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Abstract—Laser-induced periodic surface structures (LIPSS,
ripples) are a universal phenomenon and can be generated on
almost any material upon irradiation with linearly polarized radi-
ation. With the availability of ultrashort laser pulses, LIPSS have
gained an increasing attraction during the past decade, since these
structures can be generated in a simple single-step process, which
allows a surface nanostructuring for tailoring optical, mechanical,
and chemical surface properties. In this study, the current state
in the field of LIPSS is reviewed. Their formation mechanisms
are analyzed in ultrafast time-resolved scattering, diffraction, and
polarization constrained double-pulse experiments. These exper-
iments allow us to address the question whether the LIPSS are
seeded via ultrafast energy deposition mechanisms acting during
the absorption of optical radiation or via self-organization after
the irradiation process. Relevant control parameters of LIPSS are
identified, and technological applications featuring surface func-
tionalization in the fields of optics, fluidics, medicine, and tribology
are discussed.

Index Terms—Laser ablation, laser applications, materials
processing, nanostructures, optical polarization, periodic
structures, plasmons, self-assembly, surface texture, ultrafast
optics.

1. INTRODUCTION

ASER-induced periodic surface structures (LIPSS), often
L termed ripples, are a universal phenomenon that occurs
on solids upon irradiation with linearly polarized laser radia-
tion [1]. LIPSS usually emerge as a surface relief composed of
(quasi-) periodic lines, which exhibit a clear correlation to the
wavelength and polarization of the radiation. These structures
can be generated on almost any material (metals, semiconduc-
tors, and dielectrics) [2] and are formed in a huge range of pulse
durations, ranging from continuous wave irradiation [3] down
to only a few femtoseconds (fs) [4].
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From a fundamental point of view, LIPSS are challenging
as their formation involves a complex sequence of inter- and
intrapulse physical processes. Absorption of radiation by the
electronic system of the irradiated material is followed by the
transfer of the deposited energy to the lattice system of the
solid and by a variety of subsequent thermal and possibly hy-
drodynamical or chemical effects. Those events may affect the
formation of the final periodic surface relief in most cases via
spatially modulated material removal (ablation). Due to the va-
riety of mechanisms and the importance of additional “feedback
phenomena” as a consequence of repetitive (multiple-pulse) sur-
face irradiation, a comprehensive theory of LIPSS is currently
not available and several aspects are still controversially dis-
cussed in literature.

From the technological point of view, the processing of LIPSS
represents an impressively simple approach, which can be used
for various applications. The nanostructures can be generated in
a single-step process that enables surface functionalization to-
ward a control of optical, mechanical, or chemical surface prop-
erties. The manufacturing process can be implemented either
serially or parallel (in-line). It is executable in air environment
and, thus, avoids cost-expensive and time-consuming vacuum
technologies or additional chemical procedures.

This article continues a series of reviews on LIPSS [5]-[10].
While the state-of-the-art up to the middle of the eighties of the
past century was comprehensively summarized by Siegman and
Fauchet [6] and Akhmanov et al. [5], some recent contributions
focused on the significantly increasing research activities per-
formed in the field of LIPSS during the past decade [7]-[10].
This emerging research is demonstrated in Fig. 1, which pro-
vides the number of publications per year during the last four
decades (analyzed by specific search terms entered to the IS/
Web of Knowledge database). Currently, approximately 80 pub-
lications annually appear in the scientific literature and most of
them are related to the use of femtosecond laser pulses. The
present work complements and extends our previous review
article [2] published in 2012.

II. HISTORICAL DEVELOPMENTS

A. The Early Years

Since the discovery of LIPSS by Birnbaum in 1965 [11], their
investigation has developed into a scientific evergreen. Birn-
baum reported the formation of LIPSS on polished germanium
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Fig. 1. Research activities in the field of LIPSS, exemplified by the number
of papers published per year - matching on July 25% 2016 in the ISI Web
of Knowledge database to the search term “Laser-induced periodic surface
structures” or the two logically connected terms “Laser-induced periodic surface
structures” AND “Femtosecond”.

single-crystal surfaces after irradiation by a focused ruby laser
beam. He attributed their formation to a diffraction effect and
suggested that the surface relief is formed by material removal at
the maxima of the electric field intensity [11]. A few years later,
in 1973, Emmony et al. suggested that LIPSS are generated via
interference of the incident laser beam with light scattered at
surface defects and scratches [12]. For pulsed laser systems, it
turned out very early that, apart from the irradiation wavelength
A and polarization direction, the laser fluence (peak value ¢)
and the number of pulses applied to the irradiated spot (N) are
the key to control the occurrence of LIPSS experimentally.

B. The 1980’s

At the beginning of the 1980s, Keilmann and Bai extended
the idea of Emmony et al. by proposing that LIPSS are originat-
ing from an interference of the incident radiation with surface
polaritons bound to and propagating along the irradiated sur-
face [13]. Almost at the same time, two research groups around
Sipe and Siegman independently proposed extended theories
for the formation of LIPSS [14], [15]. Sipe and co-workers de-
veloped a first-principles theory of LIPSS and launched this
terminology (laser-induced periodic surface structures, LIPSS)
in 1982 to the literature (see Fig. 1) [1]. In a following series
of three pioneering publications [14], [16], [17] these authors
theoretically and experimentally analyzed the interactions of
electromagnetic radiation with a microscopically rough surface
by introducing the so-called efficacy factor n. The latter rep-
resents a scalar function which is proportional to the inhomo-
geneous energy deposition into the irradiated material [14]. n
describes the efficacy with which the surface roughness leads
to inhomogeneous absorption of radiation and predicts possible
LIPSS wave vectors k of the surface [with [k| = (27)/A] as a
function of the laser parameters (wavelength A, angle of inci-
dence 6, polarization direction, and wave vector of the incident
radiation) and surface parameters (dielectric permittivity ¢ and
surface roughness). A simplified set of complex-valued equa-
tions was derived more than twenty years later, which allows a
straightforward calculation of 1 [18].
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Fig.2.  Scanning electron micrographs of two different types of LIPSS formed
on titanium alloy (Ti6Al4V) surfaces after irradiation with fs-laser pulses [30
fs, 800 nm, 1 kHz]. (a) LSFL [¢ = 0.11J/cm?, N ~ 56]; (b) HSFL [¢g =
0.08 J/em?, N ~ 560]. Note the different magmﬁcatlons

The efficacy factor theory is the currently most widely ac-
cepted theory of LIPSS and explicitly includes surface-scattered
electromagnetic waves (SEW). However, it has to be noted that
this theory does not include any feedback phenomena and that
some types of LIPSS are not properly described by it [18]-[20].

