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Abstract Irradiation of solid surfaces with intense ultrashort laser pulses represents
a unique way of depositing energy into materials. It allows to realize states of
extreme electronic excitation and/or very high temperature and pressure and to drive
materials close to and beyond fundamental stability limits. As a consequence, struc-
tural changes and phase transitions often occur along unusual pathways and under
strongly nonequilibrium conditions. Due to the inherent multiscale nature—both
temporally and spatially—of these irreversible processes, their direct experimental
observation requires techniques that combine high temporal resolution with the
appropriate spatial resolution and the capability to obtain good quality data on a
single pulse/event basis. In this respect, fourth-generation light sources, namely,
short wavelength and short pulse free electron lasers (FELs), are offering new
and fascinating possibilities. As an example, this chapter will discuss the results
of scattering experiments carried out at the FLASH free electron laser at DESY
(Hamburg, Germany), which allowed us to resolve laser-induced structure formation
at surfaces on the nanometer to submicron length scale and in temporal regimes
ranging from picoseconds to several nanoseconds with sub-picosecond resolution.
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1 Introduction

Irradiation of solid surfaces with intense ultrashort laser pulses represents a unique
way of depositing energy into materials. It allows to realize states of extreme
electronic excitation and/or very high temperature and pressure and to drive
materials close to and beyond fundamental stability limits. As a consequence,
structural changes and phase transitions often occur along unusual pathways and
under strongly nonequilibrium conditions [1].

Moreover, such laser-solid interactions at high intensities and fluences are not
only interesting from a fundamental physics point of view but represent also the
basis for numerous applications of lasers for materials processing and synthesis
(e.g., see Part 3 of this book and references therein). In this general context, the
formation of so-called laser-induced periodic surface structures (LIPSS) or ripples
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represent an interesting and very common case under typical processing conditions,
namely, irradiation of real (i.e., rough) surfaces with multiple/many pulses.

LIPSS have been first reported in 1965 by Birnbaum [2] on semiconductors
irradiated with pulses from a free-running ruby laser (≈200 μs duration). Since
then the topic has attracted continuous interest, not only to understand the basic
mechanisms that lead to these sub-micrometer to nanoscale surface modifications,
but also because LIPSS are considered as a versatile tool to achieve nanoscale
structuring/patterning and functionalization of surfaces for a variety of applications
(see [3] and references therein, as well as Chap. 23 of this book by Mezera et al.).

LIPSS have been observed on almost all kinds of materials and with any kind
of laser. Depending on the LIPSS periodicity, different mechanisms are discussed
in the very extensive literature. Meanwhile accepted is the view that LIPSS with
a periodicity of the order of the laser wavelength (so-called low spatial frequency
LIPSS: LSFL) can be attributed to the interference between the incident laser wave
and waves scattered/excited at the surface leading to an intensity modulation and
thus to a (periodically) modulated energy deposition [4]. In 1983, Sipe et al. [5] have
developed this picture into a rigorous electromagnetic model which is frequently
used and has been further developed since then [6–8].

More recently and so far only after irradiation with multiple ultrashort laser
pulses, LIPSS with a periodicity much smaller than the laser wavelength have
been observed. The mechanisms which lead to these high spatial frequency LIPSS
(HSFL) are not fully clear yet. HSFL have been, for example, attributed to near-
field scattering and interference effects [9] in conjunction with surface second
harmonic generation (e.g., [6, 10, 11]), but also self-organization processes have
been proposed [12, 13]. Very recently, a coupled electromagnetic-hydrodynamic
mechanism was proposed, where thermocapillary melt flows (Marangoni convection
instability) that are initiated by spatial gradients caused by polarization-dependent
absorption at random nanobumps and nanoholes cause the formation of HSFL [14].

However, it is not the purpose of this contribution to discuss in detail all models
and controversies about LIPSS (for reviews of the current understanding, the reader
is referred to [15–17] and references therein), but to reveal and emphasize the
dynamical aspects of LIPSS formation. In the vast majority of published work,
LIPSS have been studied post mortem through an analysis of the permanent
modifications of the irradiated surface. A comparatively small number of time-
resolved experiments addressing both, the nanosecond [18–22] and the femtosecond
and picosecond time range [23–29], have been performed. Using optical probing,
direct imaging [24–29] and diffraction/scattering techniques [18–23] have been
applied. However, the spatial resolution was limited by the optical probe wavelength
which made it difficult/impossible to follow the transient structural evolution of the
laser-irradiated surface on sub-micrometer to nanometer length scales. For a more
general discussion on time-resolved optical probing, the reader is referred to Chap. 7
(M. Garcia-Lechuga et al.) of this book.

