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Abstract: Laser-induced periodic surface structures( LIPSS) have a wide application prospect from sensing to
solar power generation and photocatalysis mainly due to its nanoscale features and self-repetitive microscopic
patterns. In this review we discuss various complex process of the interaction of ultrafast laser with matter dur-
ing the formation of LIPSS, emphasizing the role of transient optical properties and surface structural changes.
Then several representative LIPSS formation mechanisms are summarized and their respective advantages and
disadvantages are discussed. Next, the change of materials during the formation of LIPSS is introduced, inclu-
ding the change of chemical composition, crystal structure and surface microstructure. Finally, the application
of LIPSS in material surface treatment, optics and mechanics is reviewed.
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1 Introduction of LIPSS

In 1965, Birnbaum firstly observed the phe-
nomenon of ripples induced by a ruby laser on semi-
conductor surfaces, which is consisted of regular
patterns of cracks and a system of parallel grooves
( spacing of about 0.000 1 ¢cm) """, This was the be-
ginning of a prolific research field with respect to for-
mation mechanisms and applications fields. In the
following years, LIPSS were created and observed on
many kinds of solid materials for a range of laser
pulse durations. This suggests that LIPSS is a uni-
versal phenomenon induced by light. More recently,
ultrashort pulsed radiation has received a specific at-
tention for its potential in determining rippled sur-
faces, following the idea that nonlinear excitation on
electronic non-equilibrium can induce novel interac-
tion features. In particular, femtosecond (fs) laser-
induced ripples show a range of orientation and peri-
odicities that go on scales, much smaller than laser
wavelength'?'. Under the ultrafast laser ablation in
the range from femtosecond to picosecond laser, we
observe several types of regular ripple patterns: low-
spatial-frequency LIPSS ( LSFL ), high-spatial-fre-
quency LIPSS(HSFL) , with the different orientation
parallel( 1L E) or perpendicular ( | E) to the laser
polarization. For example in Fig. 1, LSFL( LE) ex-
ist widely on metal tungsten, semiconductor single
crystal silicon, bulk metal glass( BMG) , crystal al-
loy (CA) from BMG and the superalloy CMSX-4;
LSFL( |E) exist on the dielectric fused silica; HS-
FL( L E) exist on the superalloy CMSX-4; HSFL
( |E) exist on the CA. In addition, coarse macro-
ripples ( also called groove) are observed with the

spatial periods of several microns much bigger than
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laser-wavelength, for example, grooves are observed

on the silicon in Fig. 1(b) Bl
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Fig. 1 SEM images of LIPSS on different materials irra-

diated by linearly-polarized fs laser pulses: (a)
Metal tungsten; (b)semiconductor single crystal
silicon; (c¢) fused silica; (d) bulk metal glass
(BMG); (e) crystal alloy (CA) from BMG;
(f) CMSX4. The laser polarization ( E) direc-
tion is indicated in (a) with a double-head ar-

row. Note that different scales in each image

In general, LIPSS formation is affected by irra-
diation conditions, ambience and material state. The
irradiation conditions include laser fluence, number
of laser pulses, polarization state, incident angle,
scanning speed, etc. Typical ambient conditions in-
cludes air, oxygen, vacuum, water, high refractive
index liquid and other factors that can modify the
properties around the interface. These factors exer-
cise a complex influence as they affect light coupling
and scattering, the dynamic aspect of nascent topol-
ogies and feedback issues. In this work, we investi-
gated LIPPS formation in air environments. Material
condition includes complex optical characteristics
i. e. refractive index, surface roughness and thermal
properties, such as thermal coefficients and transi-

tion points ( melting point, vaporizing temperature,
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elc).

As a typical product of laser ablation or structu-
ring, LIPSS formation involves some physical proces-
ses of the laser-material interaction, for example, la-
ser excitation, energy deposition, material movement
and the development of surface topologies. It equally
involves a multi-scale dynamics fixed by the optical
and thermal material response. Brief presentations of
excitation and transformation processes are intro-
duced in the following part and we will focus on
characteristic features leading to ordered structured

patterns.

