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INTRODUCTION

 The interaction of ultrashort laser pulses with
materials has opened new frontiers in
nanotechnology, offering unprecedented control at
the atomic scale. These femtosecond (fs) and
picosecond (ps) pulses facilitate localized heating
and structural modifications, making them
invaluable in nanomaterials engineering.

A critical aspect of laser-material interactions is the
interplay between thermal and electronic
excitations, driving phenomena such as surface
melting, amorphization, phase transitions, and
nanoparticle generation.

e Atomistic modelinf, using molecular dynamics (MD)
simulations coupled with the two-temperature
model (TTM), provides a detailed understanding of
these mechanisms, bridging theoretical predictions
with experimental results. This study employs
atomistic simulations to elucidate ultrashort laser-

‘ , , induced processes, exploring their potential for

AN B s advancing nanomaterials science and technology.
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MOTIVATIONS -

* The study emphasizes that atomistic modeling not only enhances our
understanding ot these complex phenomena but also guides the development of
innovative applications in advanced technologies.

- Si amorphization for microelectronics

- Ti surface nano- et microtexturing for implants
and prothesis

-Nanoparticle formation for catalyses, bio-
medical applications, water cleaning, etc

Nonequilibrium

ses
ks @ Au-C - nanoalloys
=

.. Protein adsemtion

» Foral adhesion location

Nucleus location

K 2
& |
ki
f Cell marpheloyy
P )
umdn mesenchymal ik and migration
am cells

Klos et al. LADHC CNRS Amendola et al., Univ. Padova




Laser fluence _

Structural modifications in volume Surface texturing Ablation
or near the surface

Uteza et al. LP3 CNRS Sarnet et al.

Kabashin et al. LP3 CNRS
fs-laser
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In laser-matter interactions, the effects produced strongly depend
on both laser parameters and materials properties.




Amorphization of Si (ANR LAMRSIM)
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Two-temperature model (TTM )

T,
ot

Co(T,) —— =VIKAT)VT ] G(T.—T)+S(z,1),

T,
CAT) —==VIK(T)VT)]+ G(T.—T)),

Kaganov et al. Sov. Phys. JETP 4, 173 (1957)

TTM-MD model lvanov & Zhigilei, (2003)
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conducting boundary ~
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Aor Y, Angstrom
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Ultra-short Laser Ablation
Ablation & nanoparticles (10M atoms, F=1 J/cm?, Al)
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MD-nTTM model _
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1. TTM + additional eq for the
density of carriers

2. Implicit Crank-Nicolson
algorithm needs parallel.

3. Drude-Lorenz model for
reflectivity and free car abs
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D. lvanov, T.E. Itina, arXiv preprint arXiv:2411.10073 (2024) 8



Melting kinetics in Si with <001> and <_

= T TE

CSP 0.9 0.910.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99

<100> <111>

1. Two identical samples but
<001> and <111>

2. 100fs, 0.3 J/cm2

3. Heterogeneous vs
homogeneous melting
mechanism

4. <001> results 26% more
melt

5. Speed of sound in <111> 8%
more

6. Optical properties can be
refined

30 ps | 50 ps ; 100 ps 30 ps 50 ps ; 100 ps

D. Ivanov, T.E. Itina, arXiv preprint arXiv:2411.10073 (2024) 9
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Well distinguished solid-liquid
interface propagation

T/P interplay results in both
heterogeneous and
homogeneous melting
mechanism

The melting start upon the drop
in pressure

o

Rapid/instant advancement of
the melting front

T/P interplay results in mainly
homogeneous melting
mechanism

The melting starts upon the
rise of pressure

D. Ivanoy, T.E. Itina, arXiv preprint arXiv:2411.10073 (2024) 10



Solid-liquid transition in metals and in -

Crystal structure effect
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Face center cubic structure: Vmelt = 5%

Volume expands results in internal
stresses increase
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1. For metals dT/dP >0,

so an increase of P
reinforces the crystal
stability against of
melting.

