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ABSTRACT: The formation of self-organized laser-induced periodic surface
structures (LIPSS) in metals, semiconductors, and dielectrics upon pulsed laser
irradiation is a well-known phenomenon, receiving increased attention because of
their huge technological potential. For the case of metals, a major role in this process
is played by surface plasmon polaritons (SPPs) propagating at the interface of the
metal with the medium of incidence. Yet, simple and advanced models based on SPP
propagation sometimes fail to explain experimental results, even of basic features such
as the LIPSS period. We experimentally demonstrate, for the particular case of LIPSS
on Cu, that signi cant deviations of the structure period from the predictions of the
simple plasmonic model are observed, which are very pronounced for elevated angles
of laser incidence. In order to explain this deviation, we introduce a model based on

the propagation of SPPs on a rough surface that takes into account the in uence of the speci ¢ roughness properties on the SPP
wave vector. Good agreement of the modeling results with the experimental data is observed, which highlights the potential of
this model for the general understanding of LIPSS in other metals.

INTRODUCTION

Laser-induced periodic surface structures (LIPSS) can be
formed when a material is exposed to multiple short or
ultrashort laser pulses at energies above the modi cation
threshold. * The predominant mechanism commonly attrib-
uted to LIPSS formation is related to the interference of
incident laser light with a wave propagating at the surface,
leading to a periodic intensity modulation that is imprinted
into the material.” It has to be said, though, that other
underlying mechanisms are proposed, in which the laser pulses
cause a perturbation and softening of the crystal binding,
leading to an unstable surface region, which relaxes and forms
periodic surface structures, similar to the processes and
structures found in ion-bombarded surfaces.®’ While the
exact mechanism is still under debate, the omnipresence of
LIPSS is astonishing. LIPSS manifest in metals,® *° semi-
conductors,"™* ** and dielectrics,*® ?° both organic and
inorganic, and can feature di erent sizes, shapes, and
orientations that are determined by a complex interplay of
laser irradiation and material parameters. The enormous
richness of structures that can be fabricated in this way in
virtually all materials with countless applications, combined
with the inherent simplicity o ered by a single-beam laser
fabrication approach based on self-organization, have triggered
intense research over the past decades.®>** *® Amongst the
irradiation parameters, the angle of incidence  of the laser
beam occupies a prominent role because it directly in uences
the period of the so-called low spatial frequency (LSF) LIPSS,
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consisting of parallel ripples that are aligned with a certain
orientation to the laser polarization, which is material-
dependent. Despite the importance of , there are surprisingly
few works on systematic studies of this parameter, and these
works are limited to a very narrow selection of materials or few
angles.2’26 30

For the speci ¢ case of femtosecond laser irradiation of
metals, the wave propagating at the surface that contributes to
ripple formation is generally identi ed as a surface plasmon
polariton (SPP).** *> The presence of surface roughness is
vital, in order to impart momentum to the incident wave,
bridging the momentum mismatch between the parallel
component of the wavevector of such incident wave with
that of the SPP, which lies beyond the light cone.***" In fact,
the surface roughness parameters play a crucial role in
determining the light-SPP coupling e ciency.*®*° The
emergence of LIPSS is associated to the formation of a surface
wave as a result of the interference between the incident eld
and the excited SPP, yielding the well-known expression of the
LIPSS period.*® In general, though, the role of surface
roughness is assumed to be only to allow SPP excitation,
and the calculated SPP wavevector used corresponds to that at
a planar dielectric metal interface. This approach does
reproduce the general tendency of the LIPSS period as a
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Figure 1. Angle dependence of the ripple period of LSF-LIPSS in Cu. (a ¢) SEM images of laser-written tracks at Fy; = 20 mJ/cm? and N = 1000

for @) =0°(b) =30°and (c)

=52° (d f) Higher magni cation images of the corresponding regions marked in (a c) of the transition

region of the inner ripples (track center) to outer ripples (track border). (g) Dependence of the ripple period for the two types of ripples with the
angle of incidence. The blue circles and red squares correspond to experimental data, whereas the dashed curve represents the result of the simple

plasmonic model (see text).

function of anzgle of incidence but fails to predict correctly the
period values.”

In this regard, it should be recalled that SPP propagatinq
along a rough surface can also couple into outgoing waves.”*
More importantly for LIPSS formation, and often overlooked,
is the fact that the SPP itself senses the surface roughness along
its propagation. Attempts to account for this discrepancy have
been carried out by considering the rough metal surface in
form of an additional thin layer composed of air and metal,
whose dielectric function is modeled by the Maxwell Garnett
theory of e ective media, slightly improving the agreement
with experimental results.”®** Nonetheless, the surface rough-
ness appears in this model as the metal Iling fraction of such
intermediate air metal interface, without including in detail
surface roughness statistical parameters.

Here, we report a strong deviation of the angle dependence
of the LIPSS period on Cu from the predictions of existing
models based on SPP propagation. In order to explain the
observed di erences, we introduce a model based on the
modi cation of the propagation of SPPs on a rough surface
that incorporates the strong dependence of the SPP wave-
vector on surface roughness parameters.*>** Upon introducing
such speci ¢ roughness parameters determined experimentally
into the rough-SPP model, we show that the experimental
LIPSS periods can be properly obtained by the model.

