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Thermodynamic pathways to melting, ablation, and solidification in absorbing solids
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The thermodynamic pathways involved in laser irradiation of absorbing solids are investigated in silicon for
pulse durations of 500 fs and 100 ps. This is achieved by accounting for carrier and atom dynamics within a
combined Monte Carlo and molecular-dynamics scheme and simultaneously tracking the time evolution of the
irradiated material in p-7-P space. Our simulations reveal thermal changes in long-range order and state of
aggregation driven, in most cases, by nonequilibrium states of rapidly heated or promptly cooled matter. Under
femtosecond irradiation near the ablation threshold, the system is originally pulled to a near-critical state
following rapid (<1072 s) disordering of the mechanically unstable crystal and isochoric heating of the
resulting metallic liquid. The latter is then adiabatically cooled to the liquid-vapor regime where phase explo-
sion of the subcritical, superheated melt is initiated by a direct conversion of translational, mechanical energy
into surface energy on a ~107'2—107!! s time scale. At higher fluences, matter removal involves, instead, the
fragmentation of an initially homogeneous fluid subjected to large strain rates upon rapid, supercritical expan-
sion in vacuum. Under picosecond irradiation, homogeneous and, at later times, heterogeneous melting of the
superheated solid are followed by nonisochoric heating of the molten metal. In this case, the subcritical liquid
material is subsequently cooled onto the binodal by thermal conduction and explosive boiling does not take
place; as a result, ablation is associated with a “trivial” fragmentation process, i.e., the relatively slow expan-
sion and dissociation into liquid droplets of supercritical matter near thermodynamic equilibrium. This implies
a liquid-vapor equilibration time of ~107"'=107!0 s and heating along the binodal under nanosecond irradia-
tion. Solidification of the nonablated, supercooled molten material is eventually observed on a ~10~'1-107? s

time scale, irrespective of the pulse duration.

DOLI: 10.1103/PhysRevB.73.134108

I. INTRODUCTION

Pulsed laser irradiation of solids, i.e., the interaction of
relatively short (~10"*-107%s), intense (~10°-10'
W cm™2) bursts of coherent and monochromatic light with
surfaces, offers a unique way to perturb materials away from
equilibrium:'~7 here, absorption of the photons by the
valence- and conduction-band electrons sets the initial stage
for a complex chain of events covering multiple length (elec-
tronic to macroscopic) and time (femtosecond to microsec-
ond) scales.® In some cases, changes in the long-range order
and/or state of aggregation of the material are involved: ex-
amples of structural modifications include direct solid-solid,’
solid-liquid,'®'? and liquid-gas'>~!7 transitions. These, in
turn, have been extensively exploited for laser processing of
materials: applications range from surface micromachining, '3
cleaning,' and annealing?® to thin-film growth??> and the
production of nanoparticles in vacuum?*?* and aqueous
solutions;? lasers have also found extensive use in medicine
and surgery for the manipulation and destruction of biologi-
cal tissues.?®

The nature of the phenomena induced by laser radiation in
transparent (insulators or dielectrics) and absorbing (metals
and semiconductors) solids is determined, for the most part,
by the coupling of the laser parameters—pulse duration 7;,
wavelength \;, and energy per unit area (fluence) F—with
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the optical, mechanical, and thermal properties of the mate-
rial. In general, the absorption of a laser pulse gives rise to a
gas of hot carriers (electrons or electron-hole pairs at a tem-
perature T,) which, through repeated emission of phonons,
heat the initially cooler ions (at a temperature T) to achieve a
common equilibrium after 7,~10712-107"! s.?7 This time
scale has far-reaching significance. It sets a boundary be-
tween strictly thermal and possible nonthermal routes, a di-
viding line between “long” and “short” pulses:?® if 7, > 7y,
equilibrium between electrons and phonons prevails through-
out the heating stage (7,~T) and phase change can usually
be regarded as a slow thermal process involving quasiequi-
librium thermodynamic states; examples under nanosecond
laser irradiation include heterogeneous melting®-3° and, at
higher fluences, vaporization!” at moving solid-liquid and
liquid-vacuum boundaries, respectively. Under ultrashort
pulses (7, < 107'% s5), however, the material is left in a highly
nonequilibrium state following the deposition of the optical
energy (T,>T):*! in this case, the time with which a given
structural modification takes place, 7, determines whether
thermal mechanisms are involved (7),>71;) or not (7
< 75).28 In certain circumstances, there may be enough time
to establish electron-phonon equilibrium but insufficient time
to achieve phase equilibrium between the different states of
aggregation (7),=~7g):> here, transient, nonequilibrium
states associated with the homogeneous nucleation of critical
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nuclei of liquid or gas in a metastable, superheated solid,33-3¢

or liquid,'3-133738 respectively, are likely to take part in
rapid, thermal phenomena. The occurrence of long lived, su-
percooled states in the melt prior to crystallization or amor-
phization have also been reported for pulses of femtosecond
to nanosecond duration,'!39-42

The existence of competing thermal and nonthermal chan-
nels in order-to-disorder transitions is exemplified in
ultrashort-pulse laser melting of several semiconductors in-
cluding indium antimonide,> germanium,>'®  gallium
arsenide,* % and silicon.*>*7 On the one hand, if a thresh-
old number of strong, directional, covalent bonds are broken
or, equivalently, if the number of electrons that have been
promoted from bonding (valence) to antibonding (conduc-
tion) states reaches a critical density N, =~ 10?2 cm™3,*34% the
tetravalent lattice collapses to a sixfold-coordinated®® metal-
lic liquid on a subpicosecond time scale, i.e., before carrier-
phonon equilibration is achieved. At lower excitations, on
the other hand, the path from solid to liquid is presumably a
rapid, picosecond, thermal process, i.e., slower than ultrafast
nonthermal disordering but significantly faster than heteroge-
neous, surface-nucleated melting.3>3* In this case, the transi-
tion to the molten state likely proceeds by homogeneous
nucleation of liquid inclusions in the strongly superheated,
metastable, bulk crystal.’!

The removal of macroscopic amounts of matter at a laser-
irradiated surface, i.e., laser ablation, reveals an additional
battleground where thermal and nonthermal pathways col-
lide. In transparent materials, on the one hand, high intensi-
ties commonly delivered by femtosecond pulses are normally
required to excite electrons across the large band gap:>” here,
multiphoton ionization provides the initial seed electrons
which later gain kinetic energy from the laser radiation to
produce additional free carriers through an impact ionization,
avalanche process. At irradiances above a threshold Iy ..
~10" W cm™, a direct solid-to-plasma transition follows
by optical breakdown:?%33-3 the dielectric material is fully
ionized into a very dense (N~10*cm™) and hot (7,
~10° K) plasma which is rapidly carried away with a veloc-
ity of ~10*-~10° m s™!. Ablation following loss of charge
neutrality and ion repulsion at the surface has also been
reported.>—>°

In absorbing materials, on the other hand, strong single-
photon coupling of the laser field with the solid makes matter
removal also achievable with femtosecond,!3-28-32:38.54.60
picosecond,®%3 and nanosecond!”-6064-%¢ puylses at irradi-
ances well below [...% In this case, significantly
lower temperatures (~10°—10* K) and ejection velocities
(~10°—10° m s7!) reveal a strictly thermal ejection pathway
belonging to either one or the other of the following two
broad classes of mechanisms:®® (i) Photothermal processes
in which changes in the state of aggregation of the molten
material arise from a first- (or possibly second-) order phase
transition to a vapor; possible outcomes include homoge-
neous nucleation of gas bubbles in a metastable liquid, i.e.,
phase explosion or explosive boiling,!3:13:62:64-66.69-77 phage
separation of a mechanically unstable liquid by spinodal
decomposition,”>”® and normal vaporization at the outer
surface.'”7*7 (ii) Photomechanical processes in which the
breakup of the material is assisted by strong, tensile pressure
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waves—spallation in solids and cavitation in
liquids—or involves the dissociation of a homogeneous, su-
percritical fluid into clusters upon dilution in vacuum, i.e.,
fragmentation.”3-77:83

In order to explain ablation in metals irradiated by long
(nanosecond) pulses, Miotello and Kelly,”*3* following pre-
vious work by Martynyuk,%%% have proposed a picture
in which matter removal results from a phase-explosion pro-
cess. The scenario, further put forward by numerous authors
for femtosecond,”>”  picosecond,®’-6>71:88  and  nano-
second®% pulses, can be outlined as follows: (i) If 7,
> 1, yv—where, according to Ref. 64, 7y~107-1078s is
the time required for a metallic liquid to achieve equilibrium
with its vapor—the expanding molten material is stable and
heating takes place along the liquid-vapor coexistence (satu-
ration) line, i.e., the binodal. If 7; <7y, however, a signifi-
cant fraction of the energy is stored in the metallic melt
before it can be consumed as latent heat of vaporization. In
this case, the liquid attempts to equilibrate with its under-
saturated vapor and its heating line lies, instead, below the
binodal: the liquid is pushed into the liquid-gas regime
as it is rapidly heated.0%%*%>8485 (ii) If the fluence is suffi-
ciently high, the molten metal is superheated near the
spinodal®® (the limit of mechanical stability) to a tempera-
ture of =097, (where T, is the thermodynamic criti-
cal temperature).0+3%%70  (iii) Nucleation and growth
of gas bubbles sets in on a time scale®-70838690
~107°-1077 s and the metastable mother phase is converted
into a heterogeneous mixture of liquid and gas, i.e., explo-
sive boiling occurs. The threshold nature of the ablation pro-
cess, evidenced by (iv) the sharp increase in the total ablated
mass3$099192 and (v) the onset of large, nanometer-to
micron-sized, liquid-droplet ejection®®?® at a well-defined
fluence F,,, has often been ascribed to an abrupt rise in the
bubble nucleation rate as the metastable liquid is heated to-
ward the spinodal limit.6463.70.71.94-96

