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Abstract

Interaction of ultrafast laser pulses with metal surfaces in the spallation regime can result in the formation of anisotropic
nanoscale surface morphology commonly referred to as laser-induced periodic surface structures (LIPSS) or ripples. The
surface structures generated by a single pulse irradiation of monocrystalline Cr samples are investigated experimentally and
computationally for laser fluences that produce high spatial frequency nanostructures in the multi-pulse irradiation regime.
Electron microscopy reveals distinct response of samples with different crystallographic surface orientations, with (100)
surfaces exhibiting the formation of more refined nanostructure by a single pulse irradiation and a more pronounced LIPSS
after two laser pulses as compared to (110) surfaces. A large-scale molecular dynamics simulation of laser interaction with
a (100) Cr target provides detailed information on processes responsible for spallation of a liquid layer, redistribution of
molten material, and rapid resolidification of the target. The nanoscale roughness of the resolidified surface predicted in the
simulation features elongated frozen nanospikes, nanorims and nanocavities with dimensions and surface density similar to
those in the surface morphology observed for (100) Cr target with atomic force microscopy. The results of the simulation
suggest that the types, sizes and dimensions of the nanoscale surface features are defined by the competition between the
evolution of transient liquid structures generated in the spallation process and the rapid resolidification of the surface region
of the target. The spallation-induced roughness is likely to play a key role in triggering the generation of high-frequency
LIPSS upon irradiation by multiple laser pulses.

1 Introduction biomedicine [1-4]. The application of ultrashort laser pulses
reduces the heat affected zone in material processing and
machining [5], thus enabling material modification with
high accuracy and spatial resolution [6]. One of the remark-
able features of ultrashort laser interactions with surfaces is
the ability to produce laser-induced periodic surface struc-
tures (LIPSS), which has been demonstrated for different

materials [7, 8] and is finding an increasing utilization in

Ultrashort (femtosecond to picosecond) laser pulses are in
the core of many innovative technologies, which impact a
broad range of applications in the fields of photonics and
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practical applications [9—-12]. The LIPSS-covered surfaces
may exhibit structural color, which is used for permanent
coloring of large surface regions or selective color marking
[13-17]. The LIPSS are also of high importance for medi-
cal applications, where the reduction of cell adhesion and
enhancement of osseointegration of nano/micro-structured
surfaces facilitate the integration and increase the life span
of the implants [18-20]. Other examples include tribological
applications [21-25], as well as analytical techniques rely-
ing on surface enhanced Raman scattering (SERS), where
spectroscopic signal can be greatly improved via plasmonic
excitation near the nanoscale surface features [26-28].
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The formation of LIPSS is typically occurring in multi-
pulse irradiation regime, where the first pulse with a flu-
ence below the ablation threshold perturbs the surface
morphology, while irradiation by additional pulses at the
same fluence results in the formation of LIPSS or, more
precisely, low spatial frequency LIPSS (LSFLs) with
periodicity close to the laser wavelength. The formation of
LSFLs is typically attributed to the interference between
the incident laser light and a surface scattered electromag-
netic wave [29], which causes inhomogeneous energy dep-
osition at the illuminated surface [30, 31] and subsequent
material redistribution. Due to the high intensity of ultra-
short laser pulses, this mechanism of the LIPSS formation
can be activated in almost all types of materials, including
metals, semiconductors, dielectrics, and polymers [32-34].
Moreover, in addition to LSFLs oriented perpendicular to
the laser beam polarization, high-spatial frequency LIPSS
(HSFLs) with periods significantly smaller than the laser
wavelength and an orientation that can be either parallel or
perpendicular to the polarization can be generated [35, 36].

