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ABSTRACT During the last decade, femtosecond laser has been
used for micro-machining of various materials. In this work,
the phase change phenomena during femtosecond laser ablation
are investigated using molecular dynamics (MD) simulation.
The process of femtosecond laser ablation of nickel is calcu-
lated. The temperature and stress history, and the generation and
growth of gas bubbles are traced. For different laser pulse flu-
ences, the material ablation process is analysed to reveal the
effect of temperature and stress.

PACS 02.70.Ns; 42.62.-b; 64.60.Ht

1 Introduction

Laser ablation is the process of the material re-
moval after laser is irradiated on the target surface. It has
been used as an important tool for material processing and
structuring in many technological areas. Over the last decade,
it has been shown that femtosecond lasers have particular
advantages in material processing, such as highly localized
material removal and reduced heat-affected zone compared
with nanosecond laser processing [1-3]. However, little is
conclusive about the microscopic mechanism leading to laser
ablation. Normal experimental instruments cannot capture the
ablation phenomenon precisely, which usually happens at the
timescale of the order of picosecond or less, and is confined
in a spatial scale of nanometres in the direction of laser ir-
radiation. Also, the macroscopic heat transfer and fluid me-
chanics equations obtained under the continuum assumption
are of doubt since femtosecond laser ablation is a highly non-
equilibrium process.

During recent years, molecular dynamics (MD) has dem-
onstrated its potential for studying the laser ablation mech-
anism, especially for femtosecond laser ablation [4—-6]. MD
tracks the motion of each molecule or atom at every time step,
so the detailed ablation phenomenon is traced and recorded.
MD calculations do not need macroscopic material properties
as a priori. The only equation for the molecules (or atoms)
is the Newtonian motion equation determined by the inter-
molecular (or inter-atomic) potential, which governs the mo-
tion of the molecules (or atoms). Therefore, MD has particular
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advantages in handling non-equilibrium energy transfer at the
micro and nano-scale, including laser ablation of a thin layer
of material. In this work, molecular dynamics simulation is
used to investigate laser ablation of nickel. Proper techniques
for dealing with the pressure boundary condition and for cal-
culation of stress waves are applied. Our main goal is to illus-
trate the process of material removal during femtosecond laser
ablation in detail, and to discuss the mechanism of the ablation
process.

2 Simulation method

The problem considered in this work deals with
a femtosecond laser pulse radiating perpendicularly onto
a nickel target in vacuum whose initial temperature is 300 K.
The computational domain has a thickness (in the x direction)
of 186.5 nm. It is assumed that the target is infinitely large in
the lateral direction, so periodical boundary conditions are ap-
plied in the y and z directions. The calculation domain has the
lateral dimension of 10.6 x 10.6 nm. The laser pulse has a uni-
form spatial distribution and a temporal Gaussian distribution
of 100 fs FWHM centred at r = 1 ps. The laser energy is ab-
sorbed exponentially into the target, with an absorption depth
of 8 nm [7]. The laser fluence absorbed by the target ranges
from 0.25J/cm? to 1.0 J/cm?.

The process of the MD simulation used in this work is
briefly described as follows. First, the initial positions of
atoms are determined according to the FCC lattice structure
of the nickel crystal. The initial velocities are randomly dis-
tributed, and the Maxwell-Boltzmann distribution, the equi-
librium velocity distribution, is established after several hun-
dreds of time steps [8]. For each time step, the force acting on
each atom is calculated from the Morse pair potential function
as

ey

where D is the total dissociation energy and r, is the equilib-
rium distance evaluated as 0.4205 eV and 0.278 nm for nickel,
respectively. The constant b in this equation determines the
shape of the potential curve, with a value of 14.199 nm~! [9].
A cut-off distance is used, beyond which the force between
two atoms is neglected. To organize the force evaluation con-
sidering the cut-off distance, the cell structure and linked list
method is used [8]. Computations of the velocity and position
follow the modified Verlet algorithm [10].
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Periodical boundary conditions are used along the y and z
directions. The surface irradiated by the laser pulse is subject
to the free boundary condition. At the bottom of the target, the
so-called “non-reflecting pressure boundary condition” is ap-
plied. This method was first introduced by Schifer et al. [11],
and its use in computing laser ablation has been described in
detail in [12].

