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ABSTRACT Microscopic mechanisms of photomechanical spal-
lation are investigated in a series of large-scale molecular dy-
namics simulations performed for molecular and metal targets.
A mesoscopic breathing sphere model is used in simulations of
laser interaction with molecular targets. A coupled atomistic-
continuum model that combines a molecular dynamics method
with a continuum description of the laser excitation and sub-
sequent relaxation of the conduction band electrons is used for
metal targets. Similar mechanisms of the laser-induced pho-
tomechanical spallation are observed for molecular and metal
targets. For both target materials, the relaxation of compres-
sive stresses generated under conditions of stress confinement
is found to be the main driving force for the nucleation, growth
and coalescence of voids in a subsurface region of an irradiated
target at laser fluences close to the threshold for fragmentation.
The mechanical stability of the region subjected to the void nu-
cleation is strongly affected by the laser heating and the depth
of the spallation region in bulk targets is much closer to the sur-
face as compared with the depth where the maximum tensile
stresses are generated. Two stages can be identified in the evo-
lution of voids in laser spallation, the initial void nucleation and
growth, with the number of voids of all sizes increasing, fol-
lowed by void coarsening and coalescence, when the number
of large voids increases at the expense of the quickly decreas-
ing population of small voids. The void volume distributions
are found to be relatively well described by the power law
N(V) ~ V~T, with exponent gradually increasing with time.
Comparison of the simulation results obtained for Ni films of
two different thicknesses and bulk Ni targets suggests that the
size/shape of the target plays an important role in laser spalla-
tion. The reflection of the laser-induced pressure wave from the
back surface of a film results in higher maximum tensile stresses
and lower threshold fluence for spallation. As the size of the
film increases, the locations of the spallation region and the re-
gion of the maximum tensile stresses are splitting apart and the
threshold fluence for spallation increases.

PACS 79.20.Ds; 61.80.Az; 02.70.Ns; 83.60.Uv

1 Introduction

The role of the laser-induced stresses and asso-
ciated photomechanical effects in laser ablation has been
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a subject of active investigations and discussions [1]. In par-
ticular, it has been demonstrated that the relaxation of the
laser-induced stresses can lead to cavitation and disruption
of a liquid surface region or mechanical fracture/spallation
of a solid target at energy densities significantly below the
ones needed to induce the explosive or even normal boiling
of the material [2—6]. The ejection of large droplets or frac-
tured solid fragments, observed both experimentally [2, 7, 8]
and in simulations [9-12], as well as surface microcrack-
ing and defect accumulation [13] is often attributed to the
photomechanical effects. The energetically efficient “cold ab-
lation” driven by the relaxation of the laser-induced stresses
has also been discussed as an attractive way to limit the extent
of collateral thermal damage in medical applications of laser
ablation [5, 14, 15].

The magnitude of the laser-induced stresses and the role
of the associated photomechanical effects in material ejection
depend on the relation between the laser pulse duration, t,,
and the characteristic time of mechanical equilibration of the
absorbing volume, 7;. When the laser pulse duration is shorter
or comparable with the time that is needed to initiate a collec-
tive motion of atoms or molecules within the absorbing vol-
ume, the laser heating and melting of a crystalline target takes
place at nearly constant volume condition, causing a buildup
of high compressive stresses. This condition, usually referred
as inertial or stress confinement [1-3, 5,9-12, 14], can be ex-
pressed as 7, < 7, ~ L,/C;, where C; is the speed of sound
in the irradiated material and L, is the laser penetration depth
or the size of the absorbing volume. The interaction of the
laser-induced compressive stresses with the free surface of the
irradiated sample can result in generation of tensile stresses
sufficiently high to cause mechanical fracture of a brittle ma-
terial or promote cavitation and fragmentation in a metastable
liquid.

By analogy with the term “spallation,” commonly used
to describe the dynamic fracture that results from the reflec-
tion of a shock wave from a back surface of a sample [16,
17], the material ejection due to the laser-induced stresses
is sometimes called front-surface laser spallation. While the
processes of back-surface shock spallation and front-surface
laser spallation are similar in their nature and can be both at-
tributed to the interaction of an incoming compressive wave
with a free surface [1], there are important distinctions in
the mechanisms of material fragmentation and ejection. The
mechanical stability of the front-surface region is strongly af-



1644

Applied Physics A — Materials Science & Processing

fected by the laser heating and the mechanisms of the dynamic
fracture may be rather different as compared with the back-
surface spallation of a cold material. In particular, the depth
of the laser-induced void nucleation and spallation observed
in recent molecular dynamics (MD) simulations is found to
be defined by the balance between the tensile stresses that are
increasing with depth and the decreasing thermal softening
of the material due to the laser heating [10, 12]. As a result,
the spallation takes place significantly closer to the surface
than the depth at which the maximum tensile stresses are
reached. Moreover, in the case of crystalline targets, the re-
laxation of the laser-induced pressure proceeds on the same
time scale as the laser melting [18, 19] and the interaction of
the pressure wave with the melting front should be taken into
account. These observations indicate that the discussion of
the microscopic mechanisms and parameters of laser front-
surface spallation cannot be based on a direct application
of the solutions of the thermoelastic wave equation [1,3-5]
or conclusions derived from back-surface spallation experi-
ments [16, 17]. An analysis of photomechanical damage and
spallation should involve an adequate description of the in-
terplay of the relaxation of the thermoelastic stresses, melting
front propagation and homogeneous nucleation of liquid re-
gions as well as void nucleation, growth and coalescence at
elevated temperatures.

