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The formation of periodic structures in ultrafast laser-irradiated surfaces implies dynamic coupling between
the incoming light and the light-driven material. To capture the mutual influence and feedback between light
and evolving surface topographies, we investigate numerically the evolution of metal surfaces irradiated by
multiple femtosecond laser pulses of sub-, near-, and slightly above-threshold ablation fluence. The multiphysical
model combines Maxwell equations and thermohydrodynamic approach based on electron-ion heat transfer
and compressible Navier-Stokes equations and allows us to account for interpulse feedback on the resulting
surface topographies. First pulses of the subthreshold energy lead to material swelling, nanocavitation few tens
of nanometers below the surface, and, as a result, nanoroughness formation on the initially flat surface. Further
pulses contribute to the development of periodic surface structures, enhanced absorption, and increased removal
rate. Cavitation in the tips of ripples is found to play a crucial role in modification and regulation of surface
topography for sub- and near-threshold ablation fluences. At higher laser pulse energy, thermal ablation is mostly
involved in surface modification, and the ablation rate per power reaches its maximum at three to five times the
ablation threshold fluence, resulting from the optimal heat penetration depth for laser ablation. The numerical
results offer a better understanding of the surface topography modifications upon multipulse femtosecond laser

irradiation.

DOLI: 10.1103/PhysRevB.99.235412

I. INTRODUCTION

Ultrashort laser pulses with fluences below, near, and
slightly above the ablation threshold open broad possibilities
for precise and efficient fabrication of nano/microstructures
on the surface of metals. These features can create, for exam-
ple, unique antireflective, plasmonic, antibacterial, and wetta-
bility properties via single-pulse and multipulse irradiations
[1-6]. The control over the topography aspect ratios, regu-
larity, flexibility, and complexity of periodic and aperiodic
laser-induced nanostructures still appears to be a complex
issue owing to the fact that the surface relief is modified via
numerous hydrodynamic phenomena, such as melt flow and
capillarity effects [7,8], subsurface nanospallation [9], and
ablative evaporation [10]. The nanoroughness induced by the
evolution of the surface relief, in turn, influences the local
energy deposition and temperature gradients from pulse to
pulse [9,11,12]. Such dynamic coupling between incoming
light and the light-driven material was recognized to give a
positive feedback for periodic nanostructure ordering [12,13].

This way, multipulse laser irradiation of surfaces represents
a nontrivial interplay between photothermal mechanisms of
absorbed energy and heat confinement and hydrodynamic
processes leading to phase transitions, melt flow, and material
removal. For instance, laser interaction with subthreshold
ablation fluence is characterized by material swelling [14—16],
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formation of subsurface cavities [9,17], nanobumps, nanopil-
lars, and nanojets above the initial surface level [1,4,18,19].
Multiple pulses were found to completely modify the surface
relief producing significant roughness as well as periodic and
aperiodic structures including ripples, spikes, and grooves
[3,7,9,20]. Surface ablation by ultrashort laser pulses of higher
energy results in void coalescence below the surface, spalla-
tion, thermal ablation, and phase explosion, creating an abla-
tion crater, often surrounded by a crownlike rim [14,21,22].
Laser fluence was shown also to be a key parameter to define
the ablation efficiency and the drilling processing quality,
therefore the optimal laser irradiation regimes for industrial
applications were intensively debated in the past few years
[23-26].

Previously, hydrodynamic approaches have been devel-
oped to predict the ablation crater depth and to describe the
plasma plume expansion in the regimes of ultrafast laser ab-
lation [27-29]. Among them, one-dimensional hydrodynamic
equations with incorporated equations of state (EOS) [30-32],
molecular dynamics approaches [8,10,15,16,33,34], and in-
compressible hydrodynamic approaches based on Navier-
Stokes equations [20,35,36] were applied to discuss the
relative role of decomposition processes in laser ablation.
An empirical model based on Kuramoto-Sivashinsky was
implemented by Reif et al. [37] in order to discuss the
processes of nanostructure self-organization. Describing the
particular type of instability caused by surface erosion and
atomic diffusion, the model is not adequate to relate accu-
rately the laser irradiation conditions to surface modifica-
tions. A three-dimensional hydrodynamic approach based on
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incompressible Navier-Stokes equations coupled with a two-
temperature model was proposed by Tsibidis and co-workers
[7,20]. On one side, with the terms of viscosity and surface
tension, the capillarity effects have been taken into account
in this approach, and the formation mechanism of suprawave-
length structures on semiconductors, dielectrics, and metals
was explained in terms of convection rolls and hydrothermal
waves established pulse by pulse [7]. On the other side, the
model does not describe the compressible photomechanical
processes, such as subsurface nanocavitation and spallation,
which can strongly influence the hydrodynamics and pulse-
to-pulse evolution. Additionally, if several pulses are consid-
ered, Maxwell equations should be solved in order to define
accurately the energy deposition on the new surface relief.
For instance, the electromagnetic approaches underlined the
crucial role of coherent scattering on surface nanoroughness
in ripple formation [9,11,12,38,39]. The absorption distribu-
tions on rough surfaces calculated by full-vector Maxwell
equations were investigated by Skolski et al. [39], revealing
similarities in orientation and periodicity between these pat-
terns and ripples observed in experiments. The model was
further expanded to account for positive interpulse feedback
[39], transient electronic properties [11], thermal diffusion,
and ablation [12]. However, these approaches have never been
coupled to a full system of hydrodynamic equations to de-
scribe the transition from electromagnetic or electron-density
patterns to permanent modifications and to elucidate the role
of multipulse feedback.