Here we present results of time-resolved scattering experiments performed at the
extreme ultraviolet (XUV) free electron laser (FEL) FLASH at DESY in Hamburg
(Germany) [30]. The unique combination of short wavelength, ultrashort pulse
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duration, and high photon flux has opened up new and exciting possibilities since it
allows the investigation of irreversible processes with high temporal resolution and
the appropriate nanoscale spatial resolution. We make use of these possibilities to
study in the time domain the formation of LIPSS at the surface of laser-excited thin
silicon films.1

2 Time-Resolved XUV Scattering at FLASH

The FLASH free electron laser at DESY (Hamburg/Germany) was the first FEL
operating at wavelengths below 50 nm [30]. It has been available to users since 2005
serving a broad scientific community interested in atomic, molecular, and cluster
physics, high-energy-density research, dynamics at surfaces and diffraction imaging
with high spatial resolution (see [32, 33] and references therein).

To address the particular topic of this contribution, namely, the dynamics of
nanoscale structure formation at laser-irradiated surfaces, we carried out a series
of time-resolved laser pump XUV scattering probe experiments to follow the laser-
induced changes with femtosecond temporal and nanometer spatial resolution. A
schematic of the experimental setup is shown in Fig. 6.1.

Experiments were performed at beamline BL2 [34], and FLASH was operated
in the single-bunch ultrashort-pulse mode, providing pulses at a wavelength of
13.5 nm, a pulse duration of 10–20 fs and a mean pulse energy of about 20 μJ
(corresponding to >1012 XUV photons per pulse). These pulses were focused onto

Δt

laser pump

fs XUV probe sample

Fig. 6.1 Schematic of the time-resolved single-pulse scattering experiment performed at the XUV
free electron laser FLASH

1 Some of these results have been presented earlier in [31].
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the sample under study (see below) to a spot size of approximately 20 μm full width
at half maximum (FWHM).

Scattering experiments were carried out in a normal-incidence transmission
geometry. A 45◦ graded multilayer mirror with a central hole was used to selectively
collect the radiation scattered by the sample and direct it onto a XUV-sensitive
CCD detector while blocking at the same time any background scattering, plasma
emission from the target, etc., as well as the direct beam (which passed through
the central hole). At λXUV = 13.5 nm, this diffraction setup allowed to mea-
sure scattering patterns over a spatial frequency range (spatial frequency q =
(2π/λXUV) · sin(θ); θ diffraction angle) from ±10 μm−1 (determined by the size
of the central hole) to ±110 μm−1 (detector size), providing an effective spatial
resolution of better than 50 nm [35]. For further details, the reader is referred to
[36, 37].

Samples comprised polycrystalline silicon films with 100 nm thickness deposited
onto arrays of free-standing, 20-nm-thick Si3N4 membranes supported by a silicon
wafer frame. Such target arrays allowed replacement of the sample between
consecutive exposures, because single-pulse irradiation with both, the optical laser
and the FEL, leads to irreversible sample modifications (e.g., its destruction).

These samples have been irradiated with 12 ps, 523 nm laser pulses [38] at an
angle of incidence of 47◦ (normally p-polarized) and an incident fluence of about
1.7 J/cm2 (pump beam size on the sample 30 × 40 μm2 FWHM), well above the
ablation threshold of �0.5 J/cm2. The delay time �t between the optical pump and
the XUV probe was varied over a range from −50 ps to 4.5 ns with a help of a
mechanical delay line.

For each delay time, three to five diffraction images have been recorded (each
on a fresh sample window), and the data were averaged to increase the signal-to-
noise ratio. Frequently, detector images without pump and probe, pump only, and
probe only have been recorded to allow for background correction as well as to
characterize the scattering of the non-excited samples.

