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We study the mechanisms of ablation of solids under femwsttaser pulses using a two-dimensional molecular-dycsamiodel. By
using a novel method to obtain the thermodynamic relaxatésh of different sections of the target in the phase diagitasishown that four
mechanisms can account for ablation for uences (energcied per unit surface) under the threshold for plasma fiboma(i) spallation
resulting from the loss of stability of the solid target tolling the passage of a tensile pressure wave; (ii) phasesgpl resulting from
important homogeneous nucleation of gas bubbles insidpexiseated, metastable liquid; (iii) fragmentation of ehlygstrained supercritical
uid; and (iv) complete vaporization of the surface layeffstlee target. As many as three of these mechanisms can be attthe same
time, inducing ablation of material at different depths @nthe surface of the sample. The occurrence of these machsuis linked to the
characteristics of the thermodynamic relaxation patlofedid by the material after the absorption of the laser pulse.

Nous étudions les mécanismes d'ablation des solides parimpulsions laser femtosecondes en utilisant un modeldydamique
moléculaire bidimensionnel. En utilisant une nouvelketiode d'obtention du chemin de relaxation thermodynamigudifféerentes sections
de la cible dans le diagramme de phase, on montre que quaecamsmes peuvent expliquer I'ablation pour des uena&®(gie injectée
par unité de surface) sous le seuil de formation de plasnipspgllation résultant de l'instabilité de la cible sdi¢ apres le passage d'une
onde de pression tensile; (ii) explosion de phase résuttaria nucléation de bulles de gaz au sein d'un solide swifBa(iii) fragmentation
d'un uide surcritique fortement contraint; et (iv) évamion complete de la couche de surface de la cible. Jusquis de ces mécanismes
peuvent étre actifs en méme temps, causant une ablaties @rofondeurs difféerentes sous la surface. L'existeihmes mécanismes est liee

aux caractéristiques du chemin de relaxation thermodyigaesuivi par le matériau apres I'absorption de I'impids laser.

1 Introduction

When a laser is shined on a solid target, material can be
ejected following the intense heating caused by the light
absorption. This process — laser ablation — plays an
incresingly important role in many different technologi-
cal applications. These include thin Im growth, micro-
machining and chemical analysis, to name only a few. In
the last decade, it was made clear that very short pulses
(lasting pico or femtoseconds) can offer numerous advan-
tages over longer ones (high yield and limited thermal dam-
ages to the target, for example).

To be ef cient, these applications require a precise con-
trol of the properties of both the ablated material (yield,
stoichiometry, size distribution and temperature of dust
when used in thin- Im growth or chemical analysis, and of
the remaining sample (ablation depth, crater pro le, ekten
of the thermal and mechanical damages) when used in a
micro-machining setting. However, the basic mechanisms
leading to ablation are still subject to debate, largely be-
cause theoretical modeling is dif cult. Indeed, absorptio
of a large quantity of energy on such short timescale in-
duces many different processes. On a microscopic scale,
these include: dielectric breakdown in transparent splids
[1] change of optical and electronic properties, [2] nonthe
mal melting of covalent materials, [3] and semiconductor-
to-metal transitions. [4] On a mesoscopic scale, the pres-
sure wave generation, [5—7] the thermodynamical evolution
of the expanding matter, [8,9] and the identi cation of the
collective ejection processes [8,10—17] must all be under-
stood in order to provide a complete picture of the phe-
nomenon. Clearly, a complete microscopic description of

the ablation process is out of reach of present models.

However, for uences below the threshold for plasma
formation, experiments show that ablation occurs hundreds
of picoseconds after the absorption of the pulse [18]. This
time is longer than the time required for the equilibrium
between electronic and atomic degrees of freedom to es-
tablish. Hence, the details of the complex non-thermal pro-
cesses which occur shortly after the absorption of the pulse
are not expected to play a crucial role in the material re-
moval. Ablation should thus be dominated by the thermo-
dynamics or by processes occurring on a mesoscopic scale.
Taking advantage of this simplifying factor, we identifgth
relevant ablation mechanisms for low uences. We show
that ablation involves four different processes — spalfati
homogeneous nucleation, fragmentation and vaporization
— which sometimes occur simultaneously at different po-
sitions under the surface of the target. A complete account
of this study can be found in Refs. [17] and [19].