We propose a multiphysical approach to describe accu-
rately the evolution of the surface relief at below- and near-
ablation femtosecond irradiation conditions. First, Maxwell
equations are solved to define the energy absorption distri-
bution on the metal surface. The incorporation of Maxwell
equations into the multipulse laser ablation model allows us
to consider the consequences of light interference with both
radiative and nonradiative scattered fields from nanofeatures,
such as nanoholes or nanobumps [40]. The numerical solu-
tions account for both evanescent surface waves and their
plasmonic counterparts [12]. This way, the multiphysical
model allows us to follow the surface evolution through the
stages of disorder, self-organization, amplification, and regu-
lation of the laser-induced nanostructures. Then, the electron-
ion heat transfer equations are coupled with compressible
Navier-Stokes equations with incorporated equations of state
and viscosity terms to define temperature and lattice density
distributions after fluid movement, material decomposition,
and removal. The proposed model combines the variety of
physical phenomena, previously discussed only separately
within compressible [30,31] and incompressible [7,20] hy-
drodynamic and electromagnetic [11,39] approaches. Within
the described approach, we show different multipulse path-
ways of surface relief evolution provided by ultrashort laser
irradiation. In contrast to previous electromagnetic models
[11,12,39], we start from the initially flat surface, there-
fore, the surface topography evolution is dictated solely by
laser irradiation conditions. Mechanisms of roughness and
ripple formation, amplification, and regulation on the sur-
face and in the ablation crater are elucidated, and the op-
timal laser irradiation strategies for efficient ablation are
proposed.

II. NUMERICAL MODEL

A. Energy deposition

The absorbed energy is calculated based on the solution of
Maxwell equations,
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where E is the electric field, H is the magnetic field, €
and p are free space permittivity and permeability, and J
is the electric current derived from the Drude model for the
dispersive media by using the finite-difference time-domain
(FDTD) method via the auxiliary differential equation method
[41] as follows:
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where wp; is the plasma frequency and v is the collision
frequency. The effective values for the collision frequency and
for the plasma frequency are deduced from the Drude formula
approximation for real and imaginary parts of permittivity and
the known refractive indices n and k as v = 2nkw/(1 — n® +
k%) and a)il = (0 +v?)(1 — n? + k?), where w = 2mc/A is
the laser frequency and the laser wavelength is fixed to be
A = 800 nm. The refractive indices for excited stainless steel
are evaluated as a function of the electron temperature based
on the results of ab initio calculations for stainless steel
[42]. At the edges of the grid, absorbing boundary conditions
related to convolutional perfect matched layers are set to avoid
nonphysical reflections [43]. The absorbed energy is defined

as layyp, where I = g /;—(Z) |E | is the intensity and o, is the

bremsstrahlung absorption coefficient related to the extinction
coefficient k as o s = 4wk/A [40].

A femtosecond Gaussian pulse in space and time is intro-
duced as the linear-polarized electric-field excitation source
focused in the center of the grid (x = 0, z = 0) with central
wavelength A = 800 nm,
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where 7 = 80 fs is the pulse width at half maximum, r = #) =
160 fs corresponds to the pulse energy maximum, wg = 5 um

is the beam-waist radius, w(z) = wp,/1 + (i)2 is Gaussian’s

beam spot size, zz = mwy>/A is the Rayleigh length, R(z) =
zZ[1 + (%")2] is the radius of curvature of the beam’s wave
front, and c(z) = arctan(i) is the Gouy phase shift. Light
propagates downwards along the Oz axis, whereas the light
polarization is along the Ox axis.
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B. Electron-ion heat transfer equations

Electron and ion temperatures are calculated in the
frames of the two-temperature model (TTM) [27,44,45] where
the energy conservation law is written as follows:
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where y,; is the electron-lattice coupling factor, C, and C; are
the electron and the lattice heat capacities, respectively, p is
the material density, k. and k; are the electron and the lattice
thermal conductivities, i is the displacement velocity, and i -
VT is the convection term.

Electron temperature dependencies of nonequilibrium ther-
modynamic properties, such as C.(T,), k.(T,), and y,;(T,) as
well as the electronic pressure P, (7, ) are taken from the results
of ab initio calculations for stainless steel [42]. CG;(T;, p) is
defined by the EOS [46] and accounts for phase transitions.
The lattice thermal conductivity k;(7;) for the solid state
is adopted from Refs. [47,48]. Special convection boundary
conditions for 7, and 7; are introduced on the interface as well
as the insulated boundary conditions at the borders of the grid.
The initial temperatures are set to be 300 K.