2  Mechanisms of LIPSS

We have seen in the introductory part that
LIPSS is a universal phenomenon on almost all the

solids, including metals"** | semiconductors™™® |

781 ceramics'®’ and polymers'"®’. The

dielectrics
continuous wave laser''" and pulse lasers with long
pulse duration can generate the classical ripples with
periods of about the laser wavelength, which is often
termed as low-spatial-frequency LIPSS ( LSFL) "',
Under the ultrafast laser ablation in the range from
femtosecond to picosecond laser, except LSFL, fine
nano-ripples are generated with the spatial periods
much smaller than the half of applied laser wave-
length, which is often termed as high-spatial-fre-
quency LIPSS ( HSFL ) "',

Furthermore, coarse

macro-ripples with the spatial periods in a several
microns range, as well as the arrays of conical fea-
tures are generated in ultrafast laser ablation'®'.
Generally, LIPSS completely form after a certain
number of pulses at the fluence near the single-pulse
ablation threshold. The feedback process between
incident laser and surface nanostructures plays an
important role in the ripple formation'"*’. The LIPSS
orientation is controlled by the polarization of the la-
ser electric field. However, surface defects also play
an important role in LIPSS orientation"'’.

Several LIPSS experiments on a wide range of
materials under different laser wavelengths have been
carried out and analyzed with intensive theoretical
studies, however, LIPSS formation mechanisms are
not yet fully understood and still under debate until
now. Several mechanisms were suggested to explain
the formation of LIPSS, including probably to most
comprehensive approach such as the generalized

13-14]

scattering and interference ( Sipe) model , plas-

ma mediated LIPSS formation'>'>"®

mon polariton ( SPP ) mediated LIPSS forma-

, surface plas-

7200 and  self-organization of unstable mat-

tion"
ter'"". Part of LIPSS reported on different solids up-
on near-infrared fs-laser pulse irradiation and pro-
posed formation mechanisms are summarized in
Tab. 1. The main LIPSS formation mechanisms are

discussed in the following.

Tab.1 Literature summary of LIPSS reported on different solids( metals, semiconductors and dielectrics) upon

near-infrared fs-laser pulse irradiation( A =740 —800 nm, 7=25 -160 fs, » <5 kHz) and nearly normal

incidence in air or vacuum, and proposed formation mechanisms. (Lattice structure :c-single-crystalline

a-amorphous; LIPSS orientation: 1 : ripples aligned perpendicular to polarization, | :ripples aligned parallel to

fpolarization; LIPSS ormation mechanism: Sipe:Sipe theory

[14] " SPP.surface plasmon polariton, roughness

effect, heat effect, surface plasma, interference mechanism, Drude;Drude model for transient optical properties,

exCE : Coulomb plosion. Material classes:metal-red color, semiconductor-green color, dielectric-blue color)

Material A gp/ M A ygp/ M Reference and mechanisms
Al 500 -530 L 20 -220 [13] Sipe model, [ 4,3]
Au 580 L [17,18] SPP +roughness + heat, [22,23 ]
Cu 500 =700 L 270 -370 L [15] Surface plasma, [22,23]
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Ni 750 =760 L 200 |
Pt 550 =700 L
Ti 500 =700 L 200 -400 L
W 400 -600 L
Mo 470 =720 L
CuZn 600 - 680 L
Steel 316L 660 1
Steel X40Crl14 550 -580 L
c-InAs 700 L
c-Si 560 =730 L
c-InP 590 -750 L 330 -360 L
c-GaP 520 -680 L 150 -175 1L
¢-Zn0 630 -730 L 200 -280 L
diamond 750 L 210 |
a-Si0, 500 — 800 | 170 —-400 L
¢-Si0, 460 —900 | 170 =450 L
graphite 70 =170 L
¢-SiC 500 L 250 L

[ 24,20] SPP + Drude
[ 17,18] SPP + roughness + heat
[16] surface plasma
[16] surface plasma. [25,26,27,28]. Interfernce + SPP
[16], surface plasma [29]
[16],surface plasma
[19] SPP + roughness + heat
[30] Interference + SPP
[31]
[32]
[5]

[26, 33, 34] SPP, [13] Sipe model,
[35,36] Sipe model + Drude + SPP, [6, 23 ]
[37,38] Sipe + Drude
[7,39]

(8]

[40]

[41]

[30] SPP +CE
[42] Sipe + Drude
[26,43,44 ,45],

[2] Surface plasma
[42] Sipe model + Drude
[30] SPP +CE
[46]

2.1 The Sipe diffraction theory

For the classical LSFL ripples, Sipe theory has
been widely accepted to describe the formation,
based on the interference between the incident laser
and surface-scattered electromagnetic wave *"*'. J.
E. Sipe et al. developed the theory of LIPSS forma-
tion by associating the Fourier component of LIPSS
with the corresponding Fourier component of inhomo-
geneous energy deposition beneath the surface' ™',
Sipe theory describes the electric field intensity dis-
tribution created by a plane wave incident on a thin
and rough surface selvedge region, whose height is
much less than wavelength. The roughness of the
surface selvedge region is characterized by shape
factor s and filling factor F. Shape factor s is the ra-
tio of the correlation distance on the surface to the

thickness of the selvedge, corresponding to the

shape of nanoparticles which make up the rough sur-

face. Filling factor F represents the fraction of the

surface filled up with the nanoparticles.

