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Yasser Fuentes-Edfuf,† Jose ́ A. Sańchez-Gil,*,‡ Camilo Florian,† Vincenzo Giannini,‡ Javier Solis,†

and Jan Siegel*,†

†Laser Processing Group, Instituto de Optica (IO-CSIC), Consejo Superior de Investigaciones Científicas, CSIC, Serrano 121,
28006 Madrid, Spain
‡Instituto de Estructura de la Materia (IEM-CSIC), Consejo Superior de Investigaciones Científicas, Serrano 121, 28006 Madrid,
Spain

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 significant 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 influence of the specific 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 modification
threshold.1−4 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.5 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.6,7 While the
exact mechanism is still under debate, the omnipresence of
LIPSS is astonishing. LIPSS manifest in metals,8−10 semi-
conductors,11−14 and dielectrics,15−20 both organic and
inorganic, and can feature different 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 offered by a single-beam laser
fabrication approach based on self-organization, have triggered
intense research over the past decades.3,21−25 Amongst the
irradiation parameters, the angle of incidence θ of the laser
beam occupies a prominent role because it directly influences
the period of the so-called low spatial frequency (LSF) LIPSS,

consisting of parallel ripples that are aligned with a certain
orientation to the laser polarization, which is material-
dependent. Despite the importance of θ, 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 specific case of femtosecond laser irradiation of
metals, the wave propagating at the surface that contributes to
ripple formation is generally identified as a surface plasmon
polariton (SPP).31−35 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.36,37 In fact,
the surface roughness parameters play a crucial role in
determining the light-SPP coupling efficiency.38,39 The
emergence of LIPSS is associated to the formation of a surface
wave as a result of the interference between the incident field
and the excited SPP, yielding the well-known expression of the
LIPSS period.40 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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function of angle of incidence but fails to predict correctly the
period values.26

In this regard, it should be recalled that SPP propagating
along a rough surface can also couple into outgoing waves.41

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 effective media, slightly improving the agreement
with experimental results.26,34 Nonetheless, the surface rough-
ness appears in this model as the metal filling 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 differences, we introduce a model based on the
modification of the propagation of SPPs on a rough surface
that incorporates the strong dependence of the SPP wave-
vector on surface roughness parameters.42,43 Upon introducing
such specific 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 different speeds. Given the
numerous experimental parameters that influence 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 fluence F and the effective
pulse number Neff in order to identify the optimum conditions
for the formation of LIPSS for a constant angle of incidence (θ
= 0°). We found that the minimum pulse number necessary for
the appearance of reasonably well-pronounced and aligned
LIPSS in Cu was Neff = 1000 (cf. experimental section for the
definition of Neff), which is consistent with other works,
reporting similarly high values.44 The fluence range for LIPSS

to appear under these conditions was Feff = [15, 35] mJ/cm2

(cf. experimental section for the definition of Feff).
In a second step, we varied the angle of incidence while

keeping Neff and Feff constant. Figure 1a−f shows scanning
electron microscopy (SEM) images of the resulting LIPSS for
three angles of incidence (θ = 0°, 30° and 52°). Several
observations can be made: first, the periodic structures are
aligned perpendicularly to the laser polarization and their
period Λ increases with the angle of incidence, as expected for
LSF LIPSS (so-called ripples) in metals. Second, for a given
angle, two different ripple periods are observed in different
regions of the laser-written track. This is particularly evident in
the results shown for θ = 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 profile, the center of the track
has experienced a higher local fluence than the border. This
position-dependent, and thus fluence-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 fluence can lead to

different classes of LIPSS in metals, ranging from high spatial
frequency (HSF)-LIPSS and LSF-LIPSS at low and moderate
fluences to so-called grooves and spikes at high fluences.45,46

These LIPSS classes differ 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 1a−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 difference
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

Figure 1. Angle dependence of the ripple period of LSF-LIPSS in Cu. (a−c) SEM images of laser-written tracks at Feff = 20 mJ/cm2 and Neff = 1000
for (a) θ = 0°, (b) θ = 30°, and (c) θ = 52°. (d−f) Higher magnification 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).
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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
different periods are present for a single angle, confirming the
observations made in Figure 1a,b. While it can be argued that
for small angles, the difference in period is negligible, at larger
angles the difference is considerable. We have included in
Figure 1c data for a period Λs+ calculated from simple
plasmonic theory,40,47 based on the propagation of a SPP at
the air−metal interface, according to

λ
θ

Λ =
̃ −

+

nRe( ) sin( )
s

(1)

with λ being the laser wavelength. Re(ñ) is the real part of the
complex refractive index of the interface, essentially propor-
tional to the SPP wavevector kSPP