C. The New Millennium

At the turn of the new millennium, the number of annual pub-
lications in the field of LIPSS started to grow significantly, see
the red bar charts in Fig. 1 which are associated with the search
term <laser-induced periodic surface structures>. This still on-
going trend is caused by the observation of a “non-classical”
type of LIPSS with periods significantly smaller than the irra-
diation wavelength [21]—[25]. These structures are termed high
spatial frequency LIPSS (HSFL), or sometimes nanoripples, and
must clearly be distinguished from the classical near-wavelength
sized LIPSS, called low spatial frequency LIPSS (LSFL). It was
suggested by Reif and co-workers that the HSFL are formed via
a self-reorganization of the irradiated material, associated with
a surface instability as a result of surface erosion and atomic
diffusion effects [26].

Fig. 2 exemplifies both types of nanostructures via scanning
electron micrographs (SEM) of LSFL [see Fig. 2(a)] and HSFL
[see Fig. 2(b)] formed on a polished titanium alloy (Ti6Al4V)
surface after irradiation with multiple Ti:sapphire fs-laser pulses
(30 fs, 800 nm, 1 kHz). For the given conditions, the LSFL on
Ti6Al4V have periods Apgr, ~ (620 =+ 80) nm and are formed
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Fig. 3. Comparison of the calculated efficacy factor n assuming LIPSS on
liquid silicon (a) and the experimentally scattered XU V-radiation (b) [Apyohe =
13.5nm, 7pohe = 301S, Oprone = 0°] measured at a delay of At = 1.85 ns
after exciting a rough 100 nm thick silicon film by a single ps-laser pulse
[APump = 527nm, 7pyyp = 12ps, Opymp = 45°]. The black disks represent
the beam block of the zero-order signal. Figure adapted from [29].

perpendicular to the laser beam polarization, while the HSFL ex-
hibit periods of Agspr, ~ (80 % 20) nm only and are oriented
parallel to the polarization. These LIPSS periods were deter-
mined by two-dimensional spatial Fourier transforms, which al-
lows the evaluation of entire images. The corresponding surface
modulation depths of the LIPSS were measured by scanning
force microscopy and account to (110 £ 20) nm for the LSFL
and (25 + 10) nm for the HSFL.

In 2009, the theory of Sipe was combined with a Drude model
for considering the optical response of the quasi-free conduc-
tion band electrons of the laser excited solids [27], [28]. This
approach successfully describes LIPSS in zinc oxide and sili-
con and confirmed the importance of transient changes of the
dielectric permittivity during the early stage of LIPSS formation
on semiconductors upon irradiation with ultrashort laser pulses.

In 2010, a group of researchers around Sokolowski-Tinten
provided a direct experimental proof of Sipes theory by studying
the dynamics of the formation of LIPSS on rough silicon films in
time-resolved ps-optical pump/fs-XUV scattering experiments
[29]. Almost quantitative agreement between the spatially scat-
tered XUV-radiation pattern and the efficacy factor was found,
see Fig. 3.

Two years later, Skolski et al. numerically studied the for-
mation of LIPSS by employing finite-difference time-domain
calculations (FDTD) to solve the Maxwell-equations at a sta-
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Fig. 4. Classification scheme of fs-laser-induced periodic surface structures.

tistically rough surface [30]. This approach allowed to qualify
the inhomogeneous absorption in laser-excited silicon and con-
firmed the validity of the analytical Sipe-Drude model in the
near surface region. The FDTD-approach was extended also to
larger sample depths, which are not directly accessible in Sipes
theory [30]-[32]. In an alternative approach, FDTD was used to
calculate the optical absorption in idealized nanostructures and
surface gratings, allowing to visualize plasmonic dispersion re-
lations, optical nearfields in the surface nanostructures, and to
identify feedback mechanisms [33]-[35].

III. MECHANISMS OF LIPSS FORMATION

For normal incident radiation LSFL typically exhibit peri-
ods close to or slightly smaller than the irradiation wavelength
(A/2 < Apspr, < A), while HSFL have periods smaller than
half of the irradiation wavelength (Apsrr, < A/2). HSFL are
observed predominantly for laser pulse durations in the fs- to
ps-range. Hence, the ever-growing availability of ultrafast laser
systems strongly promotes the current research on LIPSS. The
latter argument is directly supported by the data provided as
green bars added in Fig. 1, which indicate that in the new mil-
lennium the majority of publications on LIPSS are based on
fs-laser sources. Both types of LIPSS (LSFL and HSFL) can be
divided into two sub-categories (see Fig. 4).

A. LSFL

On strong absorbing materials, such as semiconductors and
metals, the LSFL are usually oriented perpendicular to the laser
beam polarization and exhibit periods close to the wavelength,
i.e., deviating not more than a few tens of percent (Apgpr, ~
A). This type of LIPSS is called LSFL-I in the following and
is exemplified in Fig. 2(a). It is generally accepted that these
structures are generated by interaction of the incident laser beam
with an electromagnetic wave scattered at the rough surface
and may involve the excitation of Surface Plasmon Polaritons
(SPP) [14],[28],[29], [33], [36], [37]. Particularly for irradiation
with ultrashort laser pulses this excitation channel is of major
importance since initially plasmonically non-active materials
(dielectrics and semiconductors) can transiently be turned into
a metallic state, which allows a direct excitation of SPP [Re(e)
< —1], once a critical density of electrons in the conduction
band is exceeded [28], [33], [38], [39].