The relative contribution of photomechanical effects to the
onset of material ejection can also be strongly affected by
the thermodynamic and mechanical properties of the target
material. While there is solid evidence of a photomechan-
ical character of cavitation and energetically efficient abla-
tion in simple molecular systems and aqueous solutions [2—
4,6,9,10,12], the evidence for other materials is less con-
clusive. In many cases, the contribution of photomechanical
stresses may be intertwined with other processes, such as ex-
plosive boiling, photochemical reactions in organic systems
or optical breakdown plasma generation in dielectrics. Both
the fast nucleation and growth of vapor bubbles in explosive
boiling [20] and the release of products of photochemical re-
actions [21] can create a significant pressure in the surface
region of the target and lead to the material ejection. These
processes can proceed with or without the assistance of ther-
moelastic stresses, which contribute to the material ejection
under conditions of stress confinement. In particular, it has
been observed in MD simulations of molecular systems that
larger and more numerous clusters with higher ejection vel-
ocities are produced by the explosive phase decomposition in
the regime of stress confinement as compared with a simu-
lation performed at the same laser fluence in the regime of
thermal confinement [9, 12]. Moreover, the tensile stresses
generated in the regime of stress confinement can bring the
system deeper into the metastable region and induce the nu-
cleation and growth of vapor bubbles at fluences at which no
homogeneous boiling takes place without the assistance of
thermoelastic stresses [4, 15].

While the terminology in the field of laser ablation is still
being established and different terms are often used inter-
changeably, we will follow the discussion given in a recent
review by Paltauf and Dyer [1] and use terms “photomechani-
cal ablation” or “laser front-surface spallation” to describe the
ablation mode in which the transient thermoelastic stresses

play the dominant part, with negligible contribution of the va-
por phase. Photomechanically assisted explosive boiling de-
scribed above, when the release of the vapor phase is the main
driving force responsible for the material ejection, does not
fall into the category of spallation even though the conditions
for the stress confinement are satisfied and the initial thermoe-
lastic stresses contribute to the material ejection and affect the
parameters of the ejected plume. Similarly, we will use terms
“cavitation” or “void formation” to describe photomechanical
ablation/spallation, in contrast with the “bubble formation”
in the explosive or normal boiling. Note that, in the case of
crystalline targets, an ultrafast melting or other phase trans-
formations occurring under conditions of stress confinement
can make, in addition to the thermoelastic stresses, a signifi-
cant contribution to the buildup of the initial stresses in the
target.

In this paper, we present the results of a computational an-
alysis of the role of the photomechanical effects in the onset of
laser ablation in two drastically different types of material, an
amorphous molecular solid and a crystalline metal target. The
differences in the structure and thermodynamic parameters
of the two target materials allow us to elucidate the general
and material-specific characteristics of the photomechanical
effects. The reported results are also relevant to a more gen-
eral question on the microscopic mechanisms of the dynamic
ductile fracture under conditions of ultrahigh strain rate and
elevated temperature. The paper is organised as follows. Com-
putational models used in simulations of laser interaction with
molecular and metal targets are described in Sect. 2. The re-
sults of the simulations are presented and discussed in Sects. 3
and 4 for molecular and metal targets, respectively. An overall
picture of laser-induced photomechanical effects and front-
surface spallation, emerging from the simulations, is reviewed
in Sect. 5.

2 Computational models for laser interaction with
molecular systems and metals

2.1 Mesoscopic model for molecular systems

The simulations of laser ablation of an organic tar-
get are performed using the breathing sphere model that is
described in detail elsewhere [22]. Briefly, the model adapts
a coarse-grained representation of molecules by particles with
real translational degrees of freedom, but an approximate rep-
resentation of the internal degrees of freedom. The parame-
ters of interparticle interaction are chosen to reproduce the
van-der-Waals interaction in a molecular solid with cohesive
energy of 0.6 eV, elastic bulk modulus of ~ 5 GPa and dens-
ity of 1.2 g/cm?. A mass of 100 Daltons is attributed to each
molecule. The model provides an adequate description of mo-
lecular excitation by laser irradiation, intermolecular energy
transfer, as well as the collective molecular dynamics induced
by laser irradiation, e.g. [9-12].

In the present study, we use the breathing sphere model to
perform a detailed analysis of the evolution of photomechan-
ical damage and spallation in a molecular target. Although
the ejection of a layer of relatively intact material has been
reported and attributed to photomechanical effects [9, 10],
a detailed analysis of the microscopic mechanisms of laser
spallation has not been performed so far. A relatively small
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lateral size of computational cells used in earlier simulations
precluded a reliable analysis of the evolution of the voids
in the spallation region. In the present work, a significantly
larger computational cell with dimensions of 40 x 40 x 90 nm
(1015072 molecules) is used. The size of the computational
cell remains significantly larger as compared with the largest
void in the system up to the final stage of the spallation in-
volving void coalescence and separation/ejection of a layer
of material. This makes us confident that the periodic bound-
ary conditions imposed in the directions parallel to the surface
do not have a significant effect on the early evolution of the
photomechanical damage.

The laser irradiation is simulated by vibrational excita-
tion of molecules that are randomly chosen during the laser
pulse duration. The probability of a molecule being excited
is modulated by Lambert-Beer’s law to reproduce the ex-
ponential attenuation of the laser light with depth, with an
absorption depth of 50 nm. The vibrational excitation is mod-
eled by depositing a quantum of energy equal to the photon
energy into the kinetic energy of internal motion of a given
molecule. Irradiation at a wavelength of 337 nm (3.68 V) is
simulated in this study. The total number of photons entering
the model during the laser pulse is determined by the laser
fluence. The value of the laser pulse duration, 15 ps, is cho-
sen in order to make sure that the simulations are performed
in the regime of stress confinement for which spallation and
ejection of a layer of material can be expected. At the bottom
of the MD computational cell we apply the dynamic bound-
ary condition developed to avoid artifacts due to reflection
of the laser-induced pressure wave from the boundary of the
computational cell. The boundary condition accounts for the
laser-induced pressure wave propagation as well as the direct
laser energy deposition in the boundary region [12, 23].

