Appl Phys A (2011) 105:125-129
DOI 10.1007/s00339-011-6579-6

Applied Physics A

Materials Science & Processing

Study of femtosecond ablation on aluminum film with 3D
two-temperature model and experimental verifications

Qiang Li - Huiying Lao - Jia Lin - Yuping Chen -
Xianfeng Chen

Received: 30 May 2011 / Accepted: 17 August 2011 / Published online: 13 September 2011

© Springer-Verlag 2011

Abstract In this paper, a 3D two-temperature model is in-
troduced to investigate femtosecond ablation on aluminum
film. 3D temperature evolutions for both electrons and lat-
tice are obtained, which present us a vivid view of the en-
ergy transformation process during femtosecond ablation.
Simulated 3D ablation craters irradiated by a single pulse
with different energy are acquired, from which we can eas-
ily and precisely predict crater depth and radius before ab-
lation takes place. In the experiment we measure the radii
of the craters ablated by pulses with different energy and
numbers delivered from a chirped pulse amplification Ti:
sapphire system. The threshold fluence for both single and
multi pulses are obtained. Comparisons are made between
results of the experiment and relative simulated calculations
show the reliability of our proposed calculation model.

1 Introduction

With recent progress of laser system, especially that based
on the chirped pulse amplification (CPA) technique, ultra-
fast lasers have been more and more used as a useful tool
for different materials processing on the scale of optical
wavelength [1-6]. Compared with nano- and pico-second
processing, femtosecond processing has the advantages of
particular localized material removal and well reduced heat-
affected zones [7]. Femtosecond ablation has already shown
these advantages in fabricating microstructure in solid tar-
gets [1], machining photonic devices [3], writing waveg-
uides [4], manufacturing microfluidic channels [5] and other
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kinds of precise micromachining [6]. Femtosecond pulses
ablation involves many complicated physical processes, in-
cluding electron and lattice energy absorbing and transporta-
tion, electron-phonon energy coupling and accumulation,
and a clear understanding of all these would be of great im-
portance for the further development of femtosecond micro-
machining technology.

During the process of femtosecond ablation, the electron-
lattice relaxation time is typically the order of several pi-
coseconds, while the actual laser pulse has a length of only
some hundred femtoseconds, hence the material exposed
to femtosecond laser pulses gets excited into a high non-
equilibrium state, and the classical Fourier heat conduction
equation is unavailable in such a highly non-equilibrium
state. In order to solve this problem, a two-temperature
model (TTM) was proposed [8]. This continuous model de-
scribes the energy transfer inside a metal with two coupled
generalized heat conduction equations for the temperature
of the electrons T, and the lattice Tj.

In this paper, we introduce a 3D two-temperature model
(TTM) to simulate femtosecond ablation on the aluminum
film. By using a finite-difference method to solve heat flux
equations we obtain the 3D temperature evolution for both
electrons and lattice, which presents us a vivid view of
the energy transformation process during femtosecond ab-
lation. In order to verify our calculation, the single-pulse
experiment is carried out. Craters radii are measured and
single-pulse threshold fluence is obtained. Comparisons are
made between theoretical analysis and the corresponding
experimental results show the feasibility of our 3D two-
temperature model. In order to shed light onto multi-shot
ablation, multi-pulse experiment is also conducted and the
result is also discussed in this paper.
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2 Modeling and discussion

The well-known two-temperature model (TTM) originally
proposed by Anisimov et al. is presented as follows [8]:

a7,

Cemp = VikeVTe) = G(Te — Ti) + Q. )
oh

CIE = G(Te - Tl) (2)

Here Ce = kT: and k. are the thermal capacity and thermal
conductivity of electrons respectively; Cj is the lattice heat
capacity, which we take as a constant; G is the electron-
phonon coupling coefficient, and Q(x, y, z,¢) is the laser
heating source term which can be described by

Ox,y,z,0)=8(x,y,z) e T (1), 3)
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Here, R is the reflectance of the target; § is the optical pen-
etration of aluminum film and §y, is the ballistic length; F
is the laser fluence; xo and yq are the x-coordinate and y-
coordinate of the laser spot center, respectively; wq is 1/e
radius of the laser spot and #, the FWHM pulse duration.