The mechanisms of the LIPSS formation are still actively
debated in literature [7, 8, 37—41], and a detailed chemical
and microstructural analysis of samples exposed to the laser
processing may provide important clues to the key processes
responsible for the generation of ripples. Indeed, a recent
observation of growth twins in a thin surface region of Ni
(111) targets irradiated in the regime of HSFL formation
provides a strong evidence of the role of the surface melting
and resolidification in the generation of HSFLs, as the growth
twinning can only occur in the course of the solidification
[41]. The role of the transient melting and spallation in the
generation of LSFLs, on the other hand, has recently been
demonstrated by the observation of a relatively small depth
of molten regions in the laser-structured Ni/Ti multi-layered
samples, where the cores of the ripples are found to be spared
of melting [38]. The analysis of subsurface microstructure of
laser-processed targets also reveals an intriguing dependence
on the crystallographic orientation of the irradiated surfaces
[42, 43]. In particular, the LIPSS formation is found to be
suppressed and the generation of subsurface crystal defects
enhanced on (111)-oriented parts of a polycrystalline Ni
surface, as compared to grains with (100) and (110) surface
orientations [42]. The intricate role of electromagnetic and
hydrodynamic mechanisms on HSFLs formation has recently
been evidenced by the observation of self-arranged periodic
nanovoids trapped under the surface as well as nanocavities
at the surface [44]. Local nanocavitation process driven by
near field enhancement was shown to be behind this deep
sub-wavelength LIPSS formation. The results of recent depth-
resolved chemical analysis of LIPSS generated on Ti surfaces
reveal the formation of a relatively thick graded oxide layer
[45], suggesting that laser-induced oxidation may be involved
in the HSFL formation on reactive surfaces [37].

@ Springer

At higher laser fluences, in the spallation regime [46—48],
the roughening of the surface generated by the first laser
pulse may increase surface absorption and activate a feed-
back mechanism [7] driving the evolution of the initial ran-
dom surface roughness towards the periodic ripples that
maximize the laser energy absorption. The initial roughness
generated by the first pulse, therefore, may play an important
role in defining the LIPSS formation by subsequent repeti-
tive laser irradiation. The characteristics of the nanoscale
surface morphology generated by laser spallation are defined
by a complex interplay of the laser-induced melting, nuclea-
tion and percolation of subsurface voids in the molten part of
the target, formation of a transient foamy structure of liquid
regions connecting the spalled layer with the bulk of the
target [49], followed by breakup and rapid freezing of the
transient liquid structures. The results of a recent large-scale
molecular dynamics (MD) simulation of femtosecond laser
spallation of a Ag target [S0] demonstrate the ability of the
atomistic modeling to provide detailed information on the
mechanisms responsible for the formation of frozen surface
nanospikes and their internal structure.

In this paper, we combine experimental characterization
of HSFLs generated on monocrystalline Cr targets with sur-
face orientation of (100) and (110) with a thorough com-
putational analysis of the laser-induced spallation process
based on a MD simulation of a (100) Cr target. The results
of the joint study support a notion of a strong connection
between the frozen surface morphology predicted in the sim-
ulation and the pulse-to-pulse evolution of surface roughness
observed in the experiments. The spallation-induced rough-
ness provides favorable conditions for positive feedback pro-
moting the HSFLs formation. The dependence of the HSFLs
formation on the crystal orientation is likely to be related
to differences in the characteristics of surface morphology
generated by the first laser pulse.

2 Experimental and computational methods

In this work, two monocrystalline samples having different
surface orientations defined by Miller indexes (100) and (110)
were irradiated. The two samples were first mechanically then
electrolytically polished, which yields a surface roughness of
about ~5 nm before irradiation. A Titanium-Sapphire fem-
tosecond laser system (Legend Coherent, Inc.) operated at a
central wavelength of 800 nm with a pulse duration of about
50 fs was used to irradiate Cr samples at a repetition rate of
1 kHz under atmospheric air pressure. Laser pulses were lin-
early polarized and attenuated through a pair of neutral density
filters before being focused onto the sample surfaces through
normal angle of incidence. Laser-induced surface modification
was analyzed using a scanning electron microscope (SEM, FEI
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NovananoSEM200) and an atomic force microscope (AFM,
Agilent 5500).

The large-scale atomistic simulation aimed at revealing the
processes responsible for the formation of surface roughness
in the spallation irradiation regime are performed for a Cr tar-
get with (100) surface orientation irradiated by a 50 fs laser
pulse at an absorbed fluence of 0.11 J/cm?, which is only ~ 10%
above the spallation threshold. The simulation is performed
with a hybrid atomistic—continuum model, which combines
the atomistic MD representation of laser-induced structural
and phase transformations with a continuum-level descrip-
tion of the electron sub-system based on the two-tempera-
ture model (TTM). A complete description of the combined
TTM-MD model is provided in Refs. [47, 50, 51], whereas the
parameterization of the model for Cr is described in Refs. [52,
53]. Below, we only provide a brief description of the com-
putational setup used in the simulation reported in this paper.

