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Abstract The short pulse laser interaction with metal
surfaces covered by solid transparent overlayers is inves-
tigated in experiments and atomistic simulations, with a
particular aim of revealing the mechanisms responsible for
structural modification of the metal-overlayer interfacial
regions. Experimental characterization of Al-silica targets
modified by single-pulse laser irradiation with the pulse
duration of 10 ps reveals the transitions from the genera-
tion of extended interfacial voids with internal nanoscale
surface roughness to the partial detachment of the over-
layer from the metal substrate, and to the cracking/chipping
or complete removal of the overlayer as the laser fluence
increases. The mechanisms responsible for the appearance,
growth, and percolation of the interfacial voids leading to
the detachment of the overlayer from the metal substrate
are investigated in a large-scale atomistic simulation. The
results of the simulation demonstrate that the processes of
nucleation and growth of the interfacial voids are driven by
the dynamic relaxation of laser-induced stresses proceed-
ing simultaneously with rapid phase transformations and
temperature variation in the interfacial region. The growth
and coalescence of the interfacial voids results in the for-
mation of liquid bridges connecting the overlayer and the
metal substrate, whereas solidification of the transient
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liquid structures produced by the breakup of the liquid
bridges may be responsible for the formation of the
nanoscale roughness of the interfacial voids observed in
experiments. Computational analysis of the effect of pre-
existing interfacial voids reveals a complex dynamic pic-
ture of the initial expansion and subsequent compaction of
the surface region of the metal substrate and suggests a
possible scenario for the formation of voids below the
metal-overlayer interface.

1 Introduction

The conditions of spatial confinement realized in short
pulse laser interactions with an absorbing substrate covered
by an optically transparent solid overlayer have a number
of important implications on the materials response to the
laser energy deposition, ranging from the enhancement of
laser-induced pressure to the suppression of the ablation
plume expansion and melt expulsion. The unique charac-
teristics of the spatially confined laser interactions have
attracted attention of the research community and have
been demonstrated to be beneficial for a number of prac-
tical applications, such as laser shock peening [1-3], laser-
induced forward transfer [4—6], thin film patterning/scrib-
ing [7, 8], and the generation of high-quality surface
structures [9, 10].

The physical understanding of the effect of the spatial
confinement on laser-induced processes is largely based on
the results of theoretical analysis of the evolution of pres-
sure generated under conditions of spatially confined laser
ablation [2, 8] and continuum-level modeling of thermo-
elastic deformation of metal films irradiated through
transparent substrates [3, 11, 12]. These studies have
recently been complemented by atomistic molecular
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dynamics (MD) simulations of short pulse laser interac-
tions with bulk metal substrate covered by a solid trans-
parent overlayer [13]. The atomistic simulations have
provided important insights into the effect of the spatial
confinement on the kinetics and mechanisms of laser-in-
duced phase transformations. In particular, the spatial
confinement is found to suppress the generation of
unloading tensile wave, decrease the maximum depth of
melting, prevent cavitation or spallation in the transiently
melted region of the metal substrate, and create conditions
for nucleation and growth of new crystallites at the metal—
overlayer interface. At higher laser fluences, when the
surface region of the metal substrate is brought into the
supercritical state, the confinement by the overlayer pre-
vents the expansion and phase decomposition of the
supercritical fluid, which undergoes rapid cooling to the
liquid state, contraction, and detachment from the over-
layer. The relatively small lateral size of the computational
systems used in the first simulations [13], however, pre-
vented detailed analysis of some of the important processes
inferred from the simulation results, such as the evolution
of voids leading to the detachment at the metal-overlayer
interface or the nucleation and growth of multiple crys-
tallites leading to the formation of nanocrystalline structure
in the interfacial region.

