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Origin : 2 main concepts

Interference model and/or
plasmon waves excitation
Resonant in nature,
inhomogeneous energy
deposition...

Spatio-temporal ordering:
spontaneous pattern formation
Instability, positive feedback and
exponential growth of initial
perturbation...

— Agree with the most observed
orientation & period

— Dependence on laser fluence

and pulse number ?

= Agree with periodicity

dependence on Fluence/N
—> Orientation and laser

wavelength dependence ?

Hybrid nature = Towards a unified approach ?
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Step by step formation
Overview:

* Absorption stage
Plasmonic experiment

* Nonequilibrium energy distribution
LIPSS contrast on different materials

 Hydrodynamic stage
2T simulation

e Positive feedback effects

Discussion on characteristic timescales
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Basic idea: A photon cannot transform into a SP without some
form of momentum conservation

Rough surface ~ superposition of different gratings

o=ck

Coupling point

Surface plasmon

Single sh

A=800 nm 77
150fs

o
»

k

. How to correlate SP and ripples ?

— Find resonance for a set of
gratings with controlled A
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a-rfui;c,fl Mach-Zehnder interference scheme
CUMIEN Laser fs
1 single shot

Grating periods on Nickel range . ™

from Ac = 440 nm to Ac =800 nm gl H/{_E
with 10 nm increment i 5
O LIS
metal

Depth 6 =10 nm

5um

F. Garrelie et al., Opt. Express, 19 (10), 9035 (2011)
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Grating

Avurss : Ripples periodicity

Ac : Grating periodicity

Single shot
excitation

[
A=800 nm % < 68
150 fs = E'.
£ £ 67
S0
6% 66 |
> 600 700 800 900

Grating period [nm]

08=0: Normal incidence
st diffraction order

g ,8; = Larger coupling efficiency

ALIPSS =AG

Surface Plasmon excitation

—> Ripples formation for a well-defined Ac & TM irradiation only

21

Avwrss=Ac= Asp = k’_ = AN
SP

~ 1/2
( Eq + Em ) /
Ed ém

=790 nm

for Nickel @ 800 nm
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10 um Ae =790 nm
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Expected periodicity
resonance

790 nm

10 um Ac =760 nm

Fine ripples Observed for 750-760 nm
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Density of ripples as a function of the grating period
( for 2 irradiation fluences
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F=0.97 J/cm?

Density of ripples (%)
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Density of ripples (%)

Period A (nm) Period A (nm)
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Period A (nm) Period A (nm)
Ratio between surface covered

with fine ripples and the overall surface of the spot

SP resonance : Ripples formation for
v" TM irradiation
v'and AG = 750-760 nm
F. Garrelie et al., Opt. Express, 19 (10), 9035 (2011)
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« Surface-scattered » fields interfere

with the incident beam

Selvedge
W . . .
x Inhomogeneous absorption mainly determined
@ Refractive index by an efficacy | depending upon k

Efficacy factor n calculation
2| b A=790 nm

¥°
=9 )

2| [=2.48+4.38

-2 0 2
kxl k0

Transient change of optical properties ?



Covmation of fs LIPS Calculating plasmon wavelength

(’ Theoretical plasmon Asp — r AR (ed+5‘m>1 2
U el wavelength Ksp Eq&m Agp [Nm]
: Sipe model 2 800
Efficacy factor 20- 82,8? . 790
Ag. Observed 750
| resonance

700

Inhomogeneous Decrease of €, and | g, |
d it : . .
.............. e YEQUIred to explain observed
resonance



[ Covmation of fs LIPS I Calculating plasmon wavelength J

LAB f() 0)2 k fJQ2
( DL model g, — [1 — Z

CLrErn B (0 —i7) = (07 — 0?) + iol; |
nm _
Parametric study SP | ] )
1 ' - — —800 2 _ he
wp =
0.8 mg,
] 2
oso. 0.6/ Q2 B n,e
-t 750 P
c 0.4 m,g,
0.2 Depend on electronic
band structure

700 of the irradiated metal
1.5

Strong decrease of 2

Decrease of the d-band electrons contribution
available to undergo an interband transition
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NICKEL

DOS [States/eV/atom]

Low temperature: . '
Erfalls in the d-band i 8 e- T=0.01K
. , A
High temperature: W d band
Thermal excitation shifts the o = de

chemical potential away from the 2t l :
(high density) d band M{M—L

0 L 1 ]

0 5 10 15 20
— Te increase modifies €2 ? e [eV]

Decrease of the d-band electrons contribution
available to undergo an interband transition ?
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Direct damping of SP ?

° ° /
SP excitation ——_

Interference effect ?

