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The mechanisms of nickel thin films irradiated by femtosecond laser pulse trains are studied by a
model using molecular dynamics simulations and two-temperature model. It is found that the pulse
train technology can change energy transport and corresponding phase change processes. Compared
with single pulse ablation at the same total fluence, the pulse trains lead to �1� lower ablation rate
with more and smaller uniform nanoparticles, �2� higher film surface temperatures and longer
thermalization time, �3� much lower electron thermal conductivity that can further control
heat-affected zone, �4� significantly smaller film compressive stresses and tensile stresses which
reduce microcracks, and �5� a transition from phase explosion to the critical point phase separation
which favors small uniform nanoparticle generation. © 2009 American Institute of Physics.
�doi:10.1063/1.3223331�

I. INTRODUCTION

A femtosecond laser pulse can fully ionize almost any
solid material and greatly reduce recast, microcracks, and
heat-affected zone. Hence, femtosecond laser is very prom-
ising for the micro-/nanofabrication.1–4 Recent developments
of optical devices make it possible to obtain almost any ar-
bitrary pulse shapes. Many studies have been reported re-
garding pulse shaping and its effects on laser-material
interaction.5–8 By using pulse train technology, ionization
process can be controlled5 and atoms can be selectively
ionized.6 Such unique abilities of pulse train technology
make it promising to improve the quality/precision of
micro-/nanofabrication and microanalysis application �such
as laser induced breakdown spectroscopy�.7,8

Semerok and Dutouquet9 experimentally investigated the
ultrashort laser pulse train ablation of aluminum and copper
by optical microscope profilometer and observed a decrease
in crater depths as pulse separation increased. Noël and
Hermann10 studied the femtosecond laser pulse train ablation
of copper and gold by fast imaging and demonstrated that the
fraction of atoms in ablation plumes increased whereas the
fraction of nanoparticles in ablation plumes decreased. Korte
et al.11 studied the femtosecond laser pulse train ablation of
chrome by scanning electron microscope and achieved sub-
diffraction limited structures. Chen et al.12 explored the fem-
tosecond laser pulse train ablation lithium niobate and found
a significant decrease in the ablation threshold as pulse num-
ber increased. Vorobyev and Guo13 studied the femtosecond
laser pulse train ablation of gold by laser calorimetry tech-
nique and found a significant enhancement in laser light ab-
sorption.

Although some preliminary explanations such as plasma
reheating and enhanced absorption coefficient were given to
explain the results above, a solid theoretical basis for the
mechanisms still need to be developed. Jiang and Tsai14

theoretically studied the ultrashort laser pulse train heating of
gold using an improved two-temperature model �TTM� and
predicted possible higher photon efficiency. Also, Jiang and
Tsai15 studied the ultrashort laser pulse train ablation of di-
electrics using a plasma model and predicted smaller repeat-
able structures. Huang et al.16 investigated the femtosecond
laser pulse train ablation of gold using TTM combined with
the phase interface track methods and predicted smaller ab-
lation depth when the second pulse launched at the peak of
surface temperature. The theoretical models predicted some
phenomena and mechanisms by pulse train technology effec-
tively.

However, the above theoretical models, which do not
investigate the detailed phase change mechanisms by pulse
train technology, for which molecular dynamics �MD� simu-
lations can be used. Ivanov and Zhigilei17 studied the ul-
trashort laser single pulse melting of 50 nm nickel and gold
freestanding films and discussed the relative contributions of
homogeneous and heterogeneous melting mechanisms.
Cheng and Xu18 studied the femtosecond laser single pulse
ablation of 187 nm nickel films and found that phase explo-
sion was responsible for low fluence laser ablation. Wang
and Lu19 studied the picosecond laser single pulse ablation of
argon and observed the epitaxial regrowth in the solidifica-
tion.