In the study reported in the present paper, we extend the
initial computational analysis of Ref. [13] to a larger sys-
tem and perform MD simulations targeted at revealing the
microscopic mechanisms responsible for the formation of
interfacial voids and/or partial detachment of the overlayer
from the metal substrate. The laser-induced processes in
the presence of preexisting interfacial voids generated by
previous laser pulses or produced in the course of the
deposition of the overlayer are also investigated in an MD
simulation. The computational analysis of the generation of
interfacial voids is supplemented by a systematic experi-
mental characterization of laser-induced modification of Al
substrates covered by silica overlayers. The results of the
experimental investigation are discussed first, in Sect. 2,
and are followed by presentation of computational pre-
dictions in Sect. 3 and a brief summary of the main con-
clusions of the combined experimental and computational
study in Sect. 4.

2 Experimental characterization of laser
modification of metal-overlayer targets

The experimental study is performed for an Al substrate
covered by a silica overlayer. The sample used in the
experiments has lateral dimensions of 5.1 x 5.1 cm? and a
thickness of 1 mm. It is prepared by cold rolling of an Al
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(3003-H14) plate resulting in a surface roughness of
approximately 1 pm, followed by chemical vapor deposi-
tion of a 10-um-thick silica coating. Single-pulse irradia-
tion of different areas on the sample is performed by IR
1064 nm laser system at five incident laser fluences of
0.97, 1.15, 1.28, 3.84, and 7.69 J/cmz, with a laser pulse
duration of 10 ps, and a Gaussian 1/e* laser spot diameter
of 50 um.

The nature and the extent of the laser-induced structural
modification/damage of the metal substrate and the over-
layer are characterized by optical and scanning electron
microscopies. The images obtained by focusing the optical
microscope on the outer surface of the silica overlayer and
the metal-overlayer interface are shown in Fig. la, b,
respectively. From the visual analysis of these images, one
can identify the laser-affected zones as regions of the
interface with altered optical properties. As expected, the
size of the laser-affected zones increases with increasing
laser fluence. No surface damage to the silica overlayer is
observed at the three lower laser fluences (0.97, 1.15, and
1.28 J/cm?), whereas a partial removal and a complete
ablation of the overlayer can be seen at the two highest
laser fluences of 3.84 and 7.69 J/cm?, respectively.

The scanning electron microscopy (SEM) images reveal
more detailed information on the nature of the laser-induced
structural modification or damage to the targets. The SEM
images of the vertical cross sections of the irradiated spots
prepared by focused-ion-beam (FIB) milling are shown in
Fig. 2a—e for incident fluences of 0.97 and 3.84 J/cm®. At
the lowest fluence of 0.97 J/cmz, the laser-induced changes
are limited to the generation of elongated micron-scale voids
at the Al-silica interface. The voids observed in the central
part of the spot (Fig. 2a) are larger than the ones at the spot
edge (Fig. 2b) and result in a partial detachment of the
overlayer from the metal substrate. Interestingly, some of
the small voids appear inside the Al substrate, just beneath
the Al-overlayer interface. The SEM images also reveal the
presence of nanoscale roughness or nanoparticles on the
surface of large voids, as can be seen in the enlarged view of
the largest void shown in Fig. 2c. The mechanisms of the
void formation and the origin of the nanoscale roughness are
investigated in the simulations discussed in Sect. 3.

As the laser fluence increases, the size of the voids and
the area affected by the detachment also increase, as can
be seen from the SEM images shown in Fig. 2d, e for a
laser fluence of 3.84 J/cm>. Moreover, the irradiation at
this fluence also damages the silica overlayer and creates
an approximately 5.5-um-deep crater at the outer surface
of the overlayer. Since the laser fluence of 3.84 J/cm? is
substantially lower than the damage threshold in bulk
fused silica [14], the partial removal of the overlayer
cannot be attributed to the direct optical damage in the
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Fig. 1 Optical microscope images obtained by focusing microscope
lenses on the surface of silica overlayer (a) and the Al-overlayer
interface (b) of Al-silica samples irradiated by 10 ps laser pulses at
five incident laser fluences indicated in the figure. The black dashed
line separates the irradiation conditions that do not result in any

fused silica. A plausible explanation of the damage to the
overlayer may be proposed based on the results of the
simulations discussed below, in Sect. 3, which suggest
that a high, on the order of tens of GPa, compressive
pressure is generated near the metal surface by the spa-
tially confined laser excitation. A compressive wave dri-
ven by the relaxation of laser-induced pressure propagates
from the interfacial region towards the surface of the
overlayer, transforms into tensile wave upon reflection
from the free surface of the overlayer and may cause
spallation when the magnitude of the tensile wave
exceeds the dynamic strength of the silica glass [15].

