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We report results on the development of laser-induced periodic surface structures produced by
ultrashort laser pulses irradiating metallic surfaces. The surface topology features are discussed in
terms of periodicity and amplitude contrast of the pattern formation, and in relation to the chrono-
logical sequence of laser-induced events. Resonant excitation of Surface Plasmons in metallic grat-
ings show that the surface wave excited during the femtosecond laser pulse can initiate the observed
patterning. Metallic behavior under nonequilibrium conditions on the picosecond timescale is then
investigated to correlate the amount of material experiencing solid-to-liquid transitions and the sub-
sequent structure amplitude. With the derived observation, the calculation of the transient nonequi-
librium thermodynamic characteristics of excited nickel is performed, allowing to define characte-
ristic timescales of thermocapillary processes which may occur under multi-pulse irradiation.

Keywords: Ultrafast LIPSS formation ; ripples on metal surface ; femtosecond laser irradiation ;
surface plasmon excitation ; thermocapillary effect ; Marangoni effect ; Sipe model ; efficacy factor

1. Introduction
The application potential for ultrashort laser pulses re-
lies on their remarkable capacity to confine and localize
energy on the smallest scales. In addition, strong energy
localization can trigger nanoscale self-arrangement of mat-
ter on irradiated surfaces [1-7]. Appearing for fluences
around the phase transformation threshold and developing
with varying periodicity and amplitudes, the manifestation
of periodic surface patterns with subwavelength dimen-
sions, usually known as Laser-Induced Periodic Surface
Structures (LIPSS), is presently a less understood but inhe-
rent phenomenon. Surpassing the diffraction limit in par-
ticular conditions, ultrafast laser excitation can structure
well below the incident wavelength. Two distinct types of
LIPSS are typically observed when solid materials are irra-
diated upon ultrashort multiple pulses: Low Spatial Fre-
quency LIPSS (LSFL) and High Spatial Frequency LIPSS
(HSFL) [8-12]. The microscopic mechanism of LIPSS
formation is still under discussion and various kinds of
surface wave excitation methods have been proposed so far
besides the conventional interference pattern of the incident
or refracted light and scattered wave [13-17]. Whereas ul-
trafast laser excitation stage is the most investigated me-
chanism in recent literature, an emphasis has to be put on
the post-exposure surface dynamics in this particular irrad-
iation regime to explain the subsequent spontaneous forma-
tion of nanostructured patterns.
Therefore, we describe here several approaches to shine
light on different aspects of interaction. A comprehension
effort related to laser excitation mechanisms is presented,

able to assist and validate experiments performed on metals.
In this context, we investigate hypotheses assuming that
LSFL, having a spatial period close to the irradiation wave-
length, are formed due to optical interference of the inci-
dent laser radiation with a Surface Plasmon (SP). HSFL
formation mechanism is still quite controversial for reasons
related to its polarization dependence and it will not be
discussed in this paper. If the most part of experiments are
performed on a practically smooth surface, we will also
present irradiation results obtained on pre-structured sur-
faces. Grating-coupled surface plasmon resonance on me-
tallic surface has been exploited to investigate the correla-
tion between LIPSS formation under ultrashort laser expo-
sure and SP generation conditions. For Transverse Magnet-
ic (TM) irradiation conditions, a well-defined period of
grating was a seed for low spatial frequency LIPSS forma-
tion [18]. To design matter transformation patterns with
predictable properties for a wide range of materials, the
amplitude of the nanostructuring process is another key
parameter [5,19-20]. Following localized photoexcitation,
the sub-surface region undergoes transient melting and
ultra-rapid quenching at the nanoscale. A thorough under-
standing of the involved physical mechanisms during the
matter transformation will therefore help to control LIPSS
morphology. Measuring the amplitude contrast of LIPSS
obtained on nickel and copper surfaces which are supposed
to have different behavior under nonequilibrium conditions,
the effects of energy coupling and relaxation strength have
been correlated to LIPSS formation [20]. The amount of
material experiencing solid-to-liquid transitions appears to