The interatomic interactions between atoms in the MD part
of the model are described by the embedded atom method
(EAM) potential parametrized for Cr [53]. The potential pro-
vides a relatively accurate and computationally inexpensive
description of Cr experimental properties, including lattice
parameter, cohesive energy, elastic constants and their temper-
ature dependence, melting temperature, and vacancy formation
energy. To ensure a realistic representation of the spallation
process and generation of nanoscale surface morphology,
the simulation is performed for a large system (~ 126 million
atoms) with lateral (parallel to irradiated surface) dimensions
of 100 100 nm? and the depth of the surface region of the tar-
get represented with atomic resolution equal to 150 nm. Peri-
odic boundary conditions are applied along the lateral direc-
tions, and a free boundary condition is applied above the top
surface of the target in order to simulate the uniaxial expansion
and ejection of vapor atoms and liquid droplets during the
ablation process. A pressure-transmission boundary condition
[49, 53-55] is imposed at the bottom of the atomistic part of
the system to preclude the reflection of the laser-induced pres-
sure wave from the bottom of the MD computational cell. The
TTM part of the model extends down to 1 um to ensure the
absence of any significant increase in the electron or lattice
temperatures at the bottom of the computational domain by
the end of the simulation. The thermophysical properties of
Cr entering the TTM equations (electron-phonon coupling,
electron heat capacity, and thermal conductivity) are described
in Ref. [53]. Irradiation by a 50 fs laser pulse is represented
through a source term added to the TTM equation for the elec-
tron temperature [51], with an optical penetration depth of
15 nm at a laser wavelength of 800 nm [56] assumed in the
simulation.

3 Results and discussion

3.1 Laser induced periodic surface structures on Cr
(100) surface

Since low spatial frequency LIPSS require a relatively
high number of laser pulses to promote positive feedback,
a Cr sample with (100) surface orientation has been irra-
diated with 30 pulses at an incident laser fluence of 0.3 J/
cm?, which is below the single pulse phase explosion
threshold. A complex arrangement of surface topogra-
phy generated by the laser pulses can be seen in the SEM
images shown in Fig. 1. Four types of LIPSS that differ
by their orientation and periodicity can be distinguished
in the images, namely, the far field perpendicular (FFL),
far field parallel (FF,)), near field perpendicular (NF1) and
near field parallel (NF,), where the parallel and perpen-
dicular refer to the ripple orientation with respect to the
laser beam polarization. The origin of these structures and
physical mechanisms leading to their formation can be
ascribed to coherent interference between scattered waves
and refracted near and far fields as evidenced by recent
electromagnetic calculations [57]. In other words, differ-
ent scattering conditions (near field enhancement, scat-
tered far-field superposition, coherent superposition with
incident beam, etc.) resulting from different local rough-
ness can provoke different nanoscale rearrangements of
material. However, several alternative approaches have
been proposed in literature to explain the formation of
such structures, including surface oxidation and high har-
monic generation [37], laser induced surface plasma waves
[40], and surface self-organization [31, 39]. In this work,
we focus our attention on the NF,, structures, since they
appear upon exposure to a low energy dose and for a low
number of laser pulses. In fact, for a high number of laser
pulses, the concept of scattered wave becomes question-
able. The analysis of the experimental observations for one
or two laser pulses is addressing the onset of the LIPSS
formation and allows for a more direct comparison with
the results of modeling reported in Sect. 3.4.

3.2 Roughness triggering HSFLs formation in two
pulse irradiation

The formation of NF,, LIPSS is observed for a narrow
range of laser fluences below the phase explosion thresh-
old for single pulse irradiation. The structures discussed in
this work are generated at an incident fluence of 0.3 J/cm?,
which is defined as the “peak fluence” of the Gaussian
laser pulse obtained by dividing the total optical energy by
nw/2, where w is the Gaussian beam waist [58]. The values
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Fig. 1 SEM micrographs representing different types of LIPSS gen-
erated on (100) Cr target irradiated by 30 pulses at an incident laser
fluence of 0.3 J/cm?, which is about 10% below the single pulse phase
explosion threshold, F;,. a A large part of the laser spot where all
types of LIPSS are present. b LSFL (FFL) structures with period of
~625 nm, close to laser wavelength. ¢ HSFL (FF)) structures formed

of single pulse ablation threshold fluence, Fy;,, determined
for two monocrystalline samples with different surface
orientations are very similar to each other, 0.33 J/cm? for
(100) and 0.32 J/cm?® for (110) surfaces. Recent results
of ab initio calculations reveal that the optical properties
of Cr are not sensitive to the surface crystal orientation
and do not exhibit large variation in the range of electron
temperatures realized under irradiation conditions consid-
ered in this study [59]. The absorbed fluence, therefore,
can be estimated using a constant value of reflectivity of
Cr at 800 nm, R=0.55 [56], which yields ~0.13 J/cm? for
the incident fluence of 0.3 J/cm? used in the experiments.