At the highest laser fluence of 7.69 J/cm?, the pres-
sure created by the laser excitation of the metal substrate
is sufficiently high to completely remove the 10-pm-
thick silica overlayer, as can be seen from Fig. 2f, g.
The removal of the overlayer makes it possible for the
hot metal region to expand and undergo rapid decom-
position into vapor and liquid droplets, similar to abla-
tion in a background gas environment or in vacuum. The
explosive decomposition and ejection of a top part of the
metal substrate create conditions for rapid cooling and
solidification of the remaining target. The rapid solidi-
fication, in turn, freezes transient liquid structures gen-
erated in the ablation process [16, 17] and results in the
formation of complex surface morphology featuring
nanospikes and ripples that are similar to the ones
commonly produced by laser processing in air or vac-
uum, e.g., [18-20].

visible damage to the overlayer from the ones when cracking/
chipping or complete removal of the overlayer is observed. The
nature of the target modification is further illustrated by SEM images
shown in Fig. 2

3 Atomistic simulation of interfacial void
formation

The dynamic processes responsible for the generation of
the interfacial voids and partial detachment of the overlayer
from the metal substrate are investigated in a large-scale
MD simulation performed for a Ag substrate covered by a
thick silica glass overlayer. The choice of Ag rather than Al
used in the experiments described in Sect. 2 is determined
by the availability of the results of smaller scale atomistic
simulations performed for the Ag-silica system, which
have already identified the irradiation regime where the
overlayer detachment can be expected to occur [13]. We
note, however, that the phenomena of the generation of
interfacial voids and detachment of a transparent overlayer
from an absorbing substrate appear to be general and have
been observed for various systems, such as a Si substrate
covered by a thermally grown native oxide layer [21], or Ni
and Si substrates covered by polymer confinement layers
[9]. Therefore, we expect the computational insights into
the mechanisms of the interfacial void formation to be
applicable to various material systems where a confinement
layer is used to control the laser processing conditions.

3.1 Computational model
The computational setup used in the atomistic simulations

of laser interactions with a bulk Ag target covered by a
solid transparent overlayer is schematically illustrated in
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0.97 J/em? | spot center

7.69 J/cm?

Fig. 2 SEM images of Al-silica samples irradiated by 10 ps laser
pulse at three incident laser fluences of 0.97 Jem? (a—c), 3.84 Jem?
(d, e), and 7.69 J/em? (f, g). The images in a—e show vertical cross
sections of the irradiated spots prepared by FIB milling that reveal the

Fig. 3. The top part of the Ag target, down to the depth of
Lityv_mp under the metal-overlayer interface, is repre-
sented by a hybrid computational model [22] combining
the classical MD method with a continuum-level descrip-
tion of the laser excitation and subsequent relaxation of the
conduction band electrons based on so-called two-tem-
perature model (TTM) [23]. The heat conduction in the
deeper part of the substrate, down to the depth of
Lirp—mp + L 18 simulated with the conventional TTM
equations. A L, -thick part of the transparent overlayer
adjacent to the metal substrate is simulated with a MD

@ Springer

0.97 J/em? , spot edge

= (™

e

Ve
7.69.J/cm?

interfacial voids and partial detachment at the metal-overlayer
interface. The images in f, g show the metal surface exposed by
complete removal of the overlayer at a fluence of 7.69 J/cm?