As the ablation process takes place on a timescale of sev-
eral picoseconds, it is reasonable to ignore the heat losses
from the metal film to the surrounding and to the front sur-
face during the ablation process, so the boundary condition
can be given by [9]

Te(x, 0) = Ti(x, 0) = Tp, (6)
T 0T,

i) ¢ =0 (7)
an x=0 3n x=d

where Ty is the original temperature of the aluminum film;
d is the thickness of the target.

We use the finite-difference method to solve (1) and (2).
A time step of 10 fs, an x—y plane step of 0.1 pm and a
z direction step of 1 nm (x—y plane is perpendicular and z
axis parallel to the laser direction) are used in the simulation.
The relative physical parameters of aluminum and the laser
used in numerical simulation are given as follows:

ke =235J/(mKs), k=134.5]/(m’K?),
C) =242 x 10 J/(m*K),

Tp =300 K,

G =5.69 x 107 J/(m’K ),
R =0.88, S§p = 100 nm,
tp = 100 fs,

6 =20 nm,

wo = 12.4 ym
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Figure 1 gives the simulated results of the electrons and
lattice temperature evolution for both x—y and x—z plane.
The energy fluence F here is taken to be 1 J/cm?. We can
see that at the time 10 fs, both the electrons and the lattice
are still quite cool, while at the time 100 fs the electrons are
quickly overheated with a temperature higher than 15000 K
in the center of the front surface. In contrast, the lattice still
keeps cool with a temperature nearly the same as room tem-
perature. This clearly shows us that laser energy is first ab-
sorbed by the electrons. As time goes on, the electrons’ tem-
perature drops while the lattice temperature spreads further
and penetrates deeper into the target. So during this period
laser energy is transformed from the high temperature elec-
trons to the lattice. At the time of about 5 ps the two tem-
peratures are approximately the same and the target keeps
being thermal equilibrious from that time on.

Knowing the three-dimension temperature evolution of
the target means that we can precisely predict the shape of
ablation hole before ablation take place, which would be of
directive significance to femtosecond micromachining tech-
nology. It is well known that during the ablation process,
when the temperature of the lattice reaches the thermody-
namic critical temperature 7 (for aluminum it is 5720 K),
such a high temperature would inevitably lead to an ex-
tremely high pressure in the ablated region, and such a great
pressure will be released through the adiabatic expansion,
which would finally lead to obvious material ablation and
ejection [10]. In the actual calculation 0.97; is always set
as the critical temperature for material removal during fem-
tosecond ablation [11]. Figure 2 presents simulated ablation
craters by single pulse with different energy. It can be seen
from Fig. 2a, b, and c that with the increase of pulses energy
fluence, there is an obvious increase in the ablation depth.
Crater depths ablated by pulses with different energy flu-
ence are given in Fig. 3. We can obviously see that when the
fluence is low there is a logarithmic dependence, whereas
in the high-fluence regime the dependence turns into linear.
This is because in the low-energy fluence region heat propa-
gation is weak and can be neglected while in the high-energy
fluence region heat propagation becomes significant. This
phenomenon is already well studied and explained by other
works [12]. From Fig. 3 we can see that ablation depth # > 0
only when pulses energy fluence F > 0.9 J/cm? and when
F < 0.9 J/cm? the crater depth equals zero. This result ob-
viously shows us that the threshold fluence for aluminum is
0.9 J/cm? in our simulation, which is pretty much the same
as other reports [13].

3 Experimental results and discussions

The laser used in our experiment is a standard Ti:Sapphire
system comprising an oscillator (Coherent, model Mira
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Fig. 1 Temperature evolution for electrons and lattice of both x—y plane and x—z plane. (a) T, x—y plane (b) T, x—z plane (c¢) 7j, x—y plane

(d) 7, x—z plane
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Fig. 2 Simulated 3D ablation craters by single pulses with different energy fluence. (a) 2 J/cm? (b) 5 J/cm? (c) 8 J/cm?

900F) and an amplifier (Coherent, model Legend). The am-
plified pulses are of 100 fs duration at a central wavelength
of 800 nm and the repetition rate of the laser is 1 kHz. The
aperture is used to optimize the shape of laser spot and a ro-
tatable half-wave plate followed by a polarizer to change the

energy of laser pulses. In order to get the desired number of
pulses, a speed-controllable mechanical shutter is used. The
beam is finally focused onto the sample using a 20x objec-
tive lens. The sample is fixed onto a motor-controlled XY Z
stage with a resolution of 0.4 pm and the film is positioned
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Fig. 3 Depth of simulated ablation craters versus laser pulse energy
fluence

in the way that its surface is perpendicular to the direction
of the incident laser beam. A CCD is used to monitor the
ablation process.

For a Gaussian spatial beam profile with a 1/e” laser
beam radius wyo, the spatial distribution of the laser fluence
can be expressed by

P 2r2
F(r)=Fyexp -— (8)
Wy

Here F, represents the peak laser fluence and r is the
distance to the center of the laser spot; Fy, represents the
ablation threshold fluence, which means that when F < Fy,,
the crater diameter D equals zero. We obtain [14]

Fp
D? =2w} ln<F—0> )
th
The laser peak fluence can be calculated by using single-
pulse energy E and laser focus radius by the following equa-
tion:

2E
Fp = o (10)
Twg
From (8) and (9) we have
E
D2:2w%ln< "“‘S") (11)
Ew

Figure 4 shows the measured fluence dependence of the
squared diameter of ablated area under single shot. The dots
give our experimental results and the solid line represents a
least square fit to (10) and each of the dots in Fig. 1 repre-
sents one individual shot of our experiment. The diameter
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Fig. 4 Ablation craters diameters squared versus the pulses energy for
single pulse

of the ablated craters is found by a scanning electron micro-
scope (SEM) which has a precision of 0.01 um. The laser
used in our experiment has a very stable output, with each
pulse of nearly the same energy, so we obtain the energy of
each single pulse by measuring the power of the laser and
then use the repletion rate to divide it. The power meter in
our experiment has a precision of 0.0l mW and it means
that our measurement of the pulse energy has an accuracy of
0.01 pJ. From the slope of the line we can get wg = 12.4 pm.
By extrapolating the fitted line to D? = 0, the single-pulse
threshold is found to be Fy, = 1.12 J/cm?2, which is little
higher than our theoretical calculation (0.9 J/em?). Consid-
ering that our experiment is carried out in air while our simu-
lation is in vacuum environment, and it is reported that metal
ablation in air is significantly less efficient than in vacuum
due to redeposition of ablated material [15], it is quite rea-
sonable to say that our experimental result fits very well with
our calculation.

In order to gain insight into multi-shot ablation, which is
of great importance to both scientific research and industry
processing, multi-shot ablation experiments are carried out.
Crater diameters ablated by pulses with different energy and
numbers are measured and the result is shown by Fig. 5.
The dots signify our experimental results and the solid lines
represent the least square fits to (10). Taking errors of mea-
surement into consideration, the fit lines are parallel to each
other. By extrapolating the fitted lines to D> = 0 we can ob-
tain the threshold fluence for different pulses number. Fig-
ure 6 presents the result. We can see that with the increase of
the pulse number the ablation threshold fluence decreases.
This is also reported by studies on other kinds of material
and can be explained by the so-called incubation effect. We
use the equation Fin(N) = Fin(1)-S N=1 \which was first pro-
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Fig. 5 Ablation craters diameters squared versus the pulse energy for
different pulses
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Fig. 6 Threshold fluence for different pulse numbers

posed by Jee et al. [16] to fit the experimental data. The
parameter S is the so-called incubation coefficient, which
quantifies the degree of incubational behavior. The solid line
in Fig. 6 gives the least square fit. We can see that when N
is relatively small the equation fits quite well, but when N
is large (in our