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Numerical study of the thermal ablation of wet solids by ultrashort laser pulses
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The ablation by ultrashort laser pulses at relatively low fluences (i.e., in the thermal regime) of solids wetted
by a thin liquid film is studied using a generic numerical model. In comparison with dry targets, the liquid is
found to significantly affect ablation by confining the solid and slowing down the expansion of the laser-heated
material. These factors affect the relative efficiency of the various ablation mechanisms, leading, in particular,
to the complete inhibition of phase explosion at lower fluences, a reduced ablation yield, and significant
changes in the composition of the plume. As a consequence, at fluences above the ablation threshold, the size
of the ejected nanoclusters is lower in presence of the liquid. Our results provide a qualitative understanding of

the effect of wetting layers on the ablation process.
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I. INTRODUCTION

Laser ablation—the collective ejection of material from a
target following irradiation by short, intense bursts of
light—is a technology widely used in many applications
such as thin film deposition and cleaning, surface microma-
chining, laser surgery, mass spectrometry, etc.! It is also an
efficient method for the controlled production of nanopar-
ticles. In this respect, one can distinguish between the direct
ablation of a solid target in vacuum (or in a gaseous environ-
ment), where the target can expand freely, and “confined”
ablation, where the target is immersed in a liquid such as
water. In the latter case, depending on the nature of the target
and the liquid, clusters of various sizes are more or less
dispersed in the liquid, forming a colloidal solution which
could have potential biomedical applications (see Refs. 2 and
3 for a general overview of the subject). Ultrafast lasers have
recently been used to produce colloidal suspensions of very
fine (a few nanometers) gold nanoparticles in pure water,
which are very difficult to fabricate by other methods.*~¢
While it has been shown experimentally that the chemical
nature and the thickness of the immersing liquid influence
the morphology, composition, and size distribution of the
clusters, these effects are not well understood.?

The physics of ablation in vacuum has been studied in
detail both experimentally’® and theoretically;'%2° recent
numerical models by Perez and co-workers'“!1%-18 and
Lorazo et al.,'”>'%? in particular, have provided a compre-
hensive picture of the mechanisms underlying ablation in the
thermal regime. It has been demonstrated that ablation can
occur through different processes, viz., spallation, phase ex-
plosion (whereby a thermodynamically metastable homoge-
neous liquid decomposes into a mixture of liquid droplets
and gas), fragmentation (disintegration of a homogeneous
material into clusters under the action of large strain rates),
or vaporization, as a function of increasing fluence.'® Also, it
has been shown that, in the case of very long (nanosecond)
pulses in molecular solids, the route to ablation is largely
determined by the degree of local confinement, i.e., depth
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into the target;18 this turns out to be of utmost relevance to
the present study. In contrast, the corresponding problem in
presence of a liquid layer remains largely unexplored: there
exists, to our knowledge, only a few numerical studies of
“wet” targets at subthreshold fluences (i.e., below the thresh-
old for ablation);?"?? these evidently do not cover the abla-
tion regime which is of importance for understanding the
formation of clusters.

In order to assess the effect of the presence of a liquid
film on the ablation process, we report in this paper the re-
sults of a numerical study of ultrafast femtosecond laser ab-
lation in a solid covered by a thin liquid layer, and compare
the results with the case of a dry target. We limit the study to
relatively low fluences where the thermal regime is predomi-
nant and ignore any role of the resulting plasma which would
become important at higher fluences. Anticipating our re-
sults, we find that the main effect of the liquid is to confine
the solid target over long time scales and to subsequently
slow down its expansion. This severely restricts the effi-
ciency of some of the ablation mechanisms, in particular,
phase explosion. Changes in the relative importance of the
different mechanisms in turn reduce the ablation yield,
strongly affecting the properties of the plume. We also show
that the dynamics of the liquid film is largely dominated by
the propagation of the pressure waves emitted at the interface
with the solid target.