Fig.2  Drawing of laser beam incidence on rough sur-

face in Sipe theory

A sketch of the geometry of the laser beam inci-
dence on a rough surface in Sipe theory is shown in
Fig. 2. The region z >0 is air and the region z <0
represents the bulk material. The surface roughness

is confined in a region of thickness /.. The incident
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laser with s or p polarization carrying the wave vector
K, is incident on the rough surface at an angle of in-
cidence 6, which has a component K; in the horizon-
tal plane. The LIPSS wave vector is K =27/A. Sipe
theory provides an expression for the inhomogeneous
energy deposition on the surface, which is propor-
tional to n(K,K;) x 1b(K) |, where the efficacy
factor n (K, K;) describes the efficacy with which
the roughness leads to an inhomogeneous energy ab-
sorption at K; 16(K) | represents a measure of am-
plitude of the surface roughness at K. It is assumed
that ripples grow where the absorbed energy is the
largest. Because 16(K) | varies slowly for a surface
with homogeneously distributed roughness, the effi-
cacy factor n(K,K,) exhibits sharp peaks at certain

K, which determines the spatial ripple periodici-

ty[m.

Sipe model based on a modulated energy depo-
sition was in good agreement with many experimental
results, such as LIPPS on metals'"*" | semiconduc-

31438] and dielectrics ™ .

tors

However, along with its strong predictive char-
acter on processing features, Sipe model itself has
some limitations. Firstly, Sipe model is an approxi-
mate solution, in which the longitudinal component
of the electromagnetic field is treated by a variational
principle and the transverse component of the elec-
tromagnetic field is treated by a perturbation series.
The accuracy of Sipe model is limited. Secondly,
the physical nature of the electromagnetic field struc-
tures “radiation remnants” in Sipe model is still a
question, which takes the place of the surface-scat-
tered wave concept in the semiconductor. Finally,
for metal, the excitation of surface plasmons may
take the place of radiation remnants in Sipe model.
The relationship between radiation remnants and sur-
face plasmons is not clear ™',

To overcome these problems in Sipe theory,
other mechanisms are proposed, such as second har-

(5]

monic generation ( SHG ) on surfaces'” , transient

changes of the optical properties in the excited mate-

rial during the laser pulse'*'’ | as well as self-organi-
zation based on the instability of excited materi-

.
als"~

However, none of the above mentioned

mechanisms can explain all characteristics of LIPSS.

2.2 Surface plasmon polariton ( SPP) mediated
LIPSS formation

In the Sipe theory, alternatively or in addition
to surface-scattered electromagnetic waves on metal
surface, surface plasmon polaritons ( SPPs) may play
an important role. Sipe et al.'"*' indicated that the
formation of LSFL ripples on metals can, in particu-
lar conditions, be seen as deriving from the interfer-
ence between the incident laser and SPPs where the
former may be seen as a type of surface scattered
wave.

When a linearly polarized laser pulse is irradia-
ted at the air-metal interface at the incident angle of
0, the period A of LIPSS formed due to the interfer-
ence between the incident laser and the excited SPP
is given by Refs. [4749,18] .

A:# (1)

7 * sinf ’

n=Re [~ (2)

Here A is the incident laser wavelength, 7 is the re-

al part of the effective refractive index of the air-met-
al interface for surface plasmons, g is the dielectric
constant of the metal. Under the intense ultrafast ir-
radiation, the effective refractive index may change
and affect the scattered wave or surface plasmons.
For example, G. Miyaji et al. explained the LIPSS
formed on diamond-like carbon film by the excitation
of SPP, shown in Fig. 3.

C. Guo et al. investigated fs-LIPSS on metal Pt
and Au and found that both the calculated periods of
Pt and Au are overestimated by about 30% in SPP
theory, which was explained by the increase in the
real part of the refractive index duo to the effects of
surface nano- and micro-roughness, as well as a
heating effect' ™’

M. Huang et al. proposed the mechanisms of

initial direct surface plasmon( SP)-laser interference
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Fig.3  Plasmon wavelength calculated as a function of
electron density for the glassy carbon( GC) /dia-
mond like carbon( DLC) interface(lower curve)

and for the air/GC(upper curve) "

and the subsequent grating-assisted SP-laser cou-
pling to explain the LIPPS formation on all the solids
including metals, semiconductors and dielectrics,
which involve the grating-coupling mechanism lead-
ing to the decrease of spatial periods with the in-

crease of groove depth'™.