2.2 Combined continuum-atomistic model for laser

interaction with metal targets

The simulations of laser interaction with metal tar-
gets are performed with a hybrid computational model that
combines the classical MD method for simulation of nonequi-
librium processes of laser melting, damage and ablation with
a continuum description of the laser excitation and subsequent
relaxation of the conduction band electrons [18]. The model
is based on the so-called two-temperature model (TTM) [24],
which describes the time evolution of the lattice and electron
temperatures, 77 and T, respectively, by two coupled nonlin-
ear differential equations. In the combined TTM-MD method,
MD substitutes the TTM equation for the lattice tempera-
ture. The diffusion equation for the electron temperature, T,
is solved by a finite difference method simultaneously with
MD integration of the equations of motion of atoms, Fig. 1.
The electron temperature enters a coupling term that is added
to the MD equations of motion to account for the energy ex-
change between the electrons and the lattice. The cells in the
finite difference discretization are related to the corresponding
volumes of the MD system and the local lattice temperature is
defined for each cell from the average kinetic energy of ther-
mal motion of atoms. The expansion, density variations, and,
at higher fluences, disintegration of the irradiated target pre-
dicted in the MD part of the model are accounted for in the
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FIGURE 1 Schematic representation of the combined continuum-atomistic

model for simulation of laser interaction with a metal target. The evolu-
tion of electron temperature is described by a nonlinear differential equation,
whereas the atomic motions are described by the MD method with addi-
tional forces that account for the energy exchange due to the electron—phonon
coupling. Spatial discretization in the continuum model (typically ~ 1 nm)
and size of the atomistic region are not drawn to scale. The cells in the fi-
nite difference discretization are related to the corresponding volumes of the
MD system and the local lattice temperature is defined for each cell from
the average kinetic energy of thermal motion of atoms. The thermal velocity
is defined as v = v; — v°, where v; is the actual velocity of an atom i and

1€ is the veloclity of the center of mass of a cell to which atom i belongs.
A Gaussian temporal profile, S(z, #), is used to describe the laser excitation
of the conduction band electrons. A complete description of the combined
TTM-MD model and the nonreflecting boundary condition is given in [18]
and [23], respectively

continuum part of the model. A complete description of the
combined TTM-MD model is given elsewhere [18].

Nickel, a transition metal with strong electron—phonon
coupling and a relatively small thermal diffusivity (as com-
pared with other metals) is used in the simulations. The strong
electron—phonon coupling in Ni leads to a rapid transfer of the
absorbed energy to the lattice and confines the initial laser en-
ergy deposition in a shallow surface region of the target. The
energy confinement allows for a realistic simulation of laser
interaction with a bulk target with a MD computational cell of
only 100 nm in depth, as demonstrated in Sect. 4.

All the thermal and elastic properties of the lattice, such
as the lattice heat capacity, elastic moduli, the coefficient of
thermal expansion, melting temperature, volume and entropy
of melting and vaporization, as well as the dependence of
these characteristics on temperature and pressure are defined
by the interatomic interaction, described in this work by the
embedded-atom method (EAM) in the form suggested in [25].
The pressure dependence of the equilibrium melting tempera-
ture, determined from liquid-crystal coexistence simulations,
as well as the equation of state of the EAM Ni material, de-
termined in a series of constant pressure—constant tempera-
ture simulations are reported in Reference [18]. The parame-
ters used in the continuum part of the model (TTM equation
for the electron temperature) are as follows [26]. The elec-
tronic heat capacity is C, = AT, with A = 1065Jm—> K2,
the thermal conductivity of the electrons is K. = KoT./T}
with Ko =91 Wm~!' K~!, the electron—phonon coupling con-
stantis G = 3.6 x 107 Wm~3 K~! and the optical absorption
depthis L, = 13.5nm.

In order to investigate the dependence of the photome-
chanical effects from target geometry/dimensions, simula-
tions are performed for three different systems, 50 nm and
100 nm free-standing films and a bulk Ni target. The ini-
tial MD system used in the simulations of laser irradiation
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of 50nm Ni films is an FCC crystal composed of 56 800
atoms with lateral dimensions of 3.53 x 3.53 nm and peri-
odic boundary conditions imposed in the directions parallel to
two (100) free surfaces. A similar computational cell is used
for 100 nm films, with 113 600 atoms and lateral dimensions
of 3.53 x 3.53 nm. Simulations of laser interaction with bulk
targets were performed for two sizes of the MD part of the
combined TTM-MD model, 1.77 x 1.77 x 99.94 nm (28 300
atoms) and 7.06 x 3.53 x 99.94 nm (226 400 atoms). The con-
tinuum part of the combined TTM-MD model extends by
500 nm beyond the back end of the MD computational cell,
Fig. 1, providing an adequate representation of the electronic
heat conduction into the bulk of the target. Before applying
laser irradiation, all systems are equilibrated at 300 K.

By comparing the results of the simulations obtained for
systems with different sizes in the lateral (parallel to the
surface) directions, we find that, while the general mechan-
isms of film damage and disintegration are not affected by
the lateral sizes of the MD cell, the threshold fluences for
disintegration/spallation are slightly lower for smaller com-
putational cells due to the effect of the periodic boundary
conditions. Moreover, a reliable quantitative analysis of the
microscopic mechanisms of the photomechanical damage and
spallation (e.g. evolution of the void size distribution) can
be only performed for sufficiently large systems, where the
largest void is still significantly smaller than the size of the
computational cell.

3 Photomechanical spallation of a molecular target

The conditions leading to photomechanical dam-
age and spallation, as well as the spatial and time evolution of
the void distributions, are investigated in this section for two
large-scale MD simulations. The first simulation is performed
at a laser fluence of 31J /m2, just above the threshold for
laser spallation; the second simulation is performed at a laser
fluence of 257] /m2, below the threshold for laser spallation.
With the laser pulse duration of 15 ps and the laser penetration
depth of 50 nm, the condition for stress confinement is satis-
fied in both simulations. We start from a detailed analysis of
the simulation performed at 31 J/m?, in which spallation does
occur.