3 Experimental Results

As first results, we present here data obtained on a 100-nm-thick polycrystalline
silicon film, deposited on 100 × 100 μm2 sized Si3N4 membrane windows.
Figure 6.2 shows a sequence of transient scattering patterns for different pump-
probe delay times. The intensity scale of the false-color representation is in arbitrary
units, but the same for all frames/delays. The black disk in the center of each image
represents the “beam stop” realized by the hole in the XUV multilayer mirror. The
projection of the pump laser beam polarization (p-pol.) onto the sample surface is
indicated by the vertical solid white bar in the first frame of Fig. 6.2.

Before discussing the temporal evolution of these scattering patterns, we want to
emphasize their “grainy” structure, which represent speckles due to the spatially
coherent XUV illumination. From the average speckle size δqS ≈ 0.4 μm−1,
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Fig. 6.2 Transient scattering patterns (in false-color representation) of a 100 nm polycrystalline
Si-film on a 20 nm Si3N4 membrane (size: 100 × 100 μm2) as a function of delay time �t

between the 12 ps, 523 nm optical pump pulse (fluence ≈1.7 J/cm2), and the 10–20 fs, 13.5 nm
XUV probe pulse. Displayed spatial frequency range (horizontal and vertical): −92 μm−1 to
+92 μm−1; intensity scale in arbitrary units, but the same for all frames; solid white bar in the
first frame: direction of laser polarization (projection onto the surface)

the diameter d of the coherently illuminated sample area can be estimated as
d = 2π/δqS ≈ 16 μm, which agrees well with the nominal XUV spot size of
20 μm on the sample, highlighting the high spatial coherence of the FEL radiation
[39].
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The diffraction pattern prior to excitation (−10 ps delay) does reveal that the
polycrystalline silicon film has a transverse structure (e.g., grain size) on a hundred
nm length scale (as inferred from the width of the measured distribution). Already
shortly after excitation, changes of the scattering patterns can be recognized, and
three distinct features, in the following denoted as f1, f2, and f3 (marked in the
frame for �t = 840 ps), develop on different timescales. The most prominent
transient feature—f1—is the strong arc-shaped diffraction peaks at qv ≈ ±21 μm−1

in the vertical direction. They indicate the formation of a well-oriented structure
(perpendicular to the laser polarization) with ≈ 300 nm periodicity. Feature f2
corresponds to the (broader) diffraction peaks at qh ≈ ±15–25 μm−1 along the
horizontal direction (at later times close to the beam stop). Additionally, a broad,
ringlike diffraction feature (f3) can be recognized. It has an elliptical shape with
(at �t = 840 ps) vertical and horizontal half axes of ≈43 μm−1 and ≈36 μm−1,
corresponding to real space periodicities of ≈146 nm and ≈175 nm, respectively.

More detailed/quantitative information about the temporal evolution of the
different diffraction features is presented in Fig. 6.3. The top row depicts vertical (a)
and horizontal (b) cross sections along the white-dashed lines, as shown in the first
frame of Fig. 6.2, for selected pump-probe time delays. The bottom row displays
time dependencies of (c) the integrated diffraction signal of f1 (red), f2 (blue), and
f3 (green), of (d) the (vertical) real space periodicities �f1 (red) and �f3 (green)
of features f1 and f3, respectively, and of (e) the peak width (FWHM) of f3 (open
circles) along the vertical direction and, derived from this width, the effective size
of the corresponding structurally coherent sample area (filled squares; explanation
see below).

Feature f1 starts to form already during the pump laser pulse (2nd frame in
Fig. 6.2; green trace I (qv) in Fig. 6.3a). Its intensity increases with time (red curve
in Fig. 6.3c) and it persists until the whole sample starts to disintegrate (last frame
in Fig. 6.2, �t = 4.5 ns). Moreover, there is a continuous shift in the peak position
indicating an increase of its characteristic periodicity �f1 (red trace in Fig. 6.3d)
with time. Feature f2 becomes visible after about 300 ps and its intensity increases
subsequently (green trace in Fig. 6.3c). Simultaneously, f2 moves toward smaller q,
but an accurate determination of the peak position as a function of delay time is
difficult since at early delays, it overlaps with feature f3, while at later delays, it is
partially blocked by the beam stop. The elliptical ring feature f3 starts to develop
after approximately 100 ps, is most visible after a few hundred ps, and does not
persist as long as features f1 and f2. Moreover, its peak position changes with
time, being constant for about 400 ps before starting to shift to smaller qv , which
corresponds to an increasing real space periodicity �f3 (green trace in Fig. 6.3d).
Also the width of the ringlike feature f3 changes with time, being constant again for
approximately 400 ps followed by a linear decrease, which could be followed until
f3 has almost vanished after about 1.4 ns.