II. COMPUTATIONAL DETAILS

For the present study we employ the model proposed by
Perez and Lewis,'*!® which was successfully used to inves-
tigate ablation in a variety of situations and, in particular, to
unveil a new mechanism for ablation, viz., fragmentation.
This model is based on a two-dimensional system of
Lennard-Jones atoms whose evolution in time is followed
using molecular-dynamics (MD) simulations. The laser
pulse, Gaussian in time and of duration At, is modeled as a
sequence of discrete photons absorbed by the target accord-
ing to the Beer-Lambert law, I(z) =1ye™**, where the depth z
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is measured from the surface of the solid—we will assume
the liquid to be transparent—and « is the absorption coeffi-
cient. The energy of the photons is transferred to carriers
which obey a Drude-like dynamics, eventually giving up
their energy to atoms via carrier-phonon interactions. Note
that the passage of a pulse can induce optical breakdown in
the liquid, thus making it able to absorb part of the laser
light; when this occurs, thermoelastic pressure waves can be
emitted from the fluid, potentially affecting the ablation dy-
namics. These effects are not considered here since we are
focusing on the thermal regime where they are expected to
be small.

As mentioned above, the atoms interact via the Lennard-
Jones potential, ¢;,(r)=4€(a/r)'?=(o/r)®], appropriately
corrected to vanish at the cutoff distance r.=2.50. The pa-
rameters ¢ (characteristic length) and e (characteristic en-
ergy) are chosen so as to represent either a solid or a liquid,
as well as cross interactions between the two. In practice,
two different cases were considered, namely, a high-density
liquid with oj,=0,, and a low-density liquid with o7,
=30, in both situations we set €,,=¢€,/10. For the cross
terms we set o, ,=0y, 0hy=07 and €,=€,. The atoms are
assumed to all have the same mass. Evidently, with this
choice of parameters, the densities of the solid and the liquid
are the same in the first case, and differ by a factor of 9 in the
second case. The high-density liquid is thus, “densitywise,”
akin to the molten phase of the target material, and the low-
density to a typical solvent. This choice allows us to consider
the effect of varying the compressibility of the liquid, thus
providing different levels of confinement for the solid mate-
rial. Of course, one could instead have opted for different
masses for the liquid and solid atoms in order to vary the
inertial confinement; a thorough study of the behavior of the
system in the multidimensional parameter space is, however,
beyond the scope of the present work.

Previous studies have clearly established that the relevant
physics in the thermal regime—which is that we are con-
cerned with here—is determined by general features of the
temperature-density phase diagram,'4-1%20 which can be ob-
tained for different Lennard-Jones substances by rescaling
the characteristic parameters o and €; thus, in what follows,
the thermodynamic data are presented in reduced units, as is
usual for such studies (see, e.g., Ref. 23). The correspon-
dence with real materials can then be obtained by assigning
specific values to o and €. Thus, in practlce two different
temperature scales are used here, viz., T =¢,, for the (solid)
target and Te—fee for the (hqu1d) ﬁlm L1kew1se for the
densities, we have px (0,72, and p, :(O'M) and pj

=(07,)2 for the high- and low-density hqurds respectrvely
In these units, the critical pomt is (0.35p", 0 45497, and
the triple line is at T=0.38T" for densities p between 0.027
and 0.76. For other quantities, the properties of the solid are
used as reference ie., oy for length and position, € for
energy, and 7 =(my,/ €,,0°,)" for time (where m is the mass
of the atoms). For clar1ty, the units will be specified when-
ever necessary.

As noted above, contact with real materials can be made
by assigning some specific values to € and o. For a typical
close-packed metal, we would have o0=2-3 A and
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€~ 1 eV. These parameters are such that solid-liquid coex-
istence is possible at the initial temperature of the target
(roughly room temperature for the above parameters). We
have set a~0.010"" and Ar=17, corresponding typically to
a penetration depth of a few hundred angstroms and a pulse
duration of a few hundred femtoseconds. Concerning the flu-
ence, comparison with “real” values is difficult given the
two-dimensional nature of our model; in practice, it is more
relevant to compare the fluence with the threshold value for
ablation to take place, Fy,.

The models are constructed in a slab geometry, 200
atomic layers in width (x direction) by 400 layers in thick-
ness (z direction) for the solid, and same width and a thick-
ness of 5000 for the liquid, for both densities. Periodic
boundary conditions are imposed in the x direction, while
absorbing boundary conditions are used at the bottom of the
solid to eliminate the reflection of pressure waves generated
by the pulses and traveling toward the bulk.>* All samples
are equilibrated properly before light impinges on the surface
of the solid (initially at z=0).