Proceedings of LPM2012 - the 13th International Symposium on Laser Precision Microfabrication

be correlated to the LIPSS amplitude. Finally, the characte-
ristic development time of LIPSS formation will be dis-
cussed in the context of matter transformation phases using
a hydrodynamic approach. Simulations of laser-matter inte-
raction, coupling hydrodynamics and heat transfer, will be
presented to estimate laser energy deposition, electron-ion
nonequilibrium stage, material heating and growth. The
subsequent phase transformation and the lifetime of the
molten region can have implications on thermocapillary
phenomena. This will be effectively estimated by applying
characteristic timescales framing the positive feedback of
ripple growth under multipulse irradiation. Finally, the
depth of the formed pattern will also affect the grating
coupling varying LIPSS periodicity via electromagnetic
feedback effects.

2. Plasmonic response defining LIPSS periodicity

As LIPSS performed on absorbing materials such as metals
or excited semiconductors have been mostly found to grow
along the direction perpendicular to the laser polarization,
LSFL has been early attributed to the excitation of surface
plasmon polaritons [8,21]. A photon cannot transform into
a SP without some form of momentum conservation. Since
a rough surface corresponds to a superposition of a number
of different gratings, the mechanism underlying the coupl-
ing of SP on a rough interface is essentially the same as
that via a single corrugation [22]. It is well known that in
the specific case of a resonance harmonic grating, the inci-
dent laser wave impinging on the grating at a certain angle
6 transforms into a diffracted wave propagating along the
grating surface as an SP wave. The corresponding phase-
matching condition then reads as a function of the diffrac-
tion order n, kgp=k, * nq, ,where k, is the surface projection
of the laser wave vector |k = |ko| sind = 0 at normal inci-
dence and ¢, is the main wave vector of the surface rough-
ness, corresponding to the wave vector of the pre-
structured grating in the experiment described below. The
proposed method allows correlating the excitation of plas-
mons in the optical domain to the formation of LIPSS. We
have investigated the formation of LIPSS on pre-structured
nickel surfaces having periodic gratings with a prechosen
range of periodicities upon irradiation by single linearly
polarized Ti:sapphire laser pulses (800 nm, 150 fs) in air as
a function of the grating period and orientation of the pola-
rization [18]. Considering only the first diffraction order, n
= 1, the condition of phase-matching derived previously
simplifies to ksp = ¢,, describing the diffractive excitation
of an SP wave with a wavelength equal to the grating spac-
ing. For the experimental part, a Mach-Zehnder interfe-
rence scheme has been used to create a number of corruga-
tion gratings on nickel plates coated with a thin photoresist
deposited on a Ni substrate by spin coating. Different grat-
ing periods A, ranging from 440 nm to 800 nm, with 10 nm
increment, have been fabricated. Each structured surface
was then irradiated by single fs laser pulse. Fig. 1a) shows
an example of periodic nanorelief written on a Ni sample
before irradiation. A maximal coupling is expected for a
grating wavelength given by [23]:
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where 7 is the optical index of the material. From the com-
plex optical index of Ni, 77 =2.48+i4.38 given in Ref. [24],
we estimate that the maximal coupling should occur at
A’; ~ 790 nm. To show that the grating of 10 nm thick-

ness does not modify the expected resonant period, we
have calculated the 0™-order reflection efficiency. This
calculation is performed for an incident TM wave at 800
nm irradiating a Ni surface grating of 10 nm depth by Ri-
gorous Coupled Wave Analysis (RCWA) [25]. A rectangu-
lar profile of the grooves has been assumed, according to
Atomic Force Microscopy (AFM) measurements of the
gratings. Fig. 1b) illustrates the 0"-order reflection effi-
ciency response; it can be seen that the maximal resonant
coupling is close to the expected value of 790 nm, for this
relatively low grating depth. Consequently, it can be as-
sumed that the resonant position is not affected by this rela-
tively small grating depth as will be discussed in more de-
tails in section 4.
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Fig. 1: Grating-coupled surface plasmon enhanced excitation.
Example of a representative pre-structured surface at 750 nm
(a). 0™ order reflection efficiency calculated by RCWA show-
ing a resonance expected for A’; ~ 790 nm (b). SEM image of