For simplicity, in the LIPSS literature often the SPP wave-
length is directly linked to the LSFL-I periodicity (Apsrr, =
Agpp). In the “standard surface plasmon polariton model” of a
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plane metal-air interface for normal incident radiation, the SPP
spatial period Agpp is related to the bulk dielectric permittiv-
ity & via Apspr = Aspp = A x Re{[(c + 1)/e]"/?} [37], [40],
[41]. For a small number of laser pulses, the LSFL period may
coincide with Agpp as the surface corrugations are still small
(depths d << A). However, it should be underlined that once a
sufficiently deep surface relief has formed, the simple expres-
sion of Agpp is not valid anymore [42]. Also multi-pulse feed-
back phenomena significantly affect the LSFL formation (see
Section III-C below). Hence, the applicability of the simple
“standard surface plasmon polariton model” always has to be
checked carefully.

On dielectrics and when the single photon energy is smaller
than the band gap energy of the materials, another type of LSFL
is observed. These LSFL-II structures are typically oriented
parallel to the laser beam polarization and have spatial peri-
ods close to Apspr, = A/n, withn = gl/2 being the refractive
index of the dielectric material [14], [43]-[45]. These struc-
tures are related to so-called Radiation Remnants (RR), which
were predicted already by the LIPSS theory of Sipe et al. for
transparent materials [14]. The RR represent a specific non-
propagating electromagnetic mode close to the rough surface
[46], which is capable of extracting energy from the incident ra-
diation and transferring it to the material at the associated spatial
frequencies.

Under specific irradiation conditions, i.e., in a certain fluence
range, near field enhancement or grating assisted effects can lead
to a splitting of the LSFL ridges already formed at the surface
[34], [47]. As aresult, the LSFL discontinuously transform into
another LIPSS structure with only half of the spatial period.
As this formation mechanism is directly linked to the LSFL
morphologies, these LIPSS are not distinguished as distinct type
of LIPSS here.

The relevance of the local polarization state on the LSFL
formation was recently demonstrated by Nivas et al., who gen-
erated optical vortex beams with locally varying polarization
by means of spatial light modulators [48]. They demonstrated
that for radial, azimuthal, or spiral-like polarized fs-laser beams
the LSFL strictly follow the orientation of the local (linear)
polarization direction (being perpendicular to it).

Finally, it should be noted that LSFL-I can form also in the
non-ablative regime via local melting and rapid solidification
phenomena. The origin also lies in the excitation of a SEW,
but the deposited optical energy is not sufficient for material
removal. However, the rapid solidification of the molten regions
can lead to local changes of the near-surface material structure,
resulting in a periodic pattern of amorphous and crystalline
regions [49], [50]. Additionally, thermocapillary and chemicap-
illary forces may act on the locally molten material leading
to a spatial redistribution of material during the melt duration
[51], [52]. Some authors have even reported the formation of
LIPSS at fluences below the melting threshold of the irradiated
material, where surface diffusion effects, defect-driven instabil-
ities, or thermoplastic deformations may corrugate the surface
[53]-[55].

LIPSS formed under such sub-ablation or sub-melting con-
ditions can even protrude above the original surface [54],
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[56], [57]. However, both sub-ablative LIPSS formation mecha-
nisms require a sufficient dosage of surface mobility provided to
the material and, thus, have a tendency to form at large numbers
of laser pulses (typically exceeding several thousands) or for
long pulse durations.

B. HSFL

HSFL with periods smaller than half of the wavelength are
formed at fluences very close to the damage threshold of the
irradiated material and predominantly for pulse durations in the
fs- to ps-range. HSFL are oriented either parallel or perpendic-
ular to the laser beam polarization, depending on the material
(see the table in [2]). They manifest in two different forms (com-
pare Fig. 4). Type HSFL-I is mainly observed on dielectrics and
semiconductors and consist of very narrow periodic grooves
having widths w of a few tens of nanometer only (w < Aggsyr,)-
The HSFL-I formation may initially start from individual nano-
cracks and their groove depth d can reach up to several hundreds
of nanometers (d > Apgsrr,) [58]-[60], resulting in a depth-to-
period aspect ratio A = d/Apgrr, > 1. Therefore, some au-
thors call these nanostructures deep-subwavelength ripples [33],
[34]. For (semi)transparent materials HSFL-I often exhibit pe-
riods of Agspr, ~ A/(2n) [9].

In contrast, the grooves of the second type HSFL-II exhibit
depths of only a few tens of nanometers along with periods ap-
proaching the sub-100 nm range, resulting in a depth-to-period
aspectratio A << 1. These shallow HSFL are often observed on
metal surfaces, such as titanium [19], [61] or nickel [62] and it
was suggested that superficial oxidation [19], [63] or twinning
effects during the resolidification of a shallow laser-induced
melt layer [62] are involved in their formation.

However, currently these two HSFL types are not distin-
guished in scientific literature and the origin of HSFL is
controversially discussed. Apart from the already mentioned
mechanisms of self-organization, oxidation and twinning, also
second harmonic generation [25], [27], evanescent fields at
nanocorrugated dielectric surfaces [64] and the involvement of
different plasmonic effects [65]-[67] were proposed.

From the three experimental observations that HSFL (i)
mainly form upon irradiation with ultrashort laser pulses, (ii)
are strictly related to the direction of the linear laser polariza-
tion, and (iii) have a lower period limit around 50 to 100 nm puts
a preference on ultrafast energy deposition mechanisms to the
sample surface as origin of the HSFL. The lower period limit is
caused by thermal diffusion effects washing out too small spatial
modulations during the transfer of the energy from the optically
excited electronic system to the lattice of the solid. Regarding a
theoretical description of the absorbed optical energy, it should
be noted that the HSFL are not properly described by Sipes
theory [18], [19]. Hence, numerical methods are recommended
here [30]-[32].

