this base, a clear linear ablation struc-
ture has been created. But most importantly, the vector plot
also shows field enhancements at the side edges, which point
to the strongly excited tip. These field enhancements are due
to the excitation of higher order modes and create tiny lin-
ear ablation, which can be identified in Fig. 3(b). Thus, al-
though experimental and theoretical conditions were not ex-
actly the same, the results are in fair agreement and indicate
that higher order modes play a role in the ablation process
of larger triangles.

This indication that higher order modes play indeed
an important role becomes more evident when comparing
Fig. 3(c) with Fig. 5. For this configuration, i.e., polarization
of the laser light is along the base of the triangle, we observe
the same features in both images. Experimentally, two major
holes under the tips that are oriented along the excited base
are observed. In addition, minor ablation structures along the
edges, which point to the tip, where no hole appeared, are
clearly visible. This is in perfect agreement with our sim-
ulations, which show exactly at the tips, where we observe
the holes, strong field enhancements due to the excitation of
the dipole resonance. Furthermore, the simulations yield no
field enhancement at the tip, which is oriented perpendicu-
lar to the polarization. In agreement with this result, no hole
is observed under that tip. But most importantly, the simu-
lations also show field enhancements along the side edges
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of the triangle due to excitation of higher order modes. Al-
though these fields are relatively weak, they are high enough
to overcome the ablation threshold of the substrate and ex-
plain the observed minor ablation structures along the side
edges.

Second, we compare the simulations for the small trian-
gular nanoparticles with the large ones and with the results
already published in Refs. [15, 16]. In general, the simulated
field distribution of the small and large triangular nanoparti-
cles are similar. This is not surprising, because in both cases
the dipolar plasmon mode has been strongly excited. How-
ever, in contrast to the small triangular nanoparticle, for the
large triangular nanoparticles the field enhancements due to
the dipole mode and the multipole modes are well separated.
Because of this separation, we observe minor ablation struc-
tures along the side edges of the large particles, which can-
not be observed for small ones. This is confirmed by our
previous publications [15, 16], in which experimentally the
near field ablation of small triangular nanoparticles had been
investigated. In addition, our simulations are in agreement
with the simulations presented in Ref. [16] and, thus, per-
fectly explain the experimentally observed ablation pattern
presented in Refs. [15, 16].

Third, we compare our results to the results published
by Leiderer et al. [11]. The authors have investigated ab-
lation structures caused by excitation (Apaser = 800 nm)
of supported triangular gold nanoparticles, which have ap-
proximately the same lateral size as the investigated large
nanoparticles here. At a first glance, the results seem to be
contradictory, since for a polarization along the common bi-
sector of the triangle, they observe two holes under the tips,
which were perpendicular to the common bisector. In ad-
dition, no hole under the tip that points to the polarization
direction of the laser light is observed [11]. In our experi-
ments, similar ablation structures have been obtained with
a polarization along a base of a triangle, i.e., rotated by 90°
with respect to the polarization used by Leiderer et al. [11].
However, they used triangles with a height of only 25 nm.
Hence, the aspect ratio, defined by the triangle height di-
vided by the length of the common bisector, is much lower
than in our experiment. Due to the low aspect ratio, the
dipole plasmon resonance is strongly shifted to the infrared
[12, 13]. Hence, Leiderer et al. did not excite the dipole res-
onance. As demonstrated in the paper by Kolloch et al. [18]
they excite mainly the quadrupole mode, which results in a
more complex field distribution of the nanoparticles. This
explains the difference from our experiments, in which the
dipole resonance has been strongly excited. In summary, the
comparison of the results obtained by the Leiderer group
and ours clearly demonstrates the crucial role of the optical
properties of the nanoparticles on the field distribution of the
nanoparticles. Only when the dipole mode is excited, a cor-
responding dipole-like ablation pattern, as presented in this
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publication, occurs. Note that Crozier et al. [29] have calcu-
lated that exciting triangular nanoparticles with a low aspect
ratio with far infrared light results in a dipolar distribution
of the near fields.

5 Summary and conclusions

Local near field assisted laser ablation exploiting the supe-
rior optical properties of triangular gold nanoparticles has
been presented. We found that for large triangular gold
nanoparticles, which strongly support higher order modes,
pronounced ablation patterns occur. These patterns are sig-
nificantly different from the dipole approximation. Although
theoretically for all investigated nanoparticles the field en-
hancement due to higher order modes can be observed, ex-
perimentally only for the large nanoparticles the spatial sep-
aration is large enough to generate distinct ablation struc-
tures. In particular for laser pulses with a polarization paral-
lel to the base of the triangle, ablation structures along the
side edges occur that are well separated from the tip dam-
age. This clearly proves ablation from field enhancements
due to quadrupole or even higher order modes and demon-
strated that for large nanoparticles both, dipolar and higher
order modes contribute to the ablation process. Finally, we
have shown, by comparison with the results of Leiderer et al.
[11], that the optical properties of the excited nanoparticles
play a crucial role for the generated nanopattern.
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