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Abstract

Ablation of Fe by ultrashort laser pulses with durations 0.1, 1, and 5 ps were
investigated experimentally. The laser fluence varied from the ablation
threshold up to 100J cm~2. Above 1Jcm™2, the ablation rate depended on
the laser pulse duration, with the shortest pulse producing the highest value.
A change in the ablation rate as the laser fluence increased was also
observed. These results were analysed using molecular dynamics
simulations. We show that the change in the ablation rate is connected to an
overheating of the material above the critical point, which results in a steep
rise of the pressure developed. Furthermore, due to the electron heat
diffusion, the overheated volume increases and involves material located
deeper than the skin depth. An increase in the pulse duration results in

a decrease in the degree of overheating.

1. Introduction

The growing application of laser systems generating ultrashort
laser pulses in the field of material processing is based on
the advantages that they offer compared with nanosecond
pulses. Experiments on micro-machining of a wide range
of materials by ultrashort pulses [1-4] have shown that
they ensure negligible heat diffusion into the material and
absence of plasma during the laser pulse. As a consequence,
the ablation threshold decreases (by one order of magnitude
in some cases [4]) compared with nanosecond pulses, so
that precise sub-micron machining becomes possible with
minimization of the heat affected zone. Indeed, application
of ultrashort laser pulses proved to be particularly suitable
for the treatment of materials having high heat conductivity,
e.g. metals and semiconductors.

Recent studies [5—14] have shown that the process of
interaction of ultrashort laser pulses with matter is very
complicated and is strongly influenced by the parameters of the
laser radiation, the properties of the material, the processing
conditions, and the environment. Experimental works on laser
ablation of metals [5—7] have indicated that, in contrast to the
case with nanosecond pulses, the electron thermal diffusion
can play an important role in the process of dissipation of the
absorbed energy and the properties of the electron—phonon
coupling are important for femtosecond laser induced damage.
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It has also been shown that the process of ablation can
be accompanied by a fast nonlinear phase transition, such
as melting and amorphization [11], and formation of three-
dimensional structures within the ablation region [9, 10, 13]
which affect the ablation rate. Drilling by high laser intensities
(10'> W cm™~?) [15] has shown that some of the advantages of
using ultrashort pulses can be lost. Laser ablation with such
intensities is accompanied by a considerable amount of molten
material and high temperature gradients, leading to stresses,
which can cause deformations, dislocations, or crack formation
in the material.

The presence of different processes in ultrashort laser
ablation makes its theoretical modelling difficult. In addition,
some of the processes involved are not clearly understood.
However, some recent theoretical investigations [8, 15-17],
based mostly on molecular dynamics simulations, two-
temperature heat diffusion models, and fluid dynamics models,
have shown that some of the main features of the process
could be described and explained. It was demonstrated that
the process of ejection of the material incorporates various
mechanisms—spallation, phase explosion, fragmentation, and
evaporation.

In the framework of MD simulations, the investigated
materials are examined at a microscopic level as the
interactions between particles and the dynamics of the different
phases can be obtained without any considerations of the
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character of the processes involved. In spite of the classical
MD simulations having some limitations in terms of the size of
the simulated system and the time for evolution tracing, they
have been proved to give an adequate description of the main
features of ultrashort pulses—material interactions.

In this paper, we present experimental results on ultrashort
laser ablation of iron. In order to investigate the process
at different processing conditions, the experiments were
performed at three pulse durations, 7, = 0.1, 1, and 5 ps,
and in a wide laser-fluence range—from the threshold up to
100 J cm™2. The results obtained were analysed by molecular
dynamics simulations.

2. Experimental set-up

The experiments were carried out using a Ti: sapphire laser
system (Spectra Physics Hurricane, A = 800 nm). The system
is based on the chirped-pulse amplification technique, and
continuous variation of the pulse duration from 0.1 to 6 ps
is available. The pumping laser is Nd: YAG operating at
the second harmonic and 1kHz repetition rate. The desired
number of pulses was controlled by a fast mechanical shutter.
The laser fluence was determined by measuring the pulse
energy and the spot size on the sample plane. A lens with
100mm focal length was used to focus laser radiation. It
produced a spot with a diameter of 18 ywm on the sample. The
fluctuation of the pulse energy from pulse to pulse was below
10%. The targets were 99.5% pure Fe plates with a thickness
of 0.5 mm. The samples were placed in a vacuum chamber at a
pressure of 1 mbar. The ablation depth per pulse was obtained
by dividing the total depth of the hole produced by the number
of pulses used. A laser scanning microscope (LSM) was used
to observe the ablated area and to measure the ablation depth.
The total depth of the hole was measured from the hole profile
obtained by the LSM. The number of pulses used to produce
a hole (or total depth) was determined by the sensitivity of
the LSM; it varied from 1000 at the lowest fluence to ten at the
highest one.