RESULTS

Laser irradiation experiments have been performed by
exposing a Cu sample to a train of focused ultrashort laser
pulses while moving the sample at di erent speeds. Given the
numerous experimental parameters that in uence the for-
mation of LIPSS in metals, even for constant laser pulse
properties (800 nm wavelength, 100 fs pulse duration, p-
polarization, 100 Hz repetition rate), we have performed
several independent irradiation experiments in order to narrow
down the global parameter space. First, we have explored the
parameter space given by the laser uence F and the e ective
pulse number Ng in order to identify the optimum conditions
for the formation of LIPSS for a constant angle of incidence (

=0°). We found that the minimum pulse number necessary for
the appearance of reasonably well-pronounced and aligned
LIPSS in Cu was Ngx = 1000 (cf. experimental section for the
de nition of Ng), which is consistent with other works,
reporting similarly high values.** The uence range for LIPSS
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to appear under these conditions was F.4 = [15, 35] mJ/cm?
(cf. experimental section for the de nition of Fy).

In a second step, we varied the angle of incidence while
keeping N and Fg constant. Figure 1la f shows scanning
electron microscopy (SEM) images of the resulting LIPSS for
three angles of incidence ( = 0° 30° and 52°). Several
observations can be made: rst, the periodic structures are
aligned perpendicularly to the laser polarization and their
period increases with the angle of incidence, as expected for
LSF LIPSS (so-called ripples) in metals. Second, for a given
angle, two di erent ripple periods are observed in di erent
regions of the laser-written track. This is particularly evident in
the results shown for = 52° (cf. Figure 1c,f), featuring a
shorter period toward the center of the track (inner LIPSS)
and a longer one at the border (outer LIPSS). It should be
reminded that under the present laser excitation conditions
with a Gaussian-shaped intensity pro le, the center of the track
has experienced a higher local uence than the border. This
position-dependent, and thus uence-dependent period is
astonishing and will be one of the main foci of interest in the
present paper.

Indeed, it is well known that a change of uence can lead to
di erent classes of LIPSS in metals, ranging from high spatial
frequency (HSF)-LIPSS and LSF-LIPSS at low and moderate

uences to so-called grooves and spikes at high uences.**"*®
These LIPSS classes di er strongly from each other in terms of
their spatial features, with HSF-LIPSS having a period of less
than half the laser wavelength and being aligned parallel to the
laser polarization, LSF-LIPSS having a period similar to the
laser wavelength at normal incidence and being aligned
perpendicular to the polarization. Grooves and spikes have
both a size much larger than the laser wavelength. Comparing
these known LIPSS classes to our case of two types of ripples
sharing the same orientation (Figure 1la f) leads us to the
conclusion that both belong to the same LIPSS class, namely
LSF-LIPSS. We attribute the absence of other experimental
works (to the best of our knowledge) reporting two types of
LSF-LIPSS to the fact that only few studies at all have explored
the angle dependence of LIPSS. For zero angle, the di erence
in period is small and close to the experimental resolution, as
opposed to elevated angles, where the two types can clearly be
distinguished.

In order to investigate the origin of the two types of LIPSS
in more detail, we have extended the study of the angle
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dependence to cover a range from 0° to 60°. The results are
plotted in Figure 1g. The most striking observation is that two
di erent periods are present for a single angle, con rming the
observations made in Figure 1a,b. While it can be argued that
for small angles, the di erence in period is negligible, at larger
angles the di erence is considerable. We have included in
Figure 1c data for a period ** calculated from simple
plasmonic theory,">*” based on the propagation of a SPP at
the air metal interface, according to

St

Ren) S sin( ) €))
with  being the laser wavelength. Re(n) is the real part of the
complex refractive index of the interface, essentially propor-
tional to the SPP wavevector k% on a planar air metal
interface, so that

/(2 ) = [( air met)sﬂ’( Fir nl:tall/z )

with , and . being the dielectric functions of air and the
metal. It can be seen that the general trend of both periods as a
function of does indeed follow the theory, but the absolute
values di er considerably for both types of LIPSS observed
experimentally, being systematically lower in both cases. It
should be noted here that an additional subwavelength period

S is predicted by a variation of eq 1, in which the minus sign
is replaced by a plus sign. However, in the present case of Cu,
we have not found experimental evidence for this period,
whereas we did observe it in our recent work on silicon.?*%

A deviation of experimentally observed period values from
values predicted by the simple plasmonic model as observed in
Figure 1g is often reported in literature and several
modi cations to the model have been proposed. The most
widely accepted one is based on a transient change of the
dielectric function of the material during laser irradiation,
leading to a transient increase in the free electron density.*
While this correction is vital for explaining the behavior in
semiconductors and dielectrics, for the case of metals with
already a high density of free electrons the expected change is
only minor. Another addition to the plasmonic model is based
on taking into account the hydrodynamics taking place after
laser-induced melting.™* Whilst this modi cation does explain
the additional formation of the so-called groove structures,
with larger size and parallel orientation to the laser polar-
ization, it does not yield a signi cant change of the period of
the LSF-LIPSS with respect to the other theories. An extended
version of this model has been applied recently to a very
similar study, ripple formation in Cu at normal and 45°
incidence.*® The authors report a similar trend of experimental
and theoretical results for the ripple period as a function of

uence, although the experimentally data at 45° are found to
have a larger period than predicted.