the LIPSS formation observed for the specific grating period
A’; ~ 750 nm (c) and corresponding 2D-FT image (d). Radial-
ly averaged autocorrelation function R(r) processed from the
selection on the SEM image (e).



Proceedings of LPM2012 - the 13th International Symposium on Laser Precision Microfabrication

The irradiation of each grating by a single pulse at a flu-
ence of 1.42 J/em® for the TM and the Transverse Electric
(TE) polarizations and at normal incidence reveals that
LIPSS formation only occurs for TM irradiation (i.e. the
polarization direction perpendicular to the grating struc-

tures) and a well defined grating period of A”; ~ 750 nm.

Fig. 1c) shows the LIPSS structure generated for this grat-
ing periodicity. Single pulse irradiation allows achieving
only the early stage of ripple formation and we observe that
the pattern is not homogeneously distributed in the irra-
diated spot. 2D Fourier transform (2D-FT) on the selected
part of the acquired image is displayed in Fig. 1d), showing
a vertical sickle-shaped feature confirming that LIPSS are
perpendicular to the laser polarization as expected for
LSFL on metals. The Scanning Electron Microscopy
(SEM) image and the corresponding 2D-FT reveal that the
period of the formed LIPSS is A=750 nm. This result indi-
cates that the specific grating period for which the SP mode
is efficiently excited is correlated to the LIPSS formation.
The observed resonance is however different from the ex-
pected one around 790 nm. Hence, it is supposed that the
ultrafast material excitation affects the dielectric properties
during the laser pulse, modifies the plasmonic dispersion
relation and thus results in a different grating periodicity
for which resonance occurs.
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Fig. 2 : Surface plasmon wavelength contour plot as a func-
tion of real part and imaginary part of 7i (a). Grey contour lines
marks Agp=750 nm (solid) and Agp=760 nm (dashed). Black
point indicates the optical index used for excited material. Cal-
culated efficacy factor 7 as a function of the normalized wave

vector components k./ky and k,/k, for unexcited (b) and excited
nickel (c).
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A radially averaged autocorrelation function R(7) has also
been calculated in the direct-space to take into account the
k vectors concentrated along the arcs in a (k,, k,) plane.
R(r) is calculated from the autocorrelation of pixels of the
binary SEM image as a function of the radial distance r
[26]. The calculated function is displayed on Fig. le). The
oscillating behavior of R(r) is characteristic of a long-range
order with periodicity A=750 nm, which is more difficult to
observe in the SEM image in Fig. 1(c). The decay of the
oscillation amplitude is mainly due to features such as irre-

gular orientation, bifurcation and limited periodic struc-
tures. However, the correlation of the LIPSS appears to
extend over several periods. The observed spatial periods
of the LIPSS, somewhat smaller than the expected one, can
be explained by transient changes of the dielectric proper-
ties of the laser-excited material [8,18,22]. To illustrate
this, we have calculated SP wavelength for a range of opti-
cal indices. Fig. 2a) shows a mapping of the solution of eq.
(1) as a function of real and imaginary part of 7i. Grey lines
point out the required optical index allowing to reach
Asp=Az~750 nm. White region at the bottom part of the
figure indicates the region where surface plasmon cannot
be excited, since the condition ‘R(ﬁz)< —1 is not fulfilled
[23].