This study investigates the femtosecond laser pulse train
ablation of 200 nm nickel thin films using a model that com-
bines MD simulations and TTM. Especially the phase
change mechanisms for femtosecond laser multiple-pulse
trains are carefully explored.
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II. MODEL AND SIMULATION METHOD

TTM treats the electrons and lattices as two separate
subsystems, which has been widely used in ultrashort laser
processing of metals:20

Ce�Te�
�Te

�t
= ��ke�Te� � Te� − G�Te − Tl� + S�z,t� , �1�

Cl�Tl�
�Tl

�t
= G�Te − Tl� , �2�

where Te is the electron temperature, Tl is the lattice tem-
perature, Ce is the electron heat capacity, Cl is the lattice heat
capacity, ke is the electron heat conductivity, and G is the
electron-lattice coupling factor. For nickel, this study as-
sumes that Ce=�Te, �=1065 J /m3 K2, Cl=4.1 J /kg K, and
ke=k0Te /Tl, where k0=91 W /m K and G=3.6
�1017 W /m3 K.21

20 pulses are imposed on the 200 nm nickel thin films
along the z direction with uniform spatial distribution, and
the laser source term S is expressed as follows:
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where J is the absorbed total laser fluence, � is the optical
penetration depth, tp is the pulse duration, tn0 is the center of
the nth Gaussian pulse, zn0 is the position of the dynamic
surfaces during the nth Gaussian pulse irradiation, t is the
time, and z is the position where the initial film surface is
located at z=0. In our study, �=13.5 nm,21 and tp=100 fs.
Two cases are considered: �1� tn0=1 ps, referred as the
single pulse case; �2� tn0=n ps, referred as the 20 pulses
case.

This paper studies 18�2�200 nm3 nickel thin films
consisting of 673 200 atoms. The interactions among the
nickel atoms are described by the Morse potential:22

��rij� = D�e−2��rij−r0� − 2e−��rij−r0�� , �4�

where ��rij� is the potential energy of two atoms i and j
separated by a distance rij, D is the dissociation energy, � is
a constant with dimension of reciprocal distance, and r0 is
the equilibrium distance between two atoms. For nickel, the
coefficients are as follows: D=0.4205 eV, �=14.199 nm−1,
and r0=0.278 nm.22

TTM describes the electron heating effectively.23 MD
simulation is a powerful tool to describe the phase change.19

In the combined model, the MD simulations substitute the
TTM for lattice temperature.17 The lattice heating by the hot
electrons is achieved by scaling the atom velocities with a
factor24
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�tG�Te − Tl�V
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where vxi, vyi, and vzi are the velocities of atom i in the
directions x, y, and z, respectively; vx, vy, and vz are the
average velocities of atom i in the directions x, y, and z,
respectively; N is the number of atoms within a layer, V is
the volume of the layer, and �t is the time step. Periodic
boundary conditions are imposed in the x ,y directions and
nonreflecting boundary conditions are imposed in the z
direction.25 Before the laser irradiation, the nickel thin films
are equilibrated at 300 K.

III. RESULTS AND DISCUSION

20 pulses at the pulse duration of 100 fs and the total
fluence of 0.28 J /cm2 are investigated in this study. The
total laser fluence is slightly above the volumetric phase
change threshold fluence of single pulse ablation predicted
by Cheng and Xu.26 It is revealed that the phase change
phenomenon in 20 pulse case is different from that in single
pulse case, as shown in Fig. 1, in which the first 70 nm film
near the surface is shown. In the single pulse case, melting
occurs at about 4 ps. During 4–15 ps, the liquid-solid inter-
faces �melting fronts� move into the nickel films at an aver-
age propagation velocity of about 3300 m/s. At 15 ps, the
vapor phases appear and expand outside with hundreds of
atoms from dynamic film surfaces �Fig. 1�a��. At 50 ps, sev-
eral gas bubbles form inside the nickel films at the positions
of z=−10 nm and z=−22 nm where the negative value de-
notes the position above the initial film surface �Fig. 1�b��.
The bubbles grow rapidly and induce the nickel films to
fracture inside. At 92 ps, the nickel films disintegrate into
several pieces �Fig. 1�c��. At 200 ps, several large nanopar-
ticles are created above the dynamic film surfaces and the
ablation rate is about 13 nm �Fig. 1�d��. In the 20 pulse case,
melting appears at about 6 ps, that is, phase change occurs
during the irradiance of pulse trains. During 6–15 ps, the
melting fronts move into the nickel films at an average
propagation velocity of about 1800 m/s. At 15 ps, a slow
expansion of dynamic film surfaces almost without vapor
phases is observed �Fig. 1�e��. At 50 ps, mixtures of liquid
particles and atoms spurt out from dynamic film surfaces
�Fig. 1�f��. Note that no gas bubbles form inside the nickel
films. At 92 ps, the nickel films decompose from the upper-
most film �Fig. 1�g��. At 200 ps, a large number of small
uniform nanoparticles �1–4 nm� are observed above dynamic
film surfaces and the ablation rate is estimated to be 11 nm
�Fig. 1�h��. In general, lower ablation rate, more and smaller
uniform nanoparticles are observed in the 20 pulse case. The
simulation results of better fabrication precision �lower abla-
tion rate� correspond with previous experimental
results,9,11,27 which demonstrates lower ablation depth by
pulse train technology. The simulation results of more and
smaller uniform nanoparticle generation correspond with
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previous experimental results,10 which demonstrates higher
fraction of atoms or small nanoparticles by pulse train tech-
nology.