A further modi cation to the simple plasmonic model is
based on the fact that LSF-LIPSS often feature a nanostructure
superimposed to them, in form of randomly distributed
nanoparticles. Hwang and Guo?® argue that this ne structure
leads to an e ective change of the dielectric constant ,;, and
directly in uences SPP propagation. The authors introduce
this concept in their model in form of an air nanostructure
composite layer of a certain thickness and Il factor, which is
then described by the Maxwell Garnett theory of e ective
media. They implement this concept by assigning an e ective
dielectric function . to the air nanostructure composite,

(0]
n= ks
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replacing ;; used in the expression for calculating n. Using this
approach, the authors were able to t their experimental data
by adjusting the volume fraction of the metal inclusions in the
composite “air layer”. In a recent work, the same group was
able to determine the volume fraction of the metal inclusions
by means of atomic force microscopy (AFM) measurements.®*

An important point that had been neglected in refs**** is the
fact that the nanostructure features used for the model input
were those of the nal structures. However, the relevant
nanostructure for surface plasmon propagation to occur is the
one present at the threshold of LIPSS formation. The
formation of LIPSS is based on multiple pulse irradiation
during which the surface topography and morphology evolves
as the pulse number increases. During the rst few pulses, the
surface roughness increases homogeneously, until from a
certain pulse number onward LIPSS begin to form. Thus, it is
the surface roughness at this moment, which is relevant for
calculation of SPP coupling and propagation.

A simple way to investigate the progressive formation of the
two types of ripples observed as the pulse number increases is
to write single tracks at di erent values of Ngg. Figure 2 shows

100
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Figure 2. Sequence of SEM images showing the evolution of the
surface morphology of Cu as a function of pulse number Ng; for =
52°.

a set of SEM images of track regions written at constant

uence (Fo¢ = 25 mi/cm?) and angle (= 52°), with Ngg = 5,
10, 50, 100, 1000. While at Ng = 5 and 10, the track manifests
as a slight brightening of the surface, for Ny = 50 and higher a
signi cant corrugation of the surface can be appreciated. At
Ng = 100, the characteristic periodic structures of both the
inner and outer ripples already begin to emerge. From these
results, we conclude that an approximate pulse number
threshold for ripple formation is Neg e = 50.

Because SEM data provide only access to morphological
information, AFM measurements need to be performed in
order to obtain a quantitative study of the surface roughness,
which is required for the model here proposed. Representative
AFM maps recorded with a step size d = 30 nm in the center of
the written track for di erent values of N are displayed in
Figure 3a d. The unexposed surface already features a
considerable roughness, with typical feature sizes of 100 nm,
which remains essentially unchanged for N = 5. A signi cant
coarsening is observed at Ng = 50, although no signs of
vertically aligned ripples can be seen. Such ripples are clearly
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Figure 3. (a d) Sequence of AFM images recorded with a step size d
= 30 nm, showing the evolution of the surface topography of Cu as a
function of pulse number N for = 52° at the center of the written
track (cf. Figure 2). (e) Cross-section of a laser-written track with N
=50 and 1000 recorded with an AFM and step size d = 600 nm. The
dashed vertical lines mark the border between the di erent regimes of
inner and outer ripples, extracted from the SEM images shown in
Figure 2.

observed at N = 1000, accompanied by a strong increase in
modulation depth.

Table 1 displays the extracted characteristic statistical data of
the AFM measurements, namely, the RMS height ,,, of the

Table 1. Statistical Data of AFM Measurements of Laser-
Written Tracks for Di erent Pulse Numbers Ny at = 52°%

inner region outer region
Neff nano (nm) nano (nm) nano (nm) nano (nm)
0 17 690 17 690
5 20 380 17 690
50 28 480 19 560
1000 121 115

FFor Ng = [0, 50], nano represents the RMS height and 0o
represents the correlation length. For Ng = 1000, periodic ripples are
present, and .., corresponds to the ripple modulation depth, the
concept of ;o being meaningless (see text).

roughness and the corresponding correlation length ;... The
correlation function o ) is de ned as

aQ)= ) €r+) ®)
where f(r) is the surface pro le function (assuming that its

mean value is subtracted so that f(r) =0,and = ./(f(n) 2
is its RMS height deviation.*®*"*? If the surface roughness is a
homogeneous and isotropic random process, and can be
written as a gaussian function, then

2
o =D =eXDH—2i @

where is the correlation length. Intuitively, this length
describes the average size of protuberances/valleys in the
random surface. If the surface is deterministic, then this
magnitude may become meaningless, and other parameters are
needed. This is the case of LIPSS, for which periodicity
obviously leads to a periodic correlation function, showing a
peak exactly at the position of the periodicity.

It can be seen that the nanoscale roughness of the
unexposed sample is already relatively high and increases
further during the rst 50 pulses, slightly more in the inner
region. The mechanisms that lead to this increase of surface

roughness are complex and include melting, evaporation, rapid
solidi cation, and possibly convection, which explains the
higher roughness in the inner region corresponding to a higher
local uence.*

Correlation lengths barely vary within the scale of half a
micron, approximately. When LIPSSs emerge (Ng = 1000),
the correlation length makes no sense and the LIPSS period is
used as the relevant parameter instead, as mentioned above.