On a non pre-structured metallic surface, SP can be effi-
ciently launched by the natural surface roughness. The
propagation of SP and the incident laser wave can interfere
to form a periodic intensity distribution. Sipe et al. has pro-
posed a model to describe the inhomogeneous energy ab-
sorption resulting from this phenomenon as a function of
the laser incidence angle 6, polarization and material di-
electric properties [13]. A surface-scattered wave was pre-
sumed to be generated at the surface, as observed in our
experiment. In the proposed calculation, the grating vector
components of the LIPSS are mainly determined by the
efficacy factor 7(k/kg), depending on a wave vector parallel
to the surface (k) normalized to the incident laser wave
vector ky. This function exhibits some sharp peaks which
can be associated to dominating LIPSS wave vector and
providing an estimation of their spatial period in addition to
their main orientation. We have calculated the efficacy
factors as a function of the normalized vectors in the sur-
face plane with selvedge parameters identical to the ones
given in Ref. [13]. The results are shown in Fig. 2b) for an
optical index corresponding to an unexcited material
n=2.48+i4.38 and in Fig. 2c¢) for an excited one with
7i=0.9+i2. Note that several pairs of real and imaginary
parts of 7i are able to reproduce a SP period A=750 nm as
indicated on Fig. 2a) and we have chosen one consistent
with a laser-induced electronic excitation. To this, a Drude-
Lorentz model was applied with various relative intraband
and interband contributions, showing that a decrease of the
interband transition part could reduce SP wavelength [18].
A normalization of 7 has been performed for each case.
Both efficacy factor calculations clearly show the LIPSS
perpendicular to the laser electric field since 7(k/ky) con-
tains small kinks on Fig. 2b) along x direction superim-
posed on a varying background and sharp peaks on Fig.
2¢). Both forms a sickle-like dominating structure for

(k + kj)”2 ~27 /A, as observed in the Fourier trans-

form shown in Fig. 1d). The resonant LIPSS are related to
the excitation of surface plasmons and the observed periods
are the same as those discussed previously: A=790 nm in
the case of unexcited Ni and a well pronounced peak at
A=750 nm in the case of excited Ni.
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3. Relaxation of the energy during nonequilibrium and
hydrodynamic stages

The plasmonic approach presented in the first section
establishes preliminary steps defining orientation and en-
ergy modulation guiding the mechanisms of LIPSS forma-
tion. Once the process is triggered, further steps towards
nanostructuration follow and several processes are respon-
sible for the final morphology. They require extended ap-
proach defining the role of material response from a ther-
modynamic and hydrodynamic perspective. In particular,
material behaviour is strongly dependent on the electronic
response upon ultrafast excitation. The effect of the laser
irradiation with the response of the material is commonly
described by the two-temperature model (TTM). The en-
ergy balance between the electron cloud and lattice is de-
scribed by the temporal evolution of the electron and the
lattice temperatures through a coupling parameter y related
to the electron-phonon scattering rate and by thermal diffu-
sion processes occurring within each subsystems. The pres-
ence of a transient nonequilibrium stage has strong implica-
tions on the energy distribution and thus on the final mor-
phology. As energy relaxation dynamics are material de-
pendent, we generated LIPSS on representative materials
with different electronic configuration in order to investi-
gate the influence of y and thermal diffusion efficiency on
the specific amplitude of LIPSS. Metals with a large range
of coupling strengths were exposed to ultrafast laser excita-
tion and the patterned surfaces were investigated ex-situ by
AFM and SEM [20].

Ni Cu
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Fig. 3 : SEM images of the LIPSS performed by N=50 laser
pulses (150 fs) at a pulse energy of 80 uJ, on Ni (a,c) and Cu (b,d)
and analysis of LIPSS morphology on the different materials:
profile lines from AFM images, showing the cross-section of the
LIPSS topography for Ni (e) and Cu (f). The electric field direc-
tion is indicated by the arrow.