C. Feedback in LIPSS Formation

Although optical interference and scattering effects can be
imprinted into the surface topography already by a single laser
pulse [28], [35], pronounced and well-aligned LIPSS are usually
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Feedback processes in LIPSS formation
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- Change of optical properties
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Fig. 5. Feedback processes in LIPSS formation.

formed after irradiation by multiple laser pulses. The first pulse
generates a rough surface which facilitates the coupling of en-
ergy for the following laser pulses. Specific spatial frequencies
of the roughness distribution can better absorb radiation. Dur-
ing repetitive exposure, via this positive feedback, certain spatial
periods are favored to form the grating like LIPSS pattern.

Fig. 5 compiles feedback processes in LIPSS formation,
which can occur already during a single laser pulse (intrapulse
effects) or which may occur between successive pulses (inter-
pulse effects).

Intrapulse effects can include transient changes of the opti-
cal properties of the solid [15], [68], [69], the stimulation of
SEW [5], [14], [70], the excitation of transient defect states
(such as self-trapped excitons [71]), nonlinear effects (e.g. sec-
ond harmonic generation) [25], [27] or spatially inhomogeneous
absorption [72].

The excitation of SEW and the corresponding directional
scattering and field enhancement characteristics [73] during the
laser pulse have important consequences for the processing of
LIPSS. It was already observed in 1982 by Fauchet and Siegman
that, upon line scanning of focused ps-laser pulses across a
germanium wafer surface, the LIPSS can be “coherently linked”
when the laser irradiation spots have a spatial overlap [74].
Recently, Ruiz de la Cruz et al. demonstrated that the LSFL-I
regularity on chromium films can be significantly improved if
the scanning direction of the laser beam is perpendicular to its
linear polarization [75].

Interpulse effects influence the surface morphologies via ab-
lation [31] or hydrodynamical melt flows [17], [57], [76], al-
terations of the material structure at the surface between crys-
talline or amorphous states [18], [77]-[79], which affect the
optical constants. Additionally, chemical reactions with the am-
bient environment, such as oxidation [21], [80], [81], incubation
effects generating permanent defect states [53], [54] reducing
the damage thresholds, or self-organization promoting surface
erosion and diffusion of atoms are feasible [26].

An interpulse feedback mechanism relevant for ultrafast laser
processing of LSFL was proposed by Huang et al., who analyzed
the resonant coupling of SPP to the periodic surface structures
[33]. According to the authors the decrease in the LSFL period
for an increasing number of laser pulses occurs via a grating-
assisted surface plasmon-laser coupling: when the grating-like
LSFL surface relief formed during the first few laser pulses
deepens, the resonant wavelength of the SPP undergoes a shift,
which leads to a decrease in the LSFL periods.
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IV. CONTROL AND DYNAMICS OF LIPSS

A. Single-Pulse Sequences

As discussed in the previous sections, the most direct way
for experimentally manipulating LIPSS is based on irradiation
by multiple single-pulse sequences. The appearance of LIPSS
can be controlled by the irradiation wavelength X, the angle of
incidence 6, the polarization state, the laser peak fluence ¢,
the number of pulses N applied to the irradiated spot, and the
refractive index n of the ambient medium.

It is generally known that the LSFL period scales linearly
with the irradiation wavelength Apgpr, = C X A, although the
slope C depends on the specific material parameters and irradi-
ation conditions, see for example [82]-[84]. The dependence of
the LIPSS periods on the angle of incidence has already been
studied in detail by [5], [6], [14], [15], [70], [85]. Depending
on the polarization direction (s- or p-polarized) and the angle of
incidence, the LSFL period was predicted to follow the relation
ALSFLﬁp ~ )\./[§ + sin (9], and ALSFL,S ~ )L/E? — SiIl2 9]1/2,
with €2 = |Re(e)|/[|Re(e)| — 1] [5]. For strong absorbing and
plasmonic materials [Re(¢) << —1] these equations sim-
plify to the relations Argpr, p ~ A/[1 £ siné] and Argpr s ~
A/ cosB, as theoretically predicted in the efficacy factor
theory [14].

The local fluence has a tremendous impact on LIPSS. As
already seen in Fig. 2, depending on the fluence, different
types of LIPSS (LSFL and HSFL) appear on the same material.
Moreover, for dielectrics, a transition between the Radiation
Remnant-based LSFL (type II) and the plasmonic LSFL (type
I) can be induced with increasing fluence. This occurs when
enough laser-induced carriers are generated in the conduction
band to promote plasmonic activity [43]. Within a specific type
of LIPSS, several authors already studied the impact of the
fluence on the spatial periods. For most materials, a moderate
increase of Apgpp, with fluence is observed [19], [38], [43],
[86], [87].

Another parameter to control the LIPSS period is the number
of pulses N applied to the irradiated spot. For metals and semi-
conductors, an increase of N typically results in a decrease of
A1 sk, by several tens of percent [19], [33], [88]. The origin lies
in a multitude of intra- and interpulse feedback mechanisms, as
already discussed in the previous Section III-C.

Apart from irradiation parameters, the ambient medium can
significantly reduce the LIPSS periods. Particularly, for irradia-
tion with ultrashort laser pulses in liquids, Apgr;, was reduced
downto0.1 x A — 0.4 x A, while keeping the LIPSS orientation
[80], [89]-[91].