The temporal and spatial evolution of the lattice tempera-
ture, pressure and density in the surface region of the irradi-
ated bulk molecular target is shown in the form of contour
plots in Fig. 2. The initial temperature increase during and
immediately after the 15 ps laser pulse is related to the rapid
energy transfer from the internal energy of excited molecules
to the thermal energy of the translational motion of molecules.
The probability of molecular excitation follows the Lambert—
Beer’s law and leads to the exponential decrease of the de-
posited energy density with depth. As a result, a strong tem-
perature gradient is established during the first ~ 20 ps in
the surface region of the molecular target, Fig. 2a. The fol-
lowing temperature evolution is mainly defined by the dy-
namics of the pressure relaxation and evolution of the pho-
tomechanical damage (void nucleation and growth). Thermal
conduction to the bulk of the molecular target is slow and
has only a minor effect on the temperature evolution on the
timescale of 130 ps shown in Fig. 2. The two main factors
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FIGURE 2 Contour plots of temperature (a), pressure (b) and density (c)
for MD simulation of laser spallation of a molecular target. The laser pulse
duration is 15 ps, optical penetration depth is 50 nm and fluence is 31 J/m?.
Density scale is normalised to the initial density before the irradiation, oq.
Snapshots from this simulation are shown in Fig. 3. Laser pulse is directed
along the Y axes, from the top of the contour plots

that are responsible for the temperature changes are discussed
below.

First, the relaxation of the laser-induced pressure has a sig-
nificant effect on the temperature evolution. The time of the



LEVEUGLE et al. Photomechanical spallation of molecular and metal targets: molecular dynamics study

1647

temperature increase in the surface region of the irradiated
target is shorter than the time needed for the expansion of
the absorbing region and the laser heating takes place under
the condition of inertial stress confinement [9, 10]. The heat-
ing under the condition of the stress confinement results in
the build up of high, up to 530 MPa, compressive pressure,
Fig. 2b. The initial pressure relaxes by driving a strong com-
pression wave into the bulk of the target, followed by a ten-
sile component of the wave that results from the interac-
tion of the compressive stresses with the free surface of the
target. The amplitude of the tensile component of the pres-
sure wave is increasing with depth and reaches a maximum
value of —250 MPa at approximately one laser absorption
depth (50 nm) beneath the surface. The maximum tensile
stresses are limited by the dynamic tensile strength of the
material and are lower as compared with what one would ex-
pect for a thermoelastic material response. Comparison of the
temperature and pressure contour plots, Fig. 2a and b, sug-
gests that there is a direct correlation between the pressure
and temperature variations. Propagation of the tensile wave
leads to a pronounced transient cooling of the material. Simi-
lar temperature—pressure correlations have been recently ob-
served and discussed for simulations of laser interaction with
metal films [18, 19]. Considering a fast adiabatic/isentropic
compression or expansion of a material, the temperature vari-

ation with pressure can be estimated from classical thermody-
namics, (d7/0P)s = VIw/Cp > 0, where the heat capacity Cp,
volume V and the volume coefficient of thermal expansion o
are all positive for the model molecular material.

The second factor responsible for the fast temperature
decrease in the surface region of the target is the onset of
photomechanical damage, when the kinetic energy of ther-
mal motion of molecules is transferred into the potential en-
ergy associated with generation of voids and eventual dis-
integration of the material. The first notion of the onset of
photomechanical damage can be obtained from the density
plot shown in Fig. 2c. Two layers of reduced density can be
readily identified in the contour plot. The appearance of the
first layer at ~ 55 ps at a depth of ~ 10 nm is followed by
the appearance of the second layer at ~ 70 ps at a depth of
~ 27 nm. The appearance and growth of the two low-density
layers can be qualitatively related to the analytical predic-
tion on the formation of multiple spall planes in laser spal-
lation [27]. Quantitative parameters of the photomechanical
damage, such as the location of the spall layers and the dis-
tribution of voids in the surface region, however, cannot be
correctly predicted by the simple spallation model. MD sim-
ulations provide a unique opportunity to perform a detailed
microscopic analysis of the appearance and evolution of voids
in laser spallation.
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FIGURE 3 Snapshots from the simulation of laser-induced void nucleation and spallation in the regime of stress confinement. The laser pulse duration is
15 ps, optical penetration depth is 50 nm and fluence is 31 J/m?. Molecules are shown by dots that are smaller than their actual size so that the largest voids
(or regions of reduced density) could be identified in snapshots for 70, 90 and 130 ps while looking through the 40 nm-deep computational cell
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FIGURE 4 Nucleation and growth of subsurface voids in the simulation for which snapshots are shown in Fig. 3. Voids are represented by spheres of the
same volume as the actual voids. Horizontal dashed lines show the current location of the surface
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A series of snapshots from the simulation are shown in
Fig. 3, where each dot corresponds to a molecule. The ap-
pearance and growth of several regions of reduced molecular
density can be identified in snapshots taken at 70 ps, 90 ps and
130 ps. In order to give a clearer picture of the evolution of
void distribution in the target, we use a different representa-
tion in Fig. 4, where each void is represented by an individ-
ual sphere of the same volume as the actual void. The voids
are defined by superimposing molecular configuration with
a three-dimensional grid of cubic cells with a size of 0.68 nm
and identifying cells that do not contain any molecules. Voids
are defined as clusters of more than two empty cells con-
nected with each other by sharing a face. The choice of the
parameters in the above analysis is optimised to give the best
agreement with an intuitive definition of voids in a visual an-
alysis of thin slices of the molecular configurations observed
in the simulations. The appearance of large numbers of small
voids in the first two snapshots shown in Fig. 4 corresponds
to the expansion of the surface region of the irradiated tar-
get and can be correlated with the propagation of the tensile
component of the pressure wave, Fig. 2b. At 50 ps, we can
also observe the appearance of larger voids at a certain depth
under the surface. At later times, the number of small voids is
steadily decreasing whereas large voids continue to grow and
coalesce. At atime of 130 ps, a few large voids account for the
largest part of the empty volume in the subsurface region of
the target. At this time, we also observe a significant deviation
of the shapes of the voids from the spherical representation
adapted in Fig. 4. Further development of the system leads to
the void percolation and ejection of large clusters.