The experimental results given in Fig. 3 were obtained

for Ni and Cu irradiated by 50 pulses of 80 uJ (150 fs) at
800 nm. The apparent spot size obtained in the case of
nickel appears much wider than for copper due to different
absorption coefficients. Nevertheless, the absorbed fluence
allows to generate LIPSS at the periphery of the focal spot.
Fig. 3 (a-d) shows SEM image of the nanostructured region.
The relative strength and the electron temperature (7,) de-
pendence of the electron-phonon coupling in the metals
were identified as key factors affecting the initial energy
redistribution and the dimensional size of the region under-
going transient melting and resolidification. It appears that
LIPSS growth is correlated to the value of the coupling
constant and to the amount of material experiencing solid-
to-liquid transitions.
The LIPSS amplitude measured by AFM is given in Fig. 3
(e) for Ni and Fig. 3 (f) for Cu. Measurements have been
performed at a similar local fluence, close to 0.4 J.cm™.
The amplitude varies as a function of the material since Ni
has an averaged peak-to-peak amplitude H~200 nm while
Cu presents a nearly two fold lower height H~100 nm.
These two materials differ mainly by their electron-phonon
coupling constant y and also their thermal conductivity K.
At room temperature, ;/Cu=5)<1016 W.m'S.K'l, Kc=398 W.m’
"K' and 5#=1x10" W.m> K", Kx=91 W.m™ .K"'. Based on
electronic energy distribution related to the TTM scenario,
a high value of y and a low value of K cause a strong ener-
gy confinement. From the strong different values of y and
K of Ni and Cu we can conclude that the energy confine-
ment after excitation strongly determines the surface mod-
ulation amplitude. Therefore, this confinement results in
strong longitudinal temperature gradients in a thin molten
layer which, in turn, via a corresponding pressure distribu-
tion modulates perpendicular surface expansion and thus,
finally, results in LIPSS formation.
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Fig. 4: Hydrodynamic calculation of the nonequilibrium
temperature (a), solid-liquid phase transformation clearly visi-
ble on the density (b) and the time-varying thickness and the
lifetime of the molten layer (c) of a Ni surface irradiated by a
150 fs laser pulse.

We have seen that LIPSS are readily formed upon ultra-
fast excitation on metals by laser pulses with a fluence suf-
ficient to induce phase transformation. Following single-
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pulse exposure, a quasi-amorphous resolidified layer of
several tens of nm in thickness has been experimentally
observed [29-30]. These results suggest that the freezing
structures morphology can depend on the thermodynamic
properties of the irradiated materials. To investigate the
transient thermodynamic stages of the metal surface, we
have performed the simulation of the nonequilibrium heat-
ing of a nickel sample under laser irradiation using a one
dimensional two temperature hydrodynamic code (Esther)
[31-32]. The approach solves, according to a Lagrangian
scheme, the fluid equations for the conservation of mass,
momentum and energy for electronic and ionic species. The
interaction between the laser field and the target is calcu-
lated by solving the Helmholtz wave equation in the inho-
mogeneous media. During relaxation, the material thermo-
dynamic properties are described by the Bushman-
Lomonosov-Fortov multiphase equation of state covering a
large range of densities and temperatures between con-
densed states and hot plasmas [33]. This calculation
enables us to monitor thermodynamic transformations of
the surface, the energy profile, the onset of phase transition
and hydrodynamic movement in the longitudinal direction
(corresponding to laser propagation in normal incidence) to
correlate them with the expected evolution of the surface
topology. As a result, the evolution of thermodynamic con-
ditions experienced by the surface is determined and de-
picted on Fig. 4. The figure indicates time-resolved tem-
perature [Fig. 4(a)] and density [Fig. 4(b)] profiles of the
heated surface under the action of a 150 fs pulse laser irrad-
iation at 800 nm for a fluence regime allowing exceeding
melting temperature at the surface but preventing an abla-
tion process (=0.35 J/em® in the simulation). As a fact,
LIPSS are supposed to appear only when a sufficient ener-
gy is deposited at the surface to induce liquid phase trans-
formation and material flow, whereas for higher fluence
vaporization and ablation of the surface will loosen the
modulated energy deposition then inhibiting LIPSS forma-
tion. The simulations show also the kinetics of melting and
solidification under ultrafast excitation. A time of a few
picoseconds is required to reach the melting temperature,
with the rise slope being related to the electronic tempera-
ture dependence of the electron-phonon coupling. Heat
conduction to the bulk of the sample leads to cooling below
the melting temperature, causing resolidification on several
hundreds of picoseconds timescale at the surface. The av-
eraged velocity of solidification can be estimated at around
80 m.s”, close to the one observed in experiments per-
formed on Ag thin films heated by a fs excitation [34].
Depth of melting evolves as a function of time and reaches
a maximal value of 85 nm at 17 ps. This time corresponds
to the characteristic value for acoustic propagation at the
sound velocity. Therefore, the depth of the molten zone
decreases after shock relaxation but electronic thermal
conduction continues to favorize the increase of the thick-
ness of the melted layer in the following tens of picose-
conds, up to around one hundred of picoseconds. We note
that the size of the liquid layer is in agreement with the
estimated electron diffusion depth in the solid Ni at the
melting threshold since electronic thermal diffusion defines
the heated depth in a nonequilibrium system [20]. The time
scales of melting (7, =~ 6 ps) and resolidification (7, = 800