C. Hydrodynamic equations

To model the hydrodynamic evolution of the material
density, we solve compressible Navier-Stokes equations in
Eulerian form [49]. Momentum conservation for fluid flow
[50] is written as follows:
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where w(7T;) is the temperature-dependent dynamic viscosity
taken from Ref. [47] and P is the pressure, taking account
both for electronic P, and for ionic P; contributions defined by
EOS [46] P = Pgos(T;) + Pe(T.) — P.(T;) [30]. The sponge
absorbing boundary conditions are introduced for displace-
ment vectors % [51,52].

The system of Navier-Stokes equations is completed by the
mass conservation law,

a(pV)
ot

where 0 < V < 1is the fractional volume open to flow, V = 0
corresponds to cells free from the fluid (vacuum), V =1
corresponds to compressible fluid totally occupying the mesh,
and 0 < V < 1 for the interface cells. The described system
of equations conserves energy, momentum, mass, and treats
accurately the fluid flow via the introduction of volume-
of-fluid (VOF) technique applied for the interface cells
[53,54].

Figure 1 shows the typical laser-induced phase transitions
which occur during ultrashort laser interaction with metal
targets. The solid state is described by a system of equations
for compressible fluid (4)—(6) with infinitely high viscosity.

+V . (pVii) =0, (6)
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FIG. 1. Schematics of the considered multiphysical model where
the following approaches are combined: Maxwell equations solved
by the FDTD method, electron-ion heat transfer and diffusion equa-
tions solved by the TTM, and Navier-Stokes equations in Eule-
rian form using the VOF technique. Involved hydrodynamic pro-
cesses and phase transitions under femtosecond laser irradiation are
indicated.

Density dynamics supported by EOS-defined pressures allows
us to model shock and rarefaction wave propagation in a solid.
A liquid state is divided on the intrinsic part where the full
compressible Navier-Stokes equations are evaluated and the
interface part where the VOF method is applied. Such sub-
division is crucial to consider both compressible phenomena,
such as mechanically induced cavitation in liquid, and incom-
pressible phenomena, such as melt flow due to Marangoni
and recoil pressure forces. According to mass conservation
law (6), >, p;V; = const in the entire volume, where p; is the
lattice density and V; is the volume fraction in the considered
cell. In the compressible part of the model, the volume fraction
is kept constant, whereas the lattice density is modified via
0p/dt + V - (pii) = 0. For the incompressible part, VOF is
applied where the density is kept constant and equal to the
density in the neighbor volume cell, but the volume fraction
at the interface is calculated by aV/dr + V - (Vii) = 0. The
following transitions between these two parts are implied. If
a neighbor cell is filled with V = 1, then the interface cells of
the filled cell are treated with the changeable volume fraction
but fixed density, and the filled cell becomes intrinsic and
treated in a compressible way with V =1 and changeable
density via continuity equation (6). In contrast, if the cell is
empty, V = 0, and the neighbor cells become interface cells
with changeable volume fraction. The gas and plasma are
treated by the Eulerian form of Navier-Stokes equations with
zero viscosity and thermal conductivity. This way, the material
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removal via the ablation process is fulfilled in the model by
EOS pressure-driven mass transfer.

Cavitation in liquid or subsurface void formation is sup-
ported by the probabilistic Grady criterion [9,31,55], indicat-
ing that the local decomposition takes place if the negative
pressures P; < 0 are held during time ¢ > 6cpy /P?, where
¥y = vo(1 — T;/T,)""* is the temperature-dependent surface
tension Yy = 1.872 N/m [48], ¢ = 3.2 km/s is the speed of
sound in liquid stainless steel, and T;, = 8582 K is the critical
temperature for stainless steel [46].

D. Calculation details

We use a fixed mesh with spatial steps Az = 1 nm along
the propagation direction and Ax = 10 nm along the laser
polarization. The grid mesh is composed of 2000 x 2000
cells, which corresponds to the dimensions of 2 x 20 pm?.
The higher resolution in the Oz direction is necessary to
model accurately the light absorption on a metal surface.
A changeable temporal step is used in our simulations,
depending on the relevant physical processes occurring on
different timescales. The procedure is similar to the one
applied for laser interaction with transparent materials, pre-
viously described in Ref. [56]. The smallest temporal step of
~1.5 as is used whereas solving Maxwell equations during
laser pulse propagation. It is increased after the pulse up
to the optical cycle ~2.7 fs and maintained constant during
electron-ion thermal transfer and electron-gas cooling. Then,
the temporal step is once again increased up to ~15 fs.
Surface modifications occurring up to the 100-ps scale as well
as pressure wave propagation are calculated with this time
step.