All quantities shown in Fig. 6.3c–e for the different features reveal essentially a
two-stage evolution of the whole process. During the first stage, up to about 0.4 ns
the intensity of f1 and f3 increases, while the intensity of f2 is low. During the same
time, �f1 increases, but �f3 stays constant. For delay times �t > 0.4 ns (stage
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Fig. 6.3 Top row: (a) Vertical (I (qv)) and (b) horizontal (I (qh)) cross sections along the white-
dashed lines, as shown in the first frame of Fig. 6.2, for selected pump-probe delay times. Bottom
row: (c) Integrated intensity of the characteristic features f1 (red), f2 (blue), and f3 (green), (d)
real space periodicities �f1 of feature f1 (red, left axis) and �f3 of feature f3 (in vertical direction,
green, right axis), (e) FWHM of feature f3 (open circles, left axis) and the derived size of the
corresponding structurally coherent sample area (full squares, right axis), all as a function of pump-
probe delay time. The solid curves in (c) and (d) are a guide to the eye; the curves in (e) represent
linear fits to the data points at late delay times

2), f1 exhibits a further increase in intensity, which levels off around 1 ns, while
the intensity of f2 starts to continuously increase, and f3 decreases in intensity.
Similarly, while �f1 remains essentially constant, �f3 increases and the f3 peak
width decreases.

4 Discussion and Interpretation of the Transient Scattering
Patterns

Before discussing and interpreting the experimental results, we would like to point
out that any spatially dependent modulation of the optical properties (in the XUV!)
of the laser-excited material will result in scattering of the probe beam. Such
modulation can be caused by a variety of processes, such as electronic excitation,
ionization, heating, but also changes in density and surface topography due to



6 In-Situ Observation of LIPSS-Formation with Extreme Spatial and. . . 265

material expansion and ablation. Therefore, it is a priori difficult if not impossible to
disentangle these processes from the scattering data without further knowledge, for
example, through their characteristic timescales. Most likely, the scattering observed
at early delay times has to be attributed to electronic excitation and melting of the
material, whereas at later times, density modulations and changes of the surface
topography due to expansion and ablation dominate.

To interpret the experimental data and the different diffraction features, we apply
first the intuitive model of interference between the incident laser field and surface
scattered/excited waves since it allows simple predictions on the periodicity and
angular orientation of the resulting LIPSS. This is illustrated in Fig. 6.4 where
kp denotes the in-surface component of the wave-vector ki of the incident pump
laser beam (kp = ki · sin (α); α: angle of incidence) and ks the wave-vector of a
scattered/excited wave propagating along the surface.

While ks can have, in principle, any in-plane direction, its length is determined
by the particular nature of the scattering/excitation process. Often it has been found
that ks ≈ ki and the LIPSS wave-vector ql is then given by ql = ± (

kp + ks

)
.

Therefore, all possible ql lie on two intersecting circles with radius kp ≈ ki centered
at ±kp. Moreover, in many experiments (e.g., [40]), three dominating LIPSS modes
were found for p-polarized light. The first two modes q±

l correspond to ks parallel
or antiparallel to kp, and the third mode q0

l to the intersection points of the two
circles. For these cases, q±

l = (
ki ± kp

) = ki · (1 ± sin (α)) and q0
l = ki · cos (α),

which results in q+
l = 20.8 μm−1, q−

l = 3.2 μm−1, and q0
l = 8.1 μm−1 here. The

corresponding LIPSS periodicities �l = 2π/ql are �+
l = 302 nm, �−

l = 1.95 μm,
and �0

l = 780 nm. While q−
l and q0

l are blocked by the beam stop, it seems natural
to identify the arc-shaped diffraction feature f1 as segments of the intersecting

