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Abstract The high field strength of femtosecond laser pulses
leads to nonlinear effects during the interaction with condensed
matter. One such effect is the ablation process, which can be
initiated helow the threshold of common thermal ablation if the
excitation pulses are sufficiently short. This effect leads to struc-
ture formation, which is anisotropic because of the polarization
properties ol the near field and can result in pattern sizes below
the resolution limit of light. These effects are explored by tempo-
rally resolved scattering methods and by post-mortem analysis
to show the non-thermal and anisotropic nature of this process.
The near-field distribution of plasmon modes can be tailored to
4 large extent in order to obtain control of the pattern formation.

Ablation impact of a spherical polystyrene particle on a sil-
icon surface (left) as visualized by atomic force microscopy
and the change in the scattering pattern of a gold nanoparti-
cle (right) both irradiated with single femtosecond pulses. The
anisotropy in bath images is a result of the near-field-enhanced
sub-threshold ablation process.
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1. Introduction

Photonic applications with nanostructures have seen a large
increase in interest within the last years. A wealth of phe-
nomena is connected to the linear interactions of light with
structural featurcs of materials below the wavelength of
light. Photonic crystals are such key elements that hold the
promise to manipulate light and quantum objects in a sim-
ilar manner as in semiconductor electronics. Plasmonics
is a second field that targets the enhancement effects of
light and the boost of nonlinear reactions compared (o the
linear description. Ultra-short lasers are key components in
this field as they favor field-dependent reactions relative to
intensity-dependent pathways. One pathway for material
machining is the ablation process. In general, laser abla-
tion by pulsed sources is considered as a non-equilibrium

thermal phenomenon, whereby the rapid deposition of heat
into the material leads to melting and boiling,

The energy is deposited in the material fast enough
so that energy dissipation can be neglected. In this case
the material is isochorically superheated to temperatures
above the boiling point. Phase separation sets in during the
expansion phasc, when the system crosses the liquid-gas
coexistence. As a consequence, material is ejected violently
due to the increased vapor pressure. Transparent materials
can be structured by ablation if the laser fluence exceeds
the plasma-formation threshold, Multiphoton effects play
a prominent role in the energy deposition. Conceptually
new phenomena can arise if the structures are smaller than
the wavelength of light and the clectromagnetic energy
is concentrated by so-called near-field effects. While in
the far field the concentration of energy is limited by the
wavelength of the radiation, on a local scale a large en-

* Corresponding author: e-mail; anton.plech@uni-konstanz.de

Konstanzer Online-Publikations-System (KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-88599


http://onlinelibrary.wiley.com/journal/10.1002/%28ISSN%291863-8899
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-88599

436

hancement can occur at curved interfaces to a spatial scale
much smaller than the wavelength,

This article reviews work done (o establish the near-
field enhanced ablation on nanostructures and structured
surfaces. A particular emphasis is given on the determi-
nation of the fundamental mechanism, which includes the
definition of thermal and non-thermal phenomena. The
post-mortem analysis of ablated patterns from structured
malterials can serve as an imaging method for near-field
distributions, while an unique time resolved X-ray scatter-
ing technique has been employed to follow the structural
dynamics with high time resolution.

Sect. 2 will serve to summarize the basic mechanism in
the general laser ablation process, in particular with short
pulses. In Sects. 3 and 4 the interaction of highly curved
structures with electromagnetic waves will be sketched,
which leads to the definition of the field enhancement and
plasmon resonances. Sect. 5 will demonstrate that the struc-
turing mechanism on nanoparticles can be understood as
a nonlinear process with strong correlations to an abla-
tion process, but with a non-thermal mechanism behind it.
The relevance of using particles on surfaces for structuring
issues by taking advantage ol the nonlinearity is finally
presented in Sect. 6.

2. Recapitulation of thermal ablation
from surfaces

Laser-based ablation processes are of eminent importance
for contactless machining of materials and are therefore
well studied [1-3]. In particular, short-pulse ablation with
picosecond or femtosecond pulses (nanosecond pulses in
the case of soft matter) can yield very selective and lo-
calized material emission due to the confinement con-
ditions at early times of the excitation. Thus, the heat-
alfected area near laser-drilled holes can be minimized,
or organic malerials can be ablated very gently for use in
molecular diagnostics (such as matrix-assisted laser desorp-
tionfionization) [4].

Opaque materials can be easily heated to temperatures
above the boiling point of the material by short laser pulses.
The heating ol surlaces is isochoric, i.e. under volume con-
servation for laser pulse lengths shorter than the acoustic
transient time of the excited material. If during the heating
time the temperature of the material exceeds the boiling
temperature a violent expansion and nucleation ol vapor
bubbles will occur. This phase change, often called explo-
sive boiling or phase explosion, supplies the pressure for the
ejection of the heterogeneous material. Tt can be shown by
experiments or molecular dynamics studies [5-8] that this
nucleation causes the emission of material clusters before
sublimation starts to set in [9]. In particular, simulations are
extremely helpful to visualize the dynamics during thermal
ablation, as shown in Fig. 1. An application of this elfect
is the production of nanoparticles from irradiating solid
targets of a large variety of materials, which can be done in
vacuum as well as in liquids [10].

(a)

Figure 1 Visualization of molecular dynamics simulations show-
ing snapshots of atom coordinates during the ejection from a
silicon surface at different pulse durations of light pulses at 266-
nm wavelength: a—c) at a fluence of 375 J/m” for 500-fs pulses
and d) for a longer pulse of 50 ps, which begins at £ = 0 but
al 550J/m”. The dark balls mark crystalline silicon, the light
erey particles are in a molten region. During picosecond ablation
the material shows a larger amount ol melting and vaporization,
Reprinted from [6] with permission from APS.

A central characteristic of the phenomenon is that the
process is strongly fluence dependent, i.e. there exist sharp
thresholds for the ablation process, which are linked to
the phase transition [ 1 1]. These thresholds are specific to
the very material and well known. The ablation thresh-
old for gold is found above 4000 J/m?, for silicon above
1500 J/m? [11,12].

Transparent materials can also be ablated when the elec-
trical ficld strength surpasses the breakdown threshold [1].
Multiphoton and avalanche processes play an important
role in the mechanism of light absorption. Dielectric break-
down for fused silica is observed above 2000 J/m? [1]. In
this case multiple ionization and nonlincar absorption cre-
ate a plasma, This plasma [ormation will become dominant
for very short pulses in the femtosecond range. For metals
the thermal ablation threshold will nevertheless be below
the plasma-formation threshold [ 14].