2 Computational Methods
2.1 Model

We study the ablation process using molecular dynamics
in two dimensions. This type of simulations consists in in-
tegrating the equation of motion of the atoms in the system
[20]. This integration is here carried out using the velpcit
Verlet algorithm, which proceeds in two steps: rst, up-
dated positions and mid-step velocities are obtained from

Xi(t+ t)= xi(t)+ tv(t)+ %tzai(t) 1)
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At this point, the forces (and hence the accelerations) at
timet+ t are obtained using the updated positions. Finally,
the velocities are adjusted using

vt S0 = v+

1 1
vi(t+ t)=v(t+ ét)+ étai(t+ t): 3)
The forces are deduced from anpriori speci ed inter-
atomic potential, in our case a simple Lennard-Jones po-
tential adjusted so as to vanish at the cutoff distace
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with  (typically a few eV) and (a few angstroms) the
usual energy and length scales, respectively. In the fellow
ing, all results are reported in reduced units, i=kg for
temperature and = (m 2= )2 for time (m is the atomic
mass).

The usual optimization procedures were implemented in
our code. First, to shorten the time required for the force
calculation, a neighbor list is kept for every atom. How-
ever, since the state of the system changes strongly during
a simulation, these lists have to be updated periodically.
This is carried out using the cells and linked-list method
[20]. With these optimizations, the computational load is
proportional to the number of atoms in the system.

Simulation were carried out using samples consisting of
800 atomic layers in thg direction and 500 layers in the
x direction, for a total of 400 000 atoms initially forming a
triangular lattice thermalized at low temperature.

In order to simulate the ablation process, other compo-
nents were added to the MD code; they are schematically
presented in Fig. 1. We model the laser pulse (incident in
they direction) as an ensemble of discrete photons of en-
ergy4:5 . The pulse has a Gaussian temporal pro le with
a width at half maximum of t = 0:5 ( 100fs) and a
constant spatial pro le. The depth at which the photons are
absorbed in the target is chosen randomly so that the ab-
sorption pro le follows a Beer-Lambert law (= lge Y )
where =0:002 1!isthe absorption coef cient. During
absorption, the photon energy is transfered to a “carrier”.
Here, a carrier is a particle which follows a Drude dynam-
ics, i.e., the dynamics is governed by successive collssion
occurring on average eve@y005 . Evolution of the carrier
gas proceeds in a Monte Carlo fashion. At each collision
between a carrier and an atom, the former is allowed to
emit a small quantity of energy{07 ) that is converted
into heat. This mimics the emission of phonons during the
relaxation of the hot carrier gas.

The important pressure waves produced following the
rapid heating of the surface region of the sample are ab-
sorbed using special boundary conditions at the bottom of
the sample [21]. Periodic boundary conditions are used in
thex direction.

L(r) =

r>r.

Figure 1. Schematic representation of the model system. See text
for details.

With this model, a typical ablation simulation involves
integrating the equation of motion over 120 000 time-steps
(600 ' 120ps). This take about 10 days on a single SGI
R12000 CPU.

2.2 Calculation of local thermodynamic properties

The analysis which follows relies heavily on local,
phase-speci ¢ thermodynamic properties of small sub-
sections of the system. Speci cally, we are interested in
following the thermodynamic evolution of groups of atoms
that have absorbed similar quantities of energy. We are also
interested in the time evolution of the morphology of the
material. Here we describe the method used to obtain this
information.