The theory of SPP-mediated LIPSS formation

: . 50
can explain some experiment results on metals™ |

LSFL on metal Ni'*' Al and

However, J. Z. P. Skolski et al. ' s investi-

for example,
brass' "/
gation by FDTD simulations showed that the propa-
gation of SPPs is not a necessary condition for LSFL
formation, moreover, the grating-assisted SP-laser
coupling mechanism proposed by M. Huang'*'
seems inapplicable because the spatial periods of
surface structures are same as the periods of energy
modulation. This indicates that it needs further ex-
periments to clarify and to evidence the behavior of
non-plasmonic metals, semiconductor and dielectric
surfaces and the potential that they may support SPP
during the irradiation by short-pulse laser around the
damage-threshold fluence.
2.3 FDTD-electromagnetic(EM) approach

The finite-difference time-domain ( FDTD )
method can simulate light propagation, scattering
and diffraction phenomena by solving Maxwell’s e-
quations numerically. The method was introduced by

Yee in 1966"""" and since then has been a powerful

engineering tool for integrated and diffractive optics
device simulations. J. Z. P. Skolski et al. proposed
the numerical method based on the finite-difference
time-domain ( FDTD ) method to investigate qualita-
tively LIPSS formation on rough surface and the

effect of inter-pulse feedback mechanisms ¥

which is simplified as FDTD-EM approach. Not in-
cluding incubation effects and the thermodynamics of
molten or ablated materials, ablation model ( HAM )
is used as rough surface model in this approach. The
FDTD method can provide electric field distributions
in the vicinity of the surface, identifying thus elec-
tromagnetic effect in the definition of anisotropic en-
ergy absorption patterns. Present approaches takes
into account the role of scattering from surface
roughness and the creation of stationary field patterns
with evanescent components. It will be shown in this
work that the FDTD approach can take into account
the effect of polarization and topographic surface fea-
tures, being thus a powerful instrument in LIPSS a-
nalysis' ™’

A recent advance in FDTD methods applied to
LIPSS consists of the attempt of accounting for feed-
back effects. After the first laser pulse, the absorbed
electromagnetic energy in the surface layer causes
the modification of rough surface by material remov-
al. After next laser pulse, the new surface morphol-
ogy is used for subsequent FDTD simulation, leading
to a new absorbed energy profile and a further modi-
fication of the rough surface. Hence, the feedback
cycle can be iterated many times until expected
LIPSS form. The sketch map of inter-pulse feedback
mechanisms in FDTD simulations is shown in Fig. 4.

Some of the main conclusions derived from em-
ploying FDTD methods are emphasized here ™' ;

(a)For LSFL formation, surface plasmon polar-
itons ( SPPs) are not a necessary condition. The
grating-assisted mechanism proposed in Ref. [ 30 ]
can’t explain the periodicity decreasing of LSFLs
with increasing pulses because the spatial periods of

surface structures are same as the periods of laser-in-
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Fig.4 (a) holographic ablation model used in FDTD
simulations. (' b) Inter-pulse feedback mecha-
nisms in FDTD simulations' >’

duced energy modulation.

(b) HSFL orthogonal to the polarization looks
like double frequency of LSFL in spatial frequency
domain, which is a striking result of the FDTD-feed-
back simulations.

(c¢) Except HSFL on semiconductors and die-
lectrics, HSFLs parallel to the polarization can be
expected on metals, which are in agreement with ex-
perimental results.

(d) Groove ( micro-ripples ) parallel to the po-
larization can be predicted by the approach. Grooves
without LSFLs are not found.

However, the deficiencies of FDTD-feedback
simulations are also listed in the following:

(a) HSFLs parallel to the polarization form only
when Re(#i) >Im (), which is not in agreement
with the experiment results on alloyed steel and tita-

2! The reason may be from the algorithm cho-

nium
sen for the FDTD calculations depended on the opti-
cal properties of the medium. In cases where Re (i)

530 and the

<Im(fi), the Yee algorithm is unstable
auxiliary differential equation method was used"**’.
(b) The FDTD-EM approach provides a rather
embedded result of EM numerical calculations, that
does not uncover the underlying physics of LIPSS
formation, for example, HSFL orthogonal to the po-
larization with double frequency of LSFL in spatial

frequency domain, grooves only with LSFL. Giving

global field solutions, the access to sources and e-
lectronic currents is problematic.

(¢) The FDTD-EM remains simplistic without
the inclusion the complex processes, such as nonlin-
ear absorption, transient excitation, incubation
effect, SHG'*' and self-organization based on mate-
rial movement.