Thermomechanical and photomechanical effects can
also play a role in laser ablation [2]. Perez and Lewis [15]
pointed out that ablation can also be induced by a mechan-
ical effect, rather than a thermal phase transition. In that
case the rapidly released thermocelastic stress can surpass



X (pm)

-102 (“m)o 10 -102 (}IFﬂ]D 10

the physical strength of the material during stress confine-
ment, which leads to rupture and material ejection.

In essence, the thermal ablation method is character-
ized by a transfer of the deposited energy to the phonon
bath and a description of the equation of state by means
of defined temperature and pressure. Therefore, the phe-
nomenology of ablation should not be different for any
laser pulse that is shorter than the transfer of the energy
from the electron gas to the lattice, as this transfer is the
rate-limiting step with electron-phonon scattering times in
the range ol some 0.5 to 5 picoseconds [16, 17]. The larger
values apply for a strong excitation with a prolonged time
span for complete energy transfer to the lattice [18]. The
threshold fluence for ablation will also be independent of
pulse length for sub-picosecond pulses as long as thermal
dynamics is concerned.

[n semiconductors an additional non-thermal pathway
of phase transformation has been described, which allows
for melting within a few lemtoseconds [19,20]. This so-
called non-thermal melting is ascribed to the massive excita-
tion of charge carriers into the conduction band, converting
the interatomic forces into antibonding states. It has indeed
been observed that after rapid femtosecond excitation of
silicon or germanium the lattice order disappears within
about a hundred femtoseconds [21-23], which has been
interpreted as an initial ballistic atom disordering due to the
lack of remaining binding forces [23] or anharmonicity [24].
This ultra-fast melting is considered as one important aspect
in the ablation mechanisms of semiconductors as well.

3. Tip-enhanced patterning

The enhancement of an electrical field at a metallic tip is
generally a well-known effect, which is explored in field ion
microscopes such as the so-called 3D atom probe [25,26].
In this instrument a fine tip is analyzed atom by atom, by
applying a strong electrical field to it, which extracts atoms
from the surface, These are then resolved spatially by the
projection of the Mlight path onto an imaging device (0 re-
construct the initial material composition. Efforts have been
made to improve the field emission by additionally apply-
ing laser pulses to the tip [27,28]. Vella et al. [29,30] have
shown theoretically and experimentally that material can be
gjected from laser-excited tips in an atom-probe configura-
tion at low fluences. They connected the field enhancement
also to an optical rectification process. In the same line the
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Figure 2 (online color at: www.lpr-
journal.org) Yicld of the 800-nm fun-
damental light scattering, nonlinear light
emission, and photoelectrons (from left
to right) when scanning the focused laser
spot along a fine gold tip (dashed lines).
Reprinted from [13] with permission
from APS.
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ablation from a flat surface can be enhanced and the flu-
ence threshold can be reduced for very short femtosecond
pulses. Dachraoui and Husinsky [31] have observed the ab-
lation by means of changed pulse lengths and double-pulse
experiments and discerned different regimes of electronic
(or non-thermal) ablation, plasma-mediated ablation, and
thermal ablation.

It has been shown that electron emission from curved
surfaces follows tightly the field enhancement [13,32,33],
which has even been proven a valuable tool for the mea-
surement ol the near-field enhancement or even (o con-
trol the field distribution by phase-shaped femtosecond
pulses [34-36]. In Fig. 2 such an enhancement of both light
and electron emission close to the apex of a sharp gold tip
has been visualized. While the fundamental light scattering
is seen all over the gold tip, the source for second-harmonic
generation is located particularly at the tip, due to the non-
linear enhancement in the same way as photoelectron emis-
sion.

The selective excitation of resonantly enhanced modes
at sharp tips such as in scanning probe microscopes
promises Lo open new ways to structure materials by lasers
below the wavelength-resolution limit. Nolte et al. [37]
have demonstrated that a surface can be nanostructured
by coupling intense femtosecond pulses into the fiber tip
of a scanning optical near field microscope (SNOM). The
improvement of this arrangement led (o the development
of the apertureless SNOM, in which a metal tip guides the
applied light to the tip [38-40]. The first experiments which
reported the manipulation of a surface by the coupling of
intense nanosccond pulses to such metal tips, by Jersch and
Dickmann [41], were simply explicable by thermal effects.
A tip is brought close to a surface to be modified and a
laser pulse is coupled to it. With a considerable thermal
expansion the tip could be forced into the material, causing
permanent structures [42—44]. Some very recent results in-
dicate that a contribution to tip-induced structuring can be
attributed to optical enhancement effects [45].

4. Field enhancement near
plasmonic structures

4.1. General Mie theory

The electromagnetic response of dielectric or metallic par-
ticles can be described via Maxwell’s equations in either
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analytical or numerical solutions. Mie [46] has given the
first analytical result in spherical coordinates, i.e. for spher-
ical particles. The response in absorption and scatlering is
developed in a series of multipole expansions taking the
complex index of refraction as input. In the first (dipole)
approximation the response of a particle much smaller than
the wavelength A can be expressed as

WV end? - wea(w)
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wilh the spherical particle volume V, the speed of light
¢, the light frequency w, and the dielectric constant e, of
the surrounding medium. The functions ¢; and ¢ describe
the real and imaginary parts of the wavelength-dependent
dielectric function of the particle material [47,48]. The so-
called surface plasmon resonance (SPR) is expected when
the denominator of Eq. | becomes small, i.e. near ex(w) =
—2¢y,. This is the case for a number of metals, while for
selected metals the resonance becomes very strong and
sharp (silver, gold, aluminum, or copper [49]).

The SPR line is homogeneously broadened due to
the ultra-fast dephasing of the oscillation of the conduc-
tion electrons, which has been clarified in a number of
studies [50-52]. Furthermore, an inhomogeneous broad-
ening in ensembles is caused by size and shape inhomo-
geneitics [53,54]. Gold particles show as well a band duc
to interband absorption, which is present for wavelengths
shorter than 520 nm [55]. A useful feature of the SPR is
the dependence of the position and width on the particle
size, The main effect comes from retardation cffects of the
light-matter interaction, when the particle size approaches
the wavelength of light [49]. This size effect is seen as
a red shift for increasing particle sizes and is important
for particles above a diameter D of 20-30 nm. For larger
anisotropic particles no analytical solution exists; instead,
numerical approximations are used. Such methods, which
do not need the symmetry of the system, are the finite dif-
ference time domain (FDTD) method [56] or the discrete
dipole approximation (DDA) [57,58]. In the latter the ob-
ject is divided by a fine grid (a few nanometers wide) on
which interacting dipoles are located [59-61].