Figure 3e shows AFM cross-sections of tracks written at
di erent pulse numbers. The region in which the inner ripples
are formed (between the dashed vertical lines in Figure 3e, as
determined from the SEM images shown in Figure 2)
corresponds to the region of strong ablation with a maximum
crater depth of 1.3 m at N = 1000. In contrast, the outer
ripples are formed in a region of weak ablation. It is worth
noting that the AFM measurement of the track cross-section in
Figure 3e was performed over a 100 m scale at a much larger
step size (d = 600 nm) than the one shown in Figure 3a d (5

m scale with d = 30 nm). A comparison of both types of AFM
measurements, of a small area with high resolution versus a
large area with low resolution, reveals that the laser-induced
surface roughness combines coarse structures superimposed
with a ne structure, both for N = 50 and N = 1000. While
the strong hierarchical/multiscale morphology of LIPSS is
well-known and opens interesting possibilities of fabricating
novel surface structures with new funcionalities,**“® it poses an
enormous challenge for our attempt to understand SPP
propagation on such multiscale surfaces.

MODELING

We have developed a model to describe the formation of
LIPSS based on the fact that the emergence of LIPSS is
associated to the electromagnetic eld modulations resulting
from the interference between the incident eld and the
excited SPP. Then, the LIPSS period * dependence on the
incident angle  can be obtained from this well-known
expression“®*’ shown by eq 1 above. In our model, we will
assume that the SPP itself is perturbed by the presence of
surface roughness; as a result, its wavevector kepp can be
modi ed, on average, with respect to that for a planar surface
k{%. Bearing in mind that surface roughness is not
deterministic, accounting theoretically for the average dis-
persion relation of SPP on a random rough surface is a
complex task. We will take advantage of the fact that the
surface roughness precursor of LIPSS is normally much smaller
than the incoming wavelength, so that perturbation theories
may hold.*>** In particular, we will make use of the expression
eq A42 derived in ref 43 for the roughness-induced
modi cation of the SPP wavevector.

R

2 (,+1)7?

x kdkiv 0 exp| —2 i k KD
0 K2 S (K92 ) ( Pr )
)

. . . 2 §f?
With metal = r+|ia|r| |i|l and 0~ EZS (F) g’

“ 22
= EZS (E) . Therefore, the complex refractive index

Kspp

exiS e 14

of the interface that has to be included in eq 1 to yield the
LIPSS periods within our model, accounting for the roughness-
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induced modi cation of the SPP wavevector on a planar air
metal interface, is
n= (k&s+ kepp /(2) (6)
We consider surface roughness as a Gaussian-correlated,
Gaussian statistics random process, characterized by the RMS
height (assumed small compared to the incoming wavelength
, and by its correlation length . Recall that inverse
methods based on light-scattering data can be in turn used to
determine the surface autocorrelation functions.** The
resulting modi cation of kgpp can be strongly dependent
on surface roughness parameters.”* The RMS height s
accounted for up to second order, 2. The impact of the
correlation length  is more subtle because it accounts for the
lateral dimensions of roughness, which are in turn inversely
proportional to the imparted transverse momentum; thus
correlation lengths smaller than the SPP wavelength are usually
required to a ect more strongly the SPP wavevector. A sketch
of the excitation scenario is shown in Figure 4.

Metal g(A)

Figure 4. Sketch of the excitation scenario of SPP, leading to the
formation of LIPSS.

As discussed before (cf. Figure 2), we now consider N = 50
as the threshold for LIPSS formation (Nggres). Without the
presence of the additional coarse microstructure, the roughness
parameters of the nanostructure listed in Table 1 should be
appropriate as the relevant input parameter for our model. Yet
in view of the existence of additional microscale structures, in
particular the ablation crater in the region of the inner ripples,
the values listed in the table are most likely underestimated.
Because of this, we have preferred to calculate the ripple
periods by leaving the surface roughness parameter as the t
parameter rather than to use the ., values listed in Table 1.
However, we do use the ., listed in Table 1 because the
lateral dimensions at the nanoscale are well accounted through
AFM. As mentioned above, ner lateral dimensions result in
higher momentum imparted into SPPs, thus having more
impact than coarser lateral dimensions on the roughness-
induced modi cation of the SPP wavevector [see eq 5]. Figure
5 displays a plot of the period of the two types of ripples,
combining the experimental data already shown in Figure 1
with the results of our model. It can be seen that the model ts
the experimental data very well for all angles, much better than
the simple plasmonic model not taking into account the
surface roughness.

The tted roughness parameters used in these calculations
are =26 nm ( pao = 560 nm) for the outer ripples and
52 nm ( pano = 480 nm) for the inner ripples. A comparison
with the nanoscale roughness parameters at Neg = 50 ( pano =
19 nm, .0 =560 nm for the outer ripples and ;0 = 28 nm,

nano = 480 nm for the inner ripples) shows that a relatively
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Figure 5. (a) Dependence of the ripple period for the two types of
ripples in Cu with the angle of incidence. The blue circles and red
squares correspond to experimental data, whereas the solid curves
represent the result of the plasmonic model taking into account the
surface roughness. The dashed curve represents the result of the
simple plasmonic model assuming a perfectly at surface. (b,c)
Comparison of experimental and modeling results at = 52°: (b)
SEM image for N = 1000. (¢) Snapshot of eld-intensity distribution
of SPPs propagating on areas of di erent surface roughnesses.

good agreement is obtained for the outer ripples whereas a
clear underestimation is obtained for the inner ripples. As
explained before, we attribute this poor match to the
contribution of microscale roughness, which is particularly
important for the inner ripples due to the presence of an
ablation trench. Moreover, the model neglects possible
oxidation of the surface that might take place after a few
pulses, e ectively changing the dielectric constant of the
material by the presence of an ultrathin Cu,0 layer.*® If
present, this e ect would be particularly relevant for the central
region of high uence where a poor match with the model is
observed.