III. RESULTS AND DISCUSSION
A. Subsurface cavitation

The material decomposition in the laser-affected zone
commonly occurs following thermal or mechanical scenarios
[31,33]. The ablation threshold, typically in the range of
F ~0.09-0.21] /cm2 for stainless steel [24,57-59], indicates
often the initiation of classical thermal ablation when referring
to evaporation of the solid material into the ablation plasma.
In the case of ultrashort laser irradiation by a subthreshold
fluence, the modification may occur below the metal surface
as a consequence of a strong rarefaction wave, following the
pressure wave induced by thermal gradients [8,15,16].

We start our investigation by analyzing single-pulse evo-
lution of an initially flat surface. We focus on pressure wave
propagation and density changes in the surface and below the
surface. These effects occur as soon as the lattice temperature
gradients are established after the electron-ion thermal trans-
fer. The characteristic time for electron-gas cooling due to
energy exchange with lattice is defined by the ratio of electron
heat capacity and electron-ion coupling factor [29], which is
C./vei > 1 ps for stainless steel. The maximum temperatures
corresponding to the considered fluence F = 0.15 J/cm? do
not exceed the boiling temperatures 7 =~ 3145 K, however,
the thin surface layer is melted. Material density snapshots
shown in Fig. 2 reveal the propagation of the pressure wave
at first tens of picoseconds with the speed approaching the
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FIG. 2. Lattice density snapshots upon single-pulse ultrashort
laser irradiation with peak fluence F = 0.15 J/cm? at different time
delays on stainless steel. The time after the material excitation ¢ is
indicated in each figure.

speed of sound in solid stainless steel ¢ = 5.8 km/s. The
densification wave is accompanied by the rarefaction wave
launched to the opposite direction. The rarefaction is charac-
terized by strong negative pressures, evaluated by the equation
of state. Cavities of nanometric sizes are formed several tens
of nanometers below the surface where the Grady criterion
for mechanical decomposition is satisfied [55]. As a con-
sequence, the fluid is pushed to the level well above the
initial one. The material expansion takes place up to tens of
picoseconds.

B. Multipulse dynamics

To elucidate the multipulse evolution of the laser-affected
zone, we assume that surface relief is modified within the
considered timescale of ~100 ps. Lattice cooling is achieved
on the scale of thermal diffusion time on the order of few
microseconds [60]. We thus neglect heat accumulation effects
assuming that the time between successive pulses is above the
microsecond (i.e., pulse repetition rate below the megahertz
regime). At the beginning of each new pulse, we set both elec-
tron and material temperatures equal to 300 K. The diffusion
limit time can be estimated as w}/D ~ 4.2 us for stainless
steel, where wo =5 pum is the laser spot radius and D =~
6 x 107® m?/s is the thermal diffusivity. Experimentally, the
excessive heat accumulation effects result in the growth of mi-
croscale roughness and uncontrollable degradation of surface
profile [61,62]. For stainless steel, the ablation regimes with
repetition rates up to 500-600 kHz, and fluences up to ten
times the ablation threshold were reported to conserve good
machining quality upon multipulse femtosecond laser irradi-
ation. One can relate this to the absence of significant heat
accumulation. We also do not consider the effects of plasma
shielding, nanoparticle generation in the laser-induced plasma
plume, and redeposition of the ablation species on the surface,
which influence the laser ablation in the case of high repetition
rates or extremely high fluences, more than ten times exceed-
ing the ablation threshold [24,62-64]. We also neglect the
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influence of background gas or air on plasma plume evolution
during laser ablation, considering the background medium
as a vacuum. We consider the results for shallow ablation
depths, although similar calculations can be performed for
deeper ablation depths, for instance, see Ref. [12], where
full-vector Maxwell equations take account for reflections
from the borders of the ablation crater. The physical limitation
of the model in this case is related to fluences strongly exceed-
ing the ablation threshold. For these laser irradiation condi-
tions, the laser-induced plasma and slowly moving nanoparti-
cles are generated, preventing the evacuation of the ablated
material before the next pulse arrives. This effect is non-
negligible for deep holes and would require the development
of more advanced models.

Starting from the initially flat surface, we take account
both for surface relief modification and intrinsic changes,
including subsurface cavity formation. The next pulse cal-
culations redefine the absorbed energy deposition by solv-
ing Maxwell equations (1) and (2), and Egs. (4)-(6) are
solved for the new surface relief. As a result, we present the
electromagnetic snapshots representing the energy deposition
on the modified surface and the surface topography at the
same time.