4.2. Examples of spheres and triangles

Some calculations ol near-field distributions are shown in
Fig. 3 for spherical particles. The full multipole series is
included and the dielectric functions for gold have been
taken from [47]. As the calculated gold particles are rather
small, a dipole approximation for the plasmon resonance is
still a good description. One observes that the plasmon res-
onance peak for 38-nm particles is around 530 nm in water,
while the limiting value for smaller particles tends towards
520nm [49,62,63]. The near-field distribution illustrates
the effect that the enhancement is of dipolar nature along
the polarization of the incoming light. As the oscillator
strength is high, even at the shown wavelength of 400 nm

Figure 3 (online color at; www.lpr-journal.org) Calculated near-
field distribution | E| around a gold nanoparticle with a Mie param-
eter of 7 -ny, - /A = 0.397 corresponding to a D = 38 nm gold
sphere in water. Top: the electrical field distribution for a plane
clectromagnetic wave at 400 nm propagating in the @ direction,
the y—z plane is located in the sphere center. Middle: the field
distribution in the z—z plane and incoming light polarization in
the plane. Lower: the ficld distribution in the y—z plane, but in
contact just behind the sphere. The color encodes in each case the
field enhancement relative to the incoming wave.

(frequent-excitation condition for excitation with frequency-
doubled femtosccond pulses from titanium-sapphire lasers),
there is a local focusing of the field strength at the poles of
the sphere, which amounts (o about 11 times the incoming
field. Right at the plasmon position this factor will amount
to up to 40. The upper image shows the situation in a plane
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Figure4 (online color at: www.lpr-journal.org) Calculated near-field distribution || around a gold nanotriangle in the plane of the
silicon substrate [61] for a laser polarization aligned horizontally (left) and vertically (right). The dielectric response of the substrate is
fully taken into account. Reprinted from [61] with permission from Springer.

through the particle center perpendicular to the Poynting
vector of the incoming radiation, Tn the second image a cut
along the beam-propagation direction is depicted, show-
ing that the dipole is already slightly distorted towards the
beam direction, This distortion will increase with particle
size, showing the effect of the higher multipole contribu-
tions to the Mie series. Finally, at even larger particles the
focusing in the forward direction will merge with geomet-
rical optics, identical to a geometrical focusing condition,
This focus has been well employed to drill small holes
in a substrate by irradiating dielectric spheres attached to
the substrate [64, 65].

Finally, the lowest image in Fig. 3 shows a field distri-
bution behind the particle in a plane, which would be part
ol a substrate, which supports the particle when irradiating
the structure at perpendicular incidence, The dipolar char-
acter is still preserved, while the enhancement is certainly
lower, amounting for a factor of two. There is, however,
a non-analytical problem with supported particles. As the
dielectric medium is no longer homogeneous, one would
have to use the approximate methods for the calculation,
which is not included in the shown data.

For more complex structures the above-mentioned nu-
merical finite element calculations are used to show some
similar effects. A triangle is an example of a non-trivial
structure and relevant in the application of prestructured
periodic nanostructures, The field is enhanced in a direction
roughly parallel to the laser polarization (Fig. 4). The tips
that are not oriented along the laser polarization do not
experience such a ficld strength. The strongest enhance-
ment builds up at points of strong surface curvature and the
absolute value of the enhancement can largely exceed the
spherical case due to the larger oscillating volume relative
to the curvature,

Further modifications of the optical spectra are expected
if particles come close to each other so that the resonances
couple. An intuitive description uses the hybridization of
modes [66-69], whereby parallel or antiparallel coupling of
the modes of two adjacent particles causes red shifts or blue
shifts, respectively, of the delocalized resonance. In prac-
tice, the red shift is most commonly observed in aggregates
or coupled plasmonic structures [70]. The coupling bears an
important consequence, in that the space between adjacent
structures can sece an increased field-enhancement factor
due to the delocalization of the plasmon resonance [69]. Ad-
vantage of this effect is taken in surface enhanced Raman
scatlering (SERS) detection ol trace amounts ol organic
molecules near rough or structured metal surfaces. A manip-
ulation of the interparticle distance and thus the evolution
of the complex plasmon hybridization scheme have been
demonstrated recently by approaching two triangles by
the aid of an atomic force microscope (AFM) [71]. These
so-called bowtie antennae are very efficient in coupling
light in the interparticle space for near-field optical micro-
scopes [72].

5. Dynamics of near-field-induced ablation

The field-distribution effects around nanostructures will
dominate the structure evolution once the laser power is in-
creased towards irreversible reactions. Kaemple, Podlipen-
sky et al. [73-75] have seen a manifold of subtle effects
on silver particles in a glass matrix, leading to a variable
sample coloration and even dichroic optical properties. One
determining structural motil turned out to be an elongation
of initially spherical particles with fixed alignment (o the
laser polarization. This elongation could be either parallel
or perpendicular to the electrical field depending on the
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Figure 5 a) Optical extinction spectra of a silver nanoparticle
containing glass before irradiation with femtosecond laser pulses
at 400 nm and for two polarizations relative to the laser polariza-
tion, b) Further irradiation with a 530-nm laser beam enhances
the plasmon peak shift observed in the first irradiation. The inset
displays a TEM image of one particle with its aurcole of smaller
clusters. Reprinted (rom [75] with permission from Springer,

irradiation conditions (fluence and number of pulses). As
most of the analysis was done post mortem, the mechanism
could not be directly deduced. The polarization however
pointed to the coupling of the laser field to the dichroic
spectral properties of anisotropic nanoparticle ensembles,
The optical analysis of irradiated samples post mortem
as well as in situ is particularly difficult, as the optical finger-
prints of different structural motifs overlap in the same spec-
tral region. The plasmon resonance of metal particles such
as silver or gold is generally a good indicator for structure-
related properties, such as size, shape [49,76,77], inter-
particle correlations [78], or lattice excitations [50, 79-81].
After irradiation of the embedded particles, Podlipensky et
al. [75] found by transmission electron microscopy (TEM)
that the initial particles were deformed and additionally an
aureole of newly formed clusters appeared around them,
which add to the spectral fingerprint. A corresponding TEM
micrograph is shown in Fig. 5 together with the extinction
spectra belore and alter irradiation. The plasmon position
suffered a blue shift for a polarization perpendicular and
a red shift parallel to the irradiation laser field. This is in-
terpreted as an elongation of the particle in the direction of
the electrical field and is found to happen on a time scale
of hundreds of picoseconds [82, 83]. This could be induced
at a relatively low fluence of 500 J/m? and with repeti-
tive excitation, In contrast, at larger fluences, even with a

single pulse, anisotropy could be induced, shortening the
parallel axis [84].