3. Modelling

The simulations were performed on the basis of the classical
molecular dynamics technique [18]. The numerically stable
and simple velocity Verlet algorithm was applied to integrate
the equation of motion. The interaction between the atoms
in the system was described by the Morse potential, with the
parameters for Fe taken from [19]. This choice was made with
the purpose of decreasing the computation time. Although this
potential does not take into account many-body interactions, as
potentials based on the embedded atom method do, it has been
found to give a good description of the properties of the body-
centred cubic metals and their liquid phase. A comparison
of experimental data with the values of material parameters,
such as elastic constants, evaluated on the basis of the Morse
potential, gives a maximal deviation of 20%. This discrepancy
is not significant, which is confirmed by the theoretical results
obtained and a comparison with the experimental data, as
described later.

In order to avoid interactions between atoms at distances
longer than the potential cutoff radius, the calculations were
organized using the cell structure and the link-list method [18].

The structure of the body-centred cubic Fe cell was used
to define the initial positions of the atoms. The simulated
system was constructed by a certain number of unit cells in the
x-, y-, and z-directions. In order to save computational time,
the size of the system was varied with the laser fluence. The
number of atoms in the simulations varied from 30 000 at low
fluences up to 100 000 at high fluences. The initial velocities
were randomly ascribed to the atoms according to the Maxwell
distribution at room temperature.

In order to simulate an infinite medium, periodic boundary
conditions for the atoms were applied in the x - and y-directions
of the computational domain. This means that the processes
occurring at the centre of the laser spot were examined and
the effects at the edges of the laser spot were neglected.
A velocity dampening technique was applied at the bottom
of the computational cell in order to eliminate the artificial
ablation effects that arise from the shock-wave reflection from
the bottom boundary of the system. In order to render a
precise description of the processes related to the effects at
the edges of the laser spot, the process was also studied in
a second configuration. The laser pulse, having a Gaussian
spatial intensity distribution, was focused on the surface of the
simulation system.

We simulated the interaction of laser pulses with 7, = 0.1
and 5ps and wavelength A = 800nm with Fe. The laser
beam intensity was assumed to have a Gaussian temporal
distribution. A number of photons, corresponding to the
laser energy, were deposited in the material exponentially
following the Lambert—Beer law.  The energy of the
photons was transferred to the atoms of the system within a
characteristic time, T4, corresponding to the time of electron—
lattice energy transfer and establishment of the equilibrium
temperature. The energy deposited to the atoms in the system
contributes to an increase in their kinetic energy. The time, 7,
depends on the properties of the material and is of the order of
several picoseconds and up to several tens of picoseconds in
the case of metals [14, 17]. According to the two-temperature
diffusion model [5-7],

T Tp(Tp + T) TeTi

Teg ™ (1)

T(p+T) + T Te+T

where t; = Cj/y and . = C. /Yy, are the electron cooling and
lattice heating times, respectively, C; and C, are the lattice and
electron heat capacities, and y is a parameter characterizing
the electron—lattice coupling. The estimation yielded 5 ps for
the case of 7, = 0.1 ps and 8.5 ps for 7, = 5Sps.

The model accounts for the electron thermal diffusion by
increasing the effective depth of laser energy penetration. This
depth was estimated from the electron thermal diffusion length:

 ~ (Deteg)'?, 2

where D, = K./C. is the electron thermal diffusion
coefficient. The electron thermal conductivity, K., and the
electron heat capacity, C., were obtained using the relations

(62 +0.16)>4 (02 +0.44)
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Table 1. Fe parameters used in the calculations.
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Figure 1. Dependence of the ablation rate (depth per pulse) on the
laser fluence at 7, = 0.1, 1, and 5 ps for Fe.

where T, and 7; are the electron and lattice temperatures and
Tr is the temperature corresponding to the Fermi energy, Er
[5-7,16]. The temperatures 7. and 7; were estimated from
an analytical solution of the two-temperature diffusion model
[1,5-7]. The Fe parameters [5-7,16,20-22] used in the
calculations are given in table 1. Due to the limitations of
the MD modelling in terms of the number of particles, in the
case of the Gaussian spatial intensity distribution, the laser
pulse was focused on an area of several nanometers squared
and the depth, 1/« (o being the absorption coefficient), and
the electron thermal diffusion length were reduced by a factor
of 20. The energy deposited was estimated from the volume
density of photons corresponding to the real conditions and
scaled for our volume.

