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Abstraet

W report bere the continuation of eur earhier work on e molecular-dynamics simulations of bser ablagdan ol silicen with
prreosecond laser pulses, A more realiste phenomenon of ablation o obeerved as, along wath a siggiticant expansion of the
e seale, carrier diffusion is exphicitdly tken intooaccount The moton of approcimeately 32,000 atoms, contained in o
Snm s S = 27 e sorfaee rectangular box braduined byoo gngle 308 pm, 10 ps, Gadsaian laser pulse, s followed for
typically TO0 ps of simodation ame. Because melung and possibly ablaven or desorption ol the target following absorption of
e Jaser pulse aredeseribed witkun the thermal annealing model, care 15 w@ken not o exceed carner densities of ~ Lk em
More precisely, the iternction of photons with the trget s thooght (o cawse the generation of o dense gos of hot electrons wod
heles which primority relaxes through camer-phonon scattermg . Above a charactenstic threshold energy af ~d) Wb e,
ejection from e Grger of big chunks of molen mtenal occues and the laver are expelled with axial velocities of ~ [08) m/s.
A 2000 Elsesvier Science BV AL nelns reswerved

Kewworrds, Loaser ablation) Thermad ponesling model, Molecular dynumscs, Plume, Ablatbon theeshold: Sillcon

tgaie the properties of vanous sysiems on @ micro-
scopie. scale 15 molecular dyvnamies (MD), which
allow one 1w follow. in real nme, the motion of atoms
when the inleratomic [orces are known. Previous
attzmpis to model laser ablauon through MDD simulka-
lions are scarce [3-3]. Among them; Zhigilei et al.
have suceessfully applied their breathing-sphere

1. Introduction

The use of light as a source of energy to canse
matter disruption {rom the surfoce of a given material
has found several Important applications in the recent
years: Maore specifically, the development of lusers has
led Lo Lechnological processes involving the controlled

removal of matter. 3 phenomenon known as lager
ablation | 1,2]. However, a detailed comprehension
af the various mechanisms underlving laser ablaton
is still lacking. Ome computational approach to inves:
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model [3] to the study of laser ablation of organic
solids.

In this paper. we present a continuation of our
earfier work [3] on the MD simulations of liser
ablation of silicon with picosecond laser pulses, More
precisely, the recent progress achieved in expanding
the Gime scale allows ws to accoant for the vanous
phenomena 1n a more realistic manner as ablation is
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explicitly observed with carrier diffusion embedded
intoy the mode],

2, The madel

We present, in this section. an overview of the
nesdel Ton which a detailed description can be found
elsewhere [S] The simulation box., continimng o 108
of 32A00 atoms, forms @ (1000 surface slab with
dimensions. of Som % Sum * 27 nm, even though
shaller systers with approximately 20,000 gioms
and dimensions of 3 nm = 3nm o« 54 mm have bree
used. Periodie boundary conditions are imposed in the
wand v divections, that is 1o sy parallel to the upper
surtace. Along the s-axis, however, thermalization 15
ensured by coupling the system to a heat reservorr

AL s, 308 nm, Jaser pulse Gaussian 1n time, but
U o spaee. s somualated by w suceession of
planes spanning the entire top surfuce of the supercel ).
each carrying o well-delined number of photans pro-
partional 1o the instantaneous irrachance, und sepa-
fated o time by an interval ranging fromm Ao
typically 10 = Ar, where Ar = 0.5 v is the vulue of
the MDD Hmestep, Al 4 = 308 nm and 300 K. the ane-
photon interband ransition s domvinant and other
absorption mechanisms can therefore he tgnored
[5], The ahsorption of light is deseribwed by the
Beer-Lambert Jaw, Following the absomtion of a
Photon, an electron-hole Pk is created and 1s assigned
an initial position 1o wllow for subsequent diffusion
o the bulk 1o aceur s a result of the carrier density
Lradient at the surface, The initial kineric energy of
gich carrier is then determined according tooan instan-
taneous. Maxwell-Boltzmann (MB) distribution at a
temperature 7.,