Far-Field
625 nm

TAST

Near-Field ,,
210 nm

Near-Field 1

115 nm

TASH

Near-Field ,,

50 nm

between LSFL structures. d HSFL (NFL.) structures formed on the
periphery of LSFL. e HSFL (NF))) structures formed on the periphery
of the spot, with periods much smaller than the laser wavelength. The
direction of linear laser beam polarization is indicated by the red dou-
ble arrow in the top left corner of a

This value of the absorbed fluence is in the range between
the spallation and phase explosion thresholds predicted in
atomistic simulations performed for Cr targets [52], 0.10
and 0.28 J/cm?, respectively.

Laser induced surface modification generated on two
targets with (100) and (110) surface orientation by irradia-
tion with two laser pulses at an incident fluence of 0.3 J/
cm? is analyzed in scanning electron microscope (SEM),
with representative images shown in Fig. 2. The mere visual
analysis of the SEM images suggests that elongated surface
structures parallel to the direction of the laser beam paral-
lelization are formed in the center of the laser spot on (100)

Fig.2 SEM micrograph of Cr
targets with a (100) surface
orientation and b (110) surface
orientation irradiated by 2 laser
pulses at an incident fluence of
0.3 J/cm?, i.e., about 10% below
the single pulse phase explosion
threshold, Fy;,. The direction of
linear laser beam polarization

is indicated by the red double
arrows. Insets in both images
show FFT of the surface topog-
raphy for regions outlined by
the green dashed squares

@ Springer
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surface, but are absent on (110) surface. To highlight this
difference, the two-dimensional (2D) fast Fourier transform
(FFT) amplitude was calculated for regions within the laser
spots outlined by green dashed squares in Fig. 2. Two similar
symmetric zones can be identified on the FFT plot shown
as an inset in Fig. 2a for the laser-processed (100) surface,
indicating the presence of NF,, structures parallel to laser
polarization with periodicity of about 220 nm. It is worth
noting that for small number of pulses, i.e., under conditions
of minimal feedback, the transient surface topography favors
NF), structures exhibiting periodicities larger than those gen-
erated by multi-pulse feedback irradiation. For (110) surface,
the FFT image shown in the inset of Fig. 2b exhibits a larger
dispersion of the FFT peaks and reflects a much weaker ten-
dency towards the HSFLs formation, as compared to (100)
surface.

The strong dependence of the generation of NF, struc-
tures on the crystallographic surface orientation can be
related to the hypothesis that the HSFLs result from super-
position of waves scattered by roughness centers and imply-
ing local field enhancement [57, 60]. Most studies agree that
surface roughness is necessary to initiate the LIPSS forma-
tion. Furthermore, a sufficiently rough surface is needed to
support the excitement of a surface wave and to cause insta-
bility which gives rise to the structuring. To investigate the
origin of the distinct propensities of targets with (100) and
(110) surface orientations to the formation of NF, by two
pulse laser irradiation, the information on surface roughen-
ing induced by the first laser pulse is needed and is discussed
in the following section.

3.3 Surface roughness generated on (100) and (110)
Cr targets by a single pulse irradiation

As discussed above, the formation of HSFLs is likely to
be strongly affected by the shapes and size distribution of
surface features generated by the first laser pulse. Thus, the
surface roughness produced by a single laser pulse irradia-
tion of (100) and (110) Cr targets is analyzed here for the
same laser fluence (between the thresholds for spallation and
phase explosion) that is used in the 30- and 2-pulse surface
modification discussed in the previous sections. The sur-
face topography in the centers of the laser-modified regions
is characterized by the Atomic Force Microscope (AFM),
and representative AFM micrographs are shown for the two
targets in Fig. 3.