1. Subthreshold fluence

Figures 3(a)-3(d) show the evolution of the surface mor-
phology during irradiation by multipulse subthreshold ultra-
short laser pulses. For the first few laser pulses, the energy is
not enough to ablate thermally the surface. We note, however,
the formation of nanocavities below the surface and expansion

0.1

N=5
— a
= (a)
D | o —— e ——e. —
N

0.1 F[]J/cm?]

0.125

_ o1 (b) N =10
€
=) _ntﬂ‘l Qm_ 0.1
~N Y

0.1 0.075

0.3
T (c) N=25 0.05
2 |- A A e
N VY 0.025

0.3

0

%3 N = 40
= /‘/\ ——
= 0opft------1 ViiiRgY T
N V l,vl \¥)

-0.3

-4 0 4
X [um]

FIG. 3. Energy deposition after multipulse ultrashort laser irra-
diation with peak fluence F = 0.125 J/cm? on stainless steel. Here
and further, every image with the number of pulses N corresponds
to the absorbed energy during the Nth pulse after pulse propagation
but before surface modification. The initial surface level is marked
by the dashed black line. The evolution of surface topography
consists of (a) subsurface nanocavitation and swelling, (b) roughness
amplification, and (c) and (d) formation of a volcanolike ablation
crater covered with ripples.

of the surface well above the initial level in Fig. 3(a). Material
swelling and subsurface nanovoids below the surface as a
first step of laser ablation of metals were previously observed
[9,14,17] and investigated within the molecular dynamics
approach [15,16]. From pulse to pulse, the electromagnetic
field is more and more reinforced in a thin nanometric surface
layer due to the presence of the laser-induced nanovoids. The
enhancement around the nanovoids is mainly due to the cav-
itation process that takes place below the surface at distances
comparable to light absorption depth. This way, surface waves
can be still excited by inhomogeneities, resulting in localiza-
tion of the absorption energy in vicinity of the nanocavity.
As a result, higher temperatures and larger probabilities of
spall are achieved. This way, the voids become larger until
the energy is enough to open the voids and form a nanohole
on the surface. The numerical results demonstrate that tens
of pulses are required to achieve the significant enhancement
for ablating holes of 100-nm size in Fig. 3(b). The electro-
magnetic field is now localized at the bottom of the holes and
promotes the growth and the expansion of the ablated zone
by thermal ablation. The sequence of 40 pulses indicates that
the final modification represents a volcanolike crater of a few
hundred nanometers covered with ripples in Fig. 3(d). The
material expansion above the initial surface in this case is en-
tirely the consequence of subsurface nanovoid formation and
mass conservation. The ripple periodicity is close to the laser
wavelength, and their appearance is directly related to the
interference of the incident light with the radiative scattered
fields from laser-induced inhomogeneities [9,12,39]. Ripple
periods on metal surfaces decrease with the number of applied
pulses, therefore, different values were reported depending on
laser irradiation conditions [65]. Upon multipulse irradiation,
however, the regulation of periods occurs where the contrast
between maximum and minimum periods decreases [66].
Furthermore, the periods saturate and do not evolve anymore
upon multipulse irradiation. The evolution from random sur-
faces to well-ordered ripples by multipulse ablation was dis-
cussed in Ref. [12] where the saturation value of &~31/4 was
theoretically explained. In our case, it is shown that the peri-
odic structures are formed by irradiation of a perfectly flat sur-
face, whereas the roughness is the consequence of hydrody-
namic processes of material decomposition. Here and further,
low-spatial frequency periodic surface structures are obtained
by two-dimensional multipulse simulations. The formation
of the nanostructures with smaller periodicities is out of the
scope of the present article, requiring three dimensionality
[40], and the high-spatial frequency ripple emergence and
evolution will be reported elsewhere. The limitation comes
from the fact that two-dimensional Maxwell equations do not
account for polarization-dependent nonradiative response on
the plane perpendicular to the propagation plane. They also
do not consider the finite size of the nanostructures on this
plane, dealing with infinite gratings rather than periodic holes.
Slight differences are expected in thermal diffusion, shock
wave, and rarefaction wave propagation as well as the dimen-
sions of subsurface cavities and rim above the surface level.
Nevertheless, the two-dimensional results still provide a real-
istic picture of the phenomena, occurring during femtosecond
laser-matter interactions and inaccessible by one-dimensional
approaches.
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FIG. 4. Energy deposition after multipulse ultrashort laser irra-
diation with peak fluence F = 0.25 J/cm? on stainless steel. The
number of pulses N is indicated on each figure. The initial surface
level is marked by the dashed black line. Surface topography images
show the evolution of the modification through (a) spallative abla-
tion, (b) roughness amplification, and (c) and (d) ripple formation in
the ablated crater.

2. Near-threshold fluence

If the peak fluence is increased up to F = 0.25 J/cm?,
the effect of the pressure wave leads to mechanical ablation
or spallation. An elongated cavity of several micrometers is
formed below the surface as a result of nanovoid coalescence
as shown in Fig. 4(a). Further ablation leads to the void
opening and spallation of several tens of nanometers at one
pulse in Fig. 4(b). Significant roughness is formed in the
ablation crater after spallation and material removal. The
electromagnetic-field enhancement in the holes promotes the
growth of ripples up to H ~ 200-nm depth after 20 pulses
irradiation as shown in Fig. 4(d). The limitation for their
growth is not related directly to thermal ablation of the peaks
but to formation of nanoscale cavities inside the ripple tips,
consequent field enhancement, and then partial material re-
moval. Note that the temperatures are not enough to ablate the
peaks thermally if the nanocavities are not induced by previ-
ous pulses. The stabilized ripple periodicity is slightly smaller
than the laser wavelength (*~31/4), which is the consequence
of topography-mediated electromagnetic feedback, previously
discussed in Ref. [12].