However, ultrafast time-resolved microscopy
experiments'3323834  have  suggested, and various
analytical'>3797 and molecular-dynamics'*7>-77 calculations
confirmed, that the thermal routes to ablation in absorbing
solids embrace a fundamentally different, universal behavior
under femtosecond laser irradiation: (i) Here, the material is
initially pulled away from the liquid-vapor regime to a near-
critical or supercritical state upon rapid, isochoric heating;
the metastable region is approached, instead, as the pressur-
ized matter adiabatically cools during its subsequent dilution
in vacuum. (ii) In a relatively narrow range of fluences close
to the ablation threshold (1 <F/F ;=< 1.5 in Si),*®% expan-
sion takes place along subcritical isentropes until the binodal
is reached; very near F,, the latter is crossed at a tempera-
ture which may lie significantly below 0.97,.7%77 (iii) As a
result of homogeneous nucleation of a stable vapor phase in
the metastable liquid phase, on the one hand, and a sharp
drop of the sound velocity giving rise to a steep ablation
front, on the other hand, the expanding material subsequently
develops a bubblelike structure on a 107'>~107'!'s time
scale:'37476 3 low-density, heterogeneous, two-phase mixture
between two optically flat, reflective interfaces—the nonab-
lated matter and a thin, moving liquid shell—is expelled
from the surface through a phase-explosion process. The ob-
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servation of interference fringes (Newton rings) during time-
resolved femtosecond laser excitation and imaging of numer-
ous metal and semiconductor surfaces supports this
scenario, !3:32:38.54

Upon increasing the fluence, before the onset of plasma
formation in semiconductors (1.5<F/F ;<3 in Si),’* the
density profile smooths out and the interference pattern even-
tually vanishes as the diluting material shifts from a subcriti-
cal liquid to a supercritical fluid. In this case, fragmentation
gradually takes over explosive boiling as the primary path-
way to matter removal.’37477,83

Under picosecond laser irradiation, however, expansion is
slower and cooling is nonadiabatic:’>~"7 the expanding sub-
critical material is efficiently cooled onto the binodal by ther-
mal conduction and phase explosion does not take place;
here, the onset of (iv) ablation and (v) droplet ejection is
determined, rather, by the breakup of a hot, supercritical fluid
near thermodynamic equilibrium, i.e., “trivial” fragmenta-
tion. This points to a shorter liquid-vapor equilibration time
7v~10"1-10"1"s and, consequently, a heating process
along the binodal under nanosecond pulses.

In spite of recent advances, a thorough understanding of
the changes in long-range order and state of aggregation in-
duced in solids by laser radiation has yet to come. From a
thermodynamic standpoint, the transient, superheated, and
supercooled states involved in, e.g., the rapid melting and
solidification of the irradiated material, respectively, are dif-
ficult to assess experimentally. From a kinetic viewpoint, the
dynamics of void nucleation and the puzzling nature of the
ablation threshold under pulsed laser irradiation can directly
be addressed at atomic-to-mesoscopic scales by computa-
tional means.

In this paper, which follows preliminary results presented
in Refs. 76 and 77, we report on the structural modifications
induced in silicon by 500 fs and 100 ps laser pulses. We
explore the thermal regime where the laser field acts as a fast
heat source and the heated material obeys the laws of ther-
modynamics and hydrodynamics of fluids. As detailed in
Sec. II, this is achieved on a nanosecond time scale by cou-
pling carrier and atom dynamics within a combined Monte
Carlo (MC) and molecular-dynamics (MD) scheme, and si-
multaneously pursuing the time evolution of the irradiated
matter in density-temperature-pressure (p-7-P) space during
heating, expansion, and cooling. The thermal pathways ob-
served in the femtosecond and picosecond regimes are dis-
cussed in Secs. III and IV, respectively: in each case, the
routes to melting, ablation, and solidification are identified;
in particular, the nature of the ablation threshold under
ultrashort-pulse irradiation is carefully examined in Sec.
IIC. A unified picture of the thermodynamic pathways
available to the irradiated material under femtosecond to
nanosecond pulses finally emerges in Sec. IV C.

II. COMPUTATIONAL SCHEME
A. Combined MC and MD model

A schematic illustration of the model is displayed in Fig.
1. We give here a rapid overview of its most important fea-
tures; full details are provided in Secs. Il A 1 to IT A 4.
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FIG. 1. (Color online) Schematic view of the combined MC and
MD model for silicon. Left: absorption of the photons and carrier
scattering processes. Right: growth of a relatively large cavity prior
to the ejection of hot, molten material. Red spheres: atoms belong-
ing to the (metallic) liquid phase; green spheres: atoms belonging to
the (semiconducting) crystalline phase; yellow arrows: photons;
white disks: conduction electrons; black disk: conduction hole;
green wavy arrow: phonon; white arrows: carrier motion (direction
and velocity). Capital letters refer to specific absorption and scat-
tering events. See text for full details.

In most cases of interest to the present study, part of the
silicon target melts during the pulse. As a result, a significant
number of photons (yellow arrows) incident along the z axis
(normal to the initial surface) are absorbed by conduction
electrons (white disks) in the metallic liquid layer (red at-
oms) at the surface (marked A); if ablation takes place, ab-
sorption may also occur in the expanding plume (see Sec.
IT A 1). The deposited energy is subsequently shared among
other carriers and ions: in accordance with a standard MC
procedure, the Drudelike carriers undergo ballistic transport
between two successive collisions which instantaneously
change their velocity and energy but not their position. Upon
emission of a phonon (green wavy arrow), an electron is
scattered in a new direction (chosen at random) with a ve-
locity reduced in a way that reflects the corresponding loss of
kinetic energy, cf. change in orientation and length of the
white arrow (B); other collisions in the melt involve energy
exchange upon carrier-carrier scattering (C). In the crystal-
line, semiconducting bulk (green atoms), the absorption of a
photon usually leads to the creation of an electron and hole
(black disk) with different initial velocities and energies (D);
collisional processes include scattering with carriers and
phonons, Auger recombination, and impact ionization (not
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shown). Atom dynamics are treated using classical MD: de-
pending on the fluence, melting of the silicon crystal, ejec-
tion of liquid material, and solidification of the nonablated,
molten matter may take place on mesoscopic-length and
picosecond-to-nanosecond-time scales. We expect that the
general features of our model also apply to other group IV
(as well as III-V) semiconductors, also characterized by a
metallic liquid phase.

1. Laser pulse and absorption processes

The laser pulse having a duration 7;,=500 fs or 100 ps
full width at half maximum (FWHM) and a wavelength
A;=266 nm is Gaussian in time but spatially uniform. It is
modeled by successive groups of photons with energy #w;
=4.66 eV which couple to “carriers” over a penetration
depth of =5-10 nm (in both ¢-Si and [-Si). As briefly men-
tioned above and detailed below, a carrier is a particle (elec-
tron or hole) which follows Drude dynamics while undergo-
ing various scattering events, each with its own characteristic
collision time.

The photons are absorbed following Beer’s law, i.e., with
a cumulative probability decreasing exponentially with
depth. In practice, we proceed as follows: (i) The supercell
(simulation box) is first divided in small cubic cells of side
€.=5 A. (i) The instantaneous, local absorption coefficient
a;=a(r;,t) and (normal incidence) reflectivity R;=R(r;,?) in
each cell i (centered at r;) are then defined as”

= ae(€) + €)= % m{e} (1)
and
i [n(e;) -1+ kz(e;-k) 2)

T n(e) + 1P+ K(E)

where the fotal refractive index n(e;k) and extinction coeffi-
cient k(ef) of the excited material are obtained from the in-
stantaneous, local, complex permittivity*®

€ = €,(T) + €,(N,). (3)

Here, the first term accounts for the single-photon,'®
valence-to-conduction (interband) transitions in the unex-
cited semiconducting crystal at a temperature'®! 7,=T(r;,1)
and with band-gap energy E, ;=E,(T;,N) <1.12 ¢V.!? The
second term describes the changes to e:f resulting from the
free-carrier (intraband) transitions taking place in the Drude
electron gas with density N,=N(r;,1).*8103.104 In the solid, the
latter contribution becomes significant at electron densities
exceeding the critical plasma density N, (=5.9% 10*! cm™
in c-Si at 266 nm);*® in the metallic liquid, €, represents the
total optical response which is assumed to be purely
Drudelike.!%1% (iii) The in-plane x and y coordinates of
each photon are subsequently chosen at random; in each
case, this determines a column of cells along the z axis which
are successively visited starting from the top of the supercell.
(iv) In a cell i at an interface separating a gaseous phase from
a dense, solid or liquid material—such as the surface of the
target or of a cluster in the plume (see below for a definition
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of the gaseous and dense phases), the photon is reflected (and
afterwards ignored) with a probability R;. However, it is ab-
sorbed with a probability 1—exp(-a;f,) if the material is
locally dense: in the crystal, interband and intraband transi-
tions take place with relative probabilities proportional to the
ratio of the respective absorption coefficients a,./ ay.,; in the
liquid, photons couple to conduction electrons via intraband
transitions (inverse bremsstrahlung). Photoelectric emission
is neglected.'?’

As suggested above, this approach relies on the local
properties of the material; among other benefits, it allows to
directly account for the screening of the laser radiation by the
plume produced by relatively long, picosecond pulses (see
Sec. IV).

Upon interband excitation of one of the (originally four)
valence electrons of the atom with position r, nearest to r;,
an electron-hole pair is created with total kinetic energy
fiw,—E,;: each carrier is initially assigned position ry, ve-
locity v, (in a random direction), and kinetic energy E(v,)
=m"v}/2, where the effective mass m"=0.75m, (the only
free parameter in the model) is chosen so as to reproduce the
experimental threshold fluence for melting under a laser
pulse with \;=266 nm and 7,=15 ps;'®® in the liquid, an
effective mass m"=1.75m, is used (m, is the free-electron
mass).!% In the case of an intraband transition, the energy of
the carrier closest to r; is increased by an amount fiw;. Note
that carriers may absorb more than one photon during their
lifetime.