In this context, it should be noted that Neg s = 50 is only
valid for the speci ¢ experimental conditions used here.
Performing the experiment under di erent conditions might
change this value. The criterion for determining the
appropriate Negpres Value for speci ¢ experimental conditions
is using the highest Ny value that leads to a random
nanoroughness, not featuring periodic structures.

In order to visualize in two dimensions the importance of
the local surface roughness on the wavevector of the SPP, we
show in Figure 5b,c, a direct comparison of experimental and
modeling results for a xed angle of incidence, =52°. For the
model, we have calculated the instantaneous eld-intensity
distribution of SPPs propagating on a surface with a
heterogeneous roughness, the central stripe having a higher
roughness and the outer regions exhibit a lower roughness.
This is done in practice by assuming that the SPP wavevector,
given by eqs 5 and 6, is di erent in the inner and outer regions,
as obtained with the di erent surface roughness parameters
mentioned above; such SPP wavevectors are thus identical to
those used to t the LIPSS periods in Figure 5a. Apart from the
inherent local randomness observed in the real ripples, the
agreement in Figure 5b,c is remarkable, giving further support
to the assumptions made in our theoretical model.

CONCLUSIONS

From an experimental point of view, we have observed the co-
existence of two types of periodic surface structures in copper
upon scanning the sample while exposing it to a pulse train of
ultrashort laser pulses at an elevated angle of incidence. The
structures can be distinguished by their relative position and
period, with the longer period being located at the track border
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(lower local uence) and the shorter period being in the track
center (high uence). Our model based on the propagation of
surface plasmon polarizations on rough surfaces demonstrates
that the surface roughness directly in uences the period of the
structures formed. The role of the laser uence is therefore
more indirect, in a sense that it in uences the surface
roughness obtained, and through this ultimately the period.
The periods predicted by the model are found to be consistent
with the experimental results for roughness values observed
experimentally, although the hierarchical/multiscale morphol-
ogy of LIPSS would need to be taken into account in order to
achieve a perfect match.

METHODS

Irradiation experiments were performed using an ampli ed
laser system for irradiation, providing pulses of 120 fs full
width at half-maximum at 800 nm central wavelength with a
repetition rate of 100 Hz. The pulse energy is adjusted by a
combination of a half-waveplate and a polarizing beam splitter
cube. A second half-waveplate is used to set the polarization of
the pulse to p-polarized at the sample plane. The beam passes
through a beam-shaping circular aperture with a diameter @ =
3.5 mm before being focused by a lens with focal length f = 150
mm at the sample surface, at an angle of incidence , de ned
with respect to the optical axis of the microscope. The intensity
distribution is Gaussian (1/€ diameter d was measured
experimentally) according to the method reported in ref 51.
For oblique incidence, the spot size was Gaussian elliptic, with
the long axis d( ) being angle-dependent and lying in the
plane of incidence and the short axis being constant (d, = 59

m). The peak uence F was calculated as F = 8E/ -dy( )-d,
It is important noticing that the absorbed fraction of the laser
pulse energy is also angle-dependent because of the
corresponding dependence of the Fresnel re ection coe cient.
This was taken into account by formulating an e ective uence
Fe = (1 R( ))-(8E/ -dy( )-d). Because of the high
absorption of Cu at the laser wavelength, the e ective uence
values quoted in the text are low.

The sample was a commercially available Cu slab with 99.9%
purity, mechanically polished to a nal surface roughness given
in Table 1 (Ng = 0). The sample was mounted on a rotation
stage in order to select the irradiation angle and on a
motorized three-axis translation stage to position the sample or
move it at a user-de ned constant speed. Because the laser was
operated at a constant pulse repetition rate, the setting of the
speed e ectively controlled the e ective pulse number per unit
area incident on the sample. The e ective pulse number per
unit area for a given spot size and sample speed v was de ned
as Ngg = di( )-100 Hz/v.

After irradiation, the laser-exposed regions were charac-
terized using a variety of techniques. Optical microscopy was
performed with an NA = 0.9 and 460 nm illumination, yielding
a maximum lateral resolution R, < 300 nm. SEM was
performed using detection of the secondary electrons and
yielded much higher spatial resolution. The period of the
LIPSS structures has been determined via performing a fast-
Fourier transform on the optical and SEM micrographs of the
fringe structures. The error bar assigned to the obtained period
value corresponds to two times the standard deviation of a
Gaussian t to the rst order of the fast-Fourier transform.

The surface topography of the structures was measured with
an atomic force microscope operating in the tapping mode,
recording two-dimensional maps.

6944

AUTHOR INFORMATION

Corresponding Authors

*E-mail: j.sanchez@csic.es (J.A.S.-G.).
*E-mail: j.siegel@csic.es (J.S.).

ORCID

Yasser Fuentes-Edfuf; 0000-0003-3541-7730
Jose A. Sanchez-Gil: 0000-0002-5370-3717
Camilo Florian: 0000-0001-5632-0562

Jan Siegel: 0000-0002-6159-7299

Notes
The authors declare no competing nancial interest.

