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Abstract

Laser ablation of iron is investigated experimentally and theoretically. The experiments are performed by Ti:sapphire laser at
pulse durationt s0.1 ps. The ablation rate and the surface structures are determined. Different regimes of the process at lowp

and high laser fluences are observed. At fluences above several joules per square centimeter, the ablation is accompanied by the
formation of significant amount of molten material. Molecular dynamics simulation technique is used to describe the process.
Different mechanisms of material ejection are observed. The role of the electron heat diffusion in the process of dissipation of
the energy is also estimated. Good coincidence is obtained between the model and experimental results.
� 2003 Elsevier B.V. All rights reserved.

PACS: 79.20.Ds; 02.70.Ns

Keywords: Ultrashort laser ablation; Molecular dynamics simulation; Iron

1. Introduction

The femto- and picoseconds laser systems have found
a great application during recent yearsw1–4x. The fast
energy deposition determined by application of ultra-
short laser pulses results in a high spatial energy con-
centration into the material and as consequence
reduction of the heat-affected zone and the presence of
the liquid phase. These led to the decrease of ablation
threshold and makes precise micro-processing and struc-
turing of almost any kind of materials possible. Further-
more, the ejection of material occurs mainly after the
laser–pulse interaction and any effects of absorption
and scattering of the laser radiation in the plasma can
be excluded with the exception of high rep rate process-
ing and drilling holes having high aspect ratio.
As a base mechanism in a large number of applica-

tions for laser processing—cutting, drilling, surface
cleaning, etc., the ultrashort laser ablation has been the
object of many experimentalw1–9x and theoretical
w7,10–12x investigations. It was found that the process
is very complicated, it depends on the processing con-
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ditions and the material properties, and its description
should take into account optical absorption, heat con-
duction, phase transitions, fluid dynamics and evapora-
tion kinetics. Furthermore, the presence of non-linear
processes in the absorption of the laser energy and ultra
fast order–disorder transitions related to the high exci-
tation of the electron component also should be consid-
ered. The mechanism of ablation process has been
analyzed on the basis of different models—thermal
w13,14x, thermo-mechanicalw15x, photochemical, and
defects’ modelsw16x. Generally, it is considered that the
energy is deposited in the material faster than it can be
dissipated by the classical channels of relaxation, i.e.
thermal or mechanical, and an overheating of the system
can be realized, which will develop a critical pressure
gradient. Furthermore, at certain conditions, the laser
energy can cause direct bond breaking and ejection of
single atoms, molecules or clusters. Depending on the
processing conditions certain mechanisms could be con-
sidered as dominant, but a more general description
should take into account simultaneous participation of
several mechanisms involved.
In this work, ultrashort laser ablation of iron is

investigated experimentally and theoretically. Fe is cho-
sen as a metal with very broad industrial application.
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Table 1
Parameters of Fe used in the model

l (nm) R (%) a (cm )y1 1ya (nm) T (K)m T (K)v

800 65 0.54=106 18.5 1811 3145

Fig. 1. Ablation depth as a function of the laser fluence in Fe.t sp
0.1 ps,ls800 nm.

Molecular dynamics simulation is used for description
of the ultrashort laser ablation.

2. Experimental setup

Ti:sapphire laser system(Spectra Physics Hurricane)
is used in the experiments. It is based on the chirped—
pulse amplification technique and continuous variation
of the pulse duration,t , from 0.1 to 6 ps is available.p

The experiments are performed att s0.1 ps. The pumpp

is made by 1 kHz rep rate SHG Nd:YAG laser. The
desired number of pulses is controlled by fast mechani-
cal shutter. Laser radiation is focused on the material
surface by lens having 100-mm focal length. The focal
spot size at FWHM is 18mm. The targets are 0.5 mm
thick 99.5% pure Fe plates, placed in vacuum chamber
at a pressure of 1 mbar air. Laser scanning microscope
(LSM) is used to observe the ablated area and to
measure the ablation depth. The ablation depth per pulse
is evaluated by measuring of the total depth of the hole
drilled divided by the number of pulses used.