2. Carrier dynamics

The hot electrons and holes subsequently relax through a
cascade of collisional events involving multiple scattering
processes.®®27192 This is simulated using a standard MC
approach.''%!"! At every MC (or equivalently MD) time step
of duration At=1 fs, a carrier, after traveling a distance vAtz,
has a probability 1-exp(-I'gAz) of suffering a collision
which instantaneously changes its velocity and energy but
not its position. Here, ['y=1/7,=(1 fs)~! is chosen so that, at
all times

L(E) = E I'y(E) = 2 U(Ey) < Ty, 4)
j j

where the carrier instantaneous (and energy dependent) col-
lisional rate I'(E}) involves a sum over all physically relevant
scattering mechanisms, each characterized by a collision
time 7;. (A fictitious self-scattering mechanism is added to
ensure a fixed total scattering rate equal to I';.) Upon the
occurrence of a collision, a scattering event j with probabil-
ity 79/ 7; is chosen at random: if appropriate, the carrier ki-
netic energy is updated and its velocity adjusted accordingly
[in both magnitude and (randomly chosen) direction]; in cer-
tain circumstances, the carrier may, instead, annihilate (Au-
ger recombination) or new particles may additionally be cre-
ated (impact ionization). Table I summarizes the various
collisional processes and respective scattering times used.
Carrier-carrier scattering allows electrons and holes to
exchange energy over a radius of 5 A. Heating, and eventu-
ally local thermal equilibrium at a common electron
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TABLE 1. Carrier scattering processes and related collision
times in solid and liquid silicon; when 7 is a function of the carrier
energy, references are given instead.

Scattering mechanism 7 (c-Si) 7 (I-Si)
Carrier-carrier® 10 fs 10 fs
Carrier-phonon (see references)® 10 fs©

Auger recombination =6 psd

Impact ionization (see references)®

#References 8 and 27.

PM. V. Fischetti and S. E. Laux, Phys. Rev. B 38, 9721 (1988); M.
V. Fischetti, S. E. Laux, and E. Crabbé, J. Appl. Phys. 78, 1058
(1995).

“Typical value for metals [G. L. Eesley, Phys. Rev. B 33, 2144
(1986)].

dE. J. Yoffa, Phys. Rev. B 21, 2415 (1980); J. Dziewior and W.
Schmid, Appl. Phys. Lett. 31, 346 (1977).

“References 112 and 113.

[T,;=T,(r;,1)] and ion temperature, is achieved through
scattering of carriers with (longitudinal-optical) phonons: if
T,;>T; a quantum of energy of''® 62.6 meV (c-Si) or
50 meV (I-Si) is given to the nearest atom by adding an
appropriate component to its velocity in a random
direction.''* In the crystal, additional collisional processes
include Auger recombination and impact ionization: in the
former case, the sum of E,; and the kinetic energy of the
recombining electron and hole (near an atom with at least
one missing valence electron) is transferred to a neighboring
carrier; in the latter case, the energy of the secondary elec-
tron and hole generated at r, (where ry is the position of the
impacted atom with at least one valence electron) is com-
puted from the primary carrier energy.!'>!'> Thermionic
emission is neglected.!!!16

As pointed out earlier, silicon, like other group IV and
I1I-V semiconductors, is metallic in the liquid state:!03:106.117
upon melting, the average coordination increases from 4 to 6
(and the density from 2.30 to 2.53 g cm™)!!8 while the elec-
tron density jumps to =~2X 10> cm™. In our model, the
transition from the solid semiconductor to the liquid metal is
simulated by locally promoting to the conduction band (with
zero initial kinetic energy) the remaining valence electrons of
each and every atom which has migrated to the liquid phase;
the reverse procedure is carried out upon crystallization. An
approach based on a topological analysis of the structure,
whereby the diamond elementary building blocks of the sili-
con crystal are identified, is used to distinguish the periodic
solid from the disordered melt.'" Finally, note that the dif-
ference in band-gap energy between the solid and liquid
phases acts as a potential barrier which prevents the carriers
from diffusing from the latter to the former.

3. Atom dynamics

The motion of the atoms is described using standard MD
methodology, excellent accounts of which can be found in
the literature.'” The silicon ions interact via the Stillinger-
Weber (SW) potential'?!  which exhibits elastic,'?>!3
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vibrational,'?>!?* triple-point,'?*!?> and liquid'?"'*® proper-

ties in good agreement with experiment. It also predicts a
first-order transition from a fragile, dense liquid to a strong,
low-density and near-tetrahedral, supercooled liquid which
could act as a precursor to the ubiquitous solid, amorphous
phase in a subsequent glass transition.'?”!?8 Note, however,
that the liquid-liquid transition is observed at a temperature
of =1060 K, i.e., significantly below that at which the
“liquid-amorphous” transition is usually assumed to occur
(=1450 K);'® possible consequences of a lower liquid-to-
amorphous transition temperature on the solidification dy-
namics are discussed in Sec. III A 3.

Note also that the empirical SW potential cannot account
for ultrafast, nonthermal phenomena induced in silicon by
ultrashort pulses. In the present study, all simulations are
carried out well below the threshold for plasma formation
(Iprea~ 10" W cm™) but, in some cases, above that for
electronically induced melting (N=N,) of a strongly excited
covalent solid. However, it should be pointed out that: (i)
The “cold” liquid thus obtained is only short-lived and rap-
idly assumes the usual properties of molten silicon; in this
context, it is not likely to influence the ablation and solidifi-
cation processes taking place on longer time scales. (ii) The
observed characteristic time for thermal melting under fem-
tosecond irradiation (sufficiently far from the melting thresh-
old) being comparable—albeit slightly longer—to that an-
ticipated for a nonthermal disordering process (see Sec.
IIT A 1), coupling of the laser energy with the irradiated ma-
terial is not expected to differ significantly in the two cases.
Consequently, we expect our simulations to provide a com-
plete, valid picture of the possible thermal routes and related
time scales.

4. Simulation setup

Two Si(100) slabs, consisting of 142560 (10X 10
X 30 nm?) and 165 600 (8 X 8X 50 nm?®) atoms embedded
into a much larger supercell, are used for pulse durations of
500 fs and 100 ps, respectively. Periodic boundary condi-
tions are applied in the x and y directions. In the z direction,
normal to the surface, we proceed as follows: (i) To simulate
heat diffusion into an infinite bulk, the crystal is terminated
by a Langevin heat bath.!?° (ii) To mimic the propagation of
pressure waves beyond the bottom of the supercell, a single
atomic layer, to which an appropriate set of forces are ap-
plied, is added.”! The originally crystalline substrates are ini-
tially equilibrated at p=2.33 gem™, T=300 K, and zero
pressure.

B. Thermodynamic-analysis method

Insight into the thermal pathways to melting, ablation,
and solidification under pulsed laser irradiation can be ob-
tained provided the following two conditions are met: (i) The
elementary features of the silicon phase diagram are ad-
equately described by the SW potential (see Sec. II B 2). (ii)
The structural modifications take place under local equilib-
rium between electrons and ions: apart from the possible
nonthermal disordering of covalent semiconducting crystals
by ultrashort pulses, recent experiments'®323% confirm that,
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below the threshold for plasma formation, absorbing solids
evolve thermally on picosecond and longer time scales.

The fulfillment of a local (thermal) equilibrium does not
imply, however, that equilibrium between the different—
solid, liquid, and gaseous—states of aggregation has been
achieved on mesoscopic and macroscopic length scales;? in
fact, highly transient, nonequilibrium states of matter may
develop under femtosecond and picosecond laser
irradiation.'3**3% In this regard, we show in Secs. III and IV
that, by judiciously combining a visual analysis with a ther-
modynamic description of the irradiated material, metastable
states, such as superheated solids or liquids and supercooled
melts, can be identified; by further ascertaining where, in the
phase diagram, voids begin to develop in the expanding ma-
terial, we demonstrate that the mechanisms of matter re-
moval can also be determined. This is accomplished using a
method first introduced by Perez and Lewis in Ref. 73 and
discussed at length in Ref. 74.

1. Computation of local thermodynamic states

As noted above, it is reasonable to assume that most of
the system evolution occurs under conditions of local equi-
librium between electrons and phonons. In this context, the
different routes to changes in long-range order and state of
aggregation may be described as a succession of states in
p-T-P space; this sequence of states will be referred to as the
“trajectory” of the system.

In the present study, the density, temperature, and pressure
for various sections of the target are obtained at regular in-
tervals in time and the result mapped onto the equilibrium
phase diagram of the material (see below). In practice, the
target is initially divided (along the z axis) into five-atomic-
layer-thick “slices.” The following procedure is subsequently
carried out at selected points in time: (i) The atoms belong-
ing to the dense (solid or liquid) and gaseous phases—where
the latter includes all clusters consisting of 10 atoms or
less—are first identified using the Hoshen-Kopelman
algorithm;'® here, the clustering radius is chosen as the
mean interatomic distance in a homogeneous system with
critical-point density p,=0.76 gcm™, i.e., 3.45 A. (i) The
supercell is then divided into small cells of side €,~0.5 A,
for each of which the closest atom is identified: by summing
the volumes of all cells associated with a given atom, an
atomic “volume” may, in this way, be defined; in the limit
€.—0, this is equivalent to a tessellation of space into
Voronoi polyhedra.” (iii) In the specific case of the dense
phase, the surface atoms, i.e., located in the vicinity of voids,
are further distinguished from volume, bulk atoms by having
at least one cell distant by more than r,=3.77 A, where r, is
the SW potential cutoff radius;'?! the latter value ensures that
no voids are detected in a homogeneous system with density
p=<p,.. (iv) A cell belonging to an atom in the gas phase, or
distant from an atom in the dense material by more than r., is
attributed to the gas phase (voids): by later making use of the
Hoshen-Kopelman algorithm, the number of internal voids,
as well as their respective volumes, can be assessed. (Two
cells are assumed to be connected if adjacent to one another.)
An example of nucleation of a large cavity in a superheated
liquid below the ablation threshold under femtosecond irra-
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FIG. 2. (Color online) Identification of surface atoms (red), gas-
phase atoms (yellow), and internal voids (green); volume atoms are
not shown for clarity. See text for details.

diation (see Sec. Il C) is depicted in Fig. 2: surface atoms
surrounding the void (in green) are shown in red; gas-phase
atoms—above the outer surface atoms also in red—are dis-
played in yellow. (v) The density, temperature, and pressure
associated with the condensed and gaseous phases are finally
obtained in each slice as detailed in Ref. 74, and the result
assigned to dense and gas “branches,” respectively; a third,
macroscopic branch providing an overall—averaged over the
slice—view of the local thermodynamic state of the system
is also computed.