2.4 Self-organization model based on material
instability

Inspired by the similarity of the laser-generated
patterns with the patterns induced by energetic ions,
self-organization model upon femtosecond laser abla-
tion">>" is proposed according to the existing forma-
tion theory of ion-beam induced ripples”’' with a de-
pendence on laser polarization related to an asymme-
try in the ionized kinetic energy distribution' >’
which supposes an active contribution of the irradia-
ted unstable material. The absorbed laser energy
causes an unstable surface region by the perturbation
and softening of the crystal bonding, where self-or-
ganization is driven by competition between surface
roughening due to erosion and smoothing, leading to
LIPSS formation in the laser-modified area'**".
Spatial and temporal evolution of the perturbed sur-
face can be represented by nonlinear equations of the

(0611 Marangoni effect

Kuramoto-Sivashinsky type
may also play a role in LIPSS formation. Marangoni
effect cause the liquid flowing from the hotter to the
cooler regions in the molten material because surface
tension decreases with increasing temperature for
most liquids'® | which is also called thermo-capil-
lary convection'®".

Until now, self-organization model has esti-
mated LIPSS formation, interaction times/number of
incident pulses, as well as the relative influence of
input energy on the ripple period'”’. However, self-
organization model is just a possible scenario and
was not yet verified by experiments. It nevertheless

positions itself as an alternative process to the coher-

ent interference model involving surface waves.
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2.5 Second harmonic generation( SHG)

Femtosecond laser ablation towards regular pat-
terns may equally include some nonlinear effects
generated at the surface, as among them second har-
monic generation( SHG). SHG is related to the sur-
face-generated symmetry breaking. It is still in de-
bate if SHG might be involved in the formation of the
HSFL, however its involvement was justified by the
appearance of structures of higher periodicities. For
example, J. Bonse's investigation revealed the SHG
is generated in the regime of HSFL formation on ZnO
by spectroscopic experiments:m:. However, other
experiments on TiO, and Al, O, surfaces confirmed
that SHG does not affect ripple periodicity'®’. The
inconsistencies of these results still promote a debate
if SHG contributes to LIPSS formation.
2.6 Transient optical coupling for LIPSS

In order to explain the LIPSS spatial periods of
subwavelength range in ultrafast laser ablation of va-
rious semiconductors, J. Bonse et al. proposed an
approach, which combines the Sipe theory with the
transient excitation and the intra-pulse transient
changes of the optical properties in the irradiated

%] Thus, with Drude-like free-electron

materials
contributions in the optical response, the real part of
the dielectric function will go down, potentially allo-
wing plasmonic excitation if the synchronism condi-
tions permit. This approach is proposed to explain
the LSFL formation on silicon originating in a spa-
tially modulated energy deposition at the surface,
and the modulation is due to the interference be-
tween the incident laser beam and the excitation of
surface plasmon polaritons on the dense free-elec-
tron-plasma in the excited material during the pulse.
This approach and the role of the feedback upon the
multi-pulse irradiation are shown in Fig. 5.
However, LIPSS formation on Ge can be ex-
plained by Sipe theory without transient optical prop-

erties' '’

. In addition, it is an important question if
transient changes of the optical properties in the irra-

diated semiconductors could support SPPs in the

11
Fs-laser pulse
M?;eeraifrllsﬁrr?'apcegies Surface properties
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Carrier with corrugated
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N 2 v
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v
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Fig.5 Scheme of physical processes involved in the for-

mation of LSFL on silicon surface upon femto-

second laser pulse irradiation®’

pulse duration. And it needs strong experimental ev-
idences that the intra-pulse transient changes of the
optical properties in the irradiated materials contrib-
ute to the LSFL formation.

Due to the importance of the time-varying opti-
cal coupling during irradiation, the issue of optical
transients will be detailed in the next chapter, in a
general context of ultrafast laser-material interaction.

Recently, J. Bonse et al reported the experi-
ments, in which LIPSS formations on fused silica,
silicon and titanium were studied with linear, paral-
lel or cross-polarized, two-color double-fs-pulse se-
quences (50 fs, 400 nm and 800 nm) under sub-
threshold conditions in the temporal pulse delay
(=10 ps<i< +10 ps)'®'. They concluded that
LIPSS on silicon and titanium can be explained by a
plasmonic mechanism. In contrast, LIPSS on fused
silica can be explained by a non-plasmonic mecha-
nism, in which the transient carrier profiles genera-
ted by laser pulses scatter into self-trapped excitons
(STE) and color centers as a seed for incubation

effects leading to locally modulated ablation.
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All these observations show the multitude of hy-
potheses and scenarios in ripple formation, requiring
thus novel physical insights to foster further under-
standing.