Before moving on with the results, we emphasize that
previous studies'*'® and comparison with three-dimensional
simulations'> have shown that this two-dimensional model
contains the essential physics of ablation, while offering the
enormous advantage of much larger systems to be dealt with
over longer time scales than more realistic models. Our
model should be viewed as generic: while it does not allow a
detailed description of real materials, it does provide under-
standing of the physical processes at the fundamental level.
One obvious limitation is that it cannot account for plasma
formation; we thus restrict our study to the low-fluence ther-
mal regime, which is below ~5Fy in “dry” conditions.”
While ionization can occur at low fluence (particularly in the
liquid), we do not expect this to significantly affect the abla-
tion behavior in the thermal regime. Furthermore,
temperature-induced changes in the reactivity of the liquid
cannot be taken into account by empirical potentials; as such,
the effect of etching and of other chemical reactions® is not
considered here. Our objective being to rationalize the phys-
ics underlying ablation in the thermal regime—not to pro-
vide a detailed description of the formidably complex pro-
cesses taking place in real materials—such approximations
are warranted. As a final point, the liquid layer here is sig-
nificantly thinner than in a typical experimental (tens of na-
nometers vs 1—10 mm); we nevertheless expect our results
to give a proper description of the influence of the liquid
layer on the ablation mechanism since the conclusions easily
extrapolate to larger thicknesses.

III. RESULTS

We will first describe the evolution of the (dense) liquid
film following irradiation by the laser and see that this is
primarily driven by the passage of strong pressure waves
originating from the interface region. Next, we will examine
the behavior of the solid target, taking the dry sample as a
reference. The main effect of the presence of the liquid layer
is to slow down the expansion of the material, leading to
smaller ablation yields and the suppression of phase explo-
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FIG. 1. (Color online) Snapshots of a simulation of the solid
target (red dots, bottom) wetted by the high-density liquid (blue
dots, top) at a fluence of 560€,/c,,. The surface of the target is
initially at z* =0.

sion as a possible ablation mechanism. Finally, the impact of
the liquid film on the ablation plume from the point of view
of both cluster yield and composition will be examined.

A. Liquid film

The behavior of the high-density liquid wetting a solid
target, following irradiation with the laser pulse at a fluence
F=560¢,,/0,, (above the ablation threshold, Fj,
~300¢,,/ 0y,), is illustrated in Figs. 1 and 2. The laser energy
is absorbed by the upper layers of the solid—not by the
liquid as it is assumed to be transparent. (Multiphoton ab-
sorption may occur at relatively low fluence in liquids; how-
ever, the resulting increase in temperature is unlikely to af-
fect ablation significantly in the range of fluences considered
here.) An analysis of the temperature and pressure in the
interface region shows these two quantities to increase rap-
idly and dramatically in reaction to the large amount of en-
ergy injected into the system on a very short time scale.
Because the target (solid) material is 1nert1ally confined on
time scales shorter than a few tens of 7 (a few picoseconds),
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FIG. 2. (Color online) Evolution of the density of the (high-

density) liquid film for the simulation presented in Fig. 1 (cf. color
scale on the right).
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as also is the case for dry targets, the most efficient mecha-
nism for releasing the excess energy is the emission of in-
tense pressure waves. However, in contrast to dry targets—
where a bipolar wave profile forms and travels into the
bulk'026-27__two distinct compressive waves are here emit-
ted from the interface and propagate into both solid and lig-
uid regions. In a dry target, this stage would be immediately
followed by the rapid expansion of the solid. In the wet
target, in contrast, the liquid film strongly hampers the ex-
pansmn of the solid over very long time scales—as long as
1=7007"; we will return to this important point below.