ps) as well as the melting depth (/, ~ 80nm) estimated in

this simulation, are consistent with other calculations [35]
and with most experimental observations [35-39].

4. Modifying feedback process

The above calculation corresponds to single pulse con-
ditions. However in multipulse exposure conditions, the
morphology of the final irradiation differs strongly from
the observed single-shot one. A feedback is therefore in-
voked. The feedback that causes coherent structures to
grow can originate from different mechanisms. LIPSS
growth requires a positive feedback and we discuss in this
last section possible feedback processes related to surface
tension effects and plasmonic resonance alterations which
can lead to non-trivial structure development.
1D-hydrodynamic calculation restricts to study in-depth
effects whereas due to the large surface-to-volume ratio at
nanoscale, the surface tension is supposed to play an im-
portant role in lateral organization [40]. A possible scenario
of surface motion in a hydrodynamic process is that strong
gradient of surface tension ¢ can cause a thermocapillary
force (also referred as Marangoni effect or Bénard-
Marangoni convection) since o decreases as the equili-
brium temperature (referred as 7T) increases [41]. A gradient
of surface tension occurs being driven by a temperature
gradient VT which will force the liquid to flow away from
regions of low surface tension. Therefore, thermal gra-
dients can drive the liquid flow from hotter to colder re-
gions leading to a modulated material transport on mesos-
copic scales. The time required for one convective cycle
should be smaller than the total laser dwell time in terms of
melt lifetime [40,42]. At least several pulses (N) can be
required to induce a significant amplitude of the generated
structures and the condition of time development can be

estimated to be 7, < Nz_, where 7, is the characteristic
time of the Marangoni flow. Supposing that surface tension
is linear in temperature as o =0, +(0c/0T)- (T -T,),
where T, is the melting temperature. Typical values of 7.

can be obtained from the evaluation of the transverse ve-
locity of a laminar liquid displacement y_[40,42-43]:

v, ~ hm(ﬁaj(ﬂ} 2)
n \ oT )\ ox

where 77 is the dynamic viscosity. Evaluating 7
as A/2v, for a LIPSS spacing of A with a corresponding
temperature gradient 07 /0x =~ 2AT /A gives:

1

© 4|oT| h,AT

From previous 1D hydrodynamic calculations on fs ir-

radiated Ni, maximal melt depth was estimated to be
h, ~80 nm, for a typical value of temperature rise

)

AT ~10° K corresponding to an overheating of =30 %
along the SP periodicity. Substituting dynamic viscosity for
melted Ni  of 7=49x10" Pas [44] and