3. Simulation details

Molecular dynamics(MD) simulation techniquew17x
is applied to investigate the ablation of iron. The pair
Morse potential governs the interaction between atoms
in the system. Velocity Verlet algorithmw17x is used to
integrate the equation of motion. Periodic boundary
conditions are imposed inx andy directions to describe
the infinite medium and velocity dampening techniques
are applied at the bottom of the simulated system in
order to minimize the effects of reflection of the shock
wave. Simulation system is formed by 15=15=105
(175) body–centered unit cells and has dimensions of
4.3=4.3=30 (50) nm . The simulations are made for3

t s0.1 ps laser pulse atls800 nm as in the experi-p

ments. The laser beam intensity is considered spatially
uniform and has Gaussian temporal distribution. The
parameters of Fe used in the calculations are given in
Table 1. They are assumed to be constant during the
simulation time interval.
The number of photons, corresponding to the laser

energy, is deposited in the material exponentially follow-
ing the Lambert–Beer’s law. The energy of the photons
is transferred to the atoms of the system within a
characteristic timet , corresponding to the time ofeq

electron-lattice energy transfer and the establishment of
the equilibrium temperature. The energy deposited to
the atoms in the system contributes to the increase of

their kinetic energy. More detailed description of the
simulation model is given elsewherew18x.
The effects of the electron thermal diffusion are taken

into consideration by an increase of the effective depth
of the penetration of the laser energy. This depth is
estimated by the electron thermal diffusion length
l f(D t ) (D sK yC is the electron diffusione 1y2
th e eq e e e

coefficient). Due to the lack of data for the electron
thermal conductivityK and the electron heat capacitye

C for Fe and their dependences on the temperature,e

they are estimated based on the data available for other
metals given in Ref.w19x and corrected in order to
obtain better coincidence with the experimental values
for the ablation depth.

4. Results and discussions

The ultrashort laser ablation is investigated experi-
mentally in the range of laser fluences from the threshold
up to 100 Jycm . Fig. 1 represents ablation depth per2

pulse as a function of the laser fluence. As one can see,
different regimes of ablation can be defined. At low
laser fluences(from the threshold estimated to be
approximately 100 mJycm up to several hundreds of2

mJycm ) the ablation depth slightly increases with the2

laser fluence rise. The ablation rate in this range is
confined to several tens of nanometers per pulse. Further
increase of the laser fluence results in a steep rise of
the ablation depth. Higher than 20 Jycm it exceeds 12

mm per pulse. The change of the ablation rate is also
accompanied by a variation of features of the ablated
region. Fig. 2 shows LSM images of the ablated holes
at (a) 0.3 Jycm , 100 laser pulses;(b) 10 Jycm , 102 2

pulses; and(c) 100 Jycm , 10 pulses. No trace of2

molten material is observed at fluences near the thresh-
old. However, the presence of molten phase is clearly
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Fig. 2. LSM images of ablated holes in Fe:(a) Fs0.3 Jycm , 100 pulses;(b) Fs10 Jycm , 10 pulses;(c) Fs100 Jycm , 10 pulses.t s0.12 2 2
p

ps,ls800. The black mark corresponds to 15mm.

Fig. 3. Evolution of the ablation process in Fe.Fs0.5 Jycm , ls800 nm, andt s0.1 ps.2
p

expressed at 10 Jycm , while at 100 Jycm big liquid2 2

droplets can be observed around the hole.
The different mechanisms of ablation could be

referred to the contribution of the electron thermal
diffusion in the process of dissipation of the laser energy
w20x. At high laser fluences the number of hot electrons
is sufficient to cause increase of the depth of interaction
compared to the optical penetration one. This may lead
to an increase of the ablation depth.
In order to clarify the processes involved in the

ablation, we apply MD simulation model. At laser
fluences near to the threshold ablation is realized through
ejection of single atoms and small clusters. The material
is evaporated and negligible molten phase is observed.
However, the increase of the laser fluence results in

quite different feature of ejection process. Fig. 3 repre-
sents evolution of the ablation process in Fe at laser
fluence ofFs0.5 Jycm . The transfer of the energy in2

the thermal motion of the atoms in the system results in
fast rise of the temperature in the absorbing volume.
Several picoseconds after the laser pulse onset the
material is overheated as the temperature is approxi-
mately 5000 K in the surface region(Fig. 4). The
overheated material expands rapidly with a velocity in
order the of 3.5 kmys and approximately 4 ps after laser
pulse offset density fluctuation are observed. Later, the
ablated material decomposes into single particles, clus-
ters and liquid droplets. These features of the process
evolution indicate participation of the mechanism of
phase explosion in the ablationw7,14x. Furthermore, the