Figure 2 shows the electron and lattice temperatures of
the layers next to the dynamic film surfaces. In the single
pulse case, the electron temperature is rapidly increased to

the maximum value of 16 800 K. The electrons and lattice
reach the same temperature of 8100 K at 35 ps, which is the
thermalization time defined as the characteristic time for the
electrons and the lattices to reach thermal equilibrium.28 In
the 20 pulse case, the electron temperature is increased to the
first peak of 3660 K by the first pulse. The electron tempera-
ture is further increased by the subsequent lasers and reaches
the maximum value of 12 300 K. At 60 ps and 8800 K, the
electron and lattice temperatures reach the thermalization.
The pulse train technology increases the surface tempera-
tures and prolongs the thermalization time.

Figure 3 shows the thermal conductivity of electrons of
the layers next to dynamic film surfaces. In the single pulse
case, the thermal conductivity can be as high as
3480 W/m K. The laser energies transfer rapidly into the thin
films. In the 20 pulse case, the thermal conductivity can be
increased to 980 W/m K by the first pulse and
700–140 W /m K by the subsequent pulses. The pulse train
technology reduces the electron thermal conductivity dra-
matically due to lower single pulse fluences or higher tran-
sient surface temperatures, which ensures that the laser ener-
gies of pulse trains are mainly deposited within the nanoscale
layers of the dynamic film surfaces.

Figures 4 and 5 show the lattice temperature distribu-
tions and stress distributions, respectively. Initially, the
nickel thin films are equilibrated at 300 K. In the single pulse
case, the temperatures of the films increase dramatically and
the absorbed energies transfer rapidly into the thin films
within 15 ps. After that, the surface temperature increases
gradually to 8370 K. At 200 ps, the surface temperature de-
creases to 7600 K. Strong compressive stresses and moderate
tensile stresses are generated in sequence and propagate into
the thin films. Note that the tensile stress tends to decrease
the film density.26 For the high temperature liquids in melting
regions, the decrease in film density will directly induce the
phase separation �coexistence of liquid phase and vapor

FIG. 1. The snapshots of nickel thin films irradiated by femtosecond laser pulse trains with the total fluence of 0.28 J /cm2, where X is in the direction of Ni
�100� surface and Z is in the direction of laser irradiance. ��a�–�d�� The single pulse case. ��e�–�h�� The 20 pulse case.

FIG. 2. �Color online� The electron and lattice temperatures of the layers
next to dynamic film surfaces. �a� The single pulse case. �b� The 20 pulse
case.
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phase�, which is responsible for film disintegration and gas
bubble generation.26 In the 20 pulse case, the temperatures of
the films increase gradually and the melting fronts �the tem-
perature disorder positions� appear and move into the thin
films at a lower propagation velocity. The subsequent pulses
cause the temperatures of surface melting regions increase
much faster than those of inner solid regions. This is because
high temperatures of melting regions reduce the thermal con-
ductivity of electrons, which leaves the absorbed energies
mainly deposited in the dynamic film surfaces. At 32 ps, the
surface temperature achieves 10 080 K �higher than the criti-
cal temperature of 9450 K26,29� which will directly induce the
critical point phase separation. At 200 ps, the surface tem-
perature decreases to about 7500 K. Compared with single
pulse ablation at the same total fluence, the 20 pulse ablation
can achieve �1� higher dynamic surface temperature during
20—145 ps, �2� lower dynamic surface temperature during
1–20 and 145—200 ps, and �3� lower bottom surface tem-
perature during 1–200 ps, which is favorable in inducing the
critical point phase separation and reducing the heat-affected
zone of laser ablation at the same time. Furthermore, in the
20 pulse case, lower compressive and tensile stresses are
generated in sequence by the pulse train and propagate into
the thin films. Note that the lower tensile stresses can hardly

induce the liquid-vapor phase separation within inner film
regions, which avoids the film disintegration and gas bubble
generation.