leen the finite thickness of the liquid film, the pressure
wave propagating into the liquid eventually reaches the
liquid-vacuum interface (at 7~2007 in the present case).
Elastic reflection at this interface is not observed (except for
very low fluences). Instead, the pressure wave irreversibly
affects the topmost layers of the liquid, causing a rapid ac-
celeration and the subsequent formation of a rarefaction
wave proceeding toward the solid region, whereby the den-
sity decreases significantly. As Figs. 1 and 2 clearly show,
the propagation of the rarefaction wave leads to the partial
decomposition and ablation of the liquid film through a pro-
cess which is akin to spallation at the back surface of laser-
irradiated films.?® The expansion of the film causes a gradual
weakening of the confinement efficiency of the hot pressur-
ized liquid near the solid-liquid interface, which is then able
to expand, leading to the growth of “bubbles” ﬁlled with
low-density gas, clearly visible in Fig. 1 at 14= 15007". The
bubbles starts to form quite early (~2007", cf. Fig. 2), but
grow very slowly until the rarefaction wave reaches the in-
terface region (around 7= 6007 ). The formation of bubbles is
thus of thermal origin, but their growth is mediated by the
mechanical behavior of the system; thicker films would con-
fine the target more efficiently, but would still allow the
growth of bubbles at the interface, albeit at a slower pace. As
will be shown below, the presence of bubbles is crucial for
significant ablation to take place. As a last point here, we
note that the combined effect of the expansion of the liquid
near the interface with the solid and the gradual dissipation
of the energy stored in the rarefaction wave leaves a large
portion of the liquid film relatively intact. The Ilatter is
ejected as a whole rather than as clusters, as observed close
to the surface of the film; with increasing fluence, the thick-
ness of this liquid layer decreases, more and more of the film
being decomposed and ablated as a result of the passage of
the rarefaction wave.

The origin of the structural modifications observed in the
liquid is best understood in terms of the thermodynamic
analysis method introduced in Refs. 14 and 16 (and de-
scribed in detail therein). The results of this analysis for the
simulations presented in Fig. 1 are given in Fig. 3, where we
plot the trajectories of various portions (“slices”) of the lig-
uid film (as defined by their position z, relative to the initial
location of the solid-liquid interface) in the density-
temperature phase diagram. These trajectories are phase
averaged—they are referred to as “average” in Ref. 16—and
thus represent the average density and temperature of a slice
as a function of time. Evidently, these averages do not pro-
vide a complete, detailed picture of the state of the system;
for instance, in a two-phase mixture, different states may
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FIG. 3. (Color online) Thermodynamic evolution of the high-
density liquid for different values of the position z; within the film
(measured relative to the initial position of the solid-liquid inter-
face) for a fluence of 560¢€,,/ o,,. Red dotted line: z=5000,,; blue
dashed line: zy=3000,; green dash-dotted line: z;=2000,; ma-
genta dash-dot-dotted line: zy=1000,. The numbers (i=1-4) refer
to the snapshots at 7; in Fig. 1 and the crosses to the moment where
density inhomogeneities start to develop (where relevant). The
phase diagram (black lines) is described in Ref. 16.

lead to the same average. However, they do demonstrate the
effect of confinement. Of course, if a slice is inhomogeneous,
a complete thermodynamical characterization requires phase-
resolved (i.e., condensed and gas) trajectories; since these
are not essential to the present discussion, they are omitted
here for clarity.

Before the arrival of the laser pulse, the liquid is close to
the denser end of its triple line and remains there until the
pressure wave comes about (recall that the liquid is transpar-
ent). The compression of the liquid causes a sudden increase
in temperature and pressure, as can clearly be seen by com-
paring the thermodynamic state of different sections of the
film at r=507 (marked by label 1 on the different z, curves):
here the wave is at z~ 2500, and those portions of the film
behind it are strongly compressed and heated, while those
ahead remain close to the triple point.

The fact that the material does not follow the same ther-
modynamic path upon compression and decompression (i.e.,
the material does not return to its initial state upon decom-
pression but rather expands on a higher isentrope) indicates
that a significant portion of the energy is dissipated while the
pressure wave propagates, leading to the heating of the film.
Indeed, decompression occurs at higher temperature than
compression, contrary to what is expected for an adiabatic
process. Note that heat diffusion from the solid target acts as
a further source of heating; this mechanism is of course most
important in the interfacial region. As the wave continues to
travel, it eventually reaches the liquid-vacuum interface and,
as mentioned earlier, is converted into a rarefaction wave,
leading to the very rapid decrease of the density of the fluid
(cf. labels 2, 3, and 4 on the red dotted line, zp=5000,). As
demonstrated in our previous studies,'*!¢ this behavior is
typical of a fragmentation process. (Phase explosion is also
observed at lower fluences: the material enters the liquid-
vapor metastable region in a homogeneous state, following
which nucleation and growth of gas bubbles occurs, leading
to the disintegration and ablation of the topmost section of

PHYSICAL REVIEW B 77, 014108 (2008)

the film.) Deeper into the film, expansion also occurs, but at
a much slower pace (compare the positions of the labels for
the different curves). In this case, the “intact” portion of the
film finally settles at a density close to 0.4(o7,)> (cf. label 4
for zo=3000, and 2000,); as discussed earlier, this portion
of the film is ejected as a whole from the target following the
formation of gas bubbles at the solid-liquid interface. Finally,
that region of the liquid close to the solid target expands
entirely within the supercritical region of the phase diagram
(cf. zo=1000,); the growth of gas bubbles at the solid-liquid
interface and the subsequent ejection of the film thus cannot
be attributed to phase explosion (which would be subcritical)
in this case.