First, the sample is separated into four-atomic-layer-
thick “slices” perpendicular to the incident pulse. This
grouping is preserved during the whole simulation. To min-
imize the effect of mixing between adjacent slices, only the
N atoms lying within one standard deviation of the mgan
position of atoms in the slice are used to compute the local
thermodynamic quantitiesT andP as a function of time.
The temperature and pressure are obtained using

r= 200 vy (4)
2N - I cm
and
P=A YW+ NT); (5)

wherevg, is the center-of-mass velocity of the slio#,
the virial sum andA the area occupied by the slice. This
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Figure 2. Phase-speci ¢ density calculation. White: condensed
bulk atoms; dark gray: condensed surface atoms; light gsay:
lated atoms.

last quantity (also required to obtain the density) is most
dif cult to obtain reliably. To circumvent this dif cultywe
use a tessellation of space into Voronoi polygons centered
around atomic positions. The area occupied by the slice is
then taken as the sum of the area of the Voronoi polygons
of atoms in this slice. This process is illustrated in Fig. 2.
The thermodynamic trajectory obtained this way is refered
to asaverage

To couple thermodynamic and structural informations
about a given slice, two othgrhase-speci ctrajectories
were also de ned: a&ondensednd agasbranch. In or-
der to do this, clustered and isolated atoms are rst iden-
ti ed using the Hoshen-Kopelman algorithm [22] with a
clustering radius chosen so that the critical point density

separates the gas and condensed phases. The condensed

atoms are then separated into two subgroups: bulk (fully-
coordinated) and surface (under-coordinated). The area oc
cupied by the condensed phase is de ned as the total num-
ber of condensed atoms times the mean area of the Voronoi
atoms in the bulk subgroup (see Fig. 2). The difference be-
tween the total area of the slice and the area occupied by the
condensed phase is attributed to the gas phase. The thermo-
dynamic quantities are nally obtained using Egs.4 and 5
by averaging over the appropriate subgroup of atoms.

With this method, the onset of void formation is signaled
by a split between the average and condensed branches.
Further, the ratio of the densities on the different brasche
is an indication of the porosity and of the gas content of this
part of the target.

2.3 Phase diagram

The method just described is not useful unless the phase
diagram of the model system is known. For this purpose we
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Figure 3. Phase diagram of the 2D truncated and shifted Lennard-
Jones potential inthe T plane. Circles: binodal line (liquid-
vapor coexistence); squares: solid-vapor coexistenee tiran-
gles: solid-liquid coexistence line. The solid line is drato
guide the eye. The italic letters refer the the phases in emch
gions S,L,V solid, liquid and vapor respectively)CP: critical
point, TP: triple point.

used Monte Carlo simulations in the Gibbs ensemble [23]
to complete a previously published section of the phase di-
agram [24]. The results are shown in Fig.3. Properties
of speci ¢ regions of this phase diagram will be discussed
later on, as required by the discussion.

3 Results
3.1 Visual analysis

We rstdiscuss the global reaction of the system after the
absorption of the pulse in a qualitative manner by present-
ing snapshots of the simulation at different moments during
the ablation process. The evolution of the system at low u-
ence F = 1:2Fy,, whereFy, is the threshold uence for
ablation) is exhibited in Fig. 4. Here, the laser pulse isire
during the rst2 of the simulation. In spite the impor-
tant heating occurring during the relaxation of the carrier
gas, the target does not react appreciably antil5 . At
this point, a very important pressure wave generated by the
isochoric heating is emitted and expansion of the target be-
gins. Aside from the ejection of a few monomers, it can be
seen that it takes abo00 for voids to form in the sur-
face region. Byt = 200 , it is apparent that the pores are
lled with gas. These bubbles then continue to grow and
coalesce until ablation is induced. In this case, two regjion
are easily distinguished: the non-ablated solid-regiath an
the porous region, labeled I and Il respectively.

Figure 5 shows that the situation becomes more complex
as the uence is increased o = 2:8Fy, . Expansion and
emission of monomers is now much more intense than at
lower uence. Byt = 100 , a few voids begin to appear



Figure 4. Snapshots of a simulation with = 900 = = 1:2Fy and = 0:002 !. Roman numerals identify different regions of the
target (see text).