The Coulomb explosion of small clusters is an effect
that is closcly rclated to a non-thermal laser ablation pro-
cess. In this case [85] the intense femtosecond radiation
leads to massive photoelectron emission along the dipo-
lar excitation, which destabilizes the ion attractive poten-
tial completely.

5.1, Technical realization of a structural
pump-probe experiment

The understanding of the phenomenon of anisotropic struc-
ture formation is so far unsatisfactory as the kinetics and
thermodynamics of the structural transformation are not re-
solved.

Ultra-fast time-resolved X-ray scattering experiments
have been performed by using laboratory-based laser
plasma sources [21, 86, 87]. They allow for an excellent
time resolution but do not deliver by far the demanded
X-ray flux for the performance of scattering in disordered
samples as in the case of nanoparticles. The latter has been
realized at the synchrotron light source ESRF (European
Synchrotron Radiation Facility), which delivers very in-
tense and collimated radiation. The radiation is naturally
pulsed due to the radio-frequency longitudinal acceleration
of the electrons in the storage ring. These pulses have a
temporal width of 50-150 ps and a femtosecond laser can
be locked on the time structure of the emission. At the
beamline IDOYB [88, 89] a femtosecond oscillator is phase
stabilized to the bunch clock to a precision better than 5 ps,
as sketched in Fig. 6. Its relative delay can be tuned by a
phase shifter that changes the pulse-arrival time in steps
of 5 ps in the range of 11.8 ns, the inverse of the repetition
frequency of the laser oscillator (MIRA, Coherent Inc.).
Larger temporal delays can be effected by amplifying a
different chosen seed pulse in the regenerative amplifier
(Hurricane, Spectra Physics). Thus in fact a large span in
time delays can be realized, only limited by the repetition
rate of the experiment, which was | kHz in the present case
as imposed by the laser system.

As the insertion device (undulator with 17-mm period)
in the storage ring emits at least at a frequency of 357 kHz
(corresponding to the round-trip time for electrons), the
pulse train has to be diluted down to the 1-kHz laser repe-
tition rate. This is being done with a mechanical rotating
wheel, which opens for at smallest 300 nanoseconds and
runs in synchrony at | kHz. The X-ray beam is further-
more locused by a toroidal mirror [90] down to a 0.1-mm
focal size. Optionally, a monochromator can be used for
high-resolution experiments, which are necessary for the
measurement of the powder scattering of the excited gold
particles to determine the lattice spacing. For time-resolved
small-angle X-ray scattering (SAXS) [91] the radiation can
be used without further monochromatization due to the in-
herent lower resolution necessary in the disordered sample,
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Figure 6 (online color at: www.Ipr-journal.org) Experimental realization of the laser pump-X-ray probe experiment at the storage
ring ESRF with the femtosecond laser being electronically coupled to the ring time structure by means of the bunch clock, a phase
shifter (1), and delay units. The laser pulses coming from the oscillator-amplifier unit are frequency doubled (2) and led through a phase
plate-polarizer combination (3+4) for intensity control and then optionally stretched by propagation in a fused-silica rod (5). A lens (6)
finally focuses the radiation onto the sample, The X-rays are shaped by an optional monochromator and focusing mirror (not shown),
Selected pulses in synchrony to the laser emission are transmitted through the chopper. A 2D detector finally records the X-ray scattering,

The laser beam is frequency doubled in a nonlinear
crystal and passed through a motorized combination of a
half-wave phase retarder and a polarizer to scan the laser
intensity. The effects of the short pulses are controlled by
stretching the pulse length in a fused-silica prism from
100 fs to about | ps. Finally, a lens focuses the radiation to
a size of 2.5 times the X-ray size to ensure a homogeneous
fluence distribution across the probed sample region.

Gold nanoparticles can be conveniently prepared by
chemical synthesis methods in suspension. Some of these
techniques such as the Brust-Schiffrin method allow pro-
ducing a high density of particles, which are stabilized
by surfactants, but are available only as small sizes be-
low 10 nm. The other historical method was developed by
Turkevich et al. [92,93] in the 1950s and allows us after
some adaptations [63,94] to derive well-monodispersed sus-
pensions with tunable sizes. As these particles are charge
stabilized, their density is limited to 1-2 mM gold-ion con-
tent.

As the ablation process is irreversible, such an experi-
menl has (o be designed as a single-shot exposure. While
the suspension is pumped at sufficient speed through an
X-ray capillary the pump (laser) and probe (X-ray) pulses
hit a refreshed portion at each pulse pair.

By comparing the scatlering pattern from the sample
before the laser excitation and after excitation the pure dif-
ference signal due to the structure changes can be isolated,
while external sources of scatlering or stray radiation vanish,
A post-mortem study ol particles on a surface has been per-
formed at the beamline ¢SAXS at the Swiss Light Source.

Particle arrays on a surface could be prepared either
by self-assembly methods of presynthesized particles or
by lithography processes. One elegant way is used fre-
quently to form triangular structures of variable sizes and
aspect ratios. This so-called nanosphere lithography uses
preassembled polystyrene particles to evaporate gold onto

the substrate through the thus-formed mask [95-97]. These
structures have been used in a number of interesting pho-
tonic applications [98]. Surface-enhanced Raman scattering
allows us to detect small traces of molecules that are lo-
cated in the near field of these plasmonic structures, which
boosts the probability for the Raman process by several
orders of magnitude.