model adopting a pairwise potential fitted to provide an
adequate description of the experimental values of elastic
constants, melting temperature, and density of fused silica,
as well as the work of adhesion at the Ag—silica interface
[13]. The dynamic pressure-transmitting boundary condi-
tions [13, 24, 25] are applied at the bottom of the TTM-
MD region of the metal substrate and at the top of the MD
part of the overlayer to simulate non-reflective propagation
of the laser-induced pressure waves from the interfacial
region to the bulk of the metal substrate and towards the
surface of the overlayer, respectively. The reflection of the
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Fig. 3 Schematic sketch of the computational setup used in the
simulations of laser interaction with a Ag target covered by a solid
transparent overlayer. The top layer of the Ag target with thickness of
Lirm-mp 1s represented by the atomistic TTM-MD model, whereas
the heat conduction in the deeper part of the substrate is simulated
with TTM equations solved in an additional part of the target with
thickness of L%y A L§p-thick part of the transparent overlayer
adjacent to the metal substrate is represented with a MD model, while
the rest of the overlayer is not explicitly treated in the simulations.
The dynamic pressure-transmitting boundary conditions are applied at
the bottom of the TTM-MD region and at the top of the MD part of
the overlayer to mimic non-reflective propagation of laser-induced
pressure waves through the boundaries

pressure wave from the top surface of the overlayer is not
considered in the simulations since the time required for
the propagation of the wave through a 10 pm thick silica
overlayer and back to the interfacial region is longer than
the time-scale of the processes considered in the simula-
tions. A complete description of the computational model
is provided in Ref. [13], and below we only provide the
parameters of the computational setup used in the simula-
tions reported in this paper.

Taking advantage of the computationally efficient par-
allel implementation of the computational model, one of
the simulations reported below, in Sect. 3.2, is performed
for a large computational system composed of more than

330 million atoms. The lateral (parallel to the Ag-silica
interface) dimensions of the system are Lipy_ump =
Liry-mp = 100 nm and periodic boundary conditions are
applied in these directions. In the direction normal to the
interface, the TTM-MD and MD representations of the Ag
substrate and the silica overlayer extend to
Lirvemp = 500 nm for Ag (~303 million atoms) and
Lyp = 200 nm for silica (~27 million atoms) from the
interface. In another simulation, targeted at evaluation of
the effect of preexisting interfacial voids on the laser
induced processes and discussed in Sect. 3.3, a much
smaller lateral size of the system, Lipv_mp =
Liry vp = 4.1 nm, a thickness of the TTM-MD part of
the Ag substrate of Liy_yp = 411 nm (400,000 atoms),
and a thickness of the MD part of the silica overlayer of
Lyp = 137 nm (28,800 atoms) are used.

In both simulations, the continuum part of the TTM-MD
model, in which the electron heat conduction is described by
the conventional TTM, is extended to the depth of
Lirveyvp + Lyry = 2.5 um - from  the metal-overlayer
interface to ensure that no substantial temperature changes are
observed at the bottom of the continuum region by the end of
the simulation. The choice of the parameters used in the TTM
equation for the electron temperature of Ag is explained in
Ref. [26] and the interatomic interactions in the Ag part of the
model are described by the embedded atom method (EAM)
potential in the form proposed in Ref. [27], with a cutoff
function [28] that smoothly brings the interaction energies and
forces to zero at a cutoff distance of 5.5 A added to the
potential. Before applying the laser irradiation, the computa-
tional systems are equilibrated at 300 K for 200 ps.

The irradiation of the target with a 10 ps laser pulse is
represented through a source term added to the TTM equation
for the electron temperature [22]. The source term simulates
excitation of the conduction band electrons by a laser pulse
with a Gaussian temporal profile and reproduces the expo-
nential attenuation of laser intensity with depth under the
metal surface. To account for the energy transport occurring
before the thermalization of the excited electrons, the optical
absorption depth, 12 nm at laser wavelength of 1 pm [29], is
combined with the effective depth of the “ballistic” energy
transport, 56 nm, roughly estimated in Ref. [13] as a product
of the Fermi velocity and the Drude relaxation time [30]. To
ensure complete deposition of the energy of the 10 ps laser
pulses, the peak intensity of the Gaussian laser pulse is shifted
to 25 ps from the beginning of the simulations.