00 /3T =-3.6x10™ N.m" K™ [45] in equation (3) gives
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a characteristic timescale for Marangoni flow of 7, ~18ns

for a typical periodicity of A =650 nm after multi-pulse
exposure. It is clear from this estimate that 7 /7 =20

and that surface tension gradients contributes to move the
fluid during the melt lifetime when several tens of pulses
are applied. Therefore, while irradiating the metal surface
by a single pulse, the thermocapillary flow would not be
expected to significantly drive fluid from hot temperature
regions to colder ones produced by laser inhomogeneous
deposition in a periodically modulated manner. The de-
tailed determination of Marangoni effects on an irradiated
surface is beyond the scope of this paper but the above
analysis suggests that a rigorous model should include this
hydrodynamic process when multi-pulse experiment is
considered.
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Fig. 5: Calculation of 0"-order reflection efficiency as a func-
tion of grating period for different grating depth.

It results from previous considerations that plasmonic stage
does not necessarily select the dominant modulation of the
final pattern since thermocapillary waves can also contri-
bute to a nonlinear growth of specific periodicities. Never-
theless, feedback process induced by several laser shots can
involve both plasmonic and capillary processes since SP
are surface modes strongly localized at the surface of the
metal, and therefore they are sensitive to any changes that
occur in the vicinity of the air/metal interface. Indeed, the
approach described in section 2 is based on a plasmonic
response serving as the starting inhomogeneous absorption
of the surface. This mechanism is supposed to determine
both the orientation of the structures, due to a polarization
dependency, and an initial periodicity which should evolve
in time since LIPSS amplitude increases as the number of
pulses N increases.

Hence, surface modification results in an increasing grating
depth which, in turn, changes the surface wave dispersion.
This surface modification shifts the position of the resonant
grating period, where the amplitude of the shift depends on
the LIPSS height. Fig. 5 illustrates the zero-th order reflec-
tion efficiency evolution from a grating with varying depth
modulation from 10 nm to 100 nm. The calculation has
been performed for a TM wave at 800 nm incident on a
rectangular surface grating of nickel using RCWA [25]. As
it has been already shown [46], the SP resonance shifts
towards a smaller periodicity for deeper gratings and a
broadening of the resonance is observed. At this point, we

note that a grating depth of about 75 nm is required to re-
produce the resonance observed in our experiment at = 750
nm and that the shift discussed in section 2 cannot be attri-
buted to an undesired perturbative effect. For structures
deeper than 30 nm, a large laser absorption is expected,
accelerating the structuring process and promoting positive
cumulative effects for a specific wavelength. Coherent
structures are then supposed to develop with a dominant
period related to the most enhancing or the most rapidly
growing period given by the optimal multi-pulse electro-
magnetic and hydrodynamic feedback.

5. Conclusion

In conclusion we have indicated some fundamental as-
pects deriving from the plasmonic coupling, the electron-
phonon nonequilibrium stage, the subsequent sequence of
phase transformation and finally the surface dynamics via
surface tension gradients. Grating-coupled Surface Plas-
mon Polaritons on metallic surface has been exploited to
investigate the correlation between LIPSS formation under
ultrashort laser exposure and SP generation conditions. The
main finding of this experiment was an experimental dem-
onstration of the resonant coupling of the fs-laser pulse to
the grating structure, based on SP excitation, and its impact
on the ecarly stage of LIPSS formation. The understanding
of the formation dynamics of regular self-organized nanos-
cale structures under laser exposure of materials still re-
quires rigorous concepts related to modulated energy depo-
sition, laser-induced non-equilibrium phenomena and the
related relaxation paths involving mass transport. Never-
theless our estimation of the Marangoni characteristic time
reveals that in the particular case of strongly absorbing
materials which can undergo capillary action, hydrodynam-
ic modeling approaches should be involved to explain the
observed patterns. Extended understanding effort has to be
made to check if optically-induced modulation can be pre-
served when the system undergoes phase transitions and
how feedback mechanisms can cause the growth of grating
periodicities by coupling to the diffractive laser light, in-
volving plasmonic/hydrodynamic effects.
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