In this simulation, the two-temperature model [13] is ap-
plied to calculate laser heating of electrons. Laser energy is
absorbed by electrons only, and is then transferred to the lat-
tice. The governing equation for the electron system is
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where T; and Tj are the temperatures of electrons and the lat-
tice, respectively. Ce is the volumetric specific heat calculated
as C, (Tp) = yTe,and y = 1.065 x 103 J/m3-K?2. The tempera-
ture dependence of the thermal conductivity of electrons k. is
approximated as ke = ke 07e/T1, and k.0 = 91 W/m-K [14].
G (T. — T)) is the electron-lattice coupling term. The value of
G is taken as 3.6 x 10'7 W/m3-K [15]. S is the laser heating
source term. Equation (2) is solved using the tri-diagonal ma-
trix algorithm (TDMA) method.

After being irradiated by the laser pulse, the surface of the
target expands or even separates from the bulk. This will affect
the energy dissipation inside the material. This effect is con-
sidered in the following way. The thermal conductivity and
specific heat of electrons in each cell are scaled with the dens-
ity change. Therefore, when expansion happens, the effective
thermal conductivity and specific heat decrease, which is con-
sistent with the electron properties for metals [16].

Transfer of laser energy to the lattice is simulated by scal-

ing the velocities of all atoms by a factor,/1+ %,

where Ey, is the kinetic energy at the time step ¢. The lat-
tice conduction is always considered in the MD simulation,
although it is small compared with the electron conduction in
ametal.

Stress is another important quantity for the investigation of
laser ablation. In this simulation, stress along the laser propa-
gation direction is evaluated as [17]
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where F;; and x;; are the x direction components of the force
and distance between two atoms, respectively.

In order to capture the laser ablation process, a large num-
ber of atoms are computed. The total number of atoms is
about 1900000 and parallel processing technique is applied
to accelerate the computation. A cluster composed of eight
2.0 GHz PCs is used, and MPICH, a potable implementa-
tion of message-passing interface, the standard for message-
passing libraries, is applied for the parallel MD calcula-
tion. The overall efficiency of the parallel program is about
90 ~ 92% on eight nodes. More descriptions of the parallel
calculation can be found in [12].

3 Results and discussion

The main goal of this simulation is to study the
mechanism of femtosecond laser ablation. Therefore, the re-
sults presented here are chosen at certain time steps to show
the detailed process of laser ablation.

Figure 1 shows snapshots of part of the calculation domain
at laser fluences of 0.25J/cm?, 0.285J/cm?, 0.65J/cm? and
1.0 J/cm?. Each atom is represented by a dot. To observe the
interior of the target, the whole domain is sliced into 10 layers
with identical thickness in the y direction, and the 5th layer is
shown in these figures except Fig. 1e, where the whole thick-
ness is displayed. Only the near surface region where the laser
energy is absorbed and laser ablation occurs is shown in the
figure.

From Fig. 1, it is seen that no gas bubbles are generated
for the laser fluence of 0.25J/cm?, although evaporation is
seen at the surface. For the laser fluences at 0.285, 0.65 and
1.0J/cm?, gas bubbles are generated inside the domain, and
grow larger at later time steps. It is also seen that the aver-
age size and the number of the bubbles are strongly dependent
on the laser fluence. At 0.285 J/cm?, only several bubbles ap-
pear, and the size grows much larger at later time steps. How-
ever, for 0.65J/cm? and 1.0 J/cm?, the number of bubbles is
much larger, while the average size of the bubbles is much
smaller. The dependence of the bubble size on the laser flu-
ence qualitatively agrees with the kinetic theory of nucleation.
Our calculation finds that the maximum temperature increases
with increasing laser fluence. At a higher temperature, the en-
ergy needed for vapour embryos to grow to nuclei, as well
as the size of the nuclei, decreases. (Embryos smaller than
a critical size will collapse, while those larger than the critical
radius, called nuclei, will favour growing in order to reduce
free energy.) Therefore, a decrease of the bubble size with
increasing laser fluence is expected. It is seen from Fig. 1d
and e that liquid droplets form at the surface region for laser
fluence at 1.0 J/cm? after 57 ps. This is similar to the results
shown in [18]. However, no clear dependence for the size of
the droplets on the location is seen, which is different from
the results in [18]. This discrepancy could be attributed to
the different potential function, material properties, or laser
duration/fluences used.