The high- and low-density liquids behave in essentially
the same way except that the latter is more readily compress-
ible. This entails two significant consequences: first, because
of the reduced speed of sound (by a factor of 9 in the present
case), the pressure and rarefaction waves propagate at a
lower pace, leading to a slowdown of the dynamics in the
liquid film; second, the confinement imposed by the liquid is
less efficient in preventing the rapid expansion of the hot and
pressurized solid material. In this case, gas bubbles are able
to form at the solid-liquid interface even before the rarefac-
tion wave releases the confinement. We will return below to
the impact of these differences on the ablation mechanism.

Note that the ejection of an intact liquid layer from a
suddenly heated substrate has also been observed in MD
simulations of Ar films.??

B. Solid target

We now turn to a detailed description of the solid target;
we will show that the presence of the liquid film has a very
significant impact on the ablation process. In order to estab-
lish a proper reference, we begin with a brief discussion of
the dry target.

1. Dry solid target

The behavior of dry materials during ultrashort laser ab-
lation has been extensively studied using the present
model;!+16-18 we thus only give a rapid overview of this case
here in order to provide a basis for comparison. A typical dry
target evolves as displayed in Fig. 4. The first snapshot (7,
=507") shows that monomers and other very small clusters
are ejected first, right after the end of the pulse. During the
next 2007, the topmost region of the target expands rapidly
and disintegrates into a collection of clusters of various sizes,
resulting from fragmentation. At the same time, large gas
bubbles nucleate and grow deeper into the target, and even-
tually coalesce, leading to the ejection of a thin liquid layer
around t4=7507*; in this case, ablation is attributed to phase
explosion.

The thermodynamic evolution of the system is reported in
Fig. 5. Close to the surface (zo=—500,) the material is found
to undergo very rapid heating and subsequent expansion; the
latter takes place entirely within the supercritical fluid region
(cf. labels 1-4), all the way down to a final, very low-density
gaseous state, signaling the occurrence of a vaporization pro-
cess, as confirmed by the snapshots of Fig. 4. A little further
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FIG. 4. (Color online) Snapshots of a simulation of a dry solid
target at a fluence of 560¢,/ o,.

down into the target (zp=—1000y), fast expansion and
gradual disintegration into liquid clusters are observed. As
discussed in detail elsewhere,'*!® the material breaks up dur-
ing the rapid expansion phase before reaching the liquid-
vapor coexistence region of the phase diagram; this is
the signature of fragmentation. Deeper into the target
(zo=—1500,), the homogeneous liquid enters the liquid-
vapor metastable region in a homogeneous state (at 1) and
the aforementioned gas bubbles form (between 1 and 4); this
is a clear manifestation of phase explosion. Finally, way
down into the sample (zo=—2000,,), the energy injected by
the laser is insufficient to cause ablation and the material
gradually relaxes back to its low-temperature solid state. [We
note that the maximum temperature for all trajectories (even
subthreshold) may reach very large values; while complex
chemical processes may take place at these temperatures in
some materials, this does not imply significant ionization as
this is usually observed at fluences somewhat higher than
those required for supercritical expansion.’]

SS
2f=—-2,=1000,,
- - z2=1500,,
-= - 222000,
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FIG. 5. (Color online) Thermodynamic evolution of a dry solid
target for different values of the position z, within the target (mea-
sured relative to the initial position of the solid-liquid interface) for
a fluence of 560¢,,/ 0. Red dotted line: zp=—-500y; blue dashed
line: zp=—1000y,; green dash-dotted line: z=-1500,; magenta
dash-dot-dotted line: zp=-2000,. The numbers (i=1-4) refer to
the snapshots at #; in Fig. 4 and the crosses to the moment where
density inhomogeneities start to develop (where relevant).
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FIG. 6. (Color online) Snapshots of a simulation of a solid target
(red dots, bottom) wetted by a low-density liquid (blue dots, top) at
a fluence of 560¢,/ o,.