499N.N. Nedialkov et al. / Thin Solid Films 453 –454 (2004) 496–500

Fig. 4. Temperature distribution as a function of the depth at 3 ps
after the laser pulse onset.Fs0.5 Jycm , t s0.1 ps,ls800 nm.2

p

Fig. 5. Depth distribution of the pressure at different moments.Fs
0.5 Jycm , ls800 nm, andt s0.1 ps.2

p

Fig. 6. Structure of Fe taken in depth of 15 nm at 6 ps after the interaction of laser pulse atFs2 Jycm (a), (b) the initial structure of Fe. The2

structures are obtained from the configuration of the atoms inx–y plane in the layer with thickness of 1 nm.

presence of molten phase is clearly expressed by disor-
dered structure in the surface region. The explosion-like
ejection of particles observed leads to the formation of
strong recoil pressure, which can expel existing molten
material. Further increase of the laser fluence leads to
stronger overheating and rise of the amount of molten
phase. The latter is connected to the contribution of the
electron heat diffusion. The inclusion of the mechanism
of melt ejection in the ablation process can also explain
the observed decrease of the ablation rate with the rise
of the depth(number of applied laser pulses) in the
material. The surface micro-relief changes significantly
due to the recast layer even after one single pulse.
Due to the fast energy deposition ensured by the

ultrashort laser pulses, the heat is localized into near
constant volume of the material, which develops strong
pressure. Fig. 5 represents the distribution of the pressure
in depth of the material at different moments after the
laser pulse onset. The conditions are as in Fig. 3. The
positive pressures express the compression and negative,
the tension in the material, respectively. As one can see

the compression exceeds a value of 25 GPa at 6 ps after
laser pulse impact. The position of the maximum of the
tension wave at 2 ps corresponds to the depth, where
the material rends and the new surface is formed. All
these features can be referred to a presence of a thermo-
mechanical mechanism involved in the ablation phenom-
enon. The compression wave formed in the material can
also cause changes in the material structure. Fig. 6
shows the structure of the iron taken in depth of 15 nm
at 6 ps after the laser pulse onset. The laser fluence is
2 Jycm (Fig. 6a). The structure is obtained from the2

configuration of the atoms inx–y plane in the layer
having thickness of 1 nm. The temperature in this layer
is estimated to be 1200 K. The structure of unaffected
initial lattice at 300 K is also shown(Fig. 6b) for
comparison.
The accuracy of the MD modeling is verified by

comparison of the ablation depth with the experimental
data obtained. Fig. 7 shows the dependence of the
ablation depth per pulse on the laser fluence. As one
can see, there is good agreement between the MD and
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Fig. 7. Ablation depth as function of the laser fluence: dots–experi-
mental data, line–MD simulation results.ls800 nm andt s0.1 ps.p

experimental values. The observed discrepancy could be
referred to the lack of knowledge of the reliable data
for the thermo-physical parameters of the electron sys-
tem and, therefore, the rough estimation of the electron
thermal diffusion length.

5. Conclusions

The process of ablation of iron with 0.1 ps laser pulse
is investigated experimentally and theoretically. Differ-
ent mechanisms of ablation are responsible for the
ejection of the material depending on the laser fluence.
At low fluences the ablation is realized through evapo-
ration and single atoms and small clusters are expelled.
The increase of the laser fluence results in inclusion of
several mechanisms of material ejection, which have to
be considered to take part in the process simultaneously.
The fast energy deposition ensured by the femtosecond
laser pulses, causes strong overheating of the absorbing
volume. Several picoseconds after the laser pulse impact
the material are ejected explosively. Due to the electron
thermal conductivity a large amount of molten material
is formed and expelled by the recoil pressure. The
process of ablation is also accompanied by the formation
and propagation of compression and tension waves,
which can cause changes of the structure of the material.
It should be pointed out that some non-thermal mecha-

nisms related to the strong excitation of the electron
system observed in ultrashort laser pulses-material inter-
actions, also can take part in the process. The investi-
gations in this line are planed as a future work.
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