5.2. Establishment of the thermal kinetics

The experiments using pulsed X-ray scattering described
in the previous section have measured the lattice expan-
sion as a function of time and also as a function of flu-
ence. It should be added that in the case of femtosecond
excitation the fluence is a meaningful value rather than
other intensity-related parameters, such as laser peak power,
elc., as the two-temperature model for the electron and lat-
tice sub-systems in metals predicts that heat is transferred
from the electron gas to the lattice within the electron-
lattice equilibration time, which is much slower than the
laser pulse length. Therelore, all energy is deposited beflore
any structural reaction. The fluence is thus proportional (o
lattice temperature assuming a thermal equilibrium. The
proportionality constant is solely determined by absorp-
tion coelficient and specific heat. For a time delay alter
laser excitation less than the characteristic cooling time
(which ranges from 0.3 to 2ns in the discussed range of
sizes [99-102]) one can test the caloric relation between
(luence and lattice expansion. Tt is indeed found that this
relation holds to a very good level [103-105], which is
seen in Figs. 7 and 8 in the uppermost graphs. For the sus-
pended particles the agreement is quantitatively good. For
surlface-supported (free) particles the absorption coefficient
is not known in the present case [ 106]. One problem here
concerns the knowledge of surface coverage and distribu-
tion of interparticle spacing, which prohibits the calculation
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Figure 7 (online color at: www.lpr-journal.org) Determination
of the lattice state in a flowing nanoparticle suspension (38-nm
particles) at a 100-ps delay from the time-resolved powder scatter-
ing. a) The lattice expansion as a function of applied laser fluence
(dots), the line is a calculation of the expansion from material
parameters. b) Integrated intensity of the (111) powder ring as a
function of fluence (dots). the line is a calculation of the Debye-
Waller reduction of the scatlering intensity. ¢) Anisotropy ol the
SAXS patterns indicating an anisotropic particle deformation.

ol the single-particle extinction. The experiment itself can
still serve to adapt this single parameter to again derive
the proportional relationship of fluence and lattice tempera-
ture (shown in Fig. 8 [or supported particles). Finally, the
thresholds for particle melting can be determined using the
lemperature scale and the observation of vanishing of the
Bragg peaks, Whilc a reduction of scattering intensity is
expected when raising the temperature (by the so-called
Debye-Waller factor) a massive reduction is seen in the
middle part of Figs. 7 and 8 at the melting fluence.

So far, the observations have been of regular thermal
phenomena including laser heating of the particles and melt-
ing at the expected threshold. A particular anomaly occurs
in Fig. 8 in the upper graph, where lattice expansion levels
olT [ar below the melting point. This is, however, an artilact
of the repetitive excitation during that experiment and a
slow sintering with increased number of shots. The same
experiment repeated with single-shot excitation shows regu-
lar expansion along the predicted line. The melting (luence
is then determined at the point of the intersection of the ther-
mal expansion versus fluence with the maximum possible
expansion in gold, which amounts to about 1.8% [107].
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Figure 8 (online color at: www.Ipr-journal.org) Determination
of the lattice state of a particle monolayer on a silicon substrate at
a 100-ps delay from the time-resolved powder scattering. a) The
lattice expansion as a function of applied laser fluence (dots), the
line is a calculation of the expansion from material parameters.
The change of expansion with fluence at around 90 J/m? is due to
an in situ changing absorption coelficient during sintering, which
is absent in single-shot excitation (open circles). b) Integrated
intensity of the (111) powder ring as a function of fluence (dots),
the line is a calculation of the Debye-Waller reduction of the
scattering intensity. ¢) Anisotropy of the SAXS patterns indicating
an anisotropic particle deformation.

In order to really identily the mechanism of material
transformation one needs to establish procedures to charac-
terize the structural state of the sample, such as the lattice
state to high spatial and, speaking of short-pulse phenom-
ena, as well Lo high temporal resolution. This has been done
first with optical methods [19,20, 109], which are, however,
limited in the interpretation of melting, in particular on
the nanoscale [B0]. Experiments with plasma-produced X-
rays [21] have been quite successful for the analysis of
single-crystal surfaces and their melting properties on a
sub-picosecond time scale. However, on a nanoscale the
inherent disorder in the system and the small amount of
material prevent the application of this method, albeit it
offers up to now the highest time resolution. Ultra-fast elec-
tron diffraction (UED) [110] has been used for ultra-fast
structure determination of photoexcited species such as
molecules [111], nanoparticles [108], or films [16, 112].
The time resolution for UED can be in the range of one
picosecond and the high scattering cross section facilitates
the detection of the nanoparticle signal.
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Ruan ct al. [ 108] have probed the lattice state of fem-
tosecond laser excited gold particles on a surface by pulsed
electron scattering using a laser-triggered photocathode.
The accessibility of several Bragg reflections (powder
ring) lor the particle ensemble even allowed transform-
ing the scattering data into real-space alomic correlations
(see Fig.9). The lattice expansion is a direct indicator for
phonon and thermal excitation. They could reproduce some
carlier reported findings on vibrational excitation and cool-
ing kinetics [100, 103, 113]. Tn addition to that, the real-
space data gave further hints of even more subtle structural
phenomena, such as surface melting.

5.3. Ablation and nonlinearity

While the lattice state is mainly an indicator for the thermal
excitation the morphological changes, such as ablation, are
visible by shape changes. In a post-mortem analysis (his
would be visualized by real-space methods such as elec-
tron microscopy or atomic force microscopy. Here we deal
with dynamical phenomena which favor an in situ probe,
such as time-resolved small-angle scattering. Tt has been
applied to the gold-particle suspension in the described
pump-probe scheme [91].

The difference in scattering at very low momentum
transler Q@ ~ 1/D with the system dimension D (e.g. the
particle size) is a direct fingerprint of the size or shape trans-
formations. It has been observed that the excitation by a sin-
gle laser pulse can induce a drastic difference signal [114].
This signal will show areas of intensity increase or decrease,
which in a narrow-fluence region exhibits an anisotropic
pattern. This anisotropy is shown to be aligned with the
laser polarization (see Fig. 10). It should be recalled that the
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Figure 9 (online color at: www.lpr-
journal.org) Real-space transforma-
tion of electron-scattering data on
laser-excited gold nanoparticles into
the atomic pair correlation function.
The melting at the higher fluence is
seen on the right-hand side as a dis-
appearance of all the ordered lattice
planes, while at the lower fluence
only the long-range correlations are
reduced, which is interpreted as sur-
face melting. Reprinted from | 108]

10 15 % with permission from ACS.