A eritical value ne~ 102 em ™ for the carrier
density n is believed [6] 10 be separating two distinet
regimes and {or lower carrier concentrations. thermal
prcesses onfy are operative and described by the

thermal annealing model (TAM) [7]. Because the
Cinteratomic  potentiul used.  (he Stillingzer—Weber
- potential [8], is believed 1o be anly suitable for thermal
processes, pulses have a minimal duration of 10 s (7]
“nd fluences are chosen so as not 10 lead to carrier
“densitiey exceeding 11" em *, The muin relaxation
mechanism taken into account in the present model 15
that of carrier-phonon scattering. The emission of a

phonon is carried out hy distributing instantancously
an energy fico ~ 62 e¢Vina radius of 5 A of the carrier
according to a spatial Gaussian distribution; The other
imporiant relaxaton mechanisms, namely  bnpact
ionization and Auger recombination, can be sufely
ignored [5]. Finally. carmier diffusion is sssumed to
oceur along the z-axis, that ts in the direction of the
carrier density gradient, the carrier ambipolar diffu-
ston coefficient being computed from the St
suggested by Berz et ul. [9],

3. Results and diseussion

All simulations were run tor i simgele 10 ps, 308 nom,
luser pulse imteracting with a (10 0) silicon surface,
Fig. 1 shows the value of the surfice temperature as o
function of tme (in ps), obtained for various Quences,
bt low and ot the predicted threshold of .30 Fem?® for
ablation. The laser pulse starts at ¢ = () ps dnd the
evolution of the system 15 followed for v pically
100 ps of simulation time. If the melting fluence,
Fu 13 defined as the cnergy required to bring (he
surfuce temperature o 7, = 1685 K, the predicted
value for the melung fAuence cun, Hpan inspection of
Fig. 1. be safely estimated to lie between 0,10 and
0.15 Jem®, in a relative good agreement with YR
ment [10.11]. Additionally, it can be seen that, s the
fluence is incressed, the predicted temperature
surfice  tends  toward  an asymptotic value of
~2000 K, a value consistent with typical experimental
data | 10.11].

The minimum Huence for which ablation DU,
Huit is the ablation theeshaold energy £ 18030 Jem™,
a value typically obtained in experiment [10], In our
previous work {5]. it had been mentionad that carrier
diffusion could be suppressed in order o reersare
artificial conditions where ablation occurred within
about 3 ps. The observed temperatures were then very
high. that 15 between 20,000 to 40,000 K. resulting in
plume mainly composed of single atoms. Howeyer. g
recent expansion of the time scale has allowed us to
observe ablation in normal conditions. where the
carriers were given the possibility to diffuse o
the bulk. When doing so, ablation oceurs after
~30 ps, However, the composition of the plume is
totally different: instead of single atoms, matter is
expelled through the ejection of big chunks of molten
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Fig. 1 Surlace wanperatore as o fupction of luse for vanoos laoer fuences

mklerinl This abiservation can be explained By the fact
that the temperature corresponds 1o only about one
tenth of the cobesive enerey of silicon (=465 eV ) and
is therefore insufficient, on average, 1o break all the
bonels of the Tour-conrdinated silicon atoms,

Finully, Fig, 2 pives the average axial (perpends-
cubur 1o the surfacey and radial (within the plane of the
surface) commponents of the velocities of the ejecled
atoms as i function of Lser fuence.

Cinve can see that increasing the luser Huence pesulis
essentially i an increase of the avial companent ol the
velocity, that is, mising the Ruence causes the addi-
tional energy to be mainly converted into translational
kinetic energy in the direction perpendicular 1o the
surface. The predicted velocities are observed o have
a typical value of ~ 1000 m/s.

Full details of the calculations and complete resulrs
will be presented elsewhere [12].
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