4. Results and discussions

The dependence of the ablation rate (depth per pulse) on the
laser fluence for Fe is shown in figure 1. The experimental data
presented are for the three pulse durations—0.1, 1, and 5 ps.
Regardless of the laser pulse duration, one can define different
ablation modes: at low laser fluences (up to ~1Jcm™2), the
ablation rate increases slowly with the laser fluence and small
variations are only seen in the ablation depths for the different
pulse durations, while the increase in the laser fluence results
in a steep rise in the ablation depth and in different ablation
rates for the different pulse durations, with the shortest laser
pulse producing the highest ablation rate.

The different ablation modes occurring at low and high
laser fluences are characterized by different features of the
ablated region and affect the holes drilled in the materials.
Figure 2 presents LSM images of the ablated holes at a pulse
duration of 0.1 ps and laser fluences F = 0.3 and 10Jcm™2.
The bottom of the drilled hole has a rough surface and presence
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Figure 2. LSM images of holes ablated in Fe at 7, = 0.1 ps
for (@) F = 0.3Jcm™2, 100 pulses; (b) F = 10Jcm™2, 10 pulses.
The black mark in each image has a length of 15 pum.
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Figure 3. Ablation rate in Fe as a function of the laser fluence at
7, = 0.1 ps. The lines represent results obtained by equation (3) at
the different values of / and Fy, given in the inset.

of the molten phase is not evident at the low fluence. However,
a trace of molten material that has solidified around the hole is
clearly seen at higher laser fluences.

The existence of the second ablation rate is often [5,7]
explained by the contribution of the electron thermal diffusion
to the dissipation of the absorbed energy. Figure 3 presents
experimental results for the ablation rate in Fe as a function
of the laser fluence for a laser pulse duration of 7, = 0.1 ps.
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Figure 4. Ablation rate in Fe as a function of the laser fluence at
7, = 0.1 ps for different conditions of electron heat diffusion.

The lines in figure 3 depict the relation

D=IIn F 3)
12
where D is the ablation depth, [ is a characteristic depth, and
F and Fy, are the incident and threshold fluences, respectively.
Fiy, value is taken from the experimental data, and / is an
adjustable parameter. At low laser fluences (<1Jem™2),
equation (3) is in good agreement with the experimental results
for ] = 22nm and Fy, = 0.12Jcm~2. Here, [ has almost
the same value as the optical penetration depth defined by the
absorption coefficient taken from the reference (1/o¢ = 18 nm).
The increase in the laser fluence results in a sharp increase in
the ablation depth. Equation (3) is also valid for the high-
fluence region; however, a significant change in the parameter
1 is needed. In the range of fluences between 1 and 10Jcm™2,
[ should be assigned a value of 148 nm. This correction to the
parameter / can be related to the contribution of the electron
thermal diffusion to the process of energy redistribution and
can be regarded as the average depth of electron diffusion.

Our simulations confirm this hypothesis only partially.
Figure 4 represents the ablation rate in Fe as a function of the
laser fluence for different conditions in what concerns energy
dissipation by electron heat conduction. The black dots refer
to the results obtained when the electron thermal diffusion is
not taken into account, i.e. the absorption is defined by 1/c.
As one can see, the change in the ablation rate and the second
threshold for ablation exist even in this case. One should,
therefore, deduce that the reason for the ablation rate increase
at high laser fluences is not directly connected with the electron
thermal diffusion.

The expansion dynamics and the ejection of the material
are mainly governed by the pressure developed as a result of
the heating of the material. Figure 5 presents the dependence
of the maximal pressure developed in the absorbing volume on
the applied laser fluence. The results are obtained for the case
when the electron thermal diffusion is not taken into account.
As one can see, the dependence of the pressure developed in
the material on the laser fluence has a behaviour similar to the
ablation depth.
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Figure 5. Dependence of the maximal pressure developed in the
absorbing volume on the laser fluence at 7, = 0.1 ps.
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Figure 6. Depth distribution of the pressure developed in the
material 20 ps after the laser pulse onset. Positive values represent
compression, negative values, tension stress. 7, = 0.1 ps,
F=0.15Jcm™>%.