(0) on a planar air−metal
interface, so that

λ π̃ = · = [ ϵ ·ϵ ϵ + ϵ ]n k /(2 ) ( )/( )SPP
(0)

air metal air metal
1/2

(2)

with ϵair and ϵmetal being the dielectric functions of air and the
metal. It can be seen that the general trend of both periods as a
function of θ does indeed follow the theory, but the absolute
values differ considerably for both types of LIPSS observed
experimentally, being systematically lower in both cases. It
should be noted here that an additional subwavelength period
Λs− 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.28,29

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
modifications 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.32

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.11 Whilst this modification 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 significant 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.30 The authors report a similar trend of experimental
and theoretical results for the ripple period as a function of
fluence, although the experimentally data at 45° are found to
have a larger period than predicted.
A further modification 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 Guo26 argue that this fine structure
leads to an effective change of the dielectric constant ϵair and
directly influences SPP propagation. The authors introduce
this concept in their model in form of an air−nanostructure
composite layer of a certain thickness and fill factor, which is
then described by the Maxwell−Garnett theory of effective
media. They implement this concept by assigning an effective
dielectric function ϵeff to the air−nanostructure composite,

replacing ϵair used in the expression for calculating ñ. Using this
approach, the authors were able to fit 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.34

An important point that had been neglected in refs26,34 is the
fact that the nanostructure features used for the model input
were those of the final 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 first 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 different values of Neff. Figure 2 shows

a set of SEM images of track regions written at constant
fluence (Feff = 25 mJ/cm2) and angle (θ = 52°), with Neff = 5,
10, 50, 100, 1000. While at Neff = 5 and 10, the track manifests
as a slight brightening of the surface, for Neff = 50 and higher a
significant corrugation of the surface can be appreciated. At
Neff = 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 Neff,thres = 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 different values of Neff 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 Neff = 5. A significant
coarsening is observed at Neff = 50, although no signs of
vertically aligned ripples can be seen. Such ripples are clearly

Figure 2. Sequence of SEM images showing the evolution of the
surface morphology of Cu as a function of pulse number Neff for θ =
52°.
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observed at Neff = 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 δnano of the

roughness and the corresponding correlation length σnano. The
correlation function c(τ) is defined as

τ τδ= ⟨ · + ⟩−c f fr r( ) ( ) ( )2
(3)

where f(r) is the surface profile function (assuming that its

mean value is subtracted so that ⟨f(r)⟩ = 0, and δ = f r( ( ))2

is its RMS height deviation.36,41,42 If the surface roughness is a
homogeneous and isotropic random process, and can be
written as a gaussian function, then

ττ σ
τ

= | | = −c( ) exp
2

2

i
k
jjjj

y
{
zzzz

(4)

where σ 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 first 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
solidification, and possibly convection, which explains the
higher roughness in the inner region corresponding to a higher
local fluence.45

Correlation lengths barely vary within the scale of half a
micron, approximately. When LIPSSs emerge (Neff = 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

different 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 μm at Neff = 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 μm scale at a much larger
step size (d = 600 nm) than the one shown in Figure 3a−d (5
μm 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 fine structure, both for Neff = 50 and Neff = 1000. While
the strong hierarchical/multiscale morphology of LIPSS is
well-known and opens interesting possibilities of fabricating
novel surface structures with new funcionalities,21,48 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 field modulations resulting
from the interference between the incident field and the
excited SPP. Then, the LIPSS period Λs+dependence on the
incident angle θ can be obtained from this well-known
expression40,47 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 kSPP can be
modified, on average, with respect to that for a planar surface
kSPP
(0) . 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.42,43 In particular, we will make use of the expression
eq A42 derived in ref 43 for the roughness-induced
modification of the SPP wavevector.

∫

δ σ ε
ε

α εα σ σ

Δ =
| |

+
[− ]

×
−

−
−

∞

k k

k k
k k

k
F k k

2 ( 1)
exp ( ) /4

d
( )

exp
4

( , , )

SPP

2 2
r

1/2

r
2 SPP

(0) 2

0

0
2

SPP
(0) 2

2 2

SPP
(0)

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
(5)

With εmetal = εr + iεi, |εr| ≫ |εi|, and α = − ω( )k
c0

2 2 1/2Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ ,

α ε= − ω( )k
c

2 2 1/2Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ . Therefore, the complex refractive index

of the interface that has to be included in eq 1 to yield the
LIPSS periods within our model, accounting for the roughness-

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 Neff for θ = 52° at the center of the written
track (cf. Figure 2). (e) Cross-section of a laser-written track with Neff
= 50 and 1000 recorded with an AFM and step size d = 600 nm. The
dashed vertical lines mark the border between the different regimes of
inner and outer ripples, extracted from the SEM images shown in
Figure 2.