Quantitative information on the void evolution is pre-
sented in Figs. 5 and 6. The total volume fraction of the
voids as a function of depth under the surface is shown in
Fig. 5. The initial expansion of the very surface region re-
sults in a concentration of small voids near the surface and
a monotonous decrease of the fraction of the empty volume
with depth under the current surface at 30 ps. As the material
expands further, the fraction of voids decreases in the very sur-
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FIGURE 5 Volume fraction of voids as a function of depth under the sur-
face of a molecular target irradiated with 15 ps laser pulse at a fluence of
311/m?. Vertical dashed lines show the current location of the surface
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face region but a well-defined maximum develops at ~ 10 nm
under the current surface position at 50 ps. This maximum
shifts to ~ 13 nm below the current surface by the time of
70 ps and remains at this depth at 90 ps and 130 ps. At the
same time, a second maximum starts to develop at a depth of
~ 27 nm under the current surface at 70 ps and becomes com-
parable with the first maximum by the time of 130 ps. This
analysis can be correlated with the density contour plot dis-
cussed above, Fig. 2c, where the appearance and growth of
two low-density spallation regions can be readily identified.
Figure 6 shows the void volume distributions at different
times after the irradiation. Two distinct stages can be iden-
tified in the evolution of the distributions. The initial stage
of void nucleation and growth is illustrated in Fig. 6a. The
size distribution of voids that appear by the time of 30 ps
can be well described by a steep power law with an expo-
nent of —3.38, with no voids exceeding 13 nm? in volume.
Both the number of voids and the range of volumes are in-
creasing by the time of 50 ps. The distribution becomes less
steep, with an exponent of —2.26 resulting from the power
law fit of the data points. The second stage of void coarsening
and coalescence is illustrated in Fig. 6b. From 50 ps to 70 ps,
the number of large, > 20 nm?, voids increases at the expense
of smaller voids. From 70 ps to 130 ps, the number of small
voids continues to decrease, but very large voids appear as
a result of coalescence of smaller voids. The maximum void
volume steadily increases with time from 12.6 nm? at 30 ps
to 183.4 nm? at 50 ps, to 817.3 nm? at 70 ps, to 1482.1 nm? at
90 ps, to 2251.7 nm? at 110 ps and to 3016.6 nm? at 130 ps.
With the omission of the smallest voids, the void volume dis-
tributions at longer times can be still described by the power
law with an exponent increasing with time, Fig. 6c¢.
Snapshots from another large-scale MD simulation per-
formed at a lower laser fluence of 25 J/m?, below the thresh-
old for laser spallation, are shown in Fig. 7. Similar to the
simulation discussed above, the depth of the appearance of
small voids at 30 ps and 50 ps follows the propagation of the
tensile component of the pressure wave. The tensile stresses,
however, are not sufficient to cause further growth of the
voids. The largest void, that appears at the depth of ~ 22 nm,
reaches its maximum volume of 30 nm? at 75 ps and then
decreases in size and collapses. Interestingly, the depth of
the largest void growth and collapse is close to the depth

of the second spallation region in the simulation performed
at a higher fluence and discussed above. As discussed be-
fore [9, 10], the depth of the most active void growth and
spallation is determined by the balance between the tensile
stresses, which are increasing with depth and reach their max-
imum at approximately one penetration depth beneath the
surface (50 nm in these simulations), and the decreasing ther-
mal softening of the material due to the laser heating. In the
simulation illustrated in Fig. 7, the temperature of the region
of material where the largest void is observed, ~ 22 nm, is ex-
ceeding the melting temperature of the model molecular solid
only for a very short period of time at ~ 20—30 ps and the evo-
Iution of the void is taking place at a temperature close to the
melting temperature.

Simulation results for molecular systems discussed above
suggest that thermoelastic stresses generated in the surface
region of the irradiated target under conditions of stress con-
finement are primarily responsible for the observed void nu-
cleation, growth, coalescence, and eventual ejection of large
chunks of material. According to the definition discussed in
the Introduction, the mechanism of the energetically efficient
material ejection in this case can be, therefore, called laser
spallation. The relevance of this mechanism to laser interac-
tion with metals is discussed in the next section.

4 Photomechanical spallation of a metal target

The difference in the nature of interatomic bond-
ing between molecular systems and metals does not allow us
to extrapolate the results obtained for molecular systems to
metals even at a qualitative level. While the van-der-Waals
interaction in a molecular solid can be relatively well repre-
sented by a pair intermolecular potential, the strength of indi-
vidual bonds in metals has a strong dependence on the local
environment. Pair potentials significantly, up to 2-3 times,
underestimate the ratio between the cohesive energy and the
melting temperature of metals and cannot account for a much
stronger bonding of atoms near surfaces and in small clusters
due to the localization of the electron density. Another con-
sequence of the environmental dependence of the interatomic
bonding in metals is a significantly lower vapor pressure char-
acteristic of liquid metals as compared with molecular sys-
tems or Lennard—Jonesium, commonly used in “generic” MD
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FIGURE 7 Evolution of subsurface voids in the simulation performed at a laser fluence of 25 J/m?, below the threshold for laser spallation. Voids are
represented by spheres of the same volume as the actual voids. Horizontal dashed lines show the current location of the surface
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simulations [28,29]. In order to investigate the relevance of
the spallation mechanism to laser interactions with metals, we
perform a series of simulations with a combined TTM-MD
model described in Sect. 2.2. The environmental dependence
of interatomic interaction in metals is correctly accounted
for by EAM potential [25,30] used in the MD part of the
model.

Preliminary results of our simulations performed for
50 nm free-standing Ni films [18] suggest that the photome-
chanical spallation mechanism is also operational in metals.
The temperature and pressure distributions in a Ni film ir-
radiated by 1ps laser pulse at a fluence of 860J/m?, just
above the threshold for disintegration of the film, is shown in
Fig. 8. The solid line in the contour plots separates the crys-
talline and melted parts of the film, as defined by the local
order parameter described in Reference [18]. The ultrafast
melting process proceeds by a homogeneous nucleation of
liquid regions inside the crystalline material and is strongly af-
fected by the dynamics of the relaxation of the laser-induced
pressure, as discussed in detail in References [18, 19]. The
initial temperature increase in the film, Fig. 8a, is defined by
the energy transfer from the excited electrons to the lattice.
Strong electron—phonon coupling in Ni leads to the steep rise
of the lattice temperature during the first ~ 5—10 ps after the
laser pulse, whereas the fast electronic heat conduction re-
distributes the deposited laser energy throughout the whole
50nm film before the electron—phonon equilibration. The
time of the lattice heating is shorter than the time needed for
the 50 nm film to expand in response to the thermoelastic
stresses and the condition of stress confinement is satisfied
in the central part of the film. The heating under the condi-
tion of stress confinement results in the buildup of high, up to
11.5 GPa, compressive pressure, Fig. 8b.