2. Solid target wetted by a low-density liquid

We move now to the case of wetting by a low-density
liquid, illustrated in Fig. 6. One immediate difference with
the dry target (Fig. 4) is the slower expansion rate of the
ablated material, roughly by a factor of 5: by # =507, some
monomers and small clusters have been ejected from the
target (as in the dry case), but they are still confined to a
small region near the interface. The evolution of the dry and
wetted targets is otherwise similar up to t2=2507'*, where
both the formation of clusters in the topmost region and the
growth of gas bubbles deeper into the sample can be ob-
served. By t3=7507*, however, a very significant difference
appears: the gas bubbles within the target have now com-
pletely collapsed while cluster formation proceeds. Note that,
by this moment, the liquid has been almost completely ex-
pelled from the interface region. By #,= 15007", ablation is
complete but the majority of clusters are still close to the
target, in contrast to the dry case where only very large clus-
ters remain.

These observations find an echo in the thermodynamic
trajectories of Fig. 7: while the behaviors of the two systems
are initially similar (compare the locations of points labeled
1 in Figs. 5 and 7), the slowing down of the expansion be-
comes evident by 7,=2507 (compare label 2); while not
sufficient to inhibit completely the formation of clusters
close to the interface (dashed line), this causes the gas
bubbles deeper down in the target to collapse and hence den-
sity to increase (cf. passage from 2 to 3 along the green
dot-dashed line). By the end of the simulation, this section of
the target is completely outside of the liquid-vapor meta-
stable region (label 4) and actually begins to solidify, relax-
ing back toward its initial state.

The above results indicate that the effect of the presence
of a low-density liquid film is mainly to slow down the ex-
pansion of the target. This is sufficient to stop the gas
bubbles from growing until coalescence inside the target,
hence inhibiting ablation by phase explosion; in contrast, ab-
lation by fragmentation may still occur, and this leads to the
ejection of a significant number of clusters. It is worth men-
tioning that while the dynamics of the system along the dif-
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FIG. 7. (Color online) Thermodynamic evolution of a solid tar-
get wetted by a low-density liquid for different values of the posi-
tion zo within the target (measured relative to the initial position of
the solid-liquid interface) for a fluence of 560¢,,/ o, Red dotted
line: zp=-500; blue dashed line: zp=—1000,; green dash-dotted
line: zp=-1500,; magenta dash-dot-dotted line: z,=—2000,. The
numbers (i=1-4) refer to the snapshots at ¢; in Fig. 6 and the
crosses to the moment where density inhomogeneities start to de-
velop (where relevant).

ferent thermodynamic trajectories is strongly affected by the
confining effect of the fluid, the general shape of the trajec-
tories themselves is not; this is related to the fact that, given
the short time scale over which expansion proceeds, portions
of the material having absorbed equivalent amounts of en-
ergy will evolve roughly along the same isentropic line.'®

3. Solid target wetted by a high-density liquid

The behavior observed above is amplified in the case of
wetting by a high-density liquid. As can be seen in Fig. 8, the
early ejection of monomers now is totally suppressed for 73
<7507, at which point it finally takes place with the con-
comitant formation of a few clusters; by t4:15007'*, these
are finally ejected from the target, following the formation of
a low-density layer in the fluid. In this case, the formation of
gas bubbles within the target is totally inhibited and only the

(=50t =250t (=750t (,=1500T"

500

2ACH
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0 100 200 0 100 200 O 100 200 O 100 200
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FIG. 8. (Color online) Snapshots of a simulation of a solid target
(red dots, bottom) wetted by a high-density liquid (blue dots, top) at
a fluence of 560¢€/ oy,.
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FIG. 9. (Color online) Thermodynamic evolution of a solid tar-
get wetted by a high-density liquid for different values of the posi-
tion z, within the target (measured relative to the initial position of
the solid-liquid interface) for a fluence of 560¢€,,/ o . Red dotted
line: zy=-500,; blue dashed line: zp=—1000,; green dash-dotted
line: zo=-1500,; magenta dash-dot-dotted line: z,=—2000,. The
numbers (i=1-4) refer to the snapshots at #; in Fig. 8 and the
crosses to the moment where density inhomogeneities start to de-
velop (where relevant).

topmost section of the target undergoes structural modifica-
tions.