2. ForSidT/dP<0, so

the an increase of
pressure destabilizes
the crystal structure
and facilitates the
onset of melting.
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energetically favorable.
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1. Atthe fluences around
melting threshold, the
homogeneous melting
mechanism plays a
determinant role and makes
formation of the solid-liquid
interface at a significant depth
instantly.
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Depth of melting vs laser flu

0.55 T T T T T T o Pronko et al. 1998
0504 Blue: Ablation or damage & & E « Bonseetal 2002
’ Pink: amorphization or melting =] =] P .Jesch}_ceetal,,?ﬂm
< 0454 ) { o Doraweceta. 2008 1. Melting threshold 0.3 J/cm2
§ o0 o 1 o Beaeeor 2. The results are for <001>
; 0354 T % Bonseetal. 2004 .
z o Besner et al 2005 3. There some experimental results
< 0304 & R @ Rublack et al. 2011 .
£ 025 s Leyder 2013 matchlng our measurements
E=) - Liuetal 2016
8 0209 o 4 Oosterbeeket al. 2016 4. Two melting mechanisms at low
g a " & Nathalaetal 2016 )
L 0154 g + Cahyadietal. 2018 f|uence
i N + Cahyadietal. 2018
010 3 . .
o s e 5. Heterogeneous mechanism is
-~ E Ra tal. 2014 (Th .
oo T Thewor sty suppressed at high fluences
. 1b 1EI]U 10'00 @ This work in Si(111) 6 D|screpancy 27997
pulse duration (fs) ’ .
600 : . : -
- Maximum melting depth of Si |
[ 100fs laser pulse at 800nm i
500 | 200
E 4001 E 150
£ i £ i
I3 [ = |
8 300} 3 |
2 | 2 100
[ B ——e—— MDnTTM surface depth S I
= 2001 / 0] MDATTM total depth = |
- ——a—— nTTM depth
| 50 |-
100 |- -
i 2 I = o I ] I R —l A N L Lo
0.2 0.4 0.6 0.8 1 1.2 1.4 0.25 0.35 0.4 0.45 0.5

D. lvanov, T.E. Itina, arXiv preprint arXiv:2411.10073 (2024)
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Amorphization mechanism i

Prepare the initial (1,0,0) Si 300 K

o9, Ay ‘z Z
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; : I Introduce rapid heating to 2000 K
, Y
SRR . of the surface layers
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SRR . 0.99
e 0.98 procedure
= 0.97
% T 096
(3 0.95 . . . .
I 0.94 This is a preliminary
0.93 o . H
l 052 consideration of the cooling
0.9 mechanism due to free carrier’s
flux and their thermal diffusion
process
CSP: liquid < 0.97 < solid t =200 ps

D. lvanov, T.E. Itina, arXiv preprint arXiv:2411.10073 (2024) 15



Amorphization of Si
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Amorphization o
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Amorphization o
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Amorphization o
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Amorphization o
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Amorphization o
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Amorphization of Si

The nucleation sites of the
amorphous phase are indicated

I by cycles
Y
MD requires T drop rate 30K/ps
e=p nTTM modeling exhibit 2.5 K/ps
B ° P
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i 0% Standard Stillinger-Webber
= o F. Stillinger and T.A. Weber,
. 091 Phys. Rev. B 31, 5262 (1985).
0.9

Modified Stilinger-Webber
R.L.C. Vink, G.T. Barkema, W.F.
vaan Weg, and N. Mousseau,

CsP: liquid < 0.97 < solid Journal of Non-Crystalline Solids
282, 248-255 (2000).

t =550 ps

K. Schelling, Comput. Mater.
Sci. 44, 274-279 (2008).
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Amorphization of Si due t—
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Pulse. arXiv preprint arXiv:2411.10073.
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Cooling rate of Si surface vs fluence -

2
100 fs pulse, fluence 0.16 J/cm? at 800nm 100 fs pulse, fluence 0.18 J/cm? at 800nMm
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. recrystallization process during the liquid-solid
formation of the amorphous phase transition

Working just above the melting threshold warrant the surface melting ~ (10-20)nm

with fastest cooling rate, which makes the amorphization possible




TTM-MD for ultrafast Ias_

Omeje |. S. et. al. (2024): in preparation.
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Atomic evolution during ultrafast laser irradiation with T = 500 fs and F_,, = 300
mJ/cm?.