In principle, a thermodynamic picture involving the phase
diagram is strictly valid for processes taking place at or very
near equilibrium. As mentioned earlier, however, transient,
metastable states of matter may be identified by combining a
visual analysis with the computed local thermodynamic
states of the system: e.g., a perfectly ordered crystal above
the equilibrium melting temperature 7,, and a homogeneous
liquid below the binodal (see below) indicate superheated
solid and liquid states, respectively; similarly, a disordered,
liquid structure at a temperature below T, is associated with
nonequilibrium, supercooled states of rapidly cooled matter.
In addition, the mechanisms leading to ablation can be in-
ferred by determining where, in the phase diagram, void
nucleation—which causes the average and condensed
branches to split—takes place.
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FIG. 3. (Color online) Phase diagram of silicon: (a) p-T plane;
(b) p-P plane; inset: T-P plane. Black solid line: binodal (liquid-
vapor coexistence); blue: triple line (solid-liquid-vapor coexist-
ence); green: solid-vapor coexistence line; red: solid-liquid coexist-
ence lines; dotted line: critical isobar and isotherm; dashed line:
spinodal; cross: critical point. S: solid; L: liquid; V: vapor; SF:
supercritical fluid (for 7>T, and P> P,). See text for details.

As shown in Secs. III and IV, this method constitutes a
simple, yet powerful, tool for probing the thermodynamic
states induced in a solid by laser irradiation.

2. Phase diagram of silicon

The phase diagram of SW silicon is shown in Fig. 3. The
binodal has been taken from Refs. 124 and 131. The triple
line at the equilibrium melting temperature 7,,=1691 K
(near the experimental value of 1683 K) and the solid-vapor
coexistence curve have been obtained from Ref. 124. The
solid-liquid coexistence regime is bounded by a low- and a
high-density branch (which meet the triple line at 2.28 and
2.45 g cm™, respectively):'> while the latter could be de-
duced from the difference in coordination with the neighbor-
ing (sixfold coordinated) liquid region, the former has been
approximated by a line parallel to the high-density
boundary.'3? The critical isobar and isotherm have been in-
ferred from isochoric-isothermal and isochoric-isobaric MD
simulations, respectively. The spinodal and the critical point
at p.=0.76 gcm™, T.=7925 K, and P.=185 MPa have been
reproduced from Ref. 133.
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Note that: (i) A liquid undergoing expansion may tran-
siently penetrate into the metastable region (between the
binodal and the spinodal) in a homogeneous state; from a
thermodynamic standpoint, large, localized, thermal
fluctuations—or, as shown in Sec. III C, the direct conver-
sion of mechanical energy into surface energy—will then
favor the widespread, simultaneous nucleation of gas
bubbles in the metastable liquid phase, i.e., explosive boil-
ing, on a time scale which varies strongly with the degree of
superheating.'® (ii) In the region below the spinodal, a ho-
mogeneous system is mechanically unstable against small
perturbations [(dP/dp);>0]: here, the liquid-to-gas transi-
tion is described, rather, by a spinodal decomposition
process.!3* (iii) Upon entrance into the liquid-vapor (and
solid-vapor) regime, the sound velocity [¢*>=(JP/dp)g where
S denotes the entropy] decreases sharply (typically down to a
few meters per second);'>74 as discussed in Sec. III, this is of
great significance for the mechanisms of matter removal. (iv)
The above phase diagram possesses the essential features
which are relevant to a satisfactory qualitative description of
group IV and III-V semiconducting materials.'3% In particu-
lar, it correctly accounts for the increase in density upon
melting (provided heating is carried out at a sufficiently slow
rate); this is distinct from the case of, e.g., metals.””>!3% In
this view, we expect that the general conclusions drawn in
this study also apply to other covalent semiconductors.

III. THERMODYNAMICS UNDER
FEMTOSECOND LASER IRRADIATION

The modifications to long-range order and state of aggre-
gation observed in this study for both femtosecond and pico-
second pulses are summarized in Fig. 4 and discussed at
length in the following sections: (i) Under femtosecond irra-
diation near the ablation threshold, on the one hand, rapid
(<107'?5), thermal melting of the excited semiconducting
crystal is followed by the expansion of an inhomogeneous,
bubble-filled, metallic melt between two well-defined inter-
faces and the expulsion of a few-nanometer-thick liquid
shell, i.e., phase explosion, in a time of ~10712-1071"g
[Figs. 4(a)-4(e)]; solidification of the nonablated molten ma-
terial subsequently takes place on a 107''=107% s time scale
[Fig. 4(f)]. (ii) At higher fluences or longer (picosecond)
pulse durations, on the other hand, the ejected matter exhib-
its, instead, a diffuse, clusterlike structure [Figs. 4(g) and
4(h)]: here, the breakup of the expanding liquid metal fol-
lows, rather, from a fragmentation process.

The remainder of this paper is devoted to a thorough
analysis of the transient thermodynamic states available to
the irradiated material under femtosecond and picosecond
pulses. We begin with the thermal routes to melting, ablation,
and solidification under ultrashort-pulse laser irradiation.

A. Near-threshold ablation

Figures 4(a)-4(f) portray the various morphological
changes taking place during and after irradiation with a
500 fs pulse at the threshold fluence for ablation F&
=0.225 J cm™2. The average irradiance is 5X 10'' W cm™,
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FIG. 4. (Color online) Snapshots revealing the structural changes induced in a Si(100) substrate by 500 fs and 100 ps pulses at 266 nm:
(a)—(f) 500 fs pulse at a fluence F=Ff§=0.225 Jem™2; (g) 500 fs pulse at a fluence F=2.2th;=0.50 Jem™2; (h) 100 ps pulse at a fluence
F=1.1F%=0.45J cm™2; F" and FF® are the ablation thresholds under femtosecond and picosecond irradiation, respectively. Green: (semi-
conducting) crystalline silicon; red: (metallic) liquid silicon. Each pulse begins at r=0.

i.e., well below [, The threshold fluence for melting is
equal to 0.05 J cm™2.

1. Heating and melting

A typical thermodynamic trajectory for a region of the
target originally near the surface is depicted in Fig. 5. The
starting point is a crystal at py=2.33 g cm™>, T=300 K, and
zero pressure (marked A). The photons initially generate
electron-hole pairs in the unexcited silicon substrate via in-
terband transitions over a penetration depth of =5-10 nm;
the carrier density eventually increases beyond N =5.9
%X 10?! cm™ and intraband transitions also occur in the
dense, overcritical electron gas. The carriers subsequently

reach a common equilibrium state at a temperature
T,~8000-10 000 K through mutual collisions and impact
ionization in a time of ~107!3 s; Auger recombination is not
significant on this time scale (see Table I).

The hot electrons and holes simultaneously attempt to
equilibrate with the ions by emitting phonons. The heated
solid ultimately melts at the surface (as revealed by a visual
inspection of the target and the change in local coordination)
and the incoming photons thereafter interact primarily with
the growing layer of liquid metal via inverse bremsstrahlung
[Fig. 4(a)].

The laser energy is converted into lattice vibrational en-
ergy in roughly a picosecond.'> Mechanical expansion is
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FIG. 5. (Color online) Time evolution of the system in the (a)
p-T and (b) p-P planes for a 500 fs pulse at a fluence F=th}s1
=0.225 J cm™2; the trajectory is for a region of the target initially at
a depth of 4 nm below the surface. White circles and dotted line:
macroscopic branch; red circles: dense branch; yellow squares: gas
branch. Arrows indicate the flow of time. Capital letters refer to
locations in the phase diagram (see text). Insets: (a) coordination
(green circles) and electron density N (red squares) as a function of
distance from the surface z at 7=1 ps (note the change in properties
across the solid-liquid interface at z=-18 nm); (b) view of the
trajectory in the 7-P plane.

negligible on this time scale and the system is pulled away
from the liquid-vapor regime at nearly constant volume (p
= p,) to a high-temperature (7= 8000 K) and high-pressure
(P= 12 GPa) supercritical state (B): at the end of the pulse,
i.e., after a time #;;,~1 ps, the surface is covered by a hot
and highly pressurized liquid layer of thickness dj
~20 nm and having metallic properties [see inset in Fig.
5(a)]; below the molten layer lies an intact, semiconducting,
bulk crystal at much lower temperature and pressure [Fig.
4(b)].

The following remarks are in order at this point: (i)
The system is transiently heated above the triple line in a
nonequilibrium crystalline—not the corresponding equilib-
rium liquid-vapor—state, i.e., the solid becomes super-
heated; this is further supported by an apparent “melt-front”
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velocity dyq/ t1jq=2 X 10* m s™" well above the (longitudinal)
speed of sound Vc;;/py=8020 ms~' (where c¢;;=1.5
X 10" N m~2 is the appropriate elastic stiffness constant of
¢-Si).123135 In this context, melting of the metastable crystal
is expected to proceed by homogeneous nucleation of liquid
nuclei whose size decreases with superheating 6=7/T,,.>* In
Fig. 4(a), the relatively small liquid inclusions ahead of the
“melt front” could indicate a very high degree of superheat-
ing or that the material has been heated beyond its limit of
mechanical stability at T,,..~2600 K (6,,..~1.54)."?! Be-
cause of the large computational effort involved in the deter-
mination of the material thermodynamic trajectory, the same
conditions have been simulated in smaller systems but with
increased time resolution; results indicate that the solid may
be heated to a temperature of =~3000 K before it starts to
melt, thus suggesting a disordering process driven by a me-
chanical instability in the irradiated crystal; similar conclu-
sions have recently been reported in a MD study of short-
pulse laser melting of metal films.>>3® In contrast, a
maximum superheating 6~ 1.45<<6,,.. is observed under pi-
cosecond irradiation (see Sec. IV). (ii) In certain circum-
stances, the solid may (locally) be superheated without melt-
ing (not shown); this is consistent with the experimental
observations presented in Ref. 38. (iii) As noted earlier, the
empirical SW potential cannot account for the ultrafast, non-
thermal melting of silicon at carrier densities in excess of
N,.~10% cm™3;* computation of the electron density indi-
cates that the latter value is indeed reached in the present
case. Nevertheless, our simulations provide a realistic picture
of the possible thermal processes and related time scales; in
particular, the observed time for thermal melting under fem-
tosecond irradiation, ~10712 g, agrees well with recent theo-
retical estimates.3

2. Cooling I: expansion and ablation

In order to release the pressure and mechanically equili-
brate with the ambient medium, the molten layer subse-
quently undergoes expansion in vacuum; at the same time, a
compressive strain wave (=5 GPa) is launched from the
highly pressurized liquid into the cold, crystalline bulk. A
relatively weak tensile pressure wave is also emitted from
the latter into the melt; however, the resulting acoustic per-
turbation is later damped in the expanding liquid-gas mixture
characterized by a vanishing sound velocity (see below).!? In
the present context, the strong initial surface pressure gradi-
ent leads to the rapid, adiabatic—and consequently
isentropic—cooling of the liquid [marked B— C in Fig. 5
(see also inset)]: through a conversion of thermal energy into
potential and translational energies, the diluting material with
flow velocity of =500 m s~! enters the liquid-vapor regime
(C) where the superheated molten matter is partially trans-
formed into gas on a 107'2-107!! s time scale (D — E).