3.2 Generation of the interfacial voids
and overlayer detachment

The physical processes responsible for the appearance,
growth, and percolation of the interfacial voids leading to
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the detachment of the overlayer from the metal substrate
are discussed in this section based on the results of a large-
scale simulation performed for irradiation conditions
identified in smaller scale simulations [13] as conditions
leading to the overlayer detachment. The metal-overlayer
target is irradiated by a 10 ps laser pulse at an absorbed
laser fluence of 0.4 J/cmz, which is about twice higher than
the threshold fluence for the onset of phase explosion in the
case of laser ablation of a bare Ag target in vacuum. The
uncertainty with respect to the reflectance of the metal—
overlayer interfaces in experiments discussed in Sect. 2
does not allow us to reliably convert the values of the
incident laser fluence to the absorbed fluence. At the semi-
quantitative level, however, the conditions of the simula-
tion performed at the absorbed fluence that is about
40-50 % above the threshold for the generation of the
interfacial voids [13] can be expected to be comparable to
the ones in the lower fluence experiments (incident flu-
ences of 0.97-1.28 J/cmz), where partial detachment at the
interface (Fig. 2a—c) but no damage to the overlayer
(Fig. 1) are observed.

The processes responsible for the structural modification
of the metal-overlayer target are largely defined by the
rapid evolution of temperature and pressure in the vicinity
of the region of the laser energy deposition, shown in the
form of contour plots in Fig. 4. Following the laser exci-
tation of the conduction band electrons within the optical
absorption depth of the Ag substrate, the energy of the
excited electrons is rapidly redistributed through the bal-
listic and diffusive electron energy transport and trans-
ferred to the lattice vibrations due to the electron—phonon
coupling. This energy transfer leads to a rapid temperature
increase within ~200-nm-deep region of the metal sub-
strate, Fig. 4a. The temperature quickly exceeds the limit
of crystal stability against the onset of massive homoge-
neous meting [31, 32], triggering a rapid (within several
picoseconds) collapse of the highly superheated crystal
lattice. Additional slower melting down to the depth of
~ 340 nm below the Ag—overlayer interface then proceeds
through the propagation of the melting front from the
homogeneously melted part of the substrate and is assisted
by the tensile stresses generated near the melting front [33],
as shown in Fig. 4b and discussed below. Following the
rapid melting, the temperature of liquid Ag adjacent to the
interface continues to increase due to the energy transfer
from the hot electrons and reaches the maximum of
~8200 K by 40 ps (15 ps after the time of the peak
intensity of the Gaussian laser pulse), thus bringing the top
part of the Ag substrate to the supercritical state.

The rapid temperature increase during the first 40 ps of
the simulation takes place under conditions of stress con-
finement [34-38] and results in a buildup of strong com-
pressive stresses, as can be seen from Fig. 4b. The
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Fig. 4 Contour plots showing the spatial and temporal evolution of
a temperature and b pressure predicted in a simulation of a Ag-
overlayer target irradiated by a 10 ps laser pulse at an absorbed
fluence of 0.4 J/cm®. To ensure complete deposition of the laser
energy, the peak intensity of the Gaussian laser pulse is shifted to
25 ps from the beginning of the simulation, as shown by the red
arrow in (a). The black solid curve line separates the melted region
from the crystalline part of the Ag target. The black dashed line tracks
the location of the Ag—overlayer interface. The area where the density
of the material drops below 10 % of the initial density of the solid Ag
target is blanked in the plots

compressive pressure reaches the maximum level of
~30 GPa at a depth of ~60 nm below the interface by the
time of 35 ps and then relaxes by expanding the hot region
of the metal substrate and driving two compressive pres-
sure waves, one propagating deeper into the metal sub-
strate and another into the silica overlayer. In contrast to
the laser ablation of a bare metal surface, where the
expansion of the surface region proceeds in the form of an
explosive decomposition of the superheated liquid into a
mixture of vapor and liquid droplets [16, 34, 37-39], the
phase decomposition is suppressed by the presence of the
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overlayer, which maintains high pressure in the interfacial
region. Thus, the supercritical fluid near the interface does
not decompose but is gradually cooled to the liquid state by
the electronic heat transfer to the bulk of the metal
substrate.