3. Above-threshold fluence

Series of calculations are performed also for peak fluence
above the ablation threshold F = 0.5 J/cm? for stainless steel
shown in Figs. 5(a)-5(c). The maximum temperatures attained
by single-pulse irradiation exceed the boiling point in this
case. The ablation depth is given mostly by the temperature
distribution. A sequence of 10-20 pulses results in ripple
formation with periodicity &3\ /4, however, the laser-induced
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FIG. 5. Energy deposition after multipulse ultrashort laser irra-
diation with peak fluence F = 0.5J/cm? on stainless steel. The
number of pulses N is indicated on each figure. The initial surface
level is marked by the dashed black line. Surface topography images
evidence the appearance of ablation crater covered with ripples and
surrounded by a thin rim above the initial surface level marked by
solid blue line.

temperatures are now sufficient to remove the material both
in the bump crests and in the holes. This way, the growth
of periodic surface structures is limited by H =~ 200 nm. The
quality of the ablated crater is improved in terms of ablation
depth to average roughness ratio. The snapshots of the surface
relief shown in Figs. 5(a)-5(c) indicate the presence of a
100-nm rim above the initial surface level, created due to
fluid flow of liquid material over the solid one outside the
laser-affected zone. In contrast to the case of subthreshold
fluences and volcanolike crater shown in Fig. 3, the material
movement here is governed by thermal ablation liquid flow
at the borders of the crater. The rim height is shown to
increase with fluence. For instance, for a fixed number of
applied pulses N = 20, the rim height H ~ 75 nm for fluence
F =0.25J/cm? in Fig. 4(d) and H ~ 150 nm for fluence
F = 0.5 J/cm? in Fig. 5(c). Additionally, the rim grows from
H =~ 100 nm in Fig. 5(b) to H ~ 150 nm in Fig. 5(c) with the
increasing number of applied pulses.

4. Amplification and regulation of ripple profile

Multipulse dynamics of surface topography is driven by
the interplay of electromagnetic and hydrodynamic processes,
that interchangeably play constructive and destructive roles.
For instance, the formation of subsurface voids increases the
absorption on the rough surface. The energy absorption below
the holes and ripple hollows results in the profile deepening
and the roughness amplification. Therefore, ripples, once
formed, are not erased but only become more pronounced by
electromagnetic effects and pulse-by-pulse material removal.
Figure 6(a) shows, however, that the growth is limited to
~200-nm depths if fluences near the ablation threshold are ap-
plied. The reason for such regulation is purely hydrodynamic.
The density distribution 50 ps after irradiation by the third
laser pulse is plotted in Fig. 6(b). The material is removed
below ripple hollows, whereas the liquid layer is formed at
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FIG. 6. Evolution of ripple topography with periodicity X =
600 nm by multipulse irradiation of ultrashort laser pulses with
(@) F = 0.15J/cm? and (c) F = 1.5 J/cm?. Density snapshots 50 ps
after irradiation (b) by F =0.15 J/cm2 and N =3, (d) by F =
1.5J/cm? and N = 2. Surface topography images indicate nanos-
tructure amplification and regulation via (a) cavitation in the tips for
lower fluence and (c) electromagnetic feedback for higher fluence.

the tips where the energy is not enough to start the ablation
process. Such configuration results in rarefaction wave con-
finement inside the nanostructure and high probability of me-
chanically induced cavitation. As the nanocavities are formed
inside the ripple crests, the electric field is now enhanced
around the nanovoids, and the energy is enough to ablate
the tips. The ripple shape turns to be flatter, therefore, the
energy is absorbed both in hollows and in crests in Fig. 6(a)
for N = 5 pulses, which does not allow the nanostructures to
grow deeper.

A different mechanism is predicted by numerical simu-
lations for higher fluences above the ablation threshold. As
the ripples become deeper, the absorption increases, resulting
in higher volumes of removed material by thermal ablation
in Fig. 6(d). Following the ripple profile evolution upon
N = 15 pulses irradiation in Fig. 6(c), one can note that the
shape of the nanostructures changes from regular sinusoidal to
sinusoidal with triangular stretched tips. On such a modified
profile, the energy is still absorbed stronger below the holes
than at the peaks of the nanostructures. However, the peaks
are narrow, as a result of multipulse laser ablation. Due to
excessive thermal diffusion, these regions, having dimensions
smaller than heat penetration depth, gain high temperatures
and are removed by the following pulse. The regulation of
ripple depth and uniform distribution of lattice densities along
the surface profile shown in Fig. 6(d) is the consequence of
this effect.