Omeje, I. S, PhD thesis 2024 27




Ti surface post-ablation in comparison wi

Fs laser irradiation of Ti

P e e e e e mmm===

TTM-MD Experiment

Omeje I. S. et. al. (2024): in preparation. Alexandre Cunha et al. (2016), pp. 485—-493.

0 Extracted subsurface compared to that of the experiements

28



Modeling vs Experiments -

XRD patterns

25

(a) || TiSystem - MD Simulation 0030 | (by) Ldser-irradiated Ti MD Simuljtion
i -. , o rr _
Q= ! : li*.xpcrlment ] i ,. éA E!hpellment
20 s | o 0.025 - =32 i
. f | i : : o | : 4
Y & ) 0.020 | i:i I < 3
3 154 gli‘i S s S s . AL N §
r T il = b ] !
-'E‘ ~ "‘“ : | I I? \?J -II' “ J A -E. 0.015 + : 1 : I\ :
D et i I | e
7 . ! & 1 ‘ 1 ‘ !
s O ] : ! E0.010 - ik |
I | | " : ' : ! i
5 - I | | . 1 ! 1 i .
: i ‘ : 0.005 - RHR |
. [ i . (| i i
: 1 | . | ] :
0 N 1 '1 r N “ 1 0.000 - A ‘ l L_[J: 1 il i
Y T ¥ T y T ¥ T i T T T T ] d T ' T ' T T T d T ' T "
20 30 40 50 60 70 80 920 20 30 40 50 60 70 80 90
Reflection angle 20 (°) Reflection angle 20 (°)
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Crystallography orientation of virtual XRD pattern of non-irradaited Ti of simulation and experiment are in
agreement .

For laser-irradiated Ti, BCC like crystallography orientation of 110 of simulation and experiment are in
agreement.




ReaxFF MD Simulations of Early Oxi_
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Nanoparticles for Heterostructure . . . .
Formation Enabled by Pulsed Laser PhD in LabHC in 2024 (Ti oxydation)

Irradiation. Advanced Functional

Materials, 33(43), 2304359.




Effect of nano-roughne

|. S. Omeje et al (2024). ACS Applied
Nano Materials, 7(21), 24426-24436.

A control over nanostructure dimensions presents a viable
approach to tailor the wettability of surfaces.

Vibrations and forces 31



Effect of nano-roughnes

Surf
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Omeje, I. S., labbaden, D.,
Ganster, P., & Itina, T. E.
(2024). Atomistic Simulations
of Wetting Dynamics of Water
Nanodroplets on

o , i Nanotextured Titanium:

Surf-3 bl A s Implications for Medical

R BN Implants. ACS Applied Nano

| e Materials, 7(21), 24426-
24436.

Surf-2

Surf-4
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Vibrations and
fluid instabilities
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SUMMARY

In this study, we have employed atomistic simulations to investigate ultrafast laser interactions
with metallic and silicon materials. The results highlight the diverse strongly non-equilibrium
phenomena induced by ultrashort pulses, from subtle modifications to nanoparticle formation

and surface oxidation. Key insights include:

* The critical role of material structure and electron-lattice coupling in determining material
responses.

Non-equilibrium processes, such as melting, ablation, oxidation can be simulated both at low
and high lattice temperatures.

The sensitivity of surface modifications to laser fluence and to ambient environment.
The potential for tailoring material properties through controlled laser parameters.

Thus, atomistic modeling are particularly valuable in advancing femtosecond laser-based
technologies and provide a framework for future research into nanofabrication and material

treatment.
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