Since the acoustic impedance of the overlayer material
is more than twice smaller than the one of Ag, the
expansion of the metal substrate against the softer over-
layer also produces a weak unloading wave propagating
from the interface to the bulk of the Ag substrate. Partial
reflection of the unloading wave from the melting front
generates a transient spike of the tensile stresses up to
about —1.1 GPa near the solid-liquid interface, at a depth
of ~330 nm. The relatively low temperature of liquid near
the melting front (close to the equilibrium melting tem-
perature of the EAM Ag at zero pressure, Ty, = 1139 K
[26]) and a short time of the spike of the tensile stresses
preclude cavitation from taking place in the region of the
maximum tensile stresses. When the reflected part of the
tensile wave reaches the metal-overlayer interface at
~600 ps, however, the much lower tensile stresses of

about —0.12 GPa do induce nucleation of voids in the
interfacial region weakened by melting of ~ 10 nm part of
the overlayer and relatively high temperature of the inter-
facial region, ~1.7Ty, at the time of the arrival of the
tensile wave. The growth of the voids results in the
appearance of a region of reduced density at the metal—
overlayer interface that shows up as a white gap in the
contour plots in Fig. 4. The growth of the voids is facili-
tated by continuous cooling and contraction of the top
region of the metal substrate that contribute to the expan-
sion of the cavitation zone, elongation of the liquid bridges
connecting the metal substrate to the overlayer and even-
tual detachment of the overlayer.

A visual picture of the nucleation and growth of the
voids at the Ag—overlayer interface is provided by a series
of snapshots of atomic configurations shown in Fig. 5. The
snapshots are shown for a 74 nm thick slice of the com-
putational cell adjacent to the interface. The first snapshot
is shown for a time of 600 ps, when a 10 nm deep part of
the silica overlayer is melted and the first small voids
appear at the Ag—overlayer interface in response to the

600 ps

700 ps

800 ps

Fig. 5 Snapshots of atomic configurations obtained in a simulation of
a Ag-overlayer target irradiated by a 10 ps laser pulse at an absorbed
fluence of 0.4 J/cm>. Only a 74-nm-thick slices of the computational
system adjacent to the Ag-overlayer interface are shown in the

900 ps

snapshots. The atoms are colored according to their potential
energies, so that the dark blue color represents liquid Ag, turquoise
and yellow/green colors represent the solid and melted parts of the
overlayer, respectively, and the vapor phase atoms are red
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950 ps

Fig. 6 Top-view projections of the voids evolving in the Ag-
overlayer interfacial region in the simulation illustrated by Figs. 4
and 5. The dark regions show the areas where the material density
drops below 10 % of the initial density of solid Ag, whereas the white

raise of the tensile stresses (Fig. 4b). Gradually, growth
and coalescence of the voids lead to the formation of liquid
bridges connecting the overlayer and metal substrate, with
some of the bridges breaking as the gap between the
overlayer and the metal substrate grows. By the end of the
simulation at 1 ns, three liquid bridges still connect the
overlayer with the Ag substrate. Note that although vapor-
phase atoms can be clearly seen to fill up the cavitation
region, the vapor pressure of 1.7 MPa, estimated from the
temperature and density of the vapor in the ideal gas
approximation, is negligible as compared to the variation
of pressure shown in Fig. 4b. The generation and growth of
the interfacial voids, therefore, can be squarely attributed to
the dynamic relaxation of the laser-induced stresses pro-
ceeding simultaneously with rapid expansion and
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24
1000 ps

regions represent the connections between the metal substrate and the
overlayer. The size of the region shown in the snapshots corresponds
to the lateral size of the computational system, 100 nm x 100 nm

contraction of the superheated surface region of the metal
substrate, with the release of the vapor playing an
insignificant role.

The evolution of the voids in the interfacial region is
further illustrated in Fig. 6, where top-view projections of
all the voids are shown. The voids are identified by
dividing the computational cell into small cubic boxes with
volumes of 3.4 nm’ and defining voids as regions com-
posed of boxes with density lower than 10 % of the initial
density of Ag. The voids are then plotted in Fig. 6 as dark
regions, whereas the white regions represent the liquid
bridges connecting the Ag substrate with the overlayer. As
discussed above, the nucleation of small voids at ~ 600 ps
coincides with the arrival of the tensile wave to the Ag—
overlayer interface and the contraction of the top part of the
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metal substrate due to the cooling process. Following the
nucleation, the voids grow and coalesce, thus reducing the
number and the total cross-sectional area of the connecting
liquid bridges.