Fig. 6.4 Interference model for LIPSS generation: kp , in-surface component of the wave-vector
ki of the incident pump laser beam with kp = ki · sin (α); ks , wave-vector of a scattered/excited
wave propagating along the surface; ql , LIPSS wave-vector
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Fig. 6.5 (a) Comparison of the transient scattering pattern measured at �t = 1.35 ns and
calculations of the so-called efficacy factor η based on the model by Sipe et al. [5]. (b) Vertical
cross sections (normalized) in the vicinity of the q+

l -peak (red, η (qv); blue, I (qv, 1.35 ns)

circles and the f1-peak in the circles and the f1-peak in the I (qv)-profiles (Fig. 6.3a)
as the q+

l LIPSS mode.
Going beyond the simplified interference model, the theory of Sipe et al. is

applied [5, 41]. It allows to calculate the so-called efficacy factor η(q), which is
proportional to the spatially varying deposition of the laser pulse energy (repre-
sented in Fourier space). Among other factors, it depends on the optical constants
of the irradiated material (for further details, the reader is referred to [41, 42]).
Figure 6.5a compares the transient scattering pattern measured at �t = 1.35 ns
to a calculated distribution of η for the parameters of our experiment (i.e., laser
wavelength, polarization, and angle of incidence) using the optical constants of
liquid Si as input.

The agreement between the calculated efficacy factor and the measured scattering
pattern is striking and almost quantitative (at least in certain q-ranges) as indicated
by the vertical cross sections around the q+

l -peak shown in Fig. 6.5b. This unam-
biguously confirms the assignment of f1 made above. In the classification of the
recent LIPSS literature [17], f1 is associated with type-s LSFL. It should be noted
that the good agreement between the calculated η and the measured experimental
diffraction pattern is achieved only when using the optical constants of liquid Si
(which is metallic) as input. Given the high pump fluence well above the melting and
ablation threshold, this appears not surprising because melting will occur already
during the 12 ps duration laser pulse.

However, the efficacy factor η (q) does not provide information on how and on
which timescales such a modulated energy deposition transforms into modifications
of the sample properties and morphology responsible for the transient scattering
measured in the experiment. Moreover, the Sipe model, as applied here, does not
take into account changes of the sample (morphology, optical properties) during
irradiation, which are very likely to occur for the conditions of our experiment (12 ps
pulse duration, high fluence) when the material transforms already during the pulse
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from a cold solid, over a hot, electronically excited semiconductor into a metallic
liquid. Such changes will definitely influence the process of LIPSS formation (e.g.,
Bonse et al. [42] have argued for the case of fs laser-excited Si that changes of
the optical properties caused by the formation of a dense electron-hole plasma can
change the LIPSS periodicity).

However, we believe that the increase of the real space periodicity �f1 of the f1
feature (Fig. 6.3d) observed here is only an apparent one since this would imply a
corresponding expansion of the LIPSS pattern over the whole pump laser spot size
of 40 μm in horizontal direction, requiring lateral expansion velocities initially in
excess of 5 km/s, which appears unrealistic.

Pfau et al. [43] have observed changes of positions of diffraction peaks of similar
magnitude (i.e., a few percent) in time-resolved magnetic scattering experiments
(performed also at FLASH) during the ultrafast, laser-induced demagnetization of a
thin-film Co/Pt multilayer. These samples exhibit a pronounced “wormlike” struc-
ture of domains with opposite magnetization, which gives rise to a characteristic
diffraction ring. The peak position of this diffraction ring shifts to lower q within
a few hundred femtoseconds after laser excitation, which is attributed to changes
of the scattering form factor due to a smoothing of the magnetization profile at the
domain boundary caused by spin-dependent carrier transport.

We think a similar form factor effect is responsible for the observed shift
of the f1 peak—although on a very different timescale. The spatially periodic
energy deposition (as described by the efficacy factor) transfers—very likely in a
nonlinear fashion—into a corresponding modulation of the material properties (e.g.,
temperature, melt depth), thus imposing lateral gradients of these properties. These
will smooth out with time due to lateral transport (e.g., heat conduction), which may
affect the form factor in a similar way as discussed in [43].

Considering only Fig. 6.5, it is tempting to interpret f2 also with the help of the
Sipe model and the efficacy factor as the “tail” of scattering signal originating from
the vicinity of q0

l /q−
l . We exclude this explanation because the f2 feature appears

significantly later than f1 and is initially well separated from the beam stop (see
the orange I (qh)-trace in Fig. 6.3) and thus q0

l . However, the limited signal-to-noise
ratio of the data in the q-range of the f2 feature does not allow for further quantitative
analysis, so we refrain from speculating on its physical origin at this point.