A statistical parameter that can be used to characterize
the randomness of laser-generated surface roughness and
sharpness of surface spikes is kurtosis (sku). This param-
eter is larger than 3 for “spiky” surfaces, lower than 3 for
“bumpy” surfaces, and equal to 3 for completely random
surface roughness. The more peaks a laser modified surface
has, and the sharper the peaks are, the higher is the sku

value of the surface. The sku values evaluated for (100) and
(110) surface orientations are 5.59 and 1.97, respectively.
These values are consistent with qualitative observations one
can make from the visual analysis of Fig. 3, where the fine
nanoscale roughness observed for (100) surface is in a sharp
contrast with a much coarser roughness of the (110) surface
dominated by large bumps and flat-top mesas. Morphologi-
cal features induced by the first pulse on the (100) orienta-
tion are connected by nanorims with length ranging from 10
to 16 nm, as shown in Fig. 3d. This important observation
provides a strong support to the hypothesis that the spiky
character of roughness generated by the first laser pulse irra-
diation of (100) surface plays a key role in the activation of
the scattering mechanism leading to the formation of NF,,
structures, whereas a much smoother (110) surface emerging
from the first pulse irradiation is less amenable to the HSFLs
formation. To elucidate the physical mechanism responsible
for the creation of the initial surface morphology by a single
pulse laser irradiation, a large-scale atomistic simulation of
laser interaction with a (100) Cr target is performed for irra-
diation conditions similar to those used in the experiments.
The computational results are reported and discussed in the
next section.

3.4 Large-scale atomistic simulation of laser
spallation

The general mechanisms responsible for the material ejec-
tion in regime of photomechanical spallation has been stud-
ied in a number of earlier computational studies, e.g., [46,
47,49, 50, 52, 55, 61-64], although the analysis of surface
morphology produced by the spallation process has been
hampered by the short length- and time-scales of most of the
atomistic simulations reported so far. Here, we first briefly
review the mechanisms of the laser spallation and then focus
on the analysis of the surface morphology enabled by the
relatively large scale of the simulation reported in this paper.

The thermodynamic conditions leading to laser spalla-
tion are illustrated by the contour plots of the spatial and
temporal evolution of density, temperature, and pressure in
the surface region of the irradiated target shown in Fig. 4.
The black lines in the contour plots separate the transiently
melted surface region from the crystalline part of the target.
The laser excitation of the conduction band electrons is fol-
lowed by fast electron-phonon equilibration and leads to a
rapid increase of the lattice temperature in the surface region
of the target from 300 to ~3700 K during the first 5 ps after
the laser pulse, Fig. 4b. The rapid heating causes prompt
homogeneous melting of a 36-nm-deep surface region of
the target superheated above the limit of crystal stability [51,
65, 66]. The laser energy deposition and equilibration occur
under conditions of the so-called inertial stress confinement,
i.e., on a timescale that is shorter than the time required for

@ Springer
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Cr (100)

0 Elevation, nm 17 0

Fig.3 AFM micrographs of Cr targets before and after single pulse
laser irradiation. a, b Targets with (100) and (110) surface orienta-
tions before laser irradiation. ¢ Target with (100) surface orientation
irradiated at an incident fluence of 0.3 J/cm?, i.e., about 10% below

the mechanical relaxation (expansion) of the heated surface
region [46, 48]. The almost constant-volume heating results
in the generation of compressive stresses, while the interac-
tion of the laser-induced compressive stresses with the free
surface of the irradiated target produces a tensile component
of the stress wave propagating into the bulk of the target, as
can be seen from the pressure contour plot in Fig. 4c. At a
certain depth under the surface, the tensile stress exceeds
the dynamic strength of the molten material and leads to the
nucleation and growth of subsurface voids in a process that
is commonly called the laser-induced cavitation or spalla-
tion [44, 46, 67]. The appearance of voids is reflected in the
density contour plot shown in Fig. 4a, where the reduction of
density is first observed at about 30 ps after the laser pulse.
The low-density region expands with time, as the voids
grow, coalesce, percolate, and eventually produce an array
of elongated liquid bridges that connect the bulk of the target
to a top molten layer accelerated in the direction away from
the target by the initial relaxation of laser-induced stresses.

@ Springer

Elevation, nm 17 0

Cr (110)

Elevation, nm 17

the single pulse phase explosion threshold, F;,. d 3D view of surface
topography shown for a region outlined by the black square in c. e
Target with (110) surface orientation irradiated under similar condi-
tions as in ¢

The extension of the liquid bridges hardly decelerates the
top layer that continues to move away from the target at an
almost constant velocity of ~ 180 m/s. The elongation of the
liquid bridges proceeds simultaneously with solidification of
lower parts of the bridges adjacent to the target, as evidenced
by the extension of the black line marking the location of
the solidification front in Fig. 4 into the low-density region
that corresponds to the liquid bridges. The upward motion
of the molten layer leads to eventual breakup of the liquid
bridges and complete separation of the layer from the target
by ~750 ps.