3 Materials transformations under

LIPSS

Material response to laser irradiation usually re-
sults in permanent changes to the chemistry, compo-
sition, crystal structure and morphology of material
surface.

For multi-component materials, the species in
the surface layer may be depleted at different speeds
in laser ablation in fluence regimes connected with
inhomogeneous heating, leading to the changed
chemical composition of the remaining material ®’ .

In ultra-fast laser irradiation, the large temper-
ature gradients induced by rapid heating generate
thermal stresses and thermo-elastic acoustic waves,
resulting in the mechanical response of the material
for example, hardening and warping'®’. When the
material is heated above melting point, hydrodynam-
ic motion can reshape the molten material. For ex-
ample, convective and thermo-capillary forces can
cause the retribution of molten material which frozen
during solidification. Laser ablation is always ac-
companied by a dense vapor plume including atomic
and molecular species, and solid and liquid clusters
of material ejected from the irradiated surface. Re-
coil from the plume also generates shockwaves, re-
sulting in plastic deformation and hardening of the
material. The recoil can also expulse the remaining
molten material. Residual heat left in the remaining
material can cause further melting or other thermally
activated processes.

After rapid heating, the condensation of plume
material leads to the formation of clusters and nanop-
articles at the surrounding areas of the ablated re-
gion. Rapid self-quenching of the material can

freeze in defects, supersaturated solutes and meta-

stable phases. Slower re-solidification can induce
the recrystalization of the material.
Energy relaxation depends on the strength of e-

(%] This shows an influence

lectron-phonon coupling
of the strength of the electron-phonon coupling on
ripple formation.

Material responses and final properties are de-
pendent on the laser parameters. For the desired ap-
plication, final material properties after irradiation
can be precisely controlled by choosing the appropri-

ate laser parameters.

4 Applications of LIPSS in material

surface processing

There are several conventional techniques for
surface processing, for example, mechanical surface
processing, sand blasting with Al,O; particles or
acid etching that roughen surface randomly but may

contaminate the material"®"

. These are complex pro-
cedures and cannot process non-planar surfaces in
the micro/nano-scale. lon beam and electron beam
milling which can fabricate nanostructures precisely
but cost expensively and need the vacuum condi-
tion' ")

Unlike conventional techniques, lasers provide
a fast, non-contact, precise and clean alternative for
surface processing in ambient conditions. As one of
the major advantages, laser has the ability to pre-
cisely control deposited energy in desired regions
and energy rates by many methods, for example,

beam steering by galvanometric scanning mirrors,

beam shaping with amplitude masks, refractive ele-

[71 [72]

ments'”") and diffractive optical elements'™’ as well

31 Duo to the advanta-

as spatial light modulators
ges, laser has been applied widely in the surface
processing. Beyond the idea of accurate remote pro-
cessing, the possibility of achieving multiscale struc-

Thus,

LIPSS provides a fast, precise and low-cost tool for

turing in periodic patterns is of interest.

surface micro/nano-structuring and the possibility to
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design hierarchical surfaces and models for structure-
d contact interfaces in optics and mechanics. Some
specific applications of LIPSS are discussed in the
following.
4.1 Hydrophobicity and hydrophilicity

Inspired by the remarkable nature example of
the lotus leaf, super-hydrophobic surfaces induced
by hierarchical micro/nano-structures were demon-

] Except the

strated, as shown in Fig. 6(a,b)!
hierarchical topography surface chemistry also con-
tributes to the wettability, such as pH, H adsorp-
LIPSS including hierarchical

micro/ nano-structures can thus precisely control the

tion, oxidation, elc.

surface wetting characteristics with super-hydropho-
bic'™ or super-hydrophilic properties'”" by the
choice of laser parameters. An example of laser-in-
duced hydrophobicity is shown in Fig. 6 (¢, d) ™.
Laser surface processing has been widely in the ap-

plications for surface wetting, for example, self-

Fig. 6 (a)Water drops on a lotus leaf. (b)SEM image

of the micro-structures on the surface of a lotus
leaf( scale bar 10 um) and inset: nano-struc-
tures ( scale bar 5 pm) 41 (¢)SEM images of
femtosecond laser textured Si surface showing
micro-structures ( scale bar 5 um) and inset:
nano-structures ( scale bar I pm) . (d)A water

droplet on a laser-structured Si surface!”®

[76] [78]

cleaning surfaces ™', micro fluidics' ™", water proof

and de-icing coatings for aviation'””’.
4.2 Tribology

For years, laser surface texturing ( LST) has
been used to enhance the tribological properties of

material surface*"’