B. Double-Pulse Sequences

While for continuous wave or pulsed laser processing with du-
rations down to the ns-range the absorption of radiation and the
laser-induced material removal temporally overlap, the avail-
ability of ultrashort laser pulses with durations in the fs- to
ps-range allows to directly address the controversial question if
the origin of LIPSS lies in the early stage of energy deposition to
the material (hypothesis I), or in the subsequent self-organized
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Fig. 6. Scheme of a sub-threshold double-fs-pulse sequence. For a detailed
explanation of the corresponding experimental setup refer to [92].

reorganization of material (hypothesis II). That question can
be explored in two complementary approaches, by (i) tailoring
the optical energy deposition process by temporal beam shap-
ing (e.g. in double-fs-pulse experiments) or by (ii) studying
the ultrafast dynamics of LIPSS in time-resolved (pump-probe)
experiments (see Section IV-C).

Evidence for hypothesis I is provided by the first ap-
proach, i.e., double-fs-pulse experiments, as realized in a Mach—
Zehnder interferometric setup [92]. Multiple sequences of
800-nm double-pulses (Nppg) were directly focused to the sur-
face of different materials (fused silica, silicon, titanium). Each
sequence (see Fig. 6) consists of two individual cross-polarized
50-fs pulses separated by a delay At. The peak fluence of each
pulse was chosen below the respective (multipulse) damage
threshold, i.e., only the joint action of both pulses led to LIPSS
formation (sub-threshold condition). In the following ¢ (.t rep-
resents the total fluence accumulated over both pulses of a se-
quence.

Results of equal energy double-fs-pulse irradiation are visu-
alized in Fig. 7. It presents a collage of scanning electron micro-
graphs of the three different material classes after double-pulse
irradiation [fused silica (a)—(c), silicon (d)—(f) and titanium
(g)—(@)] for delays At between 53 ps and +70 ps. The orienta-
tion of the laser beam polarization of the first pulse arriving to
the sample surface is indicated by red arrows in Fig. 7(a) and (c).

On the dielectric fused silica at a short negative delay (Ar
= —0.1 ps) vertically oriented LSFL-II can be seen parallel to
the polarization of the first laser pulse [see Fig. 7(a)]. From
experiments with multiple single-pulse sequences it is known
that LSFL on that material form parallel to the polarization [43].
Hence, the first pulse of the double-pulse sequence determines
the LIPSS orientation. For delay variations of less than 200 fs
from negative to positive delays, the LSFL-II pattern is rotated by
90° [see Fig. 7(c)] along with the polarization of the first pulse.
At zero-delay, when both pulses are temporally coinciding, the
LSFL pattern appears at an angle of 45° between both polar-
ization directions, i.e., parallel to their vectorial superposition
[see Fig. 7(b)]. Here, the rippled surface area is increased since
more electrons can be excited through nonlinear absorption for
temporally overlapping pulses [93]

As shown in a series of previous publications [43], [92]—
[94], for fused silica the first pulse of each double-pulse
sequence always determines the spatial characteristics (period,
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orientation) of the LSFL-II. This pulse generates a spatially
modulated carrier distribution in the conduction band via intra-
pulse electromagnetic scattering at the surface and nonlinear
multi-photon absorption. These carriers then start to form
self-trapped excitons (STE) as precursors of permanent color
centers. The STE already carry the geometrical characteristics
of the LSFL. The laser-induced carrier distribution is further
amplified by the second fs-laser-pulse until the damage thresh-
old of the surface is locally exceeded. This effect is reinforced
by repetitive irradiation (Npps = 5) due to incubation effects,
finally leading via ablation to a surface relief in the form of
LSFL with characteristics seeded by the first pulse.

On the semiconductor silicon at a negative delay of At =
—0.9 ps LSFL-I perpendicular to the polarization of the second
laser pulse arise [see Fig. 7(d)]. Experiments utilizing single-
pulse sequences revealed that LSFL on silicon form perpendicu-
lar to the polarization [4]. For a positive delay of At = +1.1 ps,
the LSFL-I pattern is again rotated by 90° [see Fig. 7(f)]. Op-
posed to the previous case of fused silica, on silicon the second
pulse of the double-pulse sequence determines the LIPSS ori-
entation. Similar to fused silica at zero-delay the LSFL pattern
forms at an angle of 45° between both polarization directions
[see Fig. 7(e)].

Previous publications have already shown that for silicon
the second pulse of each double-pulse sequence determines the
LSFL-I characteristics (period, orientation) [92], [93], [95]. The
first pulse generates via one- and two-photon absorption carriers
in the conduction band (CB) of the silicon without turning the
semiconductor plasmonically active [Re(¢) > —1]. The second
laser pulse generates additional carriers in the CB, eventually
exceeding the critical carrier density required to excite SPP
[Re(e) < —1]. The SPP then imprint the LSFL-I characteristics
seeded by the second laser pulse, which is reinforced by multiple
irradiations (Nppg = 10).

On the intrinsically plasmonically active metal titanium (at
800 nm wavelength) essentially the same behavior as for silicon
is observed [see Fig. 7(g)—(i)], i.e. the LSFL-I characteristics
are dominated by the second laser pulse and can be explained
by a similar plasmonic effect [41]. Remarkably, also the HSFL-
II formed in the periphery of the irradiated spots rotate, when
crossing the zero delay [see the insets of Fig. 7(g) and (i)]. This
further supports hypothesis I that the origin of HSFL-II lies in
the early stage of energy deposition to the material.