The visual picture of the processes described above is
provided by a series of snapshots of atomic configurations
taken at different times in the course of the simulation and
shown in Fig. 5. The snapshots illustrate the appearance of
a large number of voids in the molten part of the target by
50 ps, the evolution of the cavitation region into a “forest”
of liquid bridges by 200 ps, and the breakup of the bridges
upon further upward motion of the top molten layer. Only



Spallation-induced roughness promoting high spatial frequency nanostructure formation...

Page7of12 308

150 (a)

p/p,

100

50

Distance from the initial surface (nm)
(=]

-50
-100
-130 200 400 600 800 1000
Time (ps)
150 r (c) .
~ (GPa)
£ r 8
E 100+
| i
[ L
5 sof 6
i 3
g ol 4
= 3
=]
£ -50 2
) 1
g
0
% -100
=] -1
-2

400 600 800
Time (ps)

1000

Fig.4 Contour plots of the spatial and temporal evolution of a den-
sity, b temperature, and ¢ pressure, in a large-scale TTM-MD simu-
lation of a bulk (001) Cr target irradiated by a 50 fs laser pulse at
an absorbed laser fluence of 0.11 J/cm?, ~10% above the spallation
threshold. The laser pulse is directed along the Y-axis as shown by the

a small number of gas-phase atoms can be seen inside the
growing subsurface voids, thus providing further evidence
for the photomechanical nature of the cavitation/spallation
process, i.e., the driving force for the nucleation and growth
of the voids is the relaxation of the laser-induced stresses
rather than the vapor pressure in the boiling process.

In contrast to the smaller-scale simulations, where the
voids quickly “outgrow” the lateral size of the computational
cell and self-interact to promote a prompt separation of the
top liquid layer shortly after the void nucleation, e.g., [46,
51, 62, 63], the evolution of voids illustrated in Fig. 5 takes
longer time and proceeds through the formation of a tran-
sient foamy structure of interconnected liquid bridges con-
necting the upper 27-nm-thick liquid layer with the rest of
the target. The size of the largest elongated void and the dis-
tances between the liquid bridges are substantially smaller

150

- () > T (K)
) -
E 100 3000
8 i 2750
&
-
= of 2500
= - 2250
E ol 2000
2 1750
£
£ o 1500
® 1250
Q
1000
g -100
A 750
500
-1500 200 400 600 800

Time (ps)

red arrow in a. The black line separates the melted region from the
crystalline part of the Cr target. The visual picture of the subsurface
“cavitation” region evolving into an array of “liquid bridges” con-
necting the “spalled layer” with the rest of the target can be seen in
Fig. 5

than the lateral size of the computational cell, suggesting
that the size effects and the periodic boundary conditions
are not introducing any major artifacts into the dynamics
of the spallation process. This enables us to continue the
simulation until the time of complete resolidification of the
surface region and to perform analysis of the final surface
morphology generated in the spallation process, which is
reported in the next section.

3.5 Surface roughness generated in the spallation
process

The nanoscale surface morphology generated in the spal-
lation process is illustrated in Fig. 6a,b, where a side and a
top views of the surface structure are shown for a time of
1056 ps, when eight out of nine surface spikes produced via

@ Springer
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50 ps 200 ps 400 ps

Fig.5 Snapshots of atomic configurations obtained in a TTM-MD
simulation of laser spallation of a bulk (001) Cr target irradiated
with a 50 fs laser pulse at an absorbed laser fluence of 0.11 J/cm?.
The laser pulse is directed from the top of the images. The atoms are
colored according to their potential energies: the dark blue regions
represent the bee Cr structure, green regions correspond to the molten
Cr, and the atoms at the top surface of the target and at the internal

() (b)

Fig.6 Side (a) and top (b) views of the frozen surface morphology
generated in a TTM-MD simulation of laser-induced photomechani-
cal spallation of a bulk (001) Cr target irradiated with a 50 fs laser
pulse at an absorbed laser fluence of 0.11 J/cm? The 100x 100 nm?
surface region features nine solidified spikes with length ranging
from 12 to 110 nm. An enlarged view of a top 40 nm part of the tall-
est spike is shown in c. The atoms in a are colored according to their

the spallation and breakup of the liquid bridges are already
completely crystallized. The characteristic morphological
features present on the surface include nine spikes with
the length ranging between 12 and 110 nm, nanocavities,
nanoprotrusions, and nanorims connecting the spikes and