Similarly, the calculated η does not account for the elliptical f3 feature, which
is strongest for �t < 1 ns and which has almost vanished at �t = 1.35 ns. As
a possible origin of the f3 feature, we suggest the formation of capillary waves at
the surface of the laser-molten silicon film [19, 21], presumably excited through
the recoil of ablating material. This scenario is supported by the timescales of the
appearance of this feature at delay times �t ≈ 100 ps [44]. For a quantitative

analysis, we neglect gravitational forces (i.e., large capillary constant a =
√

2σ
gρ

[45];

g gravitational acceleration, σ surface tension, ρ density) and apply the dispersion
relation of capillary waves in the short wavelength limit (eq. 62.3 in [45]). This

results in an oscillation period T =
√

�3ρ
2πσ

(� wavelength of the capillary waves).
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Identifying � with �f 3 ≈ 140 nm at early delay times (stage 1) and using
published values for the density ρ = 2.52 g/cm3 and the surface tension σ = 0.874
kg/s2 of liquid silicon at the melting point [46], we obtain a half oscillation period
of T/2 � 0.6 ns, in reasonable agreement with the temporal evolution (rise and
subsequent decay) of the intensity of the f3 feature [19]. Within this picture, f3
does not reappear since these short wavelength capillary waves are damped by

viscous forces with a damping time τD = ρ�2

8π2η
≈ 2.8 ns (η ≈ 0.8 mPa·s: dynamic

viscosity of liquid silicon [47]) and additionally laser-induced ablation decomposes
the molten silicon film on the ns timescale. With respect to the observed time-
dependent increase of �f 3, similar form factor changes might be responsible as
discussed above for the LIPSS periodicity �f 1.

Finally, we interpret the peak width w (FWHM) of the f3 feature, as depicted by
the open circles in Fig. 6.3e, in a Scherrer-like approach [48] as a measure of the size
s ≈ 2π/w of the area, where capillary waves are coherently excited. This size (filled
squares in Fig. 6.3e) has an approximately constant value of 470 nm during stage 1,
but increases linearly with a slope of v = 600 m/s (dashed-dotted curve in Fig. 6.3e)
during stage 2. Within the capillary wave picture, v corresponds to twice the group
velocity vG of the excited waves assuming that the initial excitation area expands
radially by capillary wave propagation. However, one must take into account that the
value of a (and thus v) derived from the f3 peak width w with the equation above
tends to overestimate the actual size for two reasons [49]: (i) The Scherrer equation
includes a pre-factor K , which depends on the shape of the scattering object and
is usually somewhat smaller than 1; (ii) the determined value of a represents in our
case (2D scattering objects) an area-weighted mean value, which depends on the size
distribution (unknown), but emphasizes larger particles. Therefore, v/2 = 300 m/s
represents actually an upper boundary for the group velocity vG of capillary waves,
which can be theoretically calculated from the dispersion relation as vG = dω/dk =
3
2 ·

√
2πσ
ρ�

. Using again the published values for density ρ and surface tension σ

of liquid silicon [46], we obtain vG ≈ 180 m/s, in reasonable agreement with the
upper boundary v/2 = 300 m/s determined from the observed decrease of the f3
peak width.

In summary, although we ignore any temperature-dependent changes of the
thermophysical material properties, the simple capillary wave picture provides
a surprisingly good quantitative description of the temporal evolution of the f3
feature. However, two questions remain unanswered: (i) What mechanism selects
the observed wavelength �f 3 and (ii) why is the f3 diffraction ring elliptical? As
we will argue in the next section, both effects may be related to the f1 feature and
the formation of type-s LSFL.
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5 Polarization Dependence

The Sipe model allows predictions how the LIPSS formation depends on laser
polarization [5, 40]. In particular, it is expected (and has been experimentally
confirmed) that upon rotation of the pump laser polarization, the arc segments,
where η (q) is maximum, rotate as well. To validate this, the XUV scattering on
a similar 100-nm-thick Si film for similar2 excitation conditions as above has been
measured for three different polarization directions (p-, s-, and 45◦-polarization).
Data for a pump-probe delay of �t = 340 ps are shown in Fig. 6.6.