Table 1. Statistical Data of AFM Measurements of Laser-
Written Tracks for Different Pulse Numbers Neff at θ = 52°a

inner region outer region

Neff δnano (nm) σnano (nm) δnano (nm) σnano (nm)

0 17 690 17 690
5 20 380 17 690
50 28 480 19 560
1000 121 115

aFor Neff = [0, 50], δnano represents the RMS height and σnano
represents the correlation length. For Neff = 1000, periodic ripples are
present, and δnano corresponds to the ripple modulation depth, the
concept of σnano being meaningless (see text).
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induced modification of the SPP wavevector on a planar air−
metal interface, is

λ π̃ = + Δ ·n k k( ) /(2 )SPP
(0)

SPP (6)

We consider surface roughness as a Gaussian-correlated,
Gaussian statistics random process, characterized by the RMS
height δ (assumed small compared to the incoming wavelength
λ, δ ≪ λ and by its correlation length σ. Recall that inverse
methods based on light-scattering data can be in turn used to
determine the surface autocorrelation functions.49 The
resulting modification of ΔkSPP can be strongly dependent
on surface roughness parameters.43 The RMS height δ is
accounted for up to second order, δ2. The impact of the
correlation length σ 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 affect more strongly the SPP wavevector. A sketch
of the excitation scenario is shown in Figure 4.

As discussed before (cf. Figure 2), we now consider Neff = 50
as the threshold for LIPSS formation (Neff,thres). 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 δ as the fit
parameter rather than to use the δnano values listed in Table 1.
However, we do use the σnano listed in Table 1 because the
lateral dimensions at the nanoscale are well accounted through
AFM. As mentioned above, finer lateral dimensions result in
higher momentum imparted into SPPs, thus having more
impact than coarser lateral dimensions on the roughness-
induced modification 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 fits
the experimental data very well for all angles, much better than
the simple plasmonic model not taking into account the
surface roughness.
The fitted roughness parameters used in these calculations

are δ = 26 nm (σnano = 560 nm) for the outer ripples and δ =
52 nm (σnano = 480 nm) for the inner ripples. A comparison
with the nanoscale roughness parameters at Neff = 50 (δnano =
19 nm, σnano = 560 nm for the outer ripples and δnano = 28 nm,
σnano = 480 nm for the inner ripples) shows that a relatively

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, effectively changing the dielectric constant of the
material by the presence of an ultrathin Cu2O layer.50 If
present, this effect would be particularly relevant for the central
region of high fluence where a poor match with the model is
observed.
In this context, it should be noted that Neff,thres = 50 is only

valid for the specific experimental conditions used here.
Performing the experiment under different conditions might
change this value. The criterion for determining the
appropriate Neff,thres value for specific experimental conditions
is using the highest Neff 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 fixed angle of incidence, θ = 52°. For the
model, we have calculated the instantaneous field-intensity
distribution of SPPs propagating on a surface with a
heterogeneous roughness, the central stripe having a higher
roughness δ 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 different in the inner and outer regions,
as obtained with the different surface roughness parameters
mentioned above; such SPP wavevectors are thus identical to
those used to fit 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

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

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 flat surface. (b,c)
Comparison of experimental and modeling results at θ = 52°: (b)
SEM image for Neff = 1000. (c) Snapshot of field-intensity distribution
of SPPs propagating on areas of different surface roughnesses.
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(lower local fluence) and the shorter period being in the track
center (high fluence). Our model based on the propagation of
surface plasmon polarizations on rough surfaces demonstrates
that the surface roughness directly influences the period of the
structures formed. The role of the laser fluence is therefore
more indirect, in a sense that it influences 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 amplified
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 Ø =
3.5 mm before being focused by a lens with focal length f = 150
mm at the sample surface, at an angle of incidence θ, defined
with respect to the optical axis of the microscope. The intensity
distribution is Gaussian (1/e2 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 dx(θ) being angle-dependent and lying in the
plane of incidence and the short axis being constant (dy = 59
μm). The peak fluence F was calculated as F = 8E/π·dx(θ)·dy.
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 reflection coefficient.
This was taken into account by formulating an effective fluence
Feff = (1 − R(θ))·(8E/π·dx(θ)·dy). Because of the high
absorption of Cu at the laser wavelength, the effective fluence
values quoted in the text are low.
The sample was a commercially available Cu slab with 99.9%

purity, mechanically polished to a final surface roughness given
in Table 1 (Neff = 0). The sample was mounted on a rotation
stage in order to select the irradiation angle θ and on a
motorized three-axis translation stage to position the sample or
move it at a user-defined constant speed. Because the laser was
operated at a constant pulse repetition rate, the setting of the
speed effectively controlled the effective pulse number per unit
area incident on the sample. The effective pulse number per
unit area for a given spot size and sample speed v was defined
as Neff = dx(θ)·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 Rxy < 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 fit to the first 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.
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(10) Öktem, B.; Pavlov, I.; Ilday, S.; Kalaycıoğlu, H.; Rybak, A.;
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