RA)

Figure 10 (online color at: www.lpr-journal.org) Dilference
scattering patterns of a gold-nanoparticle suspension of 38 nm
at 2 ns alter the femtosecond laser (lash as measured by SAXS.
The scattering patterns only differ by the laser polarization (left to
middle) and the pulse length (100 fs for the left-hand and middle
images, | ps for the right-hand image), but not the laser fluence,
which was all in three cases 95 1/m”.

particles are initially spherical. If after the reaction either
the single particles remain spherical or the ensemble ol
anisotropic particles is randomly oriented, only symmetri-
cal modifications of the scattering would be expected. We
see two lobes of positive intensity in the direction of the
laser polarization accompanied by a decrease in the cen-
ter and a relatively unchanged meridian perpendicular to
the laser polarization. The explanation for this pattern is
a reduction in size of the particles from a native sphere to
a rotational spheroid, where the axis along the laser polar-
ization is reduced in size. A reduction in real space causes
a widening of the scattering function in reciprocal space
(in the Guinicr region [115] @ < «/R. with R being the
particle radius). Thus, it induces an intensity increase in
that direction, while due to the reduced total mass of the
particles the forward-scattering region (center of the im-
ages in Fig, 10) shows an intensity reduction. The direct
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conclusion is that the axis of size reduction is along the two
lobes of photoinduced intensity increase in the images in
Fig. 10. This finding is confirmed by the calculations of the
scaltering modification for a transition of a sphere into an
ellipsoid. The amount of change can be quantified by the
scaling (o the total scattering of a particle; a 20% reduction
ol the axis parallel to the laser polarization is deduced.

This finding of a particle modification in the laser field
is still not very instructive, as long as the very mechanism is
unclear. One could imagine a kind of “hole burning” effect
ol selectively molten particles in an inhomogeneous ensem-
ble, or a semielastic response of the surface energy after
melting or surface melting. The first check is the tuning
of the pulse length of the laser radiation. A propagation of
the pulses through a 300-mm silica rod caused a stretch-
ing from an initial 100-fs pulse to almost | ps. The latter
is still shorter than the electron-phonon equilibration for
highly excited particles and should therefore not impact
on any thermal phenomenon. Despite this, the stretching
causes the observed anisotropy almost to disappear, show-
ing the nonlinear and in this case non-thermal origin of the
structure-formation process (rightmost image in Fig. 10).
In fact, the electron-lattice coupling is the same for both
pulses, but the electrical field of the laser pulse changes
according to the pulse length, i.e. it is decreased by a factor
of 10 upon pulse stretching. For deducing the ficld strength
al the particle surface, we make use of the Mie equations
by calculating the enhancement described in Sect. 4. The
field within the duration of the laser pulse is then found
to approach values of 1.2 x 10" V/m, Adding an optical
rectlification effect at the interface, Vella et al, [30] even
derived up to 10"" V/m. This is clearly a magnitude which
surpasses reversible interactions. It had been shown that
material transport can be induced at these levels, cither in
field-emission setups or in laser-excited nanoscale tips with
applied electrical fields [27,28].

This tells us that the particles are shape transformed
by massive material ejection from the poles of the spheres
with the electrical field of the laser pulses as driving [orce,
This is postulated as an ablation process. Even more infor-
mative is the inclusion of the known thermal conditions
of the different aspects of excitation explained above. The
observation ol a structural anisotropy is limited by two
thresholds. The lower threshold, at which the ablation pro-
cess sets in, may be related to a threshold in field strength,
but interestingly is close to the bubble-formation threshold
in the surrounding liquid [104, 116]. The second threshold,
upon which the anisotropy disappears on increasing the
laser fluence, is located at the melting point of the particles
as seen by the comparison with Fig. 7. This gives a proof
that during the ablation process the particles are still in a
solid state and the deformation process is not connected to
a melting scenario, When surpassing the melting threshold,
ablation still occurs, but the relaxation of the liquid drops
Lo spheres hides the anisotropy of the process.

We explain the lower threshold, which coincides with
the bubble-formation threshold, by the restriction of the
liquid rather than a classical ablation threshold, In classical

ablation from solids the threshold is normally connected to
the explosive boiling of the ablated material [ 8,9] or plasma
formation [1]. Tn our case an effective material transport
can only occur if the surrounding liquid is removed by the
formation of bubbles.

6. Irradiation experiments on particles
on surfaces

While particles in suspension show a very well traceable
structural transformation it is more appealing to regard sur-
faces with nanoscale resonating structures on them. Gain-
ing control over the laser-induced transformations ol lateral
structures, one oblains interesting tools for nanomachining.
Both sub-wavelength features are achievable as well as a
parallel patterning process in self-assembled structures.

6.1. Spherical particles

The first approach has been to use large dielectric colloids
as microlenses to pattern the underlying substrate [118,119].
On reducing the size of the colloids below the wavelength
of light the supposed single hole (through geometrical
focusing) develops into a dumbbell structure with clear
anisotropy, as seen in Fig. 11 [117]. The mechanism is read-
ily explained by the dipolar lobe of near-ficld enhancement
even without plasmonic excitation. The enhancement still
amounts to a factor of two, which is within the same order
of magnitude as the off-resonant excitation of gold spheres
as calculated in Fig, 3. Nedyalkov et al, [120] and Eversole
et al. [121] have irradiated single gold particles on a silicon
surface and seen similar two-lobe structures,

The initial particle has been destroyed completely and
additionally holes have apparently been carved into the sub-
strate, as shown in Fig. 12. The near field has consequently
induced damage o the underlying substrate. As these stud-
ies are done post mortem, there is no direct connection to

(online color at: www.Ipr-journal.org) (Left) Field
distribution | | helow a spherical particle in the plane of the sub-
strate as false-color distribution. The field enhancement relative
to the incoming field amounts to a factor of up to 2.1; the effect
of the substrate is neglected. (Right) Topographical image from
the ablation crater below such a spherical particle as determined
by an AFM. Reprinted from [117] with permission from AIP,

Figure 11
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Figure 12 (online color at: www.lpr-
journal.org) Surface topography of a sili-
con surface with an isolated gold particle
after irradiation with a femtosecond pulse
at 780 nm with a fluence of 1280 J/m” to-
gether with a height profile on the right.
The scale bar on the left is 200 nm, The el-
evaled structures are debris from the gold
particle. Reprinted from [121] with per-
mission from Springer.