The strong confinement of the target by the liquid may
also be deduced from the thermodynamic trajectories of Fig.
9. The confinement is now so effective that only the interfa-
cial region (red dotted line) is able to expand significantly. In
all other cases, expansion ceases before the liquid-vapor
metastable region is reached. This provides further evidence
that thermodynamic metastability (and thus phase explosion)
is not a necessary ingredient for the formation and ejection
of clusters. Finally, the strength of the confinement is also
illustrated by the trajectories of portions of the target far
from the interface (green dash-dotted line): these do not even
melt completely before relaxing back toward the solid state;
this contrasts with both the dry and low-density liquid cases,
where the trajectory penetrated deep into the metastable re-
gion.

4. Properties of the plume

Comparison of the different systems (Figs. 4, 6, and 8)
clearly shows that the liquid strongly affects both the abla-
tion process and the properties of the ablated material. We
examine the latter aspect in some detail as it is of interest for
applications.

As can be seen in Fig. 10, the liquid layer—be it low
density or high density—causes a very significant reduction
in the ablation yield, and this is particularly evident at low
fluence. Thus, the presence of the liquid pushes the ablation
threshold to higher fluences; for the high-density liquid, the
increase is almost threefold compared to the dry case. The
actual form of the dependence of the yield on fluence is also
affected by the presence of the liquid: for the dry material,
the yield scales logarithmically with fluence,'® leading to a
rapid increase near the threshold and a slower increase at
higher fluences; in contrast, for the wet material (particularly
in the case of the dense liquid), the yield first increases
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FIG. 10. (Color online) Total number of ejected atoms as a
function of fluence. Black continuous line: dry target; red dotted
line: target wetted by a low-density liquid; blue dashed line: target
wetted by a high-density liquid.

slowly, then more rapidly at higher fluences. Thus, the dif-
ferences between dry and wet targets become smaller at
higher fluences, which is of course expected.

In addition to yield, the structure of the ejected material is
also strongly affected by the liquid layer, as can be appreci-
ated from Fig. 11 where the composition of the plume is
analyzed. For the dry target, most of the atoms in the plume
belong to large clusters (containing more than 1000 atoms)
which have been produced through phase explosion. As the
fluence increases, fragmentation becomes more important
and leads to a larger proportion of atoms within moderate-
size clusters (between 11 and 1000 atoms). The proportion of
monomers (mainly produced by vaporization) is also seen to
increase a bit with fluence; the rest of the plume consists of
small clusters (between 2 and 10 atoms). The range of cluster
sizes in our simulations is certainly typical of what is ob-
served in experiment.”>3 For the target wetted by a dense
liquid, now, the situation is reversed: at low fluence, the
plume contains mostly monomers and small clusters; as the

0.8
0.6 |
041

02

Relative mass distribution in the plume

190 310 430 550 190 310 430 550 190 310 430 550

Dry target Low-density liquid ~ High-density liquid

Fluence (g,/0)

FIG. 11. (Color online) Relative mass distribution in the plume
for the dry, low-density, and high-density cases, as a function of
fluence. From bottom to top: (red) monomers; (green) atoms in
clusters of size between 2 and 10; (blue) atoms in clusters of size
between 11 and 1000; (magenta) atoms in clusters larger than 1000
atoms.
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fluence increases, these become less popular, with more and
more larger clusters being produced by fragmentation. The
two effects seem to balance out in the low-density liquid
case: the plume mostly consists of momoners and moderate-
size clusters, and this is essentially independent of fluence.
These differences are mostly due to the complete inhibition
of phase explosion in the wet targets, thus suppressing the
formation of large clusters in favor of smaller ones produced
through fragmentation. The presence of the liquid film thus
provides one way of controlling the morphology of the abla-
tions plume, i.e., the distribution in size of the clusters.