Figure 6 shows the time evolutions of the system in the
	-T plane for different regions. Two regions are considered,
including the layers next to dynamic film surfaces and the
positions of z=−7 nm �the time evolutions are tracked after
z=−7 nm become subsurface film regions�. Initially, for the
system, density=8900 kg /m3 and T=300 K. In the single
pulse case, materials of dynamic film surfaces expand rap-
idly, which get across the binodal line and approach the spin-
odal line �Fig. 6�a�1�. Materials of subsurface film regions
experience a rapid expansion and approach the binodal line
to become metastable liquids. After that, the rapidly expand-
ing materials approach and get across the spinodal line,
which is the limit of superheating in metastable liquids.30,31

At this time, several gas bubbles occur inside the thin films
which indicate the decomposition of metastable liquids into
mixtures of liquid phase and vapor phase �Fig. 6�a�2�. Here,
the phase explosion is the dominant phase change mecha-
nism. In the 20 pulse case, the absorbed energy of pulse
trains is mainly deposited within the nanoscale layers of the
dynamic film surfaces. Therefore, materials of dynamic film
surfaces are fast heated to much higher temperatures, which
ensures that the time evolutions of system are far from the
metastable zones �between binodal line and spinodal line26�
and directly achieve the supercritical state. The materials re-
main as high temperature and relatively homogeneous struc-
tures during the supercritical state, which help for more and
smaller uniform nanoparticle generation. Then, materials of

FIG. 3. The thermal conductivity of electrons of the layers next to dynamic
film surfaces. �a� The single pulse case. �b� The 20 pulse case.

FIG. 4. �Color online� The lattice temperature distributions at different
times. �a� The single pulse case. �b� The 20 pulse case.
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dynamic film surfaces enter the metastable zones below the
critical point and cause phase separation. Rapidly, materials
of uppermost film region further transform into dense liq-
uids. Here, the critical point phase separation is the dominant
phase change mechanism �Fig. 6�b�1�. Especially, the tem-
peratures of dynamic film surfaces are slightly above the
critical point, which ensures the materials to transform rap-
idly from supercritical state to dense liquids. In the 20 pulse
case, the temperatures of subsurface films regions are lower
than critical point. The compressive stresses and tensile
stresses are confined significantly which avoids the phase
explosion. Materials of subsurface films regions only achieve
the binodal line and show no liquid-vapor phase separation
�Fig. 6�b�2�. Note that the temperatures of dynamic film sur-
faces are slightly above the critical point, so only nanoscale
layers can achieve critical point phase separation. And the
subsurface layers whose temperatures are lower than critical
point will achieve no liquid-vapor phase separation due to
the significant decrease in the film compressive stresses and
tensile stresses. Compared with single pulse ablation at the
same total fluence, the time evolutions of the system in the
	-T plane are changed by the pulse trains: �1� within dy-
namic film surfaces, the critical point phase separation plays
a dominant role; �2� within subsurface films regions, no
liquid-vapor phase separation occurs. The critical point phase
separation can induce more and smaller nanoparticle genera-
tion within the dynamic film surfaces, which is favorable for
high precision of microanalysis application. No liquid-vapor

FIG. 5. �Color online� The stress distributions at different times, where the
positive value denotes the compressive stress and the negative value donates
the tensile stress. �a� The single pulse case. �b� The 20 pulse case.

FIG. 6. �Color online� Time evolution of the system in the 	-T plane for different regions. Solid line: binodal, dashed line: spinodal, and cross: critical point
�Ref. 22�. The arrows indicate the time evolution. �a� The single pulse case. �b� The 20 pulse case.
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phase separation, rather than the phase explosion, occurs
within subsurface film regions, which is favorable for high
quality micro-/nanofabrication.

IV. CONCLUSION

MD simulations combined with TTM are employed to
study the phase change mechanisms during femtosecond la-
ser pulse train ablation of nickel thin films. The electron
heating process can be changed by pulse trains to ensure that
the absorbed energy of the pulse trains is mainly deposited
within the nanoscale layers of the dynamic film surfaces.
Furthermore, the phase change process can be changed in a
way that the pulse trains reduce both the compressive and
tensile stresses, and induce the critical point phase separation
within the uppermost films and no liquid-vapor phase sepa-
ration within the subsurface films, rather than the phase ex-
plosion, at the total laser fluence slightly above the volumet-
ric phase change threshold fluence of single pulse ablation,
which is favorable for precision fabrication and small uni-
form nanoparticle generation.
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