To reveal the detailed process of bubble generation and
growth, the lattice temperature and stress wave at the laser
fluence of 0.285J/cm? at different time steps are shown in
Fig. 2. Attime 0, the target is at an equilibrium state of 300 K.
The stress is almost zero. After the laser pulse is incident on
the target, the surface temperature increases dramatically, and
a strong compressive stress is generated on the surface and
perpetrates into the target. A positive stress, which represents
a tensile stress wave, follows the compressive wave, but its
magnitude is much smaller. Melting occurs at the surface at
about 6 ps (which is not shown in the figure). It is also no-
ticed that the temperature of the solid—liquid interface is about
3800 K, much higher than the melting temperature of nickel,
indicating the existence of strong over-heating. This inter-
facial temperature decreases at later time steps and reaches
about 2750K at 90 ps, and the melting process slows down
but has not stopped. It needs to be pointed out that the calcu-
lated melting temperature is 2500 + 100 K, different from the
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FIGURE 1  Snapshots of atomic positions at different laser fluences: a laser fluence = 0.25J/cm?, b laser fluence = 0.285 J/cm?, ¢ laser fluence =
0.65 J/cm?, d laser fluence = 1.0 J/cm?; 3 ps to 75 ps, e laser fluence = 1.0 J/cm?; 75 ps to 126 ps
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FIGURE 2 a Lattice temperature history and b stress wave at laser fluence of 0.285 J /cm?

experimental value for nickel, 1728 K. Figure 2a shows that
there is a temperature disorder after melting happens (for ex-
ample, at about 150 nm at 15 ps). This disorder always occurs
at the liquid—solid interface, therefore, it is due to the energy
transfer associated with melting.

It is seen from Fig. 1b that gas bubbles are generated at
51 ps at about 195 nm (25 nm from the surface). These bub-
bles grow larger at later time steps and eventually break the
domain into parts, which is considered as the origination of
the volumetric type of material removal process.

Figure 2 reveals that gas bubbles appear at location where
the tensile stress is very strong, but the lattice temperature
is not necessarily the highest. For example, at 51 ps, a gas
bubble appears at about 195 nm, while the highest lattice tem-
perature is at around 210 nm, almost two times the absorption
depth (8 nm) away. This is confirmed by the results of other
laser fluences not presented here. This shows that the high
lattice temperature is not the only reason for generating gas
bubbles. The tensile stress can play an important role in the
ablation process. On the other hand, it is noticed that the ten-
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sile stress where the bubble starts to appear is not the highest.
For this case (51 ps), the highest tensile stress is located at
140 nm, where the lattice temperature is only about 2900 K.
This means that the tensile stress cannot generate gas bubbles
at locations where the material is not hot enough. Therefore,
it is concluded that the generation of the gas bubble is the
combined results of both the high tensile stress and the high
temperature. This is also found by other researchers [5], who
consider the stress effect for void nucleation. The snapshots
of atomic positions shown in that work are also similar to
what we obtained here. A further analysis reveals that the
lattice temperature needs to be higher than a certain value
for the formation of gas bubbles. This threshold temperature
is found to be about 7800 K from the results of this work,
close to the critical temperature of nickel which is estimated
to be 9400+ 100K from our calculation. It is known that
when the temperature approaches the spinodal temperature
(which is slightly lower than the critical temperature), a ho-
mogeneous nucleation called phase explosion occurs [19, 20].
However, it needs to be pointed out that the maximum tem-
perature at higher laser fluences is found to exceed the critical
temperature. This indicates that the mechanism for the gen-
eration and growth of the gas bubbles is different at high
laser fluence. The thermodynamic and physical phenomena
for high-fluence laser—material interaction is currently under
investigation.

4 Conclusion

In this work, femtosecond laser ablation of nickel
is studied using MD simulation. The detailed process of laser
ablation is obtained, including the temperature history, gener-
ation and propagation of the stress wave, and bubble growth.
A volumetric phase change process occurs, during which gas
bubbles are formed inside the material. A threshold tempera-

ture is needed for the generation of gas bubbles, which is close
to the thermodynamic critical temperature.
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