The steep rise in the pressure can be attributed to the
introduction of different mechanisms of material removal. At
fluences near the ablation threshold, the degree of overheating
is not sufficient to cause fast transition of the heated material
into a gas phase. Instead, the main part of the material is
ejected in the form of big clusters. The fast heating of the
material produces strong compression and tension waves that
propagate into the material (figure 6). At a certain depth,
the tension stress exceeds the strength of the material and
causes fractures in the sample. As a result, a big portion of
material can be ejected. This process, referred to as spallation,
is observed also in organic solids [16] and MD simulations
of Lennard-Jones solids [15]. With the increase in laser
fluence, significant overheating of the absorbing volume takes
place. The main part of the material is quickly transformed
into overheated liquid, which decomposes into gas and liquid
droplets (phase explosion) several picoseconds later. At
fluences of the order of several hundreds of mJcm™2, the
temperature in the material starts to exceed the critical one.
Above this temperature, the main part of the absorbing material
is rapidly decomposed into the gas phase. This process is
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Figure 7. Snapshot of the atomic configuration taken 50 ps after the
laser pulse onset. 7, = 0.1 ps, F = 2Jcm™2. The molten material
has solidified around the hole, forming a recast layer.

accompanied by a steep rise in the pressure developed in the
material and results in a higher ablation rate.

However, as one can see in figure 4, the dependence of the
ablation depth related only to this mechanism gives a lower
value for the fluence where the ablation rate changes (second
ablation threshold) and also an ablation rate differing from the
experimental data.

In general, the processes described earlier take place also
in the case when electron thermal diffusion is taken into
account. The inclusion of the electron heat conduction in the
process is related to an increase in the effective depth of energy
penetration. On the one hand, this leads to overheating of a
larger volume of material. On the otherhand, however, it is also
connected with an increase in the heat losses in the material
and to a decrease in the degree of overheating. As a result, the
second ablation threshold fluence shifts to a higher value and
the ablation rate increases. The increase in the heat losses is
also related to the formation of a significant amount of molten
phase which can be expelled by the strong recoil pressure
developed at high fluences. This is another mechanism of
increasing the ablation depth. The ejected molten material
solidifies, forming a recast layer around the hole (figure 7).

Based on the above-mentioned results, one could draw
the following conclusion: the presence of a second, higher,
ablation rate at laser fluences above several hundreds of
mJ cm~2 has to do with the fast overheating of the absorbing
volume at temperatures above the critical one and with a steep
rise in the pressure developed in the material. In addition,
the dissipation of the energy more deeply into the material as
compared with the optical penetration depth (1/«) due to the
electron heat diffusion affects the ablation depth. Thus, using
equation (3) at high laser fluences yields an overestimation of
the average depth of electron diffusion. As one can see in
figure 4, when one uses for the electron heat diffusion length
the value / = 148 nm (taken on the basis of equation (3) and
the experimental data in figure 3, for fluences ranging from
1 to 10J cm™2), the simulation produces values for the ablation
depth significantly higher than indicated by the experimental
data. The estimation of the electron heat diffusion length
using equation (2) gives an average value of about 100 nm
for fluences in the range 1-10J cm~2.  With this value,
the simulation results are in acceptable agreement with the
experimental data (figure 8).

The decrease observed in the ablation rate with the rise
in the pulse duration can be attributed to the contribution of
the heat diffusion losses. Figure 9 shows the evolution of
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Figure 8. Ablation rate in Fe as a function of the laser fluence at
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Figure 9. Evolution of the average temperature in the absorbing
volume at 7, = 0.1ps and Sps, F =2Jcm™2.
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Figure 10. Ablation rate in Fe as a function of the laser fluence.

the average temperature in the absorbing volume for the cases
of i, = 0.1 and 5ps and F = 2Jcm~2. As one can see,
the increase in 7, results in a decrease in both the degree of
overheating and the temperature gradients of heating. This
leads to a drop in the ablation rate (figure 10). Furthermore,
due to the lower temperature of the molten material in the
hole, it has a higher viscosity compared with the femtosecond
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regime. As a result, melt expulsion by the recoil pressure is
hindered, and a significant part of the melt remains in the crater.

5. Conclusions

In the analysis of ablation of Fe with ultrashort laser pulses,
we applied MD simulations to reveal the mechanisms involved
in the process. The results clearly show the existence of two
different modes of ablation, namely, at low (<1]J cm~2) and at
higher laser fluences. At fluences of about several mJcm™!,
the overheating of the material above the critical temperature
leads to a sharp rise in pressure in the volume, which, in turn,
causes an increase in the ablation rate. In addition, due to the
electron heat diffusion, the overheating encompasses a larger
volume of material. An increase in the pulse duration brings
about a significant rise in the heat losses, so that alower smaller
ablation rate is observed. The process of energy dissipation
caused by the electron heat diffusion is accompanied by the
formation of a molten phase, which plays an important role in
the ablation process.
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