The relaxation of the compressive pressure leads to the
expansion of the film and generation of the tensile stresses,
which reach —9 GPa close to the middle of the film, at the
depth of 31 nm and time of 21 ps. The tensile stresses are suf-
ficient to cause disintegration of the film into two large and
one small pieces moving apart from each other, as indicated
by the two white gaps that develop in the contour plots after
~ 30 ps, Fig. 8. The disintegration interrupts the electronic
heat conduction among the pieces of the film and the final tem-
peratures of the front and the back pieces are different by more
than 500 K. Analysis of the atomic configurations during the
simulation indicates that the disintegration process proceeds
by the nucleation, growth, and coalescence of voids in the cen-
tral part of the film, where the maximum tensile stresses are
generated. The temperature of the region of the void nucle-
ation remains below the boiling temperature and no gas-phase
atoms are observed inside the growing voids, pointing to the
mechanical nature of the disintegration process. Photome-
chanical damage/disintegration of finite-size absorbers have
been observed in experiments [31] as well as in other MD sim-
ulations [29, 32—34]. The small size of the absorbing structure
facilitates photomechanical disintegration, which can be par-
tially attributed to the focusing of the unloading tensile waves
propagating from the surfaces of the absorber. To study the
role of photomechanical effects in thicker films and bulk metal
targets, we performed a series of simulations for 100 nm Ni
films and bulk Ni targets. The laser pulse of 1 ps was used
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FIGURE 8 Temperature (a), pressure (b) and density (¢) contour plots for
simulation of laser melting and spallation of a 50 nm free-standing Ni film
irradiated with a 1 ps laser pulse at an absorbed fluence of 860 J/m2. Laser
pulse is directed along the Y-axes, from the top of the contour plots. Black
line separates the melted region from the crystalline part of the target. Dens-
ity scale is normalised to the initial density before the irradiation, og. Areas
where the density of the material is less than 0.19¢ are not shown in the plots

in all simulations, whereas fluence was varied to identify the
thresholds for target disintegration.

The threshold fluence for disintegration of 100 nm film is
found to be between 1075J/m? (no film disintegration ob-
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served) and 1290 J/m?, significantly higher as compared with
50 nm films (no disintegration at 645 J/m?, disintegration at
860J/m?). The temperature and pressure contour plots for
the simulation performed at 1290 J/m? for 100 nm film are
shown in Fig. 9. A relatively small, as compared with other

3

2

8

-80

Distance from the initial surface, nm

0 15 30 45 60 75
Time, ps

-]

T P A P

Distance from the initial surface, nm

8 8 & 8 o

Distance from the initial surface, nm
8

| " 1 L 1 " L
0 15 30 45 60 75
c Time, ps

S

FIGURE 9 Temperature (a), pressure (b) and density (¢) contour plots for
simulation of laser melting and spallation of a 100 nm free-standing Ni film
irradiated with a 1 ps laser pulse at an absorbed fluence of 1290 J/m?. Laser
pulse is directed along the Y-axes, from the top of the contour plots. Black
line separates the melted region from the crystalline part of the target. Dens-
ity scale is normalised to the initial density before the irradiation, gg. Areas
where the density of the material is less than 0.19¢ are not shown in the plots.
Solid and dashed arrows in b show the directions of the compressive and
tensile waves propagation, respectively

metals, thermal diffusivity and strong electron—phonon coup-
ling in Ni leads to the initial localization of the deposited
laser energy in the part of the film adjacent to the irradiated
surface. The temperature increase leads to the compressive
pressure buildup which, in turn, relaxes by driving a com-
pressive pressure wave toward the back surface of the film
(solid white arrow in Fig. 9b) and inducing an unloading ten-
sile wave that follows the compressive component (dashed
white arrow in Fig. 9b). The compressive pressure wave trans-
forms into a tensile one upon reflection from the back surface
(another dashed arrow in Fig. 9b). The two tensile waves su-
perimpose with each other, generating high tensile stresses up
to —11.5GPa in a region located at a depth of ~ 70 nm at
a time of ~ 38 ps. The maximum tensile stresses observed at
the threshold for spallation in 100 nm film are significantly
higher as compared with the ones that lead to disintegration
of a 50 nm film, as can be seen from the plots of the max-
imum compressive and tensile stresses observed in simula-
tions performed at different laser fluences, Fig. 10. In the case
of 100 nm films, the maximum tensile stresses are realised far-
ther away from the irradiated surface, where the temperature
is lower, 9a and b, and the material can support higher tensile
stresses. Note that, in the simulations performed for 100 nm
films, the region of void nucleation and spallation is shifted
toward the irradiated front surface of the film with respect to
the depth where the maximum tensile stresses are created. In
particular, in the simulation illustrated in Fig. 9c, the voids ap-
pear, grow and/or collapse in a wide region located at a depth
of ~ 25-55 nm, whereas the tensile stresses reach the max-
imum at a depth of ~ 70 nm.