The formation of the interfacial voids and partial
detachment of the overlayer from the metal substrate are
consistent with experimental observations presented in
Sect. 2. The formation of the liquid bridges connecting the
metal substrate with the overlayer may be responsible for
generation of the nanoscale roughness on the surface of
large voids observed in experiments, Fig. 2c. While the
relatively weak adhesion between the silica overlayer and
Ag leads to the early breakup of the liquid bridges in the
simulation (the three remaining bridges observed in the
simulation at 1 ns are likely to break up upon further
expansion of the gap between the metal substrate and
overlayer), a stronger metal-silica interaction and the
restraining effect of the colder periphery of the laser spot,
where the conditions for the detachment are not achieved,
on the outward motion of the central part of the overlayer
may stabilize the bridges and facilitate nucleation of some
of the voids below the metal-overlayer interface. The
solidification process may then capture the voids/bridges,
solidify the transient surface roughness generated by the
evolving liquid bridges, and produce the interfacial struc-
tures shown in the experimental images in Fig. 2. An
additional scenario for the generation of voids inside the
metal substrate, below the metal-overlayer interface, can
be suggested based on the results of a simulation of laser
interaction with a system containing a preexisting interfa-
cial void that is described below.

3.3 The effect of preexisting interfacial voids

In contrast to the perfect metal-overlayer interface con-
sidered in the previous section, real experimental samples
may contain small interfacial gaps or voids formed in the
process of sample preparation. Moreover, the voids gen-
erated by prior laser pulses may affect the response of the
target to irradiation by subsequent laser pulses in the
multipulse irradiation regime. To investigate the effect of
preexisting interfacial voids on the laser-induced processes,
a simulation of a system with a 50-nm gap between the
transparent overlayer and Ag substrate has been performed
for a smaller computational system (lateral size of
4.1 nm x 4.1 nm) and the same irradiation condition as in
the simulation discussed above, in Sect. 3.2.

The evolution of temperature, pressure and density in
the irradiated system is presented in Fig. 7. The presence of
the void makes it possible for the hot metal region to
expand and generate an unloading wave propagating from
the interfacial region and initiating the material decompo-
sition down to the depth ~ 180 nm. As a result, the initial

Distance from the surface, nm

1200 1600 2000 2400

Time, ps

P, GPa

10
.

Distance from the surface, nm

0 400 800 1200
Time, ps

1600 2000 2400

Distance from the surface, nm
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Fig. 7 Temperature, pressure and density contour plots obtained in a
simulation of bulk Ag substrate covered by a transparent overlayer
with an initial 50 nm thick gap between the overlayer and the Ag
substrate. The Ag-overlayer target is irradiated by a 10 ps laser pulse
at an absorbed laser fluence of 0.4 J/cm?®. Areas where the density of
the material drops below 10 % of the initial density of the solid Ag
target are blanked in the plots. The black curves outline voids inside
the material and separate the melted region from the crystalline part
of the Ag target. The black dashed line shows the position of the Ag—
overlayer interface

stage of the material response to the laser excitation is
similar to the one of a target with a free surface, when the
top surface region undergoes an explosive decomposition
into a mixture of vapor and small droplets while the gen-
eration of voids in a deeper and colder melted region is
driven by the tensile stresses associated with the unloading
wave [16, 34, 38]. In the present simulation, however, the
collision of the ejected material with the overlayer inter-
rupts the expansion of the ablation plume, converts the
kinetic energy of directed motion of the plume into thermal
energy, and creates highly energetic supercritical fluid with
the maximum temperature and pressure values reaching
10,000 K and 8 GPa by the time of 70 ps.
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The pressure exerted by the hot supercritical metal
pushes the overlayer up by ~100 nm and launches a
compaction wave that stops the material decomposition
initiated by the unloading wave and leads to the collapse of
all but the deepest subsurface voids generated in the course
of the initial material expansion. Each of the collapsing
voids generates a pressure pulse consisting of compressive
and unloading/tensile components that can be seen in the
pressure contour plot in Fig. 7. The initial electronic heat
transfer to deeper regions of the metal substrate combined
with the fluid expansion and the energy loss on the
mechanical work spent on displacing the overlayer (the
latter can be estimated to be on the order of 400 J/m?,
which roughly corresponds to the thermal energy change
upon cooling of a 50 nm Ag layer by ~2500 K) leads to a
rapid cooling of the interfacial part of the metal substrate
from the supercritical state with temperature of ~ 10* K
down to the regular liquid with a temperature of 2700 K by
the time of 900 ps.