For a better understanding of the “coherent superposition
phenomenon” observed close to zero-delay, an additional set
of experiments was performed at the same total peak fluence
of @p.tor = 0.2 J/em?, while changing the pulse energy ratio
within the sequence. Fig. 8 presents SEM micrographs of a tita-
nium surface after irradiation with Nppg = 50 cross-polarized
double-fs-pulses of three different pulse energy ratios of 60:40,
50:50, and 40:60. For a ratio of 60:40, the stronger pulse is
horizontally polarized and the resulting LSFL are formed at an
angle of ~18° with respect to the vertical direction, see the
yellow line in Fig. 8(a). When both pulses carry the same en-
ergy (50:50), the LSFL appear under ~40° to the vertical [see
Fig. 8(b)]. For an energy ratio of 40:60, the stronger pulse is
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Scanning electron micrographs of three different material classes upon equal energy double-fs-pulse irradiation [(a)—(c) fused silica, (d)—(f) silicon,

(g)—(i) titanium] for varying inter-pulse delays between —53 ps < Ar < +70 ps. The red arrows in (a) and (c) indicate the orientation of the laser beam polarization
of the first pulse arriving to the sample surface. The fused silica sample (a)—(c) was irradiated with Nppgs = 5 double-pulse sequences at a total peak fluence of
0,10t = 5.9 J/em?, the silicon sample (d)—(f) was irradiated with Nppg = 10 double-pulse sequences at a total peak fluence of ¢ o1 = 0.55 J/em?, and the
titanium sample (g)—(i) was irradiated with Nppg = 50 double-pulse sequences at a total peak fluence of ¢g ¢ = 0.2 J/em? [50 fs, 800 nm, 250 Hz].

vertically polarized, resulting in LSFL being tilted at an angle
of ~70° to the vertical direction [see Fig. 8(c)]. This experiment
clearly suggests that the direction of the LIPSS can be con-
trolled via the laser pulse energy ratio in the double-pulse se-
quences. These results are in line with recent results by Hashida
et al. reporting the same effect under very similar experimental
conditions [96].

Apart from the influence of the double-pulse characteristics
(delay, polarization, energy ratio) on the final direction of
the LIPSS, also the impact on the LIPSS period [43], [94],
[97]-[101] and the LIPSS-covered spot area [39], [92], [95],
[98], [101] were studied. While for semiconductors and metals
the LSFL period does not significantly depend on the delay
(Arsrr, ~ A)[41],[94], [98], [100], for dielectrics a transition
between a metallic behavior [Apspr, ~ A (At ~ 0)] and a
dielectric behavior [Apgpr, ~ A/n (At > 1ps)] was reported
[97], [102]. For sub-threshold conditions, the LSFL-covered
surface area shows a monotonous decrease with the delay
At, often following a mono- or bi-exponential reduction
with characteristic decay times between ~0.1 ps and ~10 ps,
depending on the material [92]. Recently, these single-color
studies have been extended to a two-color scheme using parallel
or cross-polarized ultrashort double-pulse sequences. The
corresponding experiments for dielectrics [93], [103]-[105],
semiconductors [106] and metals [41], [93], [107], [108]

provided additional evidence that the LIPSS characteristics are
predominantly seeded during the early stages of deposition of
the optical pulse energy to the solids.

C. Time-Resolved Diffraction on LIPSS

Further support of hypothesis 1 was provided by trans-
illumination ultrafast pump-probe experiments in the optical
spectral range, studying the dynamics of the LSFL-II forma-
tion on fused silica by recording the first order fs-time-resolved
diffraction in the 0.1 ps to 1 ns range [71], see Fig. 9.

For the first few fs-laser (pump) pulses, even before a
permanent surface relief of LSFL was observed, a transient
diffraction at the LSFL spatial frequencies develops within
less than ~300 fs, lasting for up to 1 ns (Fig. 9, upper graph:
Npymp = 1 — 3). The diffraction was attributed to the forma-
tion of a transient refractive index grating (in the probe-beam
transparency regime of the material), caused by the spatially
modulated generation of electrons in the CB of the solid and
subsequent relaxation processes [71]. The observed time scales
are consistent with that for STE formation, thermal processes
(heating via electron-phonon coupling and heat diffusion), and
plasma relaxation.

For more than three pump pulses a permanent LSFL-II surface
relief was observed. Hence, at Np,,, > 9, a diffraction signal
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Fig. 8. Scanning electron micrographs of a titanium surface upon cross-
polarized double-fs-pulse irradiation of varying pulse energy ratios [(a)
60/40: ¢ () = 0.12 J/em? and ¢ (]) = 0.08 J/em?, (b) 50/50: ¢ () =
0.1J/em? and ¢g(]) = 0.1J/cm?, (c) 40/60: ¢g (<) = 0.08J/cm® and ¢
= 0.12J/em?]. Nppg = 50. At was chosen close to zero-delay [50 fs,
800 nm, 250 Hz].

was already detected when the probe pulse arrives prior to the
pump pulse. In contrast, if the probe pulse arrived after the pump
pulse, the diffraction signal was almost completely screened by
the optically absorbing free electron plasma generated by the
pump pulse. (Fig. 9, lower graph: Npyy, = 5 — 20). Hence
the (delay) lapse with a reduced diffraction signal reflects the
electron dynamics during the fs-laser-excitation of fused silica
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Fig. 9. First order diffraction signal [probe beam: Ap.on. = 400nm,
Tprobe ~ 50fs, Op one = 15°] of LSFL-II in fused silica measured in trans-
mission as a function of the fs-pump-probe delay Az upon irradiation at ¢y =
3.9J/cm? by six different numbers of pump pulses N = 1, 2, 3, 5, 10, 20,
[pump beam: Ap mp = 800nm, 7pyy,, = 50fs, Opymp, = 0°]. Note the log-
arithmic delay axis and the delay offset of 0.2 ps. Figure adapted from [71].

[109]. It is not directly related to the LSFL-II surface relief
formation here.

Very recently, several groups started to perform fs-time re-
solved microscopy for directly imaging the temporal evolution
of LIPSS [110]-[113]—a challenging task since even the larger
LSFL exhibit periods that are close to the resolution limit of op-
tical microscopy. For non-transparent materials (semiconduc-
tors and metals) this task is additionally complicated by the
laser-induced ablation plasma. The latter evolves at the surface
irradiated by the pump pulse for times larger than a few tens
of picoseconds and screens the imaging probe pulse similar to
the case depicted in the lower part of Fig. 9. According to these
studies, the time required for the appearance of the first surface
ridges accounts to ~50 ps, in line with the temporal dynam-
ics of fs-laser induced ablation at fluences close to the ablation
threshold [114], [115].