The threshold fluence for the separation of a layer from
a bulk Ni target is found to be between 1720 J/m? (no layer
ejection) and 1935J/m?, more than twice higher than the
threshold for disintegration of a 50 nm film and ~ 50% higher
than the one for 100 nm. There is no reflection of the com-
pressive and tensile components of the laser-induced pressure
wave, which propagates through the nonreflecting boundary
at the bottom of the MD part of the combined atomistic-
continuum model, Fig. 11b. An abrupt decrease of the am-
plitude of the tensile component of the pressure wave upon
crossing the crystal-liquid interface is related to the confine-
ment of the heated crystalline material in the lateral direc-
tions. For a typical laser spot diameter of ~ 100 um, the
fast relaxation of the laser-induced pressure can only pro-
ceed in the direction normal to the surface. These conditions
of lateral confinement are correctly reproduced by the peri-
odic boundary conditions used in the directions parallel to
the surface. In the melted part of the target, the stresses re-
main isotropic during the uniaxial expansion of the surface
region and the pressure is defined only by the volume and
temperature. The uniaxial expansion of the crystalline part
of the target, however, results in anisotropic lattice deforma-
tions and corresponding anisotropic stresses. The anisotropic
stresses in a crystal cannot relax by uniaxial expansion and
the unloading pressure wave crossing the liquid—crystal in-
terface superimpose with the residual stresses in the crys-
talline part of the target, Fig. 11b. The residual compressive
stresses remain in the crystalline part of the target long after
the relaxation of the transient thermoelastic stresses in the
melted part.
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FIGURE 10 Maximum positive (compressive) and negative (tensile) pres-
sure observed in simulations of laser irradiation of 50 nm and 100 nm
free-standing Ni films and bulk Ni targets. The dashed vertical lines mark
approximate values of thresholds for laser spallation in the simulations per-
formed for 50 nm films (green line), 100 nm films (blue line) and bulk target
(red line). Laser pulse duration is 1 ps in all simulations. Solid lines are just
guides to the eye

Similar to the results for the bulk molecular system dis-
cussed in Sect. 3 as well as the results for Ni films discussed
above, the appearance of several low-density regions can be
identified in the density contour plot shown in Fig. 11c. The
appearance of the low-density regions coincides with the ar-
rival of the unloading tensile wave that propagates from the
surface and increases its strength with depth. All but one
low-density region disappear shortly after their emergence,
whereas the deepest one continues to grow and eventually
leads to the separation of a ~ 25 nm-thick layer from the
target. The atomic-level picture of the evolution of the low-
density region is shown in Fig. 12. A number of voids appear
in the subsurface region of the target at ~ 30 ps, the time when
the tensile component of the pressure wave passes through the
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FIGURE 11 Temperature (a), pressure (b) and density (c¢) contour plots for
simulation of laser melting and spallation of a surface region of a bulk Ni
target irradiated with a 1 ps laser pulse at an absorbed fluence of 1935 J/m?.
Laser pulse is directed along the Y-axes, from the top of the contour plots.
Black line separates the melted region from the crystalline bulk of the target.
Red line in a,b and blue line in ¢ separates the MD and continuum parts of the
combined TTM-MD model. In the current version of the model, we do not
calculate pressure in the continuum part of the model but the energy of the
pressure wave entering the continuum part is accounted for. The electronic
heat conduction to the bulk of the target is followed in both parts of the model
and a seamless connection of the temperature field in the MD and continuum
parts of the model can be seen in a. Density scale is normalised to the initial
density before the irradiation, gg. Areas where the density of the material is
less than 0.1¢0¢ are not shown in the plots. Snapshots from this simulation are
shown in Fig. 12
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FIGURE 12 Snapshots from simulation of a bulk Ni target irradiated with
a 1 ps laser pulse at an absorbed fluence of 1935 J/m?. Atoms are coloured
according to their potential energy (red colour corresponds to high poten-
tial energy of —2.5 eV, blue colour corresponds to low energy of —4 eV, the
cohesive energy of the EAM Ni fcc crystal is 4.45 eV)

region. Some of the voids collapse, others grow, coalesce and
eventually lead to disintegration of the film. Only several gas-
phase atoms are observed inside the growing voids, indicating
that the process of void nucleation and growth is not related to
boiling but has a mechanical nature. In the simulations of dis-
integration of the 50 nm and 100 nm films, performed at lower
laser fluences and illustrated in Figs. 8 and 9, the maximum
temperatures in the regions of the void nucleation are even
lower, and no gas phase atoms are observed inside the voids.
We can conclude that photomechanical spallation caused by
the relaxation of the laser-induced thermoelastic stresses is
responsible for the onset of material fragmentation in all the
simulations discussed above.

5 Discussion and summary

The results of molecular dynamics simulations of
laser interaction with molecular and metal targets suggest that
photomechanical spallation is a general mechanism that can
be operational in a wide class of materials. The mechanisms of
the laser-induced photomechanical fragmentation are found
to be rather similar in molecular and metal targets. In both
cases, the relaxation of the laser-induced stresses leads to the

nucleation, growth and coalescence of voids in a subsurface
region of an irradiated target. The evolution of the voids can
lead to the fragmentation and ejection of large chunks of ma-
terial at energy densities significantly lower than the ones
needed for explosive boiling of the surface region of the tar-
get. In the simulations performed for bulk targets, the voids
appear and grow at a depth defined by the competition be-
tween the tensile stresses that are increasing with depth and
the decreasing thermal softening. The mechanical stability of
the region subjected to the void nucleation is strongly affected
by the laser heating and, in both molecular and metal targets,
the depth of the void nucleation is much closer to the surface
as compared with the depth where the tensile component of
the pressure wave reaches its maximum value. The depth of
the maximum tensile stress is close to the optical penetration
depth in molecular systems, whereas in bulk Ni targets the
maximum tensile stress is reached at a depth that is close to the
diffusive penetration depth of the excited electrons before the
electron—phonon equilibration, ~ 50 nm for Ni [35].

The values of the maximum tensile pressure that can be
created in the material are also limited by the onset of the
void nucleation. The maximum tensile stress increases almost
linearly with fluence up to the threshold fluence for void gen-
eration and saturates and even decreases at higher fluences, as
shown in Fig. 10b for metals. Similar behavior has been ob-
served in simulations performed for molecular systems [9] as
well as in photoacoustic measurements performed for aque-
ous media irradiated in the stress confinement regime [2].
The onset of the void nucleation not only leads to the de-
crease of the amplitude of the tensile stresses but also results
in the increase of the time the surface region remains under
tension, e.g. Fig. 2b. This observation can be also related to
the appearance of a negative tail in a photoacoustic signal
measured in gelatine irradiated above the threshold fluence for
cavitation [3].