Although the results are shown for ripple profiles of a fixed
periodicity A = 600 nm for which the spatial pattern stability
is already achieved [12], both of the described regulation
mechanisms take place for any subwavelength periodic or
quasiperiodic profiles, including high-spatial frequency rip-
ples. However, if the characteristic spacings exceed the laser
wavelength, as in the case of spikes or grooves, the absorbed

energy is distributed equally all along the profile, and the
ablation does not lead to the microstructure amplification or
erasure.

C. Efficiency vs quality

The numerical results indicate that the laser irradiation
with fluence slightly above the ablation threshold gives
cleaner ablation crater than the irradiation with subthreshold
and near-threshold ablation. Furthermore, the laser energy
dose defined as laser fluence multiplied by the number of
applied pulses is an important parameter in order to define
the efficiency of ultrashort laser ablation. The ablation depth
or the volume of the ablated material does not scale linearly
with laser fluence [44,45], therefore, there is an optimal value
of fluence corresponding to the minimum laser energy dose
required to drill the hole of desirable depth or more efficient
ablation. The efficiency in this case relies on the fact that the
thermally affected zone scales nonlinearly with laser fluence.
If we increase the laser fluence twice, the thermal diffusion
depth increases less than twice, which makes thermal ablation
inefficient at fluences several times exceeding the ablation
threshold [23,26]. We perform numerical simulations in order
to elucidate this trend.

Figure 7 shows the temperature profiles after irradiation by
multiple pulses of equal laser energy dose 5 wJ but different
fluence and number of applied pulses. The temperatures are
limited by the boiling temperature for stainless steel Ty =
3145 K, therefore, the black color stands for the amount of
material which is expected to be removed by the next pulse.
The ablation depth per pulse, comprising or not including the
roughness, as well as the ablation depth per fluence are plotted
as a function of laser fluence in Fig. 7(e).

The regimes of subthreshold pulses show poor efficiency
and surface quality in Fig. 7(a). The surface profile is degraded
both due to multipulse expansion in accumulative regime
and inhomogeneous low-energy deposition below the laser-
induced nanoholes. The ablation depth increases rapidly up
to few hundred of nanometers if the higher fluences close
to the ablation threshold are considered as in Fig. 7(b). In
this regime, the material removal is both due to spallation as
the initial step of ablation and to thermal ablation amplified
by the laser-induced surface roughness. Thermal penetration
depth per fluence has not reached its maximum, however,
the value increases due to ripple formation and the large
amount of nanometric holes. The ablation crater formed by
F = 0.2-0.3 J/cm? irradiation is characterized by the highest
ratio between the laser ablation depth and roughness contrast
for a fixed laser energy dose, which is seen from the dotted
black curve plotted in Fig. 7(e). In contrast, surface roughness
generated by ultrashort laser ablation with fluences close and
two to three times exceeding the ablation threshold is ampli-
fied pulse by pulse, reaching 100 nm, but is not sensitive to the
exact value of the laser fluence. A similar observation was also
performed in Ref. [66]. Furthermore, the maximum ablation
depth with fixed total amount of energy is achieved whereas
irradiating by laser pulses with fluence three times exceeding
the ablation threshold F & 0.4-0.5 J/cm? in Fig. 7(e). The
multipulse evolution of the surface profile under such fluence
was demonstrated in Fig. 5. A further increase in fluence does
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FIG. 7. (a)—(d) Temperature distributions after multipulse ultrashort laser irradiation with an equivalent laser energy dose and varying
fluences and number of applied pulses (a) F = 0.125J/cm?, N =40; (b) F = 0.25J/cm?, N =20; (¢c) F =1.0J/ecm?, N=5; (d) F =
2.5J/cm?, N =2 on stainless steel. Every image with the number of pulses N corresponds to the maximum temperature distribution after the
Nth pulse propagation and electron-ion thermal equilibrium but before surface modification. The initial surface level is marked by a dashed
black line. (e) Ablation depth per pulse, including (dotted black curve) and excluding (dashed magenta curve) surface roughness and ablation
efficiency dependence on laser fluence. The values corresponding to (a)—(c) regimes are colored by yellow, red, and blue correspondingly.

not show better performance, for example, if one compares
the ablation depth in Fig. 7(c) and in Fig. 7(d) for the cor-
responding fluences F = 1 and F = 2.5 J/cm?. The thermal
penetration depth increases with laser fluence but slower than
the applied fluence. Note that roughness is negligible in both
cases of above-threshold ablation but mostly because of lower
number of required pulses N < 5. Irradiation by a higher
number of pulses will result in ripple formation in the ablation
crater as discussed in Ref. [12].

The ablation depths per pulse measured without taking ac-
count for roughness calculated by multipulse simulations and
shown in Fig. 7(e) quantitatively agree with the experimental
measurements of typical ablation depths per pulse for gentle
and strong femtosecond laser ablation phases. For exam-
ple, one finds 30-40-nm ablation depths for F = 0.5 J/cm?
and 80-90-nm ablation depths for F = 2 J/cm? reported in
Refs. [22,57,67].