ACKNOWLEDGMENTS

Jan Siegel, Javier Solis, Y.F.-E., and C.F. acknowledge the
Spanish Ministry of Science, Innovation and Universities for

nancial support through research grant UDiISON (TEC2017-
82464-R) and the European Commission for grant LiNaBio-
Fluid (FETOPEN 665337). V.G. and JASG acknowledge the
Spanish Ministerio de Economia y Competitividad for nancial
support through the grants LENSBEAM (FIS2015-69295-C3-
2-P) and NANOTOPO (FIS2017-91413-EXP) and also
Consejo Superior de Investigaciones Cienti cas (INTRA-
MURALES 2017501039).

REFERENCES

(1) Birnbaum, M. Semiconductor Surface Damage Produced by
Ruby Lasers. J. Appl. Phy&65, 36 3688 3689.

(2) Young, J. F.; Preston, J. S.; van Driel, H. M.; Sipe, J. E. Laser-
Induced Periodic Surface Structure. Il. Experiments on Ge, Si, Al, and
Brass. Phys. Rev. B: Condens. Matter Materl98By27, 1155
1172.

(3) Bonse, J.; Hohm, S.; Kirner, S. V.; Rosenfeld, A.; Kruger, J.
Laser-Induced Periodic Surface Structures A Scientific Evergreen.
IEEE J. Sel. Top. Quantum Ele2@bn.23 9000615.

(4) Ruiz de la Cruz, A,; Lahoz, R.; Siegel, J.; de la Fuente, G. F,;
Solis, J. High Speed Inscription of Uniform, Large-Area Laser-Induced
Periodic Surface Structures in Cr Films Using a High Repetition Rate
Fs Laser. Opt. Lett2014, 39 2491.

(5) Sipe, J. E.; Young, J. F.; Preston, J. S.; van Driel, H. M. Laser-
Induced Periodic Surface Structure. 1. Theory. Phys. Rev. B: Condens.
Matter Mater. Phyi9183, 27, 1141 1154.

(6) Varlamova, O.; Reif, J.; Varlamov, S.; Bestehorn, M. Self-
organized Surface Patterns Originating from Laser-Induced Instability.
Progress in Nonlinear Nano-Q@pigsger Nature, 2015; pp 3 29.

(7) Munoz-Garcia, J.; Vazquez, L.; Castro, M.; Gago, R.; Redondo-
Cubero, A.; Moreno-Barrado, A.; Cuerno, R. Self-Organized Nano-
patterning of Silicon Surfaces by lon Beam Sputtering. Mater. Sci. Eng.,
R 2014, 86 1 44.

(8) Colombier, J. P.; Garrelie, F.; Faure, N.; Reynaud, S.; Bounhalli,
M.; Audouard, E.; Stoian, R.; Pigeon, F. Effects of Electron-Phonon
Coupling and Electron Diffusion on Ripples Growth on Ultrafast-
Laser-Irradiated Metals. J. Appl. Phy2012, 111 024902.

(9) Florian Baron, C.; Mimidis, A.; Puerto, D.; Skoulas, E.; Stratakis,

E.; Solis, J.; Siegel, J. Biomimetic Surface Structures in Steel
Fabricated with Femtosecond Laser Pulses: Influence of Laser
Rescanning on Morphology and Wettability. Beilstein J. Nanotechnol.
2018, 9, 2802 2812.

(10) Oktem, B.; Pavlov, I.; llday, S.; Kalayctglu, H.; Rybak, A.;
Yavas, S.; Erdogan, M.; llday, F. O. Nonlinear Laser Lithography for
Indefinitely Large-Area Nanostructuring with Femtosecond Pulses.
Nat. Photoni@913, 7, 897 901.

(11) Tsibidis, G. D.; Fotakis, C.; Stratakis, E. From Ripples to
Spikes: A Hydrodynamical Mechanism to Interpret Femtosecond
Laser-Induced Self-Assembled Structures. Phys. Rev. B: Condens.
Matter Mater. Phy&15, 92 No. 041405(R).

DOI: 10.1021/acsomega.9b00546
ACS Omega 2019, 4, 6939 6946


mailto:j.sanchez@csic.es
mailto:j.siegel@csic.es
http://orcid.org/0000-0003-3541-7730
http://orcid.org/0000-0002-5370-3717
http://orcid.org/0000-0001-5632-0562
http://orcid.org/0000-0002-6159-7299
http://dx.doi.org/10.1021/acsomega.9b00546

ACS Omega

(12) Gesuele, F.; JJ Nivas, J.; Fittipaldi, R.; Altucci, C.; Bruzzese, R.;
Maddalena, P.; Amoruso, S. Analysis of Nascent Silicon Phase-
Change Gratings Induced by Femtosecond Laser Irradiation in
Vacuum. Sci. Re[2018, 8, 12498.

(13) Garcia-Lechuga, M.; Puerto, D.; Fuentes-Edfuf, Y.; Solis, J.;
Siegel, J. Ultrafast Moving-Spot Microscopy: Birth and Growth of
Laser-Induced Periodic Surface Structures. ACS Photoni@916, 3,
1961 1967.

(14) Derrien, T. J.-Y.; Koter, R.; Kruger, J.; Hohm, S.; Rosenfeld, A.;
Bonse, J. Plasmonic Formation Mechanism of Periodic 100-Nm-
Structures upon Femtosecond Laser Irradiation of Silicon in Water. J.
Appl. Phy2014, 116 074902.