It has to be noted that these measurements have been performed with silicon
films deposited on smaller, 20 × 20 μm2-sized Si3N4 membranes. Diffraction
from the edges of the membranes is responsible for the very intense vertical and
horizontal streaks (white), which partially overlap with the different scattering
features discussed above. However, in complete agreement with the Sipe model,
the f1 feature moves along the two intersecting circles depicted in Fig. 6.4 and
is weakest for s-polarized pump light. Although the f2 feature is not visible for
s-polarized excitation, presumably because the scattering intensity is low (as for
f1) and superimposed by the strong scattering from the membrane edges, Fig. 6.6
clearly demonstrates that the diffraction features f2 and f3 change their orientation
as well. However, while the motion of f1 is centered around ±kp, f2 and f3 rotate
around the origin q = 0. As such, the elliptical f3 feature keeps its large axis always

f1 f2

f345  pol.op-pol. s-pol.

Fig. 6.6 Transient scattering patterns of a 100 nm polycrystalline Si film (on a 20 × 20 μm2,
20-nm-thick Si3N4 membrane) measured 340 ps after excitation with a 12 ps, 523 nm laser pulse
(fluence ≈ 2 J/cm2) for different polarization directions (left, p-pol.; middle, 45◦-pol.; right, s-pol.).
The black, yellow, and green dashed curves mark the characteristic diffraction features f1, f2, and
f3, respectively. Please note that the intensity scale has been adjusted for each image separately in
order to make the different diffraction features clearly visible. The overall scattering intensity is
decreasing by changing the pump polarization from p to s

2 For the measurements with 45◦- and s-polarized pumping, we increased the laser fluence to the
maximum available level of about 2.2 J/cm2 to account at least partly for the increased reflection
losses compared to pumping with p-polarized light.
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parallel to the linear laser beam polarization (the aspect ratio does not change), while
the f2 feature is always oriented perpendicular to it.

To explain this behavior, one has to consider that the modulated energy deposi-
tion at the spatial frequency q+

l of the f1 feature, which leads to LIPSS formation,
also imposes an overall asymmetry of the transient material properties and con-
sequently in the material dynamics between directions along and perpendicular
to the pump laser polarization. Since the f1 feature appears first (already during
the pulses), it may be not surprising that the processes leading to the f2 and
f3 diffraction features depend on the pump pulse polarization in the observed
manner (rotation with the polarization, ellipticity of f3), although f2 and f3 are not
accounted for by the efficacy factor η (q). In fact, in Chap. 5 of this book, Rudenko
and Colombier discuss various mechanisms (e.g., near-field effects) that lead to
a polarization-dependent symmetry breaking and thus preferred orientation of the
evolving structures. In addition, it is noteworthy that �f 3 ≈ �f 1/2, which points
toward a further connection between the f1 and f3 features, suggesting that the so
far not understood selection of wavelength within the capillary wave picture is also
related to the periodically modulated energy deposition.

6 Higher-Order LIPSS

In this section, we discuss results from a scattering experiment in a similar experi-
mental geometry, but using single 50 fs, 800 nm, and p-polarized laser pulses at an
angle of incidence of 45◦ (p-pol.) for the excitation of approximately 5 × 5 μm2

sized Si patches of 100 nm thickness deposited on free-standing 20-nm-thick Si3N4
membranes (see inset in the upper-left frame in Fig. 6.7) at a fluence again well
above the ablation threshold. For several reasons not be discussed here, we were not
able to perform systematic measurements, but only to record a limited number of
scattering patterns. A short sequence of those are shown in Fig. 6.7 for different
pump-probe time delays. As in Fig. 6.2, the projection of the pump laser beam
polarization (p-pol.) onto the sample surface is indicated by the vertical solid white
bar in the first frame of Fig. 6.7.

Please note that in order to make diffraction features at larger scattering angles
visible (e.g., scattering pattern at �t = 0.4 ns), high FEL intensities were required
leading to saturation of the detector closer to the beam stop. The saturated region
was smeared out further in vertical direction due to the read-out process of the CCD
detector.

The upper-left pattern measured at negative time delay shows the scattering of the
unperturbed Si patch. Two features of the scattering patterns measured at positive
delay times are particularly noteworthy:

(1) The f1 feature, which is characteristic for type-s LSFL as predicted by the
Sipe model, is observed even after excitation with a single fs pulse. Since
the pump spot size on the sample is larger than the actual sample size, we
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-5 ps 45 ps

0.4 ns 1.1 ns

f1
p-pol.