Large-scale MD simulations provide a unique opportu-
nity to study the microscopic picture of void evolution in
laser spallation. In particular, the void volume distributions
in simulations performed for molecular systems are found to
be relatively well described by a power law, N(V) ~ V™,
with exponent gradually increasing (absolute value of —t de-
creases) with time. Two stages can be identified in the evo-
lution of the voids. At the first stage of void nucleation and
growth, the number of voids of all sizes increases, Fig. 6a,
with the largest voids appearing at a certain distance from
the surface. At the second stage of void coarsening and co-
alescence, the number of small voids is quickly decreas-
ing whereas the number of large voids increases, Fig. 6b,
leading to the eventual percolation of the empty volume
and disintegration of the surface region. A power law mass
distribution has been predicted for fragmentation resulting
from an interaction of a shock wave with a surface [36], as
well as for the droplet size distribution in a critical point
gas-liquid-phase transition [37,38]. The cluster size distri-
butions in a recent computational study of laser ablation
are found to be relatively well described by a power law
with exponents different for small and large clusters [11].
A power law void volume distribution has been also re-
ported in a MD simulation of back spallation in a metal film
subjected to a high-velocity impact [39]. Interestingly, the
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critical power law exponents predicted for the gas-liquid-
phase transition at the critical point, T ~2 —2.5 [37,38],
for shock-induced fragmentation, T ~ 2 [36], and observed
for void distribution in MD simulations of back spallation,
T ~ 2.2 [39], are close to the one observed in our simula-
tions of laser spallation of a molecular solid at a time of
50 ps. As discussed above, at this time the character of void
evolution changes from the initial regime of void nucleation
and growth to the regime of void coarsening and percolation.
A good agreement of the results obtained for the evolution
of photomechanical damage with earlier results for shock-
induced back spallation suggests that the observed processes
of void nucleation, growth and coalescence may reflect gen-
eral characteristics of the dynamic fracture at high deforma-
tion rates.

A comparison of the simulation results obtained for Ni
films of two different thicknesses and bulk Ni targets sug-
gests that the size/shape of the target can play an important
role in laser spallation. Reflection of the compressive pressure
wave from the back surface of a finite-size target results in the
appearance of a second tensile wave that intersects with the
tensile wave propagating from the front surface, generating
maximum tensile stresses in the region of the intersection. The
location of the intersection of the two tensile waves depends
on the size of the film and affects the character of the spallation
process. As the size of the film increases, the region of the in-
tersection of the two tensile waves shifts farther away from the
irradiated surface, where material is colder and can support
higher tensile stresses. The location of the spallation region
and the region of the maximum tensile stresses are splitting
apart and the threshold fluence for spallation increases with
thickness of the target, as illustrated in Figs. 8—11. Note that,
although the details of the spallation process (e.g. the ex-
act number and location of spallation layers and voids) vary
in simulations performed for the same system and the same
irradiation conditions, the general characteristics of the spal-
lation process discussed above (the location of the regions of
void nucleation and growth, the characteristics of the void size
distribution and its evolution with time) are well reproducible
in the simulations.

In all simulations of laser spallation of crystalline targets
performed so far, a fast melting of the surface region precedes
the void nucleation and spallation. The melting process, oc-
curring under conditions of stress confinement, acts in accord
with thermoelastic stresses and contributes to the buildup of
the initial compressive stresses in the target. For the model
EAM Ni material, the value of volume change upon melting
at zero pressure is found to be AV, = 0.46 cm?/mole and is
slightly decreasing with increasing pressure [18]. The effect
of melting can have an opposite effect in materials having
a negative volume change of melting, such as silicon. The
melting also changes the dynamic strength of the material as
well as the mechanisms of the void nucleation and growth.
Note that recent observation of the destruction of a solid film
subjected to an instantaneous heating [29] may be related
to the fact that a pair Lennard—Jones potential was used in
these simulations. As mentioned above, in Sect. 4, pair po-
tentials tend to underestimate the ratio between the cohesive
energy and the energy density needed to induce melting in
metals.

The ejection of a ~ 25 nm-thick liquid layer from a bulk Ni
target (Fig. 11) may be related to the experimental observation
of optical interference patterns or Newton rings [40]. Decom-
position of the ejected liquid layer into droplets/clusters with
sizes smaller than the laser wavelength would turn the ejected
liquid layer into a transparent region with relatively well-
defined optically flat interfaces, which is required for gener-
ation of the interference patterns.

The maximum values of the laser-induced stresses and the
contribution of photomechanical effects to the onset of laser
damage and spallation are related to the condition of the stress
confinement discussed in the Introduction. For molecular sys-
tems, in which the heat conduction is relatively slow, the con-
dition for stress confinement is mainly defined by the laser
penetration depth, Ly, the laser pulse duration, 7, and the time
of thermalization of the deposited laser energy, ty. It can be
written for molecular systems as max {7,, 7w} < 7, ~ Ly/Cs.
In metals, the strength of the electron—phonon coupling and
much faster electron heat conduction are additional factors
that affect the maximum thermoelastic pressure that can be
created in the target. The characteristic time of the energy
transfer from the excited hot electrons to the lattice, T._pn
(~ 5 ps for Ni [18]), and the diffusive penetration depth of the
excited electrons before the electron—phonon equilibration,
L. (~ 50 nm for Ni [35]), define the condition for the stress
confinement, max{z,, Te_pn} < 7s ~ L./Cs. For example, in
simulations performed for 50 nm gold films [18], a weaker
electron—phonon coupling increases the characteristic time of
the energy transfer from the excited electrons to the lattice as
compared with nickel films. Most of the energy is transferred
to the lattice within 7._pn A~ 15 ps, whereas complete equili-
bration between the hot electrons and the lattice takes up to
50 ps [18]. The effective penetration depth of the excited elec-
trons is defined for gold targets by both ballistic and diffusive
energy transport and can be estimated to be L. ~ 680 nm, well
above the thickness of the films studied in the simulations. The
relevant size parameter in the condition for stress confinement
is, therefore, the thickness of the film rather than L.. As a re-
sult, the condition for the stress confinement is not satisfied for
50 nm gold films, the laser-induced thermoelastic pressure is
significantly lower as compared with the nickel films and is
not sufficient to induce photomechanical disintegration. The
disintegration process in the gold films is found to correspond
to the explosive boiling of an overheated liquid assisted by
moderate tensile stresses.
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