Three remarks are in order: (i) From a visual standpoint,
the growth of a large, localized cavity in the expanding lig-
uid strongly suggests an explosive-boiling—not a spinodal-
decomposition—scenario [Figs. 4(c) and 4(d)]. (ii) From a
thermodynamic viewpoint, the separation of the dense and
macroscopic branches in the metastable region, and the con-
comitant appearance of a gas branch, confirms a phase-
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FIG. 6. (Color online) Thermodynamic evolution of the ejected
liquid shell in Fig. 4(e). Inset: evaporation rate of the expelled layer
as a function of inverse temperature. The density and temperature
are averaged over the entire ablated material. Capital letters refer to
locations in the phase diagram (see text). See Fig. 5 for the defini-
tion of symbols and lines.

explosion process. (iii) Explosive boiling takes place at a
temperature of =0.75T,, i.e., significantly below 0.97,.. A
detailed analysis of the nucleation process in relation with
the nature of the ablation threshold will be given in Sec.
oI cC.

The growing cavity eventually percolates through the slab
and a few-nanometer-thick liquid shell is removed from the
target after a few tens of picoseconds [Fig. 4(e)]. The ther-
modynamic evolution of the ablated layer on a 107'%s time
scale is displayed in Fig. 6: as it moves further away from
the surface with a (constant) velocity of ~250 ms~!, the
molten material cools by evaporating (marked A — B); in this
regard, the computed evaporation rate (expressed in mono-
layers per nanosecond) exhibits a clear Arrhenius depen-
dence as a function of inverse temperature (see inset), with a
corresponding activation energy of =3.21 eV. More impor-
tantly, the ejected layer (whose thickness is on the order of
the optical penetration depth in the initially solid material)
evolves along the binodal throughout the cooling stage, thus
suggesting that a liquid metal achieves equilibrium with its
vapor in a time of ~107'1—=1071" 5. As discussed below, this
is of great significance for the physical pathways to ablation
under picosecond and nanosecond pulses.

Hence, near the threshold fluence for matter removal, our
results confirm that an inhomogeneous mixture of liquid and
gas expands between two optically flat, reflective
interfaces—the ablation front and the boundary separating
the nonablated matter from the ejected material; similar con-
clusions have been obtained in other MD simulations.!*7*
This is also consistent with the observation of optical inter-
ference patterns (Newton rings) in time-resolved microscopy
experiments on numerous metals and semiconductors.'3

As the fluence is increased, however, the expanding mat-
ter shifts from a subcritical liquid to a supercritical fluid. As
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FIG. 7. (Color online) Time evolution of the system in the p-T
plane for a 500 fs pulse at a fluence F=F{ﬁ=0.225 Jem™ and two
different depths z, below the original surface (as indicated): (a)
solidification to a crystalline state; (b) solidification to a glassy
state. Insets: local coordination as a function of time (arrows indi-
cate the time at which the equilibrium melting temperature 7,
=1691 K is reached upon cooling). Capital letters refer to locations
in the phase diagram (see text). See Fig. 5 for the definition of

symbols and lines.

will be shown in Sec. III B, this has important consequences
for the mechanisms of matter removal.

3. Cooling II: solidification and final structure

Thermal diffusion into the solid bulk (and evaporation at
the outer surface to a lesser extent) is responsible for the
cooling and solidification of the nonablated molten material
ona 107''-1071" s time scale [Fig. 4(f)]. As shown in Fig. 7,
two distinct physical pathways are observed: (i) Deep into
the metallic liquid layer [Fig. 7(a)], the neighboring crystal-
line phase acts as a seed for heterogeneous crystallization
from the melt (marked A — B — C — D); the transition from a
disordered liquid with average coordination of =6 to a four-
fold coordinated, ordered structure confirms this (see inset).
(ii) Closer to the surface [Fig. 7(b)], the material is initially
heated to a higher temperature (E); the resulting liquid sub-
sequently expands toward the binodal (E— F). As a result of
insufficient translational energy (see Sec. III C), homoge-
neous nucleation of gas does not take place in the super-
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FIG. 8. Velocity of the interface between the solid (crystal) and
liquid phases as a function of time following irradiation with a
500 fs pulse at a fluence F=F[f;=0.225 J cm™2; negative and posi-
tive values indicate melting and solidification (crystallization),
respectively.

heated melt (F) and the system is later slowly cooled under
liquid-vapor coexistence (F— G). The triple line is eventu-
ally crossed and the liquid becomes supercooled (G); visual
inspection of the nonablated material confirms that (locally)
the (equilibrium) solid-liquid and solid regions of the phase
diagram are accessed in a disordered, metastable state. How-
ever, crystallization does not occur for the following reasons:
(a) The system standing relatively far from the solid-liquid
interface, a heterogeneous liquid-to-crystal transition is not
possible. (b) The energy required to homogeneously nucleate
critical nuclei of the stable crystalline phase into the super-
cooled melt decreases with temperature, i.e., with increased
supercooling; however, this also translates into a significant
decrease of the atomic mobility and a corresponding increase
of the liquid-to-crystal relaxation time. Consequently, the
structure, several hundred degrees below T,,, is ultimately
“frozen” into an intermediate state with coordination be-
tween that of the liquid and the crystal (see inset): the molten
material transforms into a glass (at =900 K) which subse-
quently cools to 300 K (H).

Figure 8 displays the solid-liquid interface velocity vg;, as
a function of time. As can be seen, the solidification process
begins after a few tens of picoseconds and is complete after
a few hundreds of picoseconds, in good agreement with ex-
perimental data;® the observed regrowth velocity of
~10-20 m s~! also compares favorably with experiment!!-1?
and other MD studies.'3¢

Three distinct stages can be identified: (i) Efficient heat
conduction into the solid initially gives rise to an increase of
the regrowth velocity (z=<100 ps). (ii) This takes place until
heat flow is balanced out by the rate of latent heat release
(which increases as more liquid is converted into a crystal),
at which point a steady-state regime is achieved at vg
=18 ms~! (100=r=200 ps). (iii) As noted above, however,
the atomic mobility decreases and the liquid-to-crystal relax-
ation time eventually increases as the supercooled molten
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material further cools (=200 ps): vg; decreases and crystal-
lization of the melt stops on a 10710 s time scale; as a result,
a layer of “frozen,” uncrystallized liquid with thickness of
~10 nm is left at the surface [Fig. 4(f)].

Note that a transition from a disordered liquid to a near-
fourfold-coordinated, short-range-ordered amorphous phase
above a threshold regrowth velocity of =15 m s™! has been
discussed in several experimental investigations of laser-
induced melting and solidification of silicon.!!-12:40.137.138
However, such a transition is not seen in the present study;
similar conclusions have also been reported in other MD
simulations involving the SW potential.!*® Two reasons
could explain the observed discrepancy: (i) From a thermo-
dynamic standpoint, the predicted liquid-to-amorphous tem-
perature (slightly under 1060 K), below which the melt
needs to be supercooled for the transition to take place, is
significantly lower than the experimentally derived value of
~1450 K.'?° (ii) From a kinetic viewpoint, a possible expla-
nation could be a higher threshold regrowth velocity in SW
silicon.!3?

B. Ablation at higher fluences

As suggested by Fig. 4(g), far-from-threshold femtosec-
ond irradiation involves different pathways to ablation. In
this respect, two observations can be drawn from a compari-
son with Figs. 4(d) and 4(e): (i) The removal of molten ma-
terial does not take place by the growth of a highly localized
cavity between two sharp interfaces and the subsequent ejec-
tion of a liquid shell; instead, the expanding plume displays a
diffuse, clusterlike structure without a well-defined ablation
front. (ii) The ejected liquid expands noticeably faster. As
shown below, such differences are associated with expansion
in a different region of the phase diagram.

Figure 9 illustrates the transition to a new regime. The
scenario is as follows: (i) Similarly to near-threshold irradia-
tion, the system is pulled away from the region of metastable
states upon near-isochoric heating of the material; in Fig.
9(a), which is for the maximum average irradiance of
1 X 10> W cm™ investigated in this work, the result is a hot
(T=16 000 K), highly pressurized (P~28 GPa) supercriti-
cal fluid at near-solid density (marked A). (ii) The liquid-
vapor regime is subsequently approached upon rapid, adia-
batic cooling of the expanding matter with maximum flow
velocity of =800 m s™' (A— B); a strong (=14 GPa) com-
pressive strain wave is also emitted from the molten layer
into the solid bulk. (iii) However, the binodal is not reached
in a homogeneous state: instead, the split of the dense and
macroscopic branches, which indicates the onset of ablation,
takes place in the supercritical regime, i.e., outside of any
phase coexistence region (B); the same conclusions emerge
from inspection of the trajectory in the p-P plane (see inset).
In regions standing further from the surface, the molten ma-
terial, following a short incursion into the metastable region,
is cooled along the binodal and matter removal is not ob-
served (C).

Undoubtedly, ablation cannot be attributed, in the present
case, to a phase transition such as, e.g., explosive boiling or
spinodal decomposition; vaporization is also excluded since
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FIG. 9. (Color online) Time evolution of the system in the p-T
plane for a 500 fs pulse at two different fluences F' and various
depths z; below the original surface (as indicated). Inset: zoom on
the trajectory for zo=8 nm in the p-P plane. White circles and dot-
ted line: macroscopic branch; red circles: dense branch; yellow
squares: gas branch; green diamonds and orange triangles: addi-
tional macroscopic branches. Arrows indicate the flow of time.
Capital letters refer to locations in the phase diagram (see text).

fairly large clusters are produced in the dissociation process.