@ Springer

-50 -40 -30 -20 -10 O

600 ps 700 ps 800 ps

surfaces appearing in the spallation process are colored red. The
light blue stripes that can be seen in the crystalline part of Cr target
at 50 ps and disappear at later time represent the unstable stacking
faults [53] transiently appearing in the system in response to the uni-
axial expansion caused by the dynamic relaxation of the laser-induced
stresses

[ _ [ [ |_ Elevation (nm)

10 20 30 40 50

potential energies with the same coloring scale as in Fig. 5. In b, the
atoms are colored according to their elevation with respect to the ini-
tial level of the surface. In ¢, the atoms are colored by the local-order
parameter, so that the lower crystalline part (green) could be clearly
distinguished from the top part that remains in the disordered state
(blue)

outlining the nanocavities. Several small subsurface voids
are also present at the base of some of the frozen spikes
(not visible in Fig. 6 but revealed in the detailed analysis
of the resolidified targets). Eight out of the nine spikes
are fully crystallized through the rapid propagation of the
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crystal-liquid interface from the bulk of the single crystal
target. The crystallization front accelerates with increasing
undercooling, reaches its maximum velocity of ~ 150 m/s at
a temperature of about 0.757,,,, and then slows down as the
temperature continues to drop further after the separation
of the spalled layer from the liquid bridges. By the time of
1056 ps, for which the images are shown in Fig. 6, only the
top 20 nm part of the tallest spike remains disordered, as
can be seen from the enlarged view of the tip of the spike in
Fig. 6¢. The atoms in Fig. 6¢ are colored by the local-order
parameter [51], so that the front of the epitaxial crystalliza-
tion could be clearly identified. The crystallization front is
still moving upwards, and one can expect complete crystal-
lization of the spike within the next nanosecond. Note that
despite the disordered structure of the tip of the tallest spike,
its shape does not undergo any significant changes follow-
ing the formation of the spike through the breakup of the
liquid bridge (compare snapshot for 800 ps in Fig. 5 with
Fig. 6a). This observation can be related to the rapid drop
of the temperature of the spike (and corresponding increase
in viscosity), which is already as low as 0.457,, at the end
of the simulation.

The surface morphology predicted by the TTM-MD sim-
ulation of laser spallation of Cr target is consistent with the
results of experimental imaging of nanoscale surface rough-
ness produced in femtosecond laser processing of different
metals, e.g., Cu [68, 69], Au [70], Ag [71], and W [72]. The
surface structures observed in the experiments feature elon-
gated frozen nanospikes, nanorims and nanocavities, which
are very similar to the simulated surface morphology shown
in Fig. 6. The characteristic sizes of the surface features,
however, are sensitive to the properties of target material and
irradiation conditions (number of laser pulses and relative
magnitude of the laser fluence with respect to the spalla-
tion threshold), thus hindering the establishment of direct
quantitative links between the computational predictions
and the experimental data. The coordinated computational-
experimental study of Cr targets irradiated in the same spal-
lation regime, reported in this work, provides an opportunity
to bring the connection between the modeling predictions
and experimental observations to the quantitative level. In
particular, the inspection of the AFM image shown for Cr
(100) surface in Fig. 3c,d indicates that several frozen spikes
with heights exceeding 10 nm are present on an area with
dimensions of 100 x 100 nm?, which is in a good agreement
with the surface morphology shown for the same surface
area in Fig. 6b.

A number of possible explanations have been suggested
in literature for the formation of surface nanostructures on
metal surfaces irradiated by femtosecond laser pulses. A pos-
sible spatial variation of the absorbed laser energy (due to
the inhomogeneity of the incident laser beam, the enhanced

absorption by surface defects, or the interference of the
incident laser light with surface scattered waves), leading
to the formation of localized nanoscale melted regions and
redistribution/expulsion of the molten material driven by the
temperature gradients is suggested as the origin of nanoscale
surface morphology in Ref. [68]. The possible role of het-
erogeneous melting of the irradiated surface is discussed in
Ref. [72], while the relaxation of laser-induced stresses and
spallation are highlighted in the analysis reported in Refs.
[69, 71].