Fig. 6.7 Transient scattering pattern of 5 × 5 μm2 sized Si patches of 100 nm thickness deposited
on free-standing 20-nm-thick Si3N4 membranes after excitation with a 50 fs, 800 nm laser pulse for
different pump-probe delay times; solid white bar in the first frame: direction of laser polarization
(projection onto the surface). The inset in the upper-left frame shows an optical micrograph of a
typical sample

attribute this to efficient scattering of the pump radiation at the edges of the
Si patch, similar to the observations on surfaces, which have been intentionally
pre-structured/scratched [26, 29].

(2) As is best visible in the two scattering patterns at larger delays, not only the
fundamental of the f1 feature is observed but also higher diffraction orders (we
were able to detect scattering up to the 9th order) indicating that the spatial
modulation of the material properties that give rise to the scattering of the XUV
probe pulse is non-sinusoidal. These higher orders are observed at longer delay
times and can be, therefore, very likely associated with changes of the sample
morphology due to a spatially modulated ablation of the material. Since ablation
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exhibits generally a nonlinear dependence on fluence (e.g., threshold behavior),
a non-sinusoidal surface morphology will develop even for a sinusoidally
modulated energy deposition leading to higher-order diffraction.

We would like to emphasize that these results, although not yet systematic,
specifically highlight the advantage of probing the LIPSS dynamics with short
wavelength radiation. Higher-order transient diffraction from LIPSS has so far been
reported only in the work by Keilmann [19], who observed second-order LIPSS
diffraction after excitation with a CO2 laser (wavelength 10.6 μm). In all other
studies, the accessible momentum transfer range was not sufficient to capture these
details.

7 Summary and Outlook

The formation of LIPSS (and structure formation in general) at laser-irradiated
surfaces represents a complex multiscale problem in terms of the relevant length and
timescales, as well as the underlying physical processes, posing extreme challenges
for their experimental and theoretical investigation.

On the experimental side, techniques are required that combine high temporal
resolution down to the femtosecond range with the appropriate spatial resolution
on the nanometer to micrometer scale. Furthermore, these techniques need to be
applied under highly irreversible conditions where single pulse laser excitation leads
to significant permanent changes of the irradiated surface area.

In this contribution, we have presented a set of time-resolved scattering exper-
iments using femtosecond XUV pulses from a FEL that allowed us to follow
directly structure formation at the surface of thin silicon films after irradiation with
picosecond optical laser pulses on sub-micrometer to nanometer length scales.

Although the measured data reveal a complex evolution both, in time and
momentum space, the main aspects are accounted for by the LIPSS model of Sipe et
al. [5], which is confirmed almost quantitatively. However, the additional diffraction
features observed here and their complex temporal evolution reveal the relevance of
other processes (e.g., excitation of capillary waves).

Due to time constraints—the presented data represent results from approx. 48 h
of FEL beamtime—more detailed and systematic studies had not been possible.
Nevertheless, our experiments represent the first step towards more thorough
investigations of nanoscale structure formation (incl. LIPSS) at laser-irradiated
surface on extreme time and length scales that have not been accessible before.

While the extension of these experiments toward shorter probing wavelengths
will enable measurements with even higher spatial resolution, the application of a
grazing-incidence scattering geometry [50] will allow to study the surfaces of bulk
materials, a situation more typical/relevant in real-life laser processing. Similarly,
the technique can be also applied in the multi-pulse excitation regime by pre-
structuring the surface through irradiation with N laser pulses and probing the
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transient changes induced by the (N + 1) excitation pulse, as has been done in all-
optical pump-probe experiments (e.g., [23, 25]). On the other hand, 3D tomography
using multiple probe pulses at different angles of incidence may provide volumetric
information.

Moreover, experimental schemes that make use of the very high spatial coherence
of the FEL radiation, like coherent diffraction imaging [37] and photon correlation
spectroscopy (e.g., [51, 52]), can provide additional opportunities. In fact, during the
same beamtime, where the data presented here have been measured, we have addi-
tionally used both techniques to follow in real space with nanometer resolution and
on picosecond timescales the laser-induced destruction of a fabricated nanostructure
[35].

With respect to the theoretical description of these processes, such experiments,
in particular if scattering intensities can be properly calibrated/normalized, should
provide important benchmark data for the sophisticated hybrid electromagnetic and
hydrodynamic continuum models (see, e.g., [14] and Chap. 5 of this book) that have
been developed recently.
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