the thermal kinetics of the substrate. Despite this, advan-
tage has been taken of the fact that the ablation threshold of
silicon is a well-known quantity and can be identified in the
experiments if a Gaussian-shaped laser profile is applied
onto the sample. The ablation threshold will be spatially
identified by an ablation crater which is sharply encircled
by the isointensity line at the threshold fluence. In [121] the
threshold is derived to be 1910 J/m?, At the same time, ab-
lation beneath the gold nanoparticles occurs at a fluence of
82 J/m? at optimal polarization. Further analysis shows that
this ablation process also bears a nonlinear component, as
the threshold scales with the peak electrical field rather than
with the deposited intensity. Eversole et al. [121] showed
in a very didactic way that by tilting the laser incidence
angle with respect to the surface one pole of the near field
points downwards onto the surface, which increases the
ficld enhancement in the surface plane to a factor of 24,

A similar process is being used to drill holes into a
Mat substrate. Nedyalkov et al, [120, 122, 123] have em-
ployed larger particles where the multipole contributions
to the Mie resonances are more evident to form a forward
focusing of the near-field intensity mainly located below
the particles, if the laser impinges perpendicularly from the
top of the structure (see the sketch in Fig. 13). This effect
converges to the classical limit of focusing spherical lenses
when increasing the particle size further, as demonstrated
by polymeric spheres from patterning surfaces [2,119,124].
In this limit the application of relatively long laser pulses

D<<X D<A
Figure 13 (online color at: www.lpr-journal.org) Develop-
ment of the field distribution from very small particles (diameter
D < A) on a surface to increasing size (D approaching A) and
consequently additional multipole resonances, which focus more
light directly below the particles.

0 100 200 300 400 500 €00 700
Distance [rm]

from nanosccond sources would still result in a patterning
of the surface [125-128], while only femtosecond lasers
have high enough electrical fields to cause ablation even
for small structures, which then display the dipolar fea-
tures [ 121, 129].

In most of the above casces the particles arc completely
destroyed and removed [rom the surface, while only the
indentations on the surface and some residual material are
left behind. Clarity about the origin of the residuals can
be obtained by sclective etching of organic or metallic
parts ol the surface and repetitive imaging, The structures
observed in Fig. 11 are identified as partly oxidized silicon
redeposited at the elevated rims.

The kinetics of the structural transition can be clarified
in a similar way as for the gold spheres in suspension as pre-
sented in Sect. 5.2. A single-shol excilation can be realized
by a fast displacement of the substrate under the repetitive
laser excitation. As the substrate has to be homogeneously
covered by gold particles a self-assembly process has been
chosen (o deposit a submonolayer coverage ol particles on
a glass substrate [78, 130]. One peculiar issue with this self
assembly is that the particles are positioned randomly on
the surface with a finite probability to touch cach other, For
a method that probes the ensemble average this has the
consequence that a plasmon coupling can exert forces on
the particles and also the positional correlation. Both motifs
are seen in structural methods such as SAXS [106].

For a SAXS pump-probe experiment as discussed in
Fig, 14 we come Lo the conclusion that the irradiation pro-
cess of small gold particles on a surface leaves behind an
anisotropic structure. The thresholds are comparable to
the irradiation of gold particles in water, as seen by the
comparison ol the anisotropy and latlice expansion as a
function of laser fluence. In Fig. 8 the thermal lattice expan-
sion is compared to the anisotropy in the scattering image
as an indicator for nonlinear ablation, Compared to the
relevant resull in suspension in Fig. 7, the anisotropy per-
sists to higher lattice temperatures, where the particles are
presumed to be melted. The scattering pattern, while also
showing an anisotropy as before, is qualitatively different
from the counterpart in suspension. The seemingly inverted
contrast is a result of the close positional correlation of
adjacent particles. The laser field provides a repulsive force
to particles that are oriented along the field polarization,
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Figure 14 (online color at: www.Ipr-journal.org) Simulation of the SAXS scattering cross section I(QQ) along a scattering vector along

which the morphology of the particle is changing. The uppermost plot a) shows a decreasing particle radius and below the resulting
difference scattering b). The third plot ¢) depicts the change of the scattering function from correlated particles on a surface to isolated
ones alter fusion (which increases the particle size). The lowest frame d) finally shows the difference scattering from this modification.
While for isolated particles a decrease in scattering intensity is observed for low @, an increase will be observed for the supported
particles. Difference scattering patterns (2-ns delay) of a gold nanoparticle suspension of 38 nm ¢) compared to a similar setup of
single-pulse excitation of particles on a glass surface at a delay of 100 ps f). For comparison, the post-mortem analysis is shown in the
right-hand image g). The hatched area is inaccessible due to the blocked direct beam () = 0).

while they can fuse perpendicularly to the field polarization
when the melting point is approached. The similarity of
the ultra-fast data 100 ps after laser excitation with the cor-
responding post-mortem analysis in Fig. 14 supports this
finding [106].

The corresponding effect is shown in Fig. 14¢ and d,
with a correlation peak at () x R = 3 that disappears af-
ter excitation, while the scattering for small @ increases
due to the separation of the particles. This is caused by
the initial suppression of the forward-scattering intensity
for closely positioned particles, which becomes less im-
portant after excitation. The resulting change in scattering
is shown together with the full scattering before and al-
ter laser excitation and matches the regions of intensity
increase and decrease in the 2D difference maps along a
radial coordinate from the center of symmetry (Fig. 14c—g).

As bottom line, laser irradiation of particle-covered sur-
faces allows us (o create anisotropic structures both below
and above the particle melting point. Near-field ablation and
the modulation of the particle-fusion process by near-field
forces both play a role in the morphology modification.

6.2. Advanced geometric structures

There is a strong interest in tailored particles from the ap-
plication point of view, where field anisotropies can be
tuned by the shape, The field enhancement can be much

higher than for spherical particles. Nanorods or nanotrian-
gles serve as antennae for the concentration of the radiation.
In order to understand the field distribution a method had
to be employed to experimentally verify the local field.
Photoemission electron microscopy (PEEM) has been suc-
cessfully used to image the field-enhanced photoelectron
emission around arrangements ol nanostructures in both
space and time. The ablation, on the other hand, can also
be used as a very local tool to imprint the near-field pat-
tern onto the underlying surface. From a practical point
of view this represents a template for the structuring pro-
cess [124, 131] in parallel fashion as compared to a sequen-
tial structuring as for AFM-tip patterning or electron-beam
lithography. Here the attempt can be made to use the ab-
lated pattern as a “photographic™ negative for the imaging
of the peak field distribution at irradiation.