. For instance, the structuring of
cylinder walls in combustion engines serving as res-
ervoirs for oil can prevent the breakdown of oil-film
resulting in significantly reduced particle emis-
[81]

sion In this case, ultrashort laser pulses can

produce high quality shallow structures, such as

2] " An remark-

LIPSS without recast layers and burr
able example shows that LIPSS formed on the titani-
um alloy by femtosecond laser pulses can lead to a
significant reduction of the friction coefficient, indi-
cating the potential benefit of laser surface structu-
ring for tribological applications'®’
4.3 Maetal colorization

Via surface structuring on the nano-, micro-,
and submillimeter-length scales, the creation of col-
or metals with femtosecond laser surface structuring
has been demonstrated by several researchers ®*'.
Femtosecond laser provides a controllable modifica-
tion of optical properties of metals from UV to tera-
hertz wavelengths. The size of the optically modified
metal surface area can be as small as a tightly fo-
cused laser spot, i. e. , down to about 10 um, or as
large as needed when a scanning laser beam is used.
Giving the additional advantages of laser processing
such as low contamination and capability to process
complicated shapes, the color metals created have a
tremendous potential in various technological appli-
cations. For example, Fig.7 shows the gray and
black aluminum produced by femtosecond laser
pulses'®/

Color marking is made by the use of ordered
nano-ripples with designed orientation and spatial
periods on desired regions, which are controlled by

531 Two-dimensional data codes

laser parameters
can be written, consisting in an array of controlled

nanostructures by femtosecond laser pulses which are
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(b)

Fig.7  Gray and black aluminum produced by femtosec-

ond laser pulses'™®”’

!, The process can be ren-

useful for traceability'®
dered parallel by laser beam shaping technologies
employing spatial light modulators. An example is
the colorful marking and two-dimensional code crea-
ted on stainless steel by femtosecond laser pulses
from French Qiova company.
4.4 Light trapping and emitting

Light trapping is useful for photodiodes, sensors
and solar harvesting cells. Multiple length scales of
surface features reduce the reflections based on three
mechanisms dependent on the size of surface fea-
tures ; (a) For feature size much longer than the inci-
dent wavelength, light trapping due to multiple re-
flections from protruding structures enhances cou-
pling into the material, moreover, refraction at ob-
lique angles increases the effective optical path
length; (b) For feature size close to incident wave-
length, light trapping due to scatter increases the ef-
fective optical path length and enhances absorption;;
(c¢) For feature size much smaller than incident
wavelength, light trapping due to moth-eye effect
reduces reflection"®’

LIPSS, similar to a surface grating, induces the
dispersion, but LIPSS usually doesnt enhance the
shallow

absorption significantly due to their

height *).

aspect-ratio cones or columns features can trap light

However, laser-induced arrays of high-
efficiently'®’.  For example, the micro-structured
silicon with micro-cones by femtosecond laser in the
atmosphere of SF shows the broadband reduction in

reflectivity* .

LIPSS can enhance the efficiency in light emit-
ting devices, useful for solid state illumination. In-
creased emission by LIPSS is due to the surface in-
crease and sharp surface nanostructures reducing the
work function of material *®*'. LIPSS can also change
the emission spectrum. For example, the efficiency
of lamp was increased and the emission spectrum can
be controlled by making LIPSS on the tungsten fila-
ment in lamp by fs laser' ).

In 1999, black silicon was produced by irradia-
ting silicon with femtosecond laser pulses'®''. After
irradiation in the presence of a gas containing sulfur
hexafluoride and other dopants, the surface of silicon
develops a self-organized microscopic structure of
micrometer-sized cones. The resulting material has
many remarkable properties, such as absorption that
extends to the infrared range, below the band gap of
silicon, including wavelengths for which ordinary sil-
icon is transparent. Sulfur atoms are forced to the
silicon surface, creating a structure with a lower
band gap and therefore the ability to absorb longer
wavelengths. Similar surface modification can be a-
chieved in vacuum using the same type of laser and
laser processing conditions. In this case, the indi-
vidual silicon cones lack sharp tips, shown in
Fig. 8. The reflectivity of such a micro-structured
surface is very low, 3% —14% in the spectral range
350 —1 150 nm'”*'. Such reduction in reflectivity is
contributed by the cone geometry, which increases
the light internal reflections between them. Hence,

the possibility of light absorption is increased. The

Fig.8 Black silicon made without special gas ambient'**!
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gain in absorption achieved by fs laser texturization
was superior to that achieved by using an alkaline
chemical etch method, which is a standard industrial
approach for surface texturing of mono-crystalline sil-
icon wafers in solar cell manufacturing.
4.5 Bio-medical application