Incident electric
Spatially modulated heating Jield ﬁ‘”e’”)
of the sample surface Scattered surface
wave (SP)

Interference intensity

=1+ 11 COS(ksw)

Parameters/events defining contrast ?  Gaussian distribution

Spatio-temporal ordering ?



s g i Hydrodynamic model

( . Diffusion
LU IEN e-ph Coupling

. O %}% % é %g fg Absorption

EM: Helmholtz
1| nt.dz” 0
o = ey nel 2
Longltudlr;al 777777 - o | né oz
oy
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s am '
Hydro % overdonse plisma
Equation of states g,
. =
ump [electrons (Thomas-Fermi)
Esther code [1D] + ions (EOS BLF)]
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Phase transition

DEPTH [nm]

Shock

Nickel
F~0.35J cm?

Meiting

Solidification

. DENSITY [Kg/m’]

L
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9000
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- 8000

7500

7000

010 109
Time [s]
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formation of fs LIPSS (e-ph) coupling experiment
Metals with different y and behavior with Te
(LAB TTM
2=800 nm — st
150 fs - g*::: =
50 pulses —
_ E 0
L I\

3 transition metals : Ni, W, Ru
1 Noble metal : Cu

Amplitude
measurement for
each metal
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(e-ph) coupling experiment
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Temperature (K)

Thermal non-equilibrium

5000 = -

10000} :

[3)]
o
o
o

500
E a00
£
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(e)

250 nm

M

0 ns 1 15

® {um)

?

o

20000, :

10000 = -

10000 —T,

5000, =

215 nm

Local Fluence = 0.55 J/cm?
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Evolution with fluence
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A¢(Ru)
Ar(W)
Ag(Ni)
Ag(Cu)

Height of the cross-section of the surface ripples for

Ru, W, Ni & Cu as a function of local fluence

NN

Amplitude (nm)

10
T, x10° K]
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J.P. Colombier et al., J. Appl. Phys. 111, 024902 (2012)

v evolution with Te
Lin et al., Phys. Rev. B 77 (2008)
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C H > Ll.\-
U el _250 - e a
gzoo A W ]
. : = o mR
Correlation energy confinement (=L;) @10 - - u i
: S X W
& ripples contrast ? 2100 B ani |
g' 50 - n I
¢ Cu
< 0
0.0 0.5 1.0 1.5 2.0

Fluence (J/cm2)
Estimation of the confinement size

Electronic diffusion length L, i v, %
L, dependence on Te <> F L, - (128)4( G j 4(5) ’

[P. Corkum et al., PRL, 61, 2886 (1988)] T AT, 0
L (W 150
(W) N\ T 100 High energy confinement
L(Ni) / £ m) High ripples contrast
= 50
Lr(Cu)

7% 10 15 20 J. Appl. Phys. 111, 024902 (2012)

T, [x10°K]
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Solidification

/ [1 ns]

10-100 nm
Liquid layer
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Feedback process (Hydro)
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Surface tension of the molten surface upon
heating may force to minimize the surface area

/

eI O RORO RS
VT causes Vy
Thermocapillary force (Marangoni)

High surface

tension
T, )

S p T,>T,=y(T) <y(T,)
\\ T2 I,
\ 4 Flow from

\ U

\ V4
NS hotter
Low surface to colder

tension region
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Evaluating the Marangoni timescale:
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Transverse velocity of a laminar h v, OT
c ey gs V =X
liquid displacement c n Ox
vy dependenceon T Viscosity
A=650 116 - /AZ
~ernm A
= ; T, R—|== ~ 20ns
TS\ ¢ 4ler| m,AT
AT | \ .
T modulation Liquid thickness
amplitude h,~=80 nm

t./7,, =20  Vy contributes to move the fluid

during the melt lifetime if N>20
JLMN, vol 7 (3), 362 (2012)
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“Plasmonic feedback”: grating depth
can change the surface wave dispersion

: v
S ————— ——=
- 60.004 T 7 T, feeemresserme E
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e el e 100 nm
H 101 m ¥ T ¥ T v T v T v T v
toward a smaller pe.r|0d|C|ty N 600 650 700 750 800 850 900
for deeper gratings Grating period [nm]

Rigorous Coupled Wave Analysis (RCWA)
www.MCgrating.com

— May influence the final

morphology/periodicitiy
JLMN, vol 7 (3), 362 (2012)
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CLrIEr Controlling the topology

Tribology of

corrugated surfaces  color coding and marking based on laser-
induced nanostructures

Super-hydrophobic
surfaces
Marking for
security
applications

B. Dusser et al., Opt. Express 18, 2913 (2010)
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(periodicity)

\

() conpling

(contrast)
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Thanks for your attention !
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