The above picture is analogous to that recently reported in
a MD study of femtosecond irradiation and ablation of a
two-dimensional Lennard-Jones system.”>7* At fluences rela-
tively far from the threshold for matter removal, the rapid
expansion is such that the equilibrium structure of the super-
critical material can no longer be preserved by atomic diffu-
sion: the expanding matter undergoes a nonequilibrium tran-
sition from a homogeneous fluid to a heterogeneous,
clustered phase through a “nontrivial” fragmentation pro-
cess; in this case, the average fragment size depends upon
the local strain rate, i.e., the translational velocity gradient
normal to the surface. Note that: (i) This phenomenon is
qualitatively different from spallation or cavitation whereby
the breakup of the material is assisted by tensile strain
waves. (ii) As discussed in Sec. IV, matter removal under
picosecond pulses is also driven by a fragmentation process;
however, the latter takes place near thermodynamic equilib-
rium and is said, instead, to be “trivial.”’*7’
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The differences in expansion dynamics between near- and
far-from-threshold femtosecond irradiation are best under-
stood within a one-dimensional self-similar rarefaction-wave
(SSRW) model;!313-3474 the latter describes the propagation
of the rarefaction (density decrease) wave into the bulk mol-
ten material as the heated liquid layer expands in vacuum. In
principle, the SSRW model is strictly valid for an instanta-
neously and homogeneously heated solid at uniform density
pi; however, we show below that it is also suitable for a
qualitative understanding of the ablation process taking place
in the present “real” conditions.

According to this model, the increase in translational
(flow) velocity du, for an infinitesimal increase in density dp,
is proportional to the sound velocity c(p); the translational
velocity at density p, reads

P
udppS) =~ f f (%)Sdp, (5)
Pi

where S denotes the entropy (a “minus” sign is added to
ensure that expansion in vacuum is described by positive
velocities). The strong dependence of the speed of sound on
density is of great significance here: as detailed in Refs. 37
and 74, the sharp drop of c¢(p) in the liquid-vapor coexistence
regime implies a subcritical, metastable material with flow
velocity uy nearly independent on p; and §; upon supercriti-
cal expansion, however, the drastic decrease of the sound
velocity is not observed and the expanding fluid is expected
to be characterized by significantly higher, density- and
entropy-dependent translational velocities.

This has the following consequences: (i) Near the ablation
threshold, the system enters the metastable region upon cool-
ing and the various sections of the superheated material
(which follow different subcritical isentropes) possess simi-
lar translational velocities; as depicted in Fig. 4(d), this leads
to a heterogeneous mixture of liquid and gas with a steplike
density profile—the sharp ablation front—giving rise to the
optical interference patterns observed in time-resolved mi-
croscopy experiments.'? (ii) At higher fluences, however, the
flow-velocity gradient across the supercritical diluting fluid
is significantly higher. In this case, it is expected that (a) the
density drops smoothly across the ablating material which,
consequently, does not exhibit a steep liquid-vacuum bound-
ary and that (b) the breakup of the rapidly expanding matter
results from a (“nontrivial”) fragmentation process. Both a
visual inspection of the system in Fig. 4(g) and the disap-
pearance of the Newton rings at relatively high fluences (but
before the onset of plasma formation) support the above
conclusions;*74% in particular, the transition between the
phase-explosion and fragmentation regimes in silicon
[marked E in Fig. 9(b) where the split of the dense and
macroscopic branches takes place at the liquid-vapor bound-
ary and at near-critical temperature] occurs at a predicted
fluence of ~1.5F which agrees remarkably well with
experiment.”®

Metals—which expand upon melting and whose thermo-
dynamic properties can be gualitatively described by, e.g.,
the Lennard-Jones phase diagram in Ref. 74—and semicon-
ductors exhibit different solid-liquid features.””"!3? This
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translates into the following differences under femtosecond
irradiation: (i) Unlike semiconducting materials, metals, for
which the initial state does not lie below the triple line, can
remain solid at temperatures significantly above T.;’* as a
result, melting can also be observed upon cooling to the
solid-liquid (or liquid) region. (ii) In a very narrow range of
fluences near the ablation threshold, the cooling metallic sys-
tem can be pulled by tensile strain waves toward the solid-
vapor coexistence regime where the breakup of the mechani-
cally unstable solid material is described by a spallation
process;’* this is unlikely to take place in semiconductors
such as silicon where melting occurs at relatively low tem-
peratures (T<<T,) upon heating, and where ablation therefore
involves the ejection of liquid matter upon rapid cooling to
the liguid-vapor regime. (iii) As a result of a liquid phase
with higher density than the solid in group IV and -V
covalent materials, melting of the superheated crystal can be
assisted by a compressive strain wave emitted from the up-
per, highly pressurized liquid layer [marked D in Fig. 9(a)].

However, in view of phase diagrams with similar liquid-
vapor and supercritical features,””"'3> metals and semicon-
ductors display common thermal routes to matter removal
under near- and far-from-threshold femtosecond irradiation;
as noted earlier, this is confirmed by both experiment!'33 and
numerous MD studies.!*73747677 In Sec. IV, we present re-
sults which strongly suggest that this universal behavior may
be extended to longer, picosecond (and possibly nanosecond)
pulses.

C. Nature of the ablation threshold

Evidence for a well-defined threshold fluence—below
which matter removal is driven by evaporation and above
which large, macroscopic amounts of material are ejected
from the irradiated surface—has been reported under
femtosecond,'>3!  picosecond,”” and nanosecond®-%
irradiation of metals and semiconductors. This has also
been observed in several MD investigations of laser
ablation;36.71.7476.80.140.141 in the present study, an increase of
the fluence by only a few percent (under both femtosecond
and picosecond pulses) is sufficient to cause sudden, massive
ejection of molten material.

In spite of its ubiquitous nature, the origin of the threshold
behavior has, to date, remained unclear. In general, it is pos-
tulated that the onset of ablation results from the strong in-
crease with temperature of the bubble nucleation rate in a
strongly superheated melt:'3%%142 i e., near-threshold matter
removal is described as a nonequilibrium process driven by
large, localized, thermal fluctuations in a metastable liquid.
In Ref. 96, in particular, the relatively high flow velocities
characterizing the expanding material upon entrance into the
liquid-vapor regime have not been taken into account.

At fluences near the ablation threshold, we find that the
initial increase in translational energy of the expanding mol-
ten matter is followed by a rapid decrease of the flow veloc-
ity and the concomitant growth of a large cavity within the
diluting material; this suggests that the rapid expansion of
the liquid may play a role in the bubble nucleation process.

In the following discussion, we give strong evidence that
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the threshold behavior is, to a significant extent, mechanical
in nature; more specifically, it is shown that bubble nucle-
ation in the metastable liquid is initiated by the conversion of
translational energy into surface energy, not by highly local-
ized thermal fluctuations. Note that the analysis given below
applies only to covalent semiconductors under femtosecond
irradiation where near-threshold ablation is governed by ex-
plosive boiling; it does not describe the case of metallic
systems’*140 and organic solids’' where the threshold dy-
namics are likely to be determined, rather, by spallation.'*3

Figure 10 portrays the bubble nucleation process near, but
below, the threshold fluence for matter removal; the corre-
sponding thermodynamic trajectory is displayed in Fig. 11.
In addition, Fig. 12 provides information on the time depen-
dence of various quantities of interest in the initially expand-
ing and subsequently contracting molten layer: (i) The total
volume occupied by cavities V, and their total number in the
liquid (as obtained following the method presented in Sec.
II B 1) are first shown in Fig. 12(a). (ii) The molten layer is
divided into thin (=5 A) slices at various points in time. In
each slice containing N, atoms of equal mass m, we proceed
as follows: (a) The center-of-mass velocity v, (in the z di-
rection) is computed and the local franslational energy de-
fined as Namvzm/ 2. (b) The N, surface atoms in the vicinity
of internal voids, but not at the outer surface, and N, volume
atoms in the bulk material are identified as described in Sec.
II B 1; the local surface energy is then defined as N (E,
—E,), where E and E, are the average potential energies of
the surface and volume atoms, respectively. The liquid rotal
translational and surface energies in Fig. 12(b) are finally
obtained by summing over all slices. (We have verified that,
within a satisfactory range, the result does not depend on the
thickness of the slices.)

The evolution of the system under subthreshold femtosec-
ond irradiation can be divided into five successive stages:

(i) The laser energy is first converted into heat in about a
picosecond, which is too short for significant expansion to
occur; here, the resulting state corresponds to a subcritical
liquid at p=~2.33 gcm™, T=7200K, and P=~10 GPa
(marked A in Fig. 11).

(ii) The liquid-vapor regime is then approached upon
rapid, adiabatic cooling (A— B): the molten layer expands
and its translational energy increases until the metastable re-
gion is reached at =3 ps (B). The consequences of the sub-
sequent abrupt drop of the sound velocity are twofold: (a)
The flow velocity stops increasing [see Eq. (5)]; as a result,
the translational energy reaches its maximum value [Fig.
12(b)]. (b) The superheated material is thereafter character-
ized by a well-defined liquid-vacuum boundary; as can also
be appreciated from Fig. 10(a), the metastable liquid is still
rather homogeneous at this point.

(iii) In the following few picoseconds (3=<t=<5 ps), the
translational energy gained upon cooling is rapidly con-
verted into surface energy and expansion slows down. This
can be seen from the steep rise in the number of independent
cavities in Fig. 12(a); visual inspection of the system con-
firms that small, subnanometer-sized voids have been created
in the metastable liquid [Fig. 10(b)]. Note also that the total
decrease in translational energy agrees closely (in absolute
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FIG. 10. (Color online) Snapshots illustrating the growth and subsequent collapse of a cavity (green) below the surface (red) following
irradiation with a 500 fs pulse at a (subthreshold) fluence F =0.9F%=0.20 J cm™%; gas-phase atoms are not shown. The pulse begins at ¢

=0.

value) with the simultaneous total increase in surface energy
[Fig. 12(b)].

(iv) At later times (5=<r=<15 ps), during which the total
surface, but not the volume, is conserved, the further expan-
sion of the liquid is driven by the growth of a cavity below
the surface. This occurs in two distinct steps: (a) As can be
seen from the decrease in the number of cavities in Fig. 12(a)
and a comparison of Figs. 10(b) and 10(c), void coalescence
first takes place in the superheated liquid (5=<¢=<10 ps). (b)
The resulting large cavity later grows to reach a maximum
volume of =135 nm? at #~ 15 ps and expansion of the mol-
ten layer stops [Figs. 10(d), 10(e), and 12(a)]; this can also
be inferred from the split of the dense and macroscopic
branches in Fig. 11 (B— C). Note that the total surface en-
ergy remains constant during coalescence and growth [Fig.
12(b)]: it is easy to show that, for equal surfaces, the total
volume occupied by two (or more) voids is smaller than that
occupied by a single cavity; in other words, bubble nucle-
ation in the superheated melt can be seen as a rapid rear-
rangement of the total surface initially created by conversion
of translational energy into surface energy.