Figure 5. Snapshots of a simulation wifh = 2100 = = 2:8Fy and = 0:002 ®. Roman numerals identify different regions of the
target. Region IV is the gaseous region (out of the rangeeofast snapshot).
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Figure 6. Typical thermodynamic evolution for regions of the tar-
get where spallation occurs. Dashed line: average brarigd
circles: condensed branch. Arrows indicate the ow of time.
Inset: average trajectory in the P plane (dashed line) and
T = 0:36 isotherm (solid line). The star indicates the point of
fracture.

close to the surface. In the followir®p0 , the surface re-
gion is totally decomposed into small liquid clusters. Evap
oration from the surface of these hot clusters quickly I
the surroundings with gas. At= 400 , gas- lled pores
begin to form deeper into the target. The morphology of
this region quickly becomes very similar to that of region
Il'in Fig. 4. In this case, four different regions can thus be
identi ed inside the sample: a non-ablated solid region I,
a porous region Il, a cluster- lled region Il and a purely
gaseous region IV. The strongly-varying morphologies of
these regions suggests that different ablation mechanisms
may be effective as a function of depth, and hence as a
function of locally absorbed energy. (Recall that the en-
ergy locally absorbed decreases exponentially with depth)
By following the thermodynamic evolution of the material
in every one of these regions, it will now be shown that this
is indeed the case.

3.2 Mechanisms of ablation
3.2.1 Spallation

While not apparent in Figs.4 and 5, ablation can oc-
cur from the solid phase (region 1) in speci ¢ conditions,
namely when strong tensile pressure waves are running
through the system. If ablation occurs following mechani-
cal fracture caused by the passage of such wave, one speaks
of spallation. This mechanism was already observed in ex-
periments of ablation on gels [14] and biological tissues
[7]. Simulations of ablation of organic solids in the stress
con nement regime have also been interpreted in terms of
a spallation-like process [15]. We now show that it could
also be important in more cohesive solids.

Indeed, Fig. 6 shows a typical thermodynamic trajectory

for a region of the target in which spallation occurs. Fitst,
can be seen that the laser pulse initially heats the latfice u
to a very high, supercritical, temperature; notice that the
heating occurs at constant density for such short pulses.
Expansion then quickly sets in and the temperature de-
creases below the triple point. At this moment, the system
enters the solid-vapor coexistence region. Upon entrance i
this region, a tensile wave (negative pressure wave) resache
this part of the sample (see inset of Fig.6) and further
stretches the material. The split between the average and
condensed branches indicates that failure occurred during
the passage of this wave, around 0:76 2. The av-
erage density then continues to decrease (the voids are
growing) until ablation nally occurs. The inset shows
that fracture occurred because the system was pushed into
a mechanically unstable state by the passage of the pres-
sure wave. Indeed, mechanical stability requires a posi-
tive isothermal compressibility, i.e., a positive slopéelod
isotherm in the P plane of the phase diagram. It can
be seen that this condition was violated just before signs
of fracture were observed in this slice. Spallation is thus
indeed responsible for ablation in this case.

3.2.2 Homogeneous nucleation

When the energy injected in the system increases, relax-
ation eventually proceeds above the triple point, i.e., the
system melts during its expansion. If the maximum tem-
perature is not too high, the thermodynamic evolution of
the material can bring the system into the liquid-vapor co-
existence region. This corresponds to region Il in Figs. 4
and 5.

In this region, the free-energy of the gas phase becomes
lower than that in the liquid phase, i.e., the homogeneous
liquid is no longer the most stable con guration. For
long enough waiting times or a high enough degree of
metastability, gas bubbles are expected to form inside the
metastable liquid by a process calledmogeneous nucle-
ation. For high nucleation rates, the liquid can rapidly de-
compose into an equilibrium mixture of liquid droplets and
monomers; in this case one speakplofise explosiariThis
process is widely considered to be a common ablation pro-
cess in the ultrashort pulse regime [8,10-12,25-27]. How-
ever, a clear evidence of its occurrence still lacks.