(15) Wagner, R.; Gottmann, J.; Horn, A Kreutz, E. W.
Subwavelength Ripple Formation Induced by Tightly Focused
Femtosecond Laser Radiation. Appl. Surf. S@006, 252 8576 8579.

(16) Rudenko, A.; Colombier, J.-P.; Hohm, S.; Rosenfeld, A,
Kruger, J.; Bonse, J.; Itina, T. E. Spontaneous Periodic Ordering on
the Surface and in the Bulk of Dielectrics Irradiated by Ultrafast Laser:
A Shared Electromagnetic Origin. Sci. Ref2017, 7, 12306.

(17) Rebollar, E.; Vazquez de Aldana, J. R.; Martin-Fabiani, I.;
Hernandez, M.; Rueda, D. R.; Ezquerra, T. A.; Domingo, C.; Moreno,
P.; Castillejo, M. Assessment of Femtosecond Laser Induced Periodic
Surface Structures on Polymer Films. Phys. Chem. Chem. PS8,
15 11287.

(18) Cui, J; Rodriguez-Rodriguez, A.; Hernandez, M.; Garcia-
Gutierrez, M.-C.; Nogales, A.; Castillejo, M.; Mosegui Gonzalez, D.;
Muller-Buschbaum, P.; Ezquerra, T. A.; Rebollar, E. Laser-Induced
Periodic Surface Structures on P3HT and on Its Photovoltaic Blend
with PC71BM. ACS Appl. Mater. Interfé2s$, 8, 31894 31901.

(19) Sartori, A. F.; Orlando, S.; Bellucci, A.; Trucchi, D. M
Abrahami, S.; Boehme, T.; Hantschel, T.; Vandervorst, W.; Buijnsters,
J. G. Laser-Induced Periodic Surface Structures (LIPSS) on Heavily

Boron-Doped Diamond for Electrode Applications. ACS Appl. Mater.

Interface®018, 10 43236 43251.

(20) Abdelmalek, A.; Sotillo, B.; Bedrane, Z.; Bharadwaj, V.;
Pietralunga, S.; Ramponi, R.; Amara, E.-H.; Eaton, S. M. Origin of
Femtosecond Laser Induced Periodic Nanostructure on Diamond.
AIP Adv2017, 7, 105105.

(21) Vorobyev, A. Y.; Guo, C. Direct Femtosecond Laser Surface

Nano/Microstructuring and Its Applications. Laser Photonics Rev.

2013, 7, 385 407.

(22) Muller, F.; Kunz, C.; Graf, S. Bio-Inspired Functional Surfaces
Based on Laser-Induced Periodic Surface Structures. Material016,
9, 476.

(23) Buividas, R.; Mikutis, M.; Juodkazis, S. Surface and Bulk
Structuring of Materials by Ripples with Long and Short Laser Pulses:
Recent Advances. Prog. Quantum Elect2fii4, 38 119 156.

(24) Huang, M.; Zhao, F.; Cheng, Y.; Xu, N.; Xu, Z. Origin of Laser-
Induced near-Subwavelength Ripples: Interference between Surface
Plasmons and Incident Laser. ACS Nan&009, 3, 4062 4070.

(25) Sedao, X.; Abou Saleh, A.; Rudenko, A.; Douillard, T.; Esnouf,
C.; Reynaud, S.; Maurice, C.; Pigeon, F.; Garrelie, F.; Colombier, J.-P.
Self-Arranged Periodic Nanovoids by Ultrafast Laser-Induced Near-
Field Enhancement. ACS Photoni2618, 5, 1418 1426.

(26) Hwang, T. Y.; Guo, C. Angular Effects of Nanostructure-
Covered Femtosecond Laser Induced Periodic Surface Structures on
Metals. J. Appl. Phy2010, 108 073523.

(27) Nurnberger, P.; Reinhardt, H.; Kim, H.-C.; Yang, F.; Peppler,
K.; Janek, J.; Hampp, N. Influence of Substrate Microcrystallinity on
the Orientation of Laser-Induced Periodic Surface Structures. J. Appl.
Phys2015, 118 134306.

(28) Puerto, D.; Garcia-Lechuga, M.; Hernandez-Rueda, J.; Garcia-
Leis, A.; Sanchez-Cortes, S.; Solis, J.; Siegel, J. Femtosecond Laser-
Controlled Self-Assembly of Amorphous-Crystalline Nanogratings in
Silicon. Nanotechnolog§16, 27, 265602.

(29) Fuentes-Edfuf, Y.; Garcia-Lechuga, M.; Puerto, D.; Florian, C.;
Garcia-Leis, A.; Sanchez-Cortes, S.; Solis, J.; Siegel, J. Coherent
Scatter-Controlled Phase-Change Grating Structures in Silicon Using
Femtosecond Laser Pulses. Sci. Ref2017, 7, 4594.

6945

(30) Zuhlke, C. A.; Tsibidis, G. D.; Anderson, T.; Stratakis, E.;
Gogos, G.; Alexander, D. R. Investigation of Femtosecond Laser
Induced Ripple Formation on Copper for Varying Incident Angle.
AIP Adv2018, 8, 015212.

(31) Huang, M.; Cheng, Y.; Zhao, F.; Xu, Z. The Significant Role of
Plasmonic Effects in Femtosecond Laser-Induced Grating Fabrication
on the Nanoscale. Ann. Phy2013, 525 74 86.