When looking at these triangles one can indeed observe
pronounced holes in two of the three corners after irradiat-
ing the structure with a femtosecond pulse at 800 nm. At a
first view this agrees well with the calculated fields (Fig. 4).
The size of the holes is seemingly much smaller than the
wavelength ol light and compatible with the range of the
near-field enhancement of a couple of nanometers. One
should nevertheless be aware thal there may be a resolution
limitation in this “imaging” process, which scales with the
size ol an ablated spot even at delta-like excitation. Nor is il
a linear process, as already explained. The experiment nev-
ertheless shows that this material-related resolution allows
for the imaging of nanometer-sized field distributions,
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Looking closer at the comparison between experiment
and simulation, an astonishing dilference can be observed
(Fig. 15, top). The array has been irradiated with the laser
polarization along the dimeric orientation of a triangle pair.
Here the field enhancement would naturally be expected
Lo appear in the space between the two adjacent tips. This
would be the consequence of a delocalization of the plas-
monic excitation on the particles as coupled oscillators.
Despite this, no ablation is visible at all within this gap, but
instead at the far edges ol the triangles. Alter an etching pro-
cess (right-hand image) the holes in the substrate are more
easily identified. This behavior is not reflected by any calcu-
lations of isolated triangles as described in Sect, 4. On the
other hand, it has been said (hat conceptually new phenom-
ena arise when plasmonic particles couple electronically.
Here we see one consequence that the near field shows
a more complicated structure, Indeed, a repetition of the
experiment at an isolated triangle harmonizes the situation,
the ablation patterns and thus the field enhancement appear
now along the polarization direction. As the triangles are
far apart compared to the distances of the near fields, one
can exclude near-field coupling. This happens as well with
smaller structures, which are further below the wavelength
of light. As depicted in Fig. 15, bottom image, at these three
times smaller structures the ablation craters are aligned in
a dipolar fashion along the laser polarization. Therefore,
it was proposed that the periodic arrangement of the parti-
cles leads to efficient diffraction [61]. The diffracted wave
interacts with the incoming wave and introduces an inho-
mogeneous excitation of the triangles. This interpretation
is further strengthened by the experimental observation of
near-field distributions that do not appear in the simulations.
There, the general lateral distribution does not change with
size of the particles while in the experiment near-field en-
hancements in the middle of a triangle side appear [117].
Thus, it can be concluded that the periodic arrangement of
plasmonic components may change the near fields,
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Figure 15 (online color at: www.Ipr-journal.org) (Top) AFM images from an array of
large gold nanotriangles formed by nanosphere lithography from 1500-nm polystyrene
colloids. The left-hand image shows the native periodic pattern, while the middle
image is taken after single-shot laser irradiation. On the left-hand side the residual gold
contamination has been etched away, leaving behind the ablation crater. The ablation
pattern is oriented perpendicularly to the laser polarization (arrow). (Bottom) AFM
image of the ablated structure from smaller triangles that are templated by 420-nm
colloids. The ablation is aligned with the laser polarization. The gold thickness was
25nm in each case. Reprinted from [117] and [61] with permission from AIP and
Springer, respectively.

A great variability lies in the interaction of light fields
with complicated nanostructures. This should give more
freedom of intentional manipulation of the nanostructures,
but also allows us to establish tools to understand these
non-trivial reactions by stepwise increasing the level of
complexity and imaging the near field.

A study by El-Sayed and coworkers [132,133] has more
deeply examined the fate of the gold triangles of similar
periodic structures at fluences below the modification of
the substrate. They have found a very subtle dependence of
the particle dynamics on the wavelength of the laser excita-
tion. When irradiating with 400-nm light far away from the
(coupled) plasmon resonances the gold triangles just start
to melt and finally relax to spheres when dosing the light in
multiple laser pulses. The situation changes drastically for
700-nm or 800-nm laser light. The particles start to lift off
the substrate and fly completely unmodified off the support.
While this has been explained by some evaporation effects,
it is appealing to relate the lift-off process to the near-ficld
enhancement close to the substrate. Thus, this effect also
puts a handle on the forces between the particles and/or the
substrate.

7. Conclusion

Near fields are present in any nanometer-patterned struc-
ture and should be properly taken into account in order to
understand the interaction with intense laser pulses. This
near field amplifies any laser effect. In particular, resonant
interactions such as plasmon excitations boost the near-
ficld amplification of the electromagnetic ficld. Plasmon-
ics of nanostructures is a fascinating field, which unites
sub-wavelength phenomena with nonlinear material-light
interaction. It is worth the effort to understand light-matter
interactions more deeply as it gathers non-trivial but at the
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Figure 16 Electron micrographs from irradiated nanosphere
lithography structures with different wavelengths ol the laser light.
At the upper image 400-nm light was used at 3 W/em® for 180000
shots equal to a luence of 30 Im® [ 132]. The heating leads o
partial melting and dewetting from the substrate. The lower two
images were taken alter single-shot excitation with 800-nm pulses
at41 A)and 51 B) J/m® [133]. Here the wavelength of the light is
close to the plasmon resonances and therehy exerts large forees on
the tips of the triangles due to the field enhancement. Reprinted
with permission from ACS.

same time educative description. Tt is also of imminent im-
portance for present-day photonic applications, which make
use of the nonlinear type of interaction. Surface-enhanced
Raman spectroscopy is one of the fields, but plasmonic
structures in general serve in a number of applications as
probes [or very short ranged interactions and structural lea-
tures, e.g. in biophotonic applications. Amongst the efforts
to understand and use the field-dependent phenomena are
non-reversible laser patterning methods, which both use
and creale field-enhanced structures. We have shown that
understanding of the laser-induced reactions can be gained
to a deeper level by resolving the structural dynamics of
the laser-excited structures and comparing them to the ther-
mal kinetics. The near-field-induced ablation process is
observed to modify the morphology of the excited particles
and also a nearby substrate. It is a nonlinear (and as well
a non-thermal) effect that can be well correlated with the
field distribution in these nanostructures. Classical limita-
tions in feature sizes of optically induced structures can be
overcome easily by utilizing the near fields in a nanoscopic
environmenl. The near field decays typically within (ens of
nanomelers, restricting the impact ol the laser modification
to this length scale.
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