V. APPLICATIONS OF LIPSS

The nanostructuring of different materials with LIPSS goes in
hand with a change in surface characteristics. This gives rise to
several applications of LIPSS covered surfaces. Here, controlled
colorization due to diffraction at the LIPSS, hydrophobic/-philic
behavior in wetting tests, effects of LIPSS on cell and bacterial
film growth as well as the reduction of friction and wear in
tribological applications will be discussed.

Most of these applications require the homogeneous process-
ing of LIPSS on large surface areas. This is typically realized
by a meandering, linewise scanning of the focused laser beam
across the sample surface. The available laser technology al-
ready provides energetic ultrashort laser pulses at multi-MHz
pulse repetition rates. To avoid troublesome heat-accumulation
effects, sufficiently fast scanner technologies are currently de-
veloped and explored for the generation of micro-and nano-
surface-textures in industrial applications [116]. In the latter
reference, the surface processing of LIPSS on steel surfaces
was demonstrated at scan speeds between 25 m/s and 90 m/s,
employing a 2 MHz fs-laser along with a polygon scanner head.
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Fig. 10. (a) Scheme for laser processing. (b) Photograph of a 100Cr6 steel
sample () = 24 mm) after spot, line and area fs-laser processing [30 fs, 800 nm,
1 kHz]. The colors arise from optical diffraction of ambient light at laser-
generated LSFL.

A. Structural Color

A promising application of LIPSS arises from the fact that
they act as diffractive gratings, generating structural color.
Depending on size and orientation of the ripples as well as
angles of incident light and observation, different shades of
colors throughout the visible part of the spectrum are feasible—
compare Fig. 10(b). The period A of the LIPSS can be con-
trolled by the laser wavelength, fluence and the scan speed, i.e.,
the number of effective pulses per spot diameter N (for the
definition see [117]), see Fig. 10(a).

The first ones to use a fs-laser to modify the optical properties
of metals (aluminium, gold and platinum) were Vorobyev
and Guo in 2008 [118]. Other examples for LIPSS induced
structural color on different types of steel [119]-[122], copper
[123], [124] and other metals and semiconductors [125]
followed. For example, Dusser ef al. systematically investigated
the influence of critical laser parameters such as pulse energy,
light polarization, spot size on the sample and overlapping
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Fig. 11. Static contact angle measurements of a water drop on struc-
tured silicon surfaces plotted as a function of the laser fluence. Insets: side-
view images of the droplet on the flat as well as on the structured silicon
surface [127]. Applied Physics A, Tailoring the wetting response of silicon
surfaces via fs laser structuring, Vol. 93, 2008, 819-825, V. Zorba et al., (©
Springer-Verlag 2008) With permission of Springer.

of spots on the sample on the resulting ripples and their
optical properties. With this colorimetric calibration in hand,
pre-defined pictures could be reproduced using nanostructures
with a user defined orientation associated with laser polarization
[119]. Additionally, the spatial period of the ripples and, in turn,
the color of the laser processed metal, can also be tuned by the
laser wavelength. A theoretical as well as experimental study on
the influence of laser wavelength on color marking on stainless
steel was presented by Li et al. [122]. The control of color
by LIPSS renders various applications viable, such as laser
marking, optical data storage, anti-counterfeiting, encryption,
decoration or color displays [119], [121]. In contrast to classical
methods, it is extremely difficult to copy the laser generated
structural color, more information can be included on smaller
space and the reading procedure is straightforward, which is
highly advantageous for the above listed applications [119].

B. Wetting

Next to the optical appearance, also the wetting properties of
LIPSS covered surfaces change compared to non-structured ma-
terials. For instance, superhydrophobic surfaces were reported
upon fs laser irradiation of silicon wafers and subsequent coat-
ing with chloroalkylsilane [126], [127]. The contact angle (CA)
could be increased from 104° for the unprocessed surface up to
156°, if the peak fluence for laser processing was chosen high
enough—compare Fig. 11 [127]. Due to the increased surface
roughness of the LIPSS covered samples, air remains trapped
underneath the liquid and thus the surface becomes superhy-
drophobic. Kietzig et al. established the fact that metallic sur-
faces (steel, pure metals and alloys) with initial CAs between
60° and 85° change their CA with time from superhydrophilic
(CA < 30°) shortly after laser processing to superhydropho-
bic (CA = 120°—160°), due to surface chemistry [128], [129].
Those findings were also corroborated by other groups [130].
However, the storage environment plays a decisive role for the
change of surface wetting properties [129], [131].
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C. Cell Growth

LIPSS covered surfaces are also of interest for medical appli-
cations. For instance, on titanium based materials, which are fre-
quently used for joint replacements, cell adhesion was reduced,
while osteointegration was enhanced and, in turn, integration
and life span of the implants was increased [132]-[134]. Fur-
thermore, it was demonstrated that cells align along the LIPSS
on titanium based materials [135] and a correlation between
LIPSS size and cell spreading was found [131]. On other met-
als, such as steel, it was shown that on the LIPSS covered
surfaces adhesion behavior depends on the shape of the bacteria
employed [136].

Also on semiconducting materials, such as silicon, the in-
fluence of periodic surface structures on cell colonization was
studied. Here, initially no difference was observed between pro-
cessed and unprocessed areas for different cell types. After 1-2
days the cells accumulated on the unstructured silicon surface
[137]. In another example, polymer foils were laser structured
and investigated with respect to proliferation, adhesion and ori-
entation of mammalian cells. On polystyrene (PS) covered with
LIPSS cell adhesion and proliferation was enhanced due to sur-
face chemical changes. At LIPSS periodicities above a critical,
cell type specific value the cells aligned along the nanostruc-
tures. Fig. 12 shows Chinese hamster ovary (CHO-K1) cells
that are aligned along LIPSS on PS [138].