(32) Bonse, J.; Rosenfeld, A.; Kruger, J. On the Role of Surface
Plasmon Polaritons in the Formation of Laser-Induced Periodic
Surface Structures upon Irradiation of Silicon by Femtosecond-Laser
Pulses. J. Appl. Phy2009, 106 104910.

(33) Gnilitskyi, I.; Derrien, T. J-Y.; Levy, Y.; Bulgakova, N. M.;
Mocek, T.; Orazi, L. High-Speed Manufacturing of Highly Regular
Femtosecond Laser-Induced Periodic Surface Structures: Physical
Origin of Regularity. Sci. Ref2017, 7, 8485.

(34) Lim, H. U.; Kang, J.; Guo, C.; Hwang, T. Y. Manipulation of
Multiple Periodic Surface Structures on Metals Induced by Femto-
second Lasers. Appl. Surf. S@018, 454 327 333.

(35) Obara, G.; Tanaka, Y.; Nedyalkov, N. N.; Terakawa, M.; Obara,
M. Direct Observation of Surface Plasmon Far Field for Regular
Surface Ripple Formation by Femtosecond Laser Pulse Irradiation of
Gold Nanostructures on Silicon Substrates. Appl. Phys. Le2011, 99
061106.

(36) Raether, H. Surface Polaritons on Smooth and Rough Surfaces and

on GratingsSpringer-Verlag: Berlin, 1988.

(37) Zayats, A. V.; Smolyaninov, I. I.; Maradudin, A. A. Nano-Optics
of Surface Plasmon Polaritons. Phys. Rep005, 408 131 314.

(38) Sanchez-Gil, J. A.; Nieto-Vesperinas, M. Resonance Effects in
Multiple Light Scattering from Statistically Rough Metallic Surfaces.
Phys. Rev. B: Condens. Matter Mateldl9Bpy45 8623 8633.

(39) Sanchez-Gil, J. A. Coupling, resonance transmission, and
tunneling of surface-plasmon polaritons through metallic gratings of
finite length. Phys. Rev. B: Condens. Matter Materl®By$£3
10317 10327.

(40) Bonch-Bruevich, A. M. Surface Electromagnetic Waves in
Optics. Opt. Engl992, 31, 718.

(41) Sanchez-Gil, J. A. Surface Defect Scattering of Surface Plasmon
Polaritons: Mirrors and Light Emitters. Appl. Phys. Letft998, 73
3509 3511.

(42) Rahman, T. S.; Maradudin, A. A. Surface-Plasmon Dispersion

Relation in the Presence of Surface Roughness. Phys. Rev. B: Condens.

Matter Mater. Phyl980, 21, 2137 2143.
(43) Fontana, E.; Pantell, R. H. Characterization of Multilayer

Rough Surfaces by Use of Surface-Plasmon Spectroscopy. Phys. Rev.

B: Condens. Matter Mater. PI8g8, 37 3164 3182.

(44) Dostovalov, A. V.; Korolkov, V. P.; Okotrub, K. A.; Bronnikov,
K. A.; Babin, S. A. Oxide Composition and Period Variation of
Thermochemical LIPSS on Chromium Films with Different Thick-
ness. Opt. Expre2018, 26 7712.

(45) Tsibidis, G. D.; Mimidis, A.; Skoulas, E.; Kirner, S. V.; Kruger,
J.; Bonse, J.; Stratakis, E. Modelling Periodic Structure Formation on
100Cr6 Steel after Irradiation with Femtosecond-Pulsed Laser Beams.
Appl. Phys. 2018, 124 27.

(46) Bonse, J.; Kirner, S.; Griepentrog, M.; Spaltmann, D.; Kruger, J.
Femtosecond Laser Texturing of Surfaces for Tribological Applica-
tions. Material®018, 11, 801.

(47) Maier, S. A. Plasmonics: Fundamentals and Applications

Springer US: New York, NY, 2007.

(48) Zorba, V.; Stratakis, E.; Barberoglou, M.; Spanakis, E.;
Tzanetakis, P.; Anastasiadis, S. H.; Fotakis, C. Biomimetic Artificial
Surfaces Quantitatively Reproduce the Water Repellency of a Lotus
Leaf. Adv. Mater2008, 20 4049 4054.

(49) Simonsen, I.; Hetland, @. S.; Kryvi, J. B.; Maradudin, A. A.
Determination of the Normalized-Surface-Height Autocorrelation
Function of a Two-Dimensional Randomly Rough Dielectric Surface
by the Inversion of Light-Scattering Data. Phys. Rev. 2016, 93
043829.

DOI: 10.1021/acsomega.9b00546
ACS Omega 2019, 4, 6939 6946


http://dx.doi.org/10.1021/acsomega.9b00546

ACS Omega

(50) Baufay, L.; Houle, F. A.; Wilson, R. J. Optical self-regulation
during laser-induced oxidation of copper. J. Appl. Phy4987, 61,
4640 4651.

(51) Liu, J. M. Simple Technique for Measurements of Pulsed
Gaussian-Beam Spot Sizes. Opt. Lett1982, 7, 196.

6946 DOI: 10.1021/acsomega.9b00546
ACS Omega 2019, 4, 6939 6946


http://dx.doi.org/10.1021/acsomega.9b00546