At 900 ps, the combined effect of the contraction of the
rapidly cooled liquid Ag and an arrival of a weak tensile
stress wave generated at the onset of the collapse of the last
void (the maximum tensile stresses at the interface reach
the level of about —50 MPa at 850 ps) results in the
detachment of the metal substrate from the overlayer at the
interface. Given the slower (~ 11 m/s) downward motion
of the detached liquid layer as compared to the faster
(~56 m/s) advancement of the solidification front, one can
expect the solidification front to reach the location of the
void ~ 1.5 ns earlier. While the small lateral size of the
computational system used in this simulation does not
allow us to simulate the void capture and stabilization by
the solidification front, such process has been observed in
larger-scale simulations of laser interaction with an Ag
target in vacuum [40]. Thus, the results of the simulation
discussed above indicate that the presence of preexisting
interfacial voids may facilitate generation of voids at some
depth below the interface, as observed in experimental
images, e.g., Fig. 2e.

4 Summary

The characteristic features of short pulse laser processing
of metal surfaces under conditions of spatial confinement
by a solid transparent overlayer are investigated in
experiments and atomistic simulations, with a particular
focus on establishing the mechanisms responsible for the
formation of interfacial voids and/or partial detachment of
the overlayer from the metal substrate. The dependence of
the nature of the laser-induced structural modification
and/or damage of the metal-overlayer target on the

@ Springer

incident laser fluence is characterized experimentally for
Al substrates covered by silica overlayers. At laser flu-
ences that are close to the threshold for the interfacial
void formation, the SEM images reveal the presence of
nanoscale roughness on the surface of elongated interfa-
cial voids, formation of small voids inside the metal
substrate, and partial detachment of the overlayer from
the substrate in the central region of the laser spot. The
increase in the laser fluence leads to the increase in the
size of the voids, expansion of the area affected by the
detachment and, eventually, to the cracking/chipping or
complete removal of the overlayer.

The physical processes responsible for the appearance,
growth, and percolation of the interfacial voids leading to
the detachment of the overlayer from the metal substrate
are investigated in a large-scale atomistic simulation per-
formed for a Ag substrate covered by a thick silica glass
overlayer. The results of the simulations demonstrate that
the generation and growth of the interfacial voids is driven
by the dynamic relaxation of laser-induced stresses pro-
ceeding simultaneously with rapid phase transformations
and temperature variation in the interfacial region. The
initial expansion of the top region of the metal substrate
brought to the supercritical state by the laser energy
deposition turns to the contraction caused by the rapid
cooling of the interfacial region down to the liquid state.
The contraction of the interfacial region combined with
additional tensile stresses produced by the arrival of an
unloading wave generated at the metal-overlayer interface
and partially reflected from the melting front is leading to
the void nucleation and growth in the interfacial region.
The growth and coalescence of the interfacial voids results
in the formation of liquid bridges connecting the overlayer
and metal substrate, whereas solidification of the transient
liquid structures produced by the breaking bridges may be
responsible for the formation of the nanoscale roughness of
the internal surfaces of interfacial voids observed in
experiments. The results of an additional simulation per-
formed for a system containing a preexisting interfacial
void reveal a complex dynamics of the initial expansion
and subsequent compaction of the surface region of the
metal substrate and suggest a possible scenario for the
formation of voids inside the metal substrate, below the
metal-overlayer interface.
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