D. Tribology

The first ones to recognize the potential of LIPSS for tribo-
logical applications were Yu and Lu in 1999 [139]. They re-
ported improved tribological performance on micrometer sized
ripples on NiP when compared to unstructured NiP surface
[139]. In the following years, LIPSS on various materials, for
instance carbon materials [140]-[143], nitrides [143], silicon
[144], steel [145]-[152] and titanium based materials [149],
[150], [153] were tested with respect to friction and wear. When
comparing the tribological performance of LIPSS with peri-
ods in the range of 500-600 nm on different steel samples
(100Cr6 and X30CrMoN15-1) with those on titanium based
samples (pure titanium and Ti alloy Ti6Al4V) a significantly
different behavior becomes evident. Under identical process-
ing conditions, namely exciting with a linearly polarized laser
(t = 30 fs duration, A = 790 nm center wavelength, v =
1 kHz pulse repetition frequency, Gaussian-like beam profile
with a radius wy (1/e?) ~ 140 um with a laser peak fluence
of ¢y ~ 0.11J/cm? and an effective number of pulses per spot
diameter of N.g ~ 56 in scan direction) ripples of periodic-
ities of Apgpr, ~ 515nm (Ti and X30CrMoN15-1) [150] and
Apspr ~ 610 nm (Ti6Al4V and 100Cr6) were generated [149].
Reciprocating sliding tribological tests (RSTT) against a pol-
ished 100Cr6 steel ball () = 10 mm) were performed at a nor-
mal force of Fy = 1.0 N with 1000 cycles at a frequency of 1
Hz using paraffin oil or engine oil (Castrol VP-1) as lubricants—
compare Fig. 13(a).

While in paraffin oil no beneficial effect on the coefficient
of friction (COF) was observed in any of the tested materials,
in the additivated engine oil the COF is more than a factor
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(b)

Fig. 12. Phase contrast microscopic images of CHO-K1 cells (a) 27 h and
(b) 52 h after seeding on PS foils irradiated at an angle of incidence of 45°.
Arrows indicate the direction of the ripples. In the insets typical magnified AFM
images (1.4 pm x 1.4 pum) of the PS foils are shown [138]. Reprinted from
Biomaterials, Vol. 29, E. Rebollar et al., Proliferation of aligned mammalian
cells on laser-nanostructured polystyrene, 1796-1806, Copyright (2008), with
permission from Elsevier.

of two smaller on LIPSS covered Ti and Ti6Al4V compared to
the non-structured surface—Fig. 13(b) [149], [150]. In line with
those findings, the wear tracks on the LIPSS covered surface are
notably smaller—Fig. 13(c) and (d)—and SEM—Fig. 13(e)—
reveals that the LIPSS are still present after RSTT [149]. On
both of the tested steel types no significant improvement was
observed [149], [150].

Different aspects were taken into consideration in order to
explain the observations. On one hand, the additives contained in
the engine oil, in contrast to paraffin oil, seem to efficiently cover
the laser structured surface and build up a gliding intermediate
layer, protecting the two metals from direct contact. On the
other hand, laser-induced oxidation seems to contribute to the
improved tribological behavior on LIPSS covered surfaces. In
contrast to titanium based materials, the improvement is less
pronounced on steel, since it is of similar hardness than the
counterbody [149], 150]. Additionally, the LIPSS modulation
depth must be taken into account. If it is smaller than the sample-
ball deformation no beneficial effect was observed in RSTT
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Fig. 13.  Scheme for the reciprocating sliding tribological tests (a). COF versus

number of cycles on the fs-LIPSS (red) and on un-structured Ti6Al4V (black)
in engine oil (b). Optical micrographs (c) and (d) (OM) and high resolution
scanning electron micrographs (e) (SEM) of the corresponding wear tracks
taken after the tribological experiment. Figure adapted from [149].

[153]. For this reason, the shallow HSFL on titanium cannot
provide the same tribological benefit as the LSFL [153].

E. Other Applications

Apart from the previously summarized applications, addi-
tional utilizations of LIPSS for surface functionalization were
proposed. Several authors demonstrated the beneficial effect of
LIPSS in analytical applications based on Surface Enhanced
Raman Scattering (SERS) [154]-[157], where plasmonic ex-
citation and field enhancement effects in the vicinity of rough
surface features can enhance the spectroscopic signal by up to
three orders of magnitude [155]. The LIPSS were either directly
processed on bulk silver and copper surfaces [154], [157] or gen-
erated on dielectric materials and subsequently overcoated with
metallic gold or silver films [155], [156].

Vorobyev et al. processed LIPSS directly on a tungsten incan-
descent lamp filament. The authors reported a local brightening
of the filament and an enhanced thermal radiation emission ef-
ficiency [158]-[160]. Volkov et al. reported an increased X-ray
emission from a LIPSS-covered metal surface for fs-laser irra-
diation at high intensities [161].

Romoli ef al. investigated the application of LIPSS at the
inner walls of gasoline direct injection nozzles, demonstrating
improvements in the fuel atomization via a reduction of the
average droplet size by ~10% compared to conventional laser
trepanned nozzle holes [162].

Kaniittel ez al. studied LIPSS for laser texturing in thin-film
silicon photovoltaics [163]. The authors processed the structures
on front contact aluminum-doped zinc oxide films by ps-laser
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radiation and demonstrated their suitable optical scattering ca-
pabilities.

VI. CONCLUSION

The current state in the field of LIPSS was reviewed. Special
emphasis was placed on the question whether the LIPSS are
seeded via ultrafast energy deposition mechanisms acting dur-
ing the absorption of optical radiation or via self-organization
after the irradiation process. Scattering, diffraction and double-
pulse experiments evidenced that the ultrafast excitation stage
is essential for the formation of LIPSS upon ultrashort pulse
laser irradiation. Emerging technological applications of LIPSS
in the fields of optics, fluidics, medicine, and tribology were
outlined.
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