LIPSS has been widely used in biological and
medical applications. LIPSS on biological implants
encourages cell growth and improves osseo-integra-

. 9394
tlonL

'. For example, LIPSS form on a scaffold-
usable biodegradable polymer by femtosecond laser,
which enables to control cell behaviors'®’

Another example is the black Si with LIPSS
created by fs laser, which has the bactericidal func-

tion'*’. For a remarkable example, LIPSS on noble
metals can be used as high-efficiency substrates for

surface-enhanced Raman spectroscopy (SERS) 7"

5 Challenges and opportunities

LIPSS formation involves a range of complex
processes related to optics, photophysics, photo-
chemistry, thermodynamics, hydrodynamics, con-
densed matter physics, plasma and so on. Only con-
sidering optical features, the scenarios of LIPSS for-
mation put forward features of linear and nonlinear
optics, such as scattering, interference, excitation
of surface plasmon polaritons ( SPPs) , excitation of
plasma, second harmonic generation ( SHG ) and
transient changes of the optical properties in the irra-
diated materials. For ulirafast laser ablation, it is a
challenge to investigate the complex LIPSS formation
in fs-ns time domain, in which limited instruments
can be applied.

Until now, LIPSS formation mechanisms are not
yet fully understood and still under debate. Sipe the-
ory has been widely accepted to explain the LSFL
formation based on scattering and interference, but
Sipe theory still faces some challenges especially in
the limited accuracy. However, potential self-organ-

ization model only works in ultra-short pulse, not

proper for the laser with long pulse duration related
to the weaker laser peak fluence. FDTD-EM ap-
proach offers a precise numerical tool to investigate
LIPSS formation in the electromagnetic domain,
which showed that the propagation of SPPs is not a
necessary condition for LSFL formation, and the
grating-assisted SP-laser coupling mechanism seems
inapplicable because the spatial periods of surface
structures are same as the periods of laser-induced
energy modulation. In that concern LIPSS formation
theories respectively mediated with SPP, SHG and
intra-pulse transient optical properties, they still
need strong experimental evidences.

LIPSS is a universal phenomenon on almost all
the solids induced by the lasers ranging from long
pulse to ultra-short pulse. Their appearance on the
different materials such as metals, semiconductors
and dielectrics, the parts of LIPSS mainly related to
LSFL are very similar, which reveals a common
LIPSS formation mechanism existing in all solids in
the electromagnetic domain. However, now the
LIPSS formation theories are different on metals,
semiconductors and dielectrics. For example, the
interference with SPPs in Sipe theory for metals, the
interference with surface-scattered electromagnetic
wave in Sipe theory for semiconductors, plasma-me-
diated formation resulting in regular patterns of self-
trapped excitons ( STE) and color centers-mediated
structural transitions for dielectrics need to converge
towards more unified frames. This implies further
consideration and we have identified opportunities to
find common LIPSS formation mechanisms on met-
als, semiconductors and dielectrics in the electro-
magnetic domain by FDTD-EM approach.

Except LSFL and HSFL, other laser-induced
micro/nano-features such as bubbles, cones, col-
umns and abnormal ripples as well as macro-struc-
tures, and in general surface topographies should be
taken into LIPSS formation theory.

In order to explain the complex LIPSS formation

in ultrafast laser ablation, more experiments need to
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be designed and carried out. For example, fs laser-
induced transient optical properties can be measured
to check the LIPSS formation theory in connection to
transient optical properties. In addition, for some
complex materials, such as bulk metal glass, there
are some distinctive types of LIPSS, which also need

more investigations.

6 Conclusion

In this paper, we introduce the general aspects

of laser-induced periodic  surface  structures
(LIPSS). Several LIPSS forms and periodicities re-
ported on different solids upon near-infrared fs-laser
pulse irradiation are reviewed. However, LIPSS for-

mation mechanisms are not yet fully understood and

S Lk

still under debate until now. Several LIPSS forma-
tion theories with merits and limitations are intro-
duced, including Sipe theory, FDTD-EM approach,
self-organization model of unstable matter and LIPSS
formation respectively mediated with surface plasmon
polariton (SPP) , second harmonic generation( SHG)
as well as with the evolution of optical properties
during irradiation. We introduce material transfor-
mations under LIPSS, related to the permanent
changes of the material in the chemistry, composi-
tion, crystal structure and surface morphology. At
last, we show the applications of LIPSS in material
surface processing, including surface wetting, tribol-
ogy, modification of optical properties, marking and
coding, light trapping and emitting, as well as bio-

medical application.
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