(v) As a result of insufficient translational energy to grow
a critically-sized nucleus of the stable vapor phase into the
metastable liquid phase, the cavity subsequently collapses
[Figs. 10(f) and 10(g)]; this is also apparent from the corre-
sponding decrease of V, [Fig. 12(a)]. The temperature in-
crease in Fig. 11 (C— D —E) and simultaneous decrease of
the total surface energy in Fig. 12(b) indicate that the latter is
dissipated into heat. The material is then cooled by thermal
conduction along the binodal and eventually solidifies (to a
glass in this case) on a 107! s time scale (E— F).

The following remarks are in order: (i) As mentioned ear-
lier, the threshold behavior governing the onset of explosive

boiling in covalent semiconductors is, to a significant extent,
mechanical in nature: here, the relatively high translational
energy gained upon cooling to the liquid-vapor regime—not
large, localized, thermal fluctuations—provides the energy
required to grow critically-sized nuclei of gas in the super-
heated liquid; the remaining translational energy is carried
away by the ejected liquid shell moving with constant veloc-
ity. (ii) As a result of the rather small lateral dimensions of
the system in the present study, the threshold behavior is

Temperature, T (103 K)

0 05 1 15 2
Density, p (g cm'3)

FIG. 11. (Color online) Typical thermodynamic trajectory for
the region where nucleation of the large cavity takes place in Figs.
10(a)-10(g). Inset: view of the trajectory in the p-P plane. Capital
letters refer to locations in the phase diagram (see text). See Fig. 5
for the definition of symbols and lines.
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FIG. 12. (Color online) Time dependence of various quantities
characterizing the molten layer produced upon irradiation with a
500 fs pulse at a (subthreshold) fluence F =O.9Ff;=0.20 Jem™: (a)
total number of cavities (green circles) and total volume occupied
by cavities V. (red squares) in the liquid; (b) total translational
(green circles) and surface (red squares) energies of the liquid.

determined, instead, by the minimum translational energy
needed to grow a nucleus that will percolate through the
slab; it is therefore likely that the “true” threshold fluence for
matter removal is somewhat underestimated. (iii) In Ref. 13,
the flow velocity at the liquid-vacuum boundary is approxi-
mated as u, = cq In(py/p,) [see Eq. (5)], where py and p,, are
the solid density and liquid density at the binodal (marked E
in Fig. 11), respectively; ¢, is the sound velocity of the un-
perturbed material. In view of the above discussion, how-
ever, it is clear that u, (=1000 m s! at the threshold fluence)
significantly overestimates the velocity of the layer ejected
upon near-threshold femtosecond irradiation [=250 m s~! in
Fig. 4(e)].

IV. THERMODYNAMICS UNDER
PICOSECOND LASER IRRADIATION

The thermodynamic pathways observed under femtosec-
ond laser irradiation have revealed phase-change phenomena
driven by metastable states of rapidly heated or promptly
cooled matter: upon thermal melting (see note concerning
possible nonthermal effects in Sec. Il A 1), on the one hand,
the transient, superheated solid presumably crosses the limit
of mechanical stability before disordering to a metallic melt;
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upon solidification, on the other hand, long-lived, super-
cooled liquid states are involved in a direct liquid-to-glass
transition.

In the vicinity of the threshold fluence for matter removal,
the phase-explosion-like transition from a homogeneous, ag-
gregated, and disordered state to a heterogeneous mixture of
liquid and gas is associated with short-lived, metastable
states of matter: the molten material is cooled to the two-
phase regime before liquid-vapor equilibrium is achieved
and, consequently, becomes superheated. At higher fluences,
however, ablation does not result from a phase transition and
high strain rates, not highly superheated states, are respon-
sible for the nonequilibrium fragmentation process.

In all phase transitions observed under femtosecond irra-
diation, equilibrium is locally achieved between electrons
and ions, but not among the different—solid, liquid, and
vapor—states of aggregation on larger—mesoscopic—length
scales. Hence, phase change can be regarded as a nonequi-
librium thermal process involving transient, superheated or
supercooled, thermodynamic states.

As noted in Sec. III, the material ejected under picosec-
ond pulses exhibits a diffuse, clusterlike structure very dif-
ferent from that observed under near-threshold femtosecond
irradiation but, however, remarkably similar to that obtained
following (nonequilibrium) fragmentation of an expanding
fluid with ultrashort pulses at higher fluences [see Figs. 4(d),
4(g), and 4(h)]. We show below that matter removal under
picosecond irradiation can also be described by a fragmenta-
tion process; in particular, significantly slower expansion al-
lows liquid-vapor equilibrium to take place, and explosive
boiling to be suppressed, on a ~107''=1071" s time scale.

A. Dynamics under subcritical expansion

Figure 13 displays the various morphological changes
taking place during and after irradiation with a 100 ps pulse
slightly above the threshold fluence for matter removal F§
=0.40 Jcm™; the average irradiance is equal to 5
X 10° W cm™2. The corresponding thermodynamic trajecto-
ries are depicted in Fig. 14.

A typical pathway under subcritical expansion is shown
in Fig. 14(a); the associated initial depth corresponds to a
section of the nonablated matter slightly below the boundary
separating the ablating, volatile plume from the subthreshold
material. The laser pulse originally gives rise to interband
transitions in the initially unexcited solid at p=2.33 g cm™
and T=300 K (marked A). Upon absorption of additional
photons in the crystal, more electron-hole pairs are created
and the carrier density increases to reach a maximum value
of =3 X 10?! cm™ after a few tens of picoseconds.!** In the
present case, intraband absorption is negligible in the under-
critical electron gas (N <N,,); however, carrier diffusion, im-
pact ionization, and Auger recombination are all significant
ona 107"'-1071% s time scale.

The deposited energy is simultaneously transferred to the
ions through scattering of the carriers with phonons. The
solid is rapidly heated (~10"3 K s™!) and a maximum super-
heating 6= 1.45 (T=2450 K) is achieved in the perfectly
ordered, metastable crystal (B). This corresponds to a tem-
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FIG. 13. (Color online) Snapshots revealing the structural changes induced in a Si(100) substrate by a 266 nm, 100 ps pulse at a fluence
F=1.1F}}=0457 cm™2: (a)—(d) and (f)—(h) green: (semiconducting) crystalline silicon; red: (metallic) liquid silicon; (e) view of the voids in

the expanding molten layer. The pulse begins at =0.

perature =750 K above T,, but, nevertheless, below the limit
of mechanical stability at =2600 K (see Sec. IIT A 1); re-
ports of semiconducting materials superheated by several
hundred degrees above their equilibrium melting temperature
under picosecond pulses can be found in, e.g., Refs. 11, 29,
and 30.

The metastable crystalline state is only short-lived and
homogeneous nucleation of liquid nuclei in the strongly
heated solid takes place in a time of ~107'2-10"'! s [Fig.
13(a)]: these grow ahead of the apparent “melt front” char-
acterized by a maximum velocity of ~10° ms™'; at later
times—upon slower heating and reduced superheating—the
solid-liquid interface propagates heterogeneously into the
bulk crystal with a velocity of ~10>ms™' [Figs.

13(b)-13(d)].'* Note that competing heterogeneous and ho-
mogeneous melting mechanisms have also been reported in a
recent MD study of short-pulse laser irradiation of metallic
films 3¢

The irradiated solid cools (due to the consumption of la-
tent heat) and densifies to a sixfold-coordinated structure
upon disordering to a liquid (B— C); the resulting molten
material is momentarily at a lower temperature than the su-
perheated bulk crystal, and the corresponding negative'*®
(dT/9z<0) temperature gradient gives rise to a temp-
orary reversal of the direction of heat flow at the surface [see
inset in Fig. 14(a)].'#’ The liquid subsequently couples with
the incoming photons through inverse bremsstrahlung and
heating of the metallic melt takes place (C— D). The system
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FIG. 14. (Color online) Time evolution of the system in the
p-T plane for a 266 nm, 100 ps pulse at a fluence F=1.1Ff}
=0.45 J cm™ and various depths z;, below the original surface (as
indicated). Inset: coordination (green circles) and tempera-
ture T (red squares) as a function of distance from the surface
z shortly after the onset of melting; the solid-liquid interface is at
z~-—12 nm; the equilibrium melting temperature 7, is marked by
the horizontal line. Capital letters refer to locations in the phase
diagram (see text). See Fig. 5 for the definition of symbols and
lines.

(locally) is eventually left (at the end of the pulse) in a sub-
critical state at near-critical temperature 7=0.95T,
(=7500 K) and pressure P=1.35P, (=250 MPa), and with

nearly zero flow velocity (D).
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Two differences readily emerge from a comparison with
near-threshold femtosecond irradiation [Figs. 4(a)-4(f) and
5]: (i) In light of the much longer pulse duration, significant
expansion and surface evaporation occur during the slower
heating of the melt [Figs. 13(a)-13(d) and 14(a)]; in the
present case, about 3% of the incident laser radiation is
screened by the plume (see Sec. Il A 1). (ii) More impor-
tantly, the subsequently cooling liquid, at a relatively low
pressure, expands very slowly. This has the following two
consequences: (a) The penetration into the liquid-vapor re-
gime, if any, is small and the corresponding size of the criti-
cal nucleus of gas therefore large; consequently, too little
translational energy is available to initiate bubble nucleation
in the metastable region (see Sec. III C). (b) In this context,
explosive boiling is expected to follow from highly localized
thermal fluctuations in the superheated melt. Here, however,
thermal conduction takes place on a shorter time scale and
the system (locally) is, rather, efficiently cooled along the
binodal: i.e., phase explosion does not take place. This
strongly suggests equilibration of metallic liquids with their
vapor in a time of ~107''-107'% s, with equally important
consequences for the mechanisms of matter removal under
nanosecond irradiation (see Sec. IV C).