We now show that our simulations provide a direct con-
rmation of the relevance of homogeneous nucleation to
the description of ablation. Fig.7 presents the evolution
of the system when the liquid-vapor coexistence region is
entered. This gure shows that the onset of bubble nucle-
ation (marked by the split between the average and con-
densed branches) occurred shodtfier the entrance in the
liquid-vapor metastable region. Further, the trajecworie
show clear signs of phase separation: i) the density of the
liquid phase stays constant during the entire process and
ii) the gas phase also stays at constant density, precisely
on the liquid-vapor equilibrium line. Our simulations thus
provide clear evidence that homogeneous nucleation is in-
deed responsible for ablation at moderate energy.
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Figure 7. Typical thermodynamic evolution for regions of the
target where homogeneous nucleation occurs. Dashed lime: a
age branch; lled circles: condensed branch; empty circtgs
branch.

3.2.3 Fragmentation

As the energy continues to increase, relaxation at some
point becomes supercritical, i.e., proceeds above thie crit
cal point. In this situation, homogeneous nucleation is no
longer possible. This is the case for the material found in
region Il in Fig. 5.

A typical thermodynamic trajectory in this regime is
shown in Fig.8. The gure conrms that the void for-
mation leading to ablation occurreditsideof the liquid-
vapor metastable region, so that homogeneous nucleation
cannot be held responsible for ablation. Indeed, the split
between the average and condensed branches occurs at
a temperature exceeding the critical temperature. How-
ever, by comparing the different snapshots of Fig.5, we
see that expansion in region Ill proceeds at a very high
rates compared to that in region Il. This is a hint that ab-
lation might have a mechanical origin in this case. Indeed,
separation of supercritical uids subject to importantstr
rates into small clusters has been observed before in nu-
merous situations: computer simulation of two and three-
dimensional Lennard-Jones systems under homogeneous
expansion [28] and of rapid heating of liquid drops [29,30],
experiments on the free-jet expansion of liquids [31,32],
etc. This process is called fragmentation.

In this context, the size of the clusters formed during the
expansion should decrease with increasing strain rate. Thi
is veri ed in Fig.9 where the mean cluster mass is plot-
ted against the local strain rate at their formation depth.
Further, the apparent power-law dependence between these
two quantities can be explained by a simple model due to
Ashurst and Holian [28]. This model states that fragmen-
tation results from the conversion of some of the internal
stress stored in the expanding target into surface energy of
clusters. For uniaxial expansion in two dimensions, this
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Figure 8. Typical thermodynamic evolution for regions of the
target where fragmentation occurs. See Fig. 7 for the dieniof
symbols and lines.

model predicts that the mean cluster mass should be given
by:

4=3

M =4 )2

(ro (6)
where is a geometric factor of the order of unity,is

the strain rateyg is the equilibrium bond length, and

is the surface energy per unit mass. The same power-law
dependence is predicted by the energy-minimization model
of Grady [33,28] and thus constitutes a strong signature of
fragmentation.

The prediction of the model is also plotted in Fig. 9 for
comparison. One can see that the strain rate dependence
is very well accounted for using this simple model. This
thus con rms that fragmentation is responsible for ablatio
at high energy.

3.2.4 Vaporization

Finally, if the energy injected by the laser is high enough,
the surface layers of the target are completely atomized (cf
part IV of Fig. 5). Figure 10 shows the evolution of the ma-
terial in this region. We see that the condensed and average
branches split at a very early time and that the average and
gas branches merge soon after inside the vapor region of
the phase diagram, showing that the slice as a whole is be-
having like a gas. The trajectory thus simply illustrates a
vaporization process occuring when the energy injected by
the laser pulse is comparable to the cohesive energy of the
material.

4 Conclusion

By using molecular-dynamics simulation on a two-
dimensional Lennard-Jones system we showed that low-
uence laser ablation in the ultrashort-pulse regime in-
volves four different mechanisms: spallation, homoge-
neous nucleation, fragmentation and vaporization. The dif
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ferent mechanisms are effective in different ranges of en-
ergy, and hence can occur simultaneously at different posi-
tions inside the target. One of these mechanisms — frag-
mentation — is proposed for the rst time in the context of
laser ablation.
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