The results of the simulation presented in this paper pro-
vide a convincing evidence in favor of the scenario where
the nanoscale surface roughness appears as a result of spal-
lation proceeding simultaneously with rapid resolidification
of the transiently melted surface region of the target. The
generation, coarsening, and percolation of subsurface voids
in the molten part of the target lead to the formation of liquid
bridges and vertical walls separating the voids, see, e.g., a
snapshot for 200 ps in Fig. 5. As the top molten layer moves
away from the target, the liquid walls and bridges break
up and retract due to the action of the surface tension. The
breakup of the liquid bridges, however, proceeds simultane-
ously with the advancement of solidification front from the
bulk of the target, which captures and freezes the transient
liquid structures generated in the dynamic spallation pro-
cess. Actually, the solidification front reaches the base of
the liquid bridges as early as ~200 ps, as manifested by the
black line entering the low-density region in Fig. 4a and
the blue (crystalline) region extending into the bridges by
400 ps in Fig. 5. By the time the liquid bridges break up and
the spalled layer separates from the target (~ 750 ps), some
of the smaller nanospikes are already completely solidified
and only the longest ones remain partially melted. The com-
petition of the evolution of the shapes of the liquid parts of
the spikes driven by the minimization of the surface energy
with the rapid solidification is defining the final shapes of the
nanospikes. In particular, the bent shapes of the nanospikes
clearly visible in Fig. 6a, as well as spherical “heads” that
would form if the solidification would be slightly slower, are
commonly observed in the experimental images [68—70, 72].
Note that in addition to the advancement of the solidification
front from the bulk of the target observed as the only solidi-
fication mechanism in the simulation reported in this paper,
an additional contribution from the homogeneous nucleation
of new crystallites is possible if a sufficiently strong under-
cooling is reached in the liquid parts of the nanospikes, as
has been demonstrated for Ag in Ref. [50].

The mechanistic insights into the formation of frozen
surface features obtained in the simulation of laser spalla-
tion of a (100) Cr target also provide a hint to the possible
explanation of the strong dependence of the surface topog-
raphy on the crystallographic orientation of the irradiated
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surface. The velocity of crystallization front propagation is
faster for (100) crystal-liquid interface as compared to more
densely packed (111) or (110) interfaces [73], while the opti-
cal absorption, melting depth, and magnitude of the laser-
induced pressure wave are not expected to exhibit a strong
orientational dependence. The slower solidification front
propagation for the densely packed interfaces leaves more
time for the surface tension to smooth out the molten surface
features generated by the breakup of the liquid bridges to
the spalled layer.

4 Summary

The physical mechanisms responsible for the formation of
HSFLs in femtosecond laser interactions with metal sur-
faces are investigated in a joint experimental and compu-
tational study that combines a detailed analysis of surface
morphology produced by 30, 2, and 1 pulse irradiation of
monocrystalline Cr samples with a large-scale molecular
dynamics simulation of laser interaction with a Cr target
performed in the same irradiation regime. The electron and
atomic force microscopy analysis of the irradiated surfaces
reveals that the material response to the first laser pulse is
strongly dependent on crystallographic surface orientation,
with (100) Cr surface exhibiting the formation of higher and
more refined nanoscale surface roughness as compared to
(110) surface. The higher surface roughness generated by the
first laser pulse activates scattering of the laser light and the
local field enhancement upon irradiation by the second laser
pulse, leading to the formation of much more pronounced
high spatial frequency structures on the (100) surface as
compared to (110) one. When applying additional laser
pulses, different types of periodic surface structures start
to emerge due to the interference between the incident laser
light and waves scattered by roughness centers strengthening
specific periodicities by positive feedback. The appearance
of the periodic surface structures, therefore, can be traced
back to the initial surface roughness generated by the first
laser pulse.

To reveal the processes responsible for the formation of
the surface roughness by single pulse laser irradiation, a
large-scale atomistic simulation is performed for a (100) Cr
target irradiated in the spallation regime. The simulation
provides a detailed picture of the spallation process driven
by the relaxation of the laser-induced stresses and leading
to the formation of complex nanoscale surface roughness
featuring elongated frozen nanospikes, nanorims and nano-
cavities with dimensions similar to those observed experi-
mentally. The results of the simulation suggest that the char-
acteristics of nanoscale surface morphology are defined by
the competition between the evolution of transient liquid
structures generated in the spallation process and the rapid
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resolidification of the surface region of the target. The strong
dependence of the surface topography produced in single
pulse irradiation experiments on the crystallographic orien-
tation of target surface may be related to the anisotropy of
the crystallization front propagation, which provides more
time for the relaxation of molten surfaces when the solidifi-
cation process is slower. The connection between the initial
nanoscale roughness generated by the first laser pulse and
the subsequent formation of periodic surface structures,
established in the present study, contributes to the progress
towards the general goal of untangling the complex multi-
scale phenomenon of the LIPSS formation.
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