Solidification of the nonablated molten material to a glass
is eventually observed near the surface on a 107 s time
scale (D—E); closer to the solid-liquid interface [Fig.
14(b)], the metallic melt heterogeneously solidifies, instead,
to a crystal (F) with a corresponding maximum regrowth
velocity of =15 ms™! (see Sec. IIT A 3).

B. Dynamics under supercritical expansion

As shown in Fig. 14(c), only those regions of the target
expanding above the critical point contribute to the ablated
mass. This is indicated by the split of the dense and macro-
scopic branches in the single-phase, supercritical region of
the phase diagram (G); evaporation from the surface of the
clusters produced in the dissociation process is responsible
for the concomitant appearance of a gas branch. The further
separation of the dense and macroscopic branches (G — H),
on the one hand, and the cooling of the condensed (G —1)
and gaseous (J) phases toward the binodal, on the other
hand, are associated at later times with expansion and liquid-
vapor equilibration within the plume, respectively.

In the present case, material removal does not result from
the nucleation of a large, localized cavity in a subcritical,
superheated liquid. Instead, ablation follows from the
breakup of supercritical matter whereby voids initially de-
velop homogeneously across the expanding material [Fig.
13(e)]; consequently, the ablating fluid does not exhibit a
bubblelike character but, rather, a clusterlike, diffuse struc-
ture [Figs. 4(h) and 13(f)] very similar to that observed under
far-from-threshold femtosecond irradiation [Fig. 4(g)].

Unquestionably, matter removal, which takes place out-
side of any phase coexistence region, cannot be ascribed to a
phase transition such as, e.g., phase explosion or spinodal
decomposition; “nontrivial” fragmentation of the irradiated
material is also excluded in view of the relatively low expan-
sion rate involved in the ejection process. However, it is well
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established that a supercritical fluid at equilibrium and mod-
erately low densities is not homogeneous.”* In this regard,
ablation under long, picosecond pulses can be described by a
“trivial” fragmentation process:”>’’ the system—Ilocally
near thermodynamic equilibrium—undergoing slow expan-
sion in vacuum reaches a region of the phase diagram
[marked G in Fig. 14(c)] where the corresponding (equilib-
rium) structure is not that of a homogeneous fluid but, in-
stead, corresponds to a collection of disconnected liquid
droplets.

The nonablated molten matter solidifies at later times and
the final structure is characterized by a ten-nanometer-thick
layer of “frozen” liquid (glass) on top of a crystalline bulk
material [Figs. 13(g) and 13(h)].

Note finally that: (i) The above behavior under picosec-
ond irradiation has been observed at all fluences and for each
of the pulse durations (ranging from 25 to 100 ps) investi-
gated in this work;’®7714® similar conclusions have also been
reported in metallic systems.”> This suggests common path-
ways to matter removal in absorbing solids extending to pi-
cosecond and, possibly, nanosecond pulses. (ii) As men-
tioned earlier, the liquid-vapor region is not accessed in the
picosecond regime; this implies a pulse duration upper limit
for phase explosion of ~107''-1071"s. (iii) In view of the
above discussion, the threshold for matter removal under pi-
cosecond pulses is determined by the minimum fluence at
which supercritical expansion takes place. (iv) The ablation
threshold irradiance for a 100 ps pulse is about 100 times
lower than that observed for a 500 fs pulse; this can be ex-
plained by a significantly larger proportion of the laser en-
ergy which is absorbed via inverse bremsstrahlung (whereby
the photon energy is entirely converted into kinetic energy of
the carriers) in the metallic melt under picosecond irradia-
tion.

C. Summary of thermodynamics under
pulsed laser irradiation

In a paper published some thirty years ago,%° Martynyuk
pointed out that the total ablated mass and the liquid (not
gaseous) character of the ejected material under relatively
long (~1077-107s) laser pulses cannot be explained
by a simple evaporation model; prompted by this question,
Martynyuk proposed a picture whereby the metallic liquid
at undersaturated pressure undergoes a phase-explosion
process as it is rapidly heated into the liquid-vapor
regime.?®3>86 The model, reintroduced a decade ago by
Miotello and Kelly”® for nanosecond pulses (and discussed
at length in Sec. I), has since been put forward by numer-
ous other authors for femtosecond to nanosecond
pulses.61:62.64-66.71.72.87.88

However, the above (hypothetical) scenario is not sup-
ported by the thermodynamic pathways presented in Secs. III
and IV. In this respect, Fig. 15 summarizes the thermody-
namic routes observed in silicon under femtosecond and pi-
cosecond laser irradiation and illustrates the expected trajec-
tory under longer, nanosecond pulses:

(1) Under femtosecond irradiation above the threshold flu-
ence for ablation [Fig. 15(a)], the material is initially pulled
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FIG. 15. (Color online) Schematic illustration of the thermody-
namic pathways in silicon under femtosecond (blue dotted line),
picosecond (red dashed line), and nanosecond (thick green solid
line) irradiation: (a) p-T plane; (b) T-P plane. Capital letters refer to
locations in the phase diagram (see text).

away from the liquid-vapor regime to a near-critical (marked
A— B) or supercritical (A — C) state following mechanical
instability in the strongly superheated solid and subsequent
isochoric heating of the liquid: (a) In the former case, rapid
adiabatic cooling of the system into the metastable region
gives rise to a phase explosion of the subcritical, superheated
liquid at a temperature significantly below 0.97, and in a
time myyc~10712-10""' s (B—Y —E—F). (b) In the latter
case, the higher pressure gradient at the surface results in a
faster, supercritical expansion of the initially homogeneous
material which undergoes a nonequilibrium transition to a
heterogeneous, clustered fluid through a “nontrivial” frag-
mentation process (C— D).

(ii) Under picosecond irradiation, homogeneous and, at
later times, heterogeneous melting of the superheated crystal
(A— G—1) is followed by nonisochoric heating of the me-
tallic melt. Here, the subcritical liquid material is eventually
cooled along the binodal by heat conduction on a
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107"'-107'% s time scale and phase explosion does not take
place (I—J—Y); as a result, matter removal is associated
with the near-equilibrium expansion and dissociation into
liquid droplets of supercritical matter undergoing a “trivial”
fragmentation process (I— K).

(iii) As the pulse duration 7; is further increased, the
solid-to-liquid transition is eventually expected to occur
at the equilibrium melting temperature (A —H —1).2%30 If
T; < Ty, Where it is usually assumed that the liquid-vapor
equilibration time 7y~ 107°—107% 5,%* the resulting heated
liquid metal at undersaturated pressure will enter the meta-
stable region [trajectory indicated by the dashed-dotted line
in Fig. 15(b)] where explosive boiling may subsequently oc-
cur near the spinodal. However, the absence of superheated
liquid states observed under picosecond irradiation suggests,
rather, that 7;,~107''=1071"s. Consequently, it is more
likely that heating takes place along the binodal under nano-
second pulses (I—Y) [see also Fig. 15(b)].

In this case, the presence of large, micron-sized liquid
droplets® in the plume could be explained by a second-order
phase transition at the critical point near which the metallic
melt is expected to transform into a dielectric;!” hydrody-
namic mechanisms could also account for the massive matter
removal observed in the nanosecond regime.'*’

V. CONCLUSIONS AND FUTURE PERSPECTIVES

In conclusion, we have explored the thermodynamics in-
volved in laser irradiation of silicon by 500 fs to 100 ps laser
pulses. Our combined Monte Carlo and molecular-dynamics
simulations reveal thermal transitions taking place between
order and disorder and among different states of aggregation
on mesoscopic-length and picosecond-to-nanosecond-time
scales.

Upon femtosecond irradiation relatively far from the
melting threshold, we observe the thermal disordering of a
mechanically unstable solid in a time of ~107'2's. Under
lower superheating with picosecond pulses, rapid homoge-
neous nucleation of liquid in the metastable solid is followed
by slower, heterogeneous melting of the crystal. In contrast,
solidification of the nonablated, supercooled melt to a crystal
or a glass is a relatively slow process occurring on a
~107"1-107% s time scale, independent of the pulse duration.

At fluences above a well-defined threshold, hot, liquid
material is ejected from the surface with a velocity of
~10%-10° m s7!. Under near-threshold irradiation with fem-
tosecond pulses, the subcritical material undergoes rapid
adiabatic cooling to the liquid-gas regime where a phase-
explosion-like process takes place on a 1072—107'! s time
scale: here, the onset of ablation, determined by the growth
of critical nuclei of the stable vapor phase in the metastable
liquid phase, is not initiated by large, localized, thermal fluc-
tuations but, rather, by a direct conversion of translational,
mechanical energy into surface energy. At higher fluences,
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however, a nonequilibrium transition from a homogeneous
supercritical fluid to a heterogeneous, clustered phase upon
rapid expansion in vacuum, i.e., “nontrivial” fragmentation,
determines the early stages of matter removal; recent experi-
mental investigation of silicon nanoparticle generation via
femtosecond laser ablation in vacuum supports this
scenario.”

Under slower expansion with picosecond pulses, liquid-
vapor equilibrium is achieved through efficient, nonadiabatic
cooling of the subcritical liquid material onto the binodal: in
this case, the system does not access the region of metastable
states and phase explosion does not occur; as a result, abla-
tion is associated with a “trivial” fragmentation process, i.e.,
a near-equilibrium transition from a homogeneous super-
critical state to a heterogeneous, fragmented fluid upon rela-
tively slow dilution in vacuum. This implies the equilibration
of the metallic liquid with its vapor on a ~107'1-10710 g
time scale, thereby indicating a heating process along the
binodal under nanosecond irradiation.

In view of similar conclusions for metallic systems,
this suggests universal routes to matter removal extending to
pulse durations far beyond the femtosecond regime in ab-
sorbing solids;'>“® in particular, the irrelevance of explosive
boiling to picosecond and nanosecond laser irradiation
should manifest itself by the absence of interference fringes
(Newton rings) in ultrafast time-resolved optical-microscopy
experiments.3

As a final note, the recent emergence of attosecond pulses
is likely to push laser material processing toward new fron-
tiers and horizons in the years to come:'’%132 in the same
way that femtosecond lasers have revealed the existence of
ultrafast, nonthermal phenomena following their advent in
the early 1980s, the availability of attosecond pulses may
unveil unexplored pathways where nonthermal effects are
expected to play a greater role. In this regard, ultrashort elec-
tron and free-electron-laser x-ray pulses appear as promising
candidates to probe new, extreme states of matter.'>3
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