We propose that the presented results explain the ex-
istence of an optimal laser fluence slightly exceeding the
ablation threshold, reported previously in the case of laser
ablation of different metals, including stainless steel [23,26].
In fact, the heat penetration depth can be estimated as x =
8/ 128 (K2 T.Cip

= G
perature. Taking into account the almost linear dependence
of K, x T, and C, < T, on the electron temperature [42,68],
one can derive x « +/T./y.;. For most of the materials, such
as stainless steel or nickel, the electron-ion coupling factor
yei either decreases slower than y,; T[l for T > 10 kK or
increases as in the case of aluminum, silver, or gold [42,68].
Such a behavior results in a weaker than linear growth of heat
penetration depth or the ablation depth as a function of the
electron temperature or the laser fluence. As a consequence,
the ablation efficiency starts to decrease from a certain pulse
energy above the ablation threshold. Further investigations are
required to verify if the similar trends are common for other

1/4
) [44], where T, is the material melting tem-

metals. The efficiency of laser drilling can be further improved
by benefiting from heat accumulation if the high repetition
rates are used or by consequent double-pulse or multiple-
pulse burst irradiation [24]. In this case, the effective fluence
per pulse would increase, the regimes of above-threshold
ablation are expected to be achieved within the superposition
of subthreshold pulse trains. This study is out of the scope of
our investigation.

IV. GENERAL ABLATION TRENDS

General trends in femtosecond laser-induced ablation of
metal surfaces revealed by coupled electromagnetic and hy-
drodynamic calculations are summarized in Fig. 8, classified
by required laser fluence and number of applied pulses. The
first pulse results in subsurface cavitation on the nanoscale,
formation of a microvoid below the surface, or thermal ab-
lation depending on laser fluence. The corresponding lattice
density snapshots are illustrated at the bottom of Fig. 8. The
typical optical response of the deformed surfaces are then
demonstrated in the upper row corresponding to the second
pulse irradiation. Among them, local field enhancement by
created subsurface voids is underlined. The next upper row
details the typical surface profile irradiated by several pulses,
consisting of surface nanoroughness and ripples. Then, the
mechanisms of periodic structure regulation are detailed in
the upper part of Fig. 8. For near-threshold fluences, the
hydrodynamic scenario is expected where the cavitation takes
place in the melted tips of the nanostructures, which are
further removed by the following pulses due to strong lo-
cal field enhancement on subsurface nanovoids. For higher
fluences, the electromagnetic feedback dominates over the
hydrodynamic processes, resulting in shape modification of
ripples and homogeneous thermal diffusion on the whole
surface.
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FIG. 8. Schematics of coupled electromagnetic and hydrodynamic processes upon multipulse femtosecond laser irradiation as a function
of laser fluence and number of applied pulses. Absorbed energy is calculated by Maxwell equations (1) and (2), whereas density snapshots are
obtained by the solution of compressible Navier-Stokes equations (4)—(6).

V. CONCLUSIONS

Multipulse evolution of the surface relief upon femtosec-
ond laser irradiation is investigated by the multiphysical ap-
proach. The model includes Maxwell equations to calculate
accurately the energy deposition, energy conservation law in
the form of electron-ion heat transfer and diffusion equations,
and compressible Navier-Stokes equations for momentum
and mass conservation supported by the equation of state.
Dynamic coupling of electromagnetic and hydrodynamic pro-
cesses allows us to elucidate the role of feedback on evolving
surface topographies as well as on amplification and stabiliza-
tion of periodic surface structures.

Different pathways of surface topography evolution from
the initially flat surface have been elucidated depending on
laser fluence and the number of applied pulses. For lower
subthreshold ablation fluence, the modification is character-
ized by swelling, material expansion above the initial surface
level, and by nanocavity formation below the surface. The
number of the cavities and the local field enhancement around
the laser-induced cavities increase with the number of applied
pulses, producing nanometric roughness on the surface. Co-
herent scattering on the laser-induced inhomogeneities lies in
the origin of ripples, which are formed pulse by pulse and
deepen for subthreshold fluences. The shape of the ripple
profile is modified by cavitation and consequent local field
enhancement at the tips of the nanostructures, contributing to
ripple regulation.

Single-pulse irradiation by near-threshold ablation pulses
results in microvoid formation below the surface. If several
pulses are applied, a volcanolike crater is formed by spallation
and material expansion around the crater. An increasing num-
ber of pulses leads to the formation of ripples and enhanced
absorption of the metal surface. In contrast, the shape of the
ripples is modified by thermal ablation, resulting in homoge-
neous temperature distribution along the whole surface and
nanostructure regulation.

The laser irradiation regimes corresponding to fluences
above the ablation threshold show clear trends of the in-
creasing ablation depth by the thermal ablation mechanism.
However, the laser ablation removal rate per laser power was
shown to decrease for fluences five times higher than the
ablation threshold due to the saturation of heat penetration
depth per fluence.

The numerical results not only improve the fundamental
understanding of laser ablation of metal targets, but also
open new ways towards optimal efficient and clean ablation
or fabrication of periodic and aperiodic nanostructures by
multipulse irradiation.
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