Experimental results are in good qualitative agreement
with the simulations in spite of significant differences in the
thickness of the liquid layer and the range of fluences exam-
ined. For instance, femtosecond laser ablation of gold in
vacuum and covered by a thin (~1 mm) water layer reveals
the same trend as displayed in Fig. 10 on the ablation thresh-
old and yield.z’5 Furthermore, the cluster size is found to
increase significantly with fluence for the water-covered
target,’ in agreement with the results of Fig. 11. A detailed
comparison with the simulation results is, however, difficult
as the clusters ejected from the target and penetrating into a
relatively thick liquid layer could continue to evolve in size
through various chemical reactions (with surfactants or other
chemicals present in the liquid) and further aggregation on
time scales far larger than can be achieved using atomistic
models. In addition, due to the high fluences used in the
experiments, the presence of the plasma created into the lig-
uid affects the cluster size distribution possibly through vari-
ous electronic effects.’ These complex physical and chemical
phenomena are not included in the simulations, and in any
case take place over time scales which are much beyond
those we are concerned with here. Nevertheless, this com-
parison suggests that the modifications in the properties of
the plume resulting from the presence of the liquid film are
not overly sensitive to details of the process as long as con-
finement is the main factor controlling ablation.

IV. DISCUSSION

Our results indicate that the main consequence of the
presence of a liquid film is to confine the hot and pressurized
material of the target over long time scales. This is primarily
due to inertia: for an incompressible fluid (of which our
high-density liquid is a good representation), the expansion
of the target (or the formation of large gas bubbles in the film
at the interface with the target) requires the displacement of
the film as a whole, a process typically occurring on a time
scale of 7,=Az;/c, where c, is the speed of sound in the
liquid and Az is the thickness of the film. Thus, the “quality”
of the confinement is expected, in a first approximation, to
increase linearly with the thickness of the film. During this
period, the target can relax through other channels, such as
the diffusion of heat into either the bulk or the film. Further-
more, our results show that the confinement of the target by
the film is only gradually lifted, therefore further slowing
down its expansion. The combination of these two effects
entails a reduced efficiency for the ablation mechanisms
which rely on expansion of the target, viz., fragmentation

014108-7



PEREZ et al.

and, to an even greater extent, phase explosion. However,
mechanisms such as vaporization can still occur because
they require only local perturbations within the film to take
place, consistent with the results presented above.

Of course, real liquids are not incompressible. The effect
of the finite compressibility can clearly be seen in the behav-
ior of the low-density liquid film. Indeed, by virtue of the
arguments presented above, the quality of the confinement
should be higher in this case than for the denser liquid, given
the smaller value of the speed of sound in the former. How-
ever, our results indicate that it is not so: ablation is more
efficient and occurs on a shorter time scale (compare Figs. 6
and 8) with a lighter liquid. This is essentially due to the
higher compressibility of the lighter liquid, which enables
the rapid formation of a low-density gas region in the film,
and thus ablation, even before 7. is reached. However, even
such reduced confinement is sufficient to prohibit the occur-
rence of phase explosion, in close agreement with the results
of Lorazo et al.?® who showed that the occurrence of phase
explosion is related to the expansion dynamics of the target.
Indeed, low expansion speeds were shown to lead to the
collapse of the gas bubbles before the percolation threshold
is reached, thus inhibiting ablation. Thus, even a compress-
ible liquid can significantly affect the nature of the ablation
mechanisms, and thus the composition of the plume.

The finite compressibility of the liquid also explains why
confinement by the film is most effective at low fluence (cf.
Fig. 10): the pressure increase inside the target following the
absorption of the pulse is modest in this case, and thus easily
counteracted by the film. As the fluence increases, so does
the pressure in the target, making the compression of the
liquid a viable relaxation process, and thus explaining the
increase of the ablation efficiency as the fluence increases.

As a final point, it should be mentioned again that our
analysis applies only in the thermal regime, i.e., at fluences
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below the threshold for plasma formation. Above this thresh-
old, the formation and confinement of a plasma at the solid-
liquid interface could open alternative routes to ablation.
However, comparison of the present results with experiments
suggests that the effect of confinement on the plume is quali-
tatively similar above or below the threshold for plasma for-
mation.

V. CONCLUSION

To summarize, we have studied the ablation by ultrashort
laser pulses of solids wetted by liquid films. We find the
liquid to play a very significant role in the ablation process,
notably by confining the solid over long time scales and
slowing down its expansion; this leads to important changes
in the dominant ablation mechanisms, principally the sup-
pression of phase explosion. It also causes a strong reduction
of the ablation yield and important modifications in the com-
position of the plume—at fluences above threshold, the size
of the ejected nanoclusters is somewhat lower in presence of
the liquid; fragmentation and vaporization lead principally to
monomers and small clusters, while larger clusters are pro-
duced by homogeneous nucleation. Our results provide use-
ful information for achieving better control on the morphol-
ogy of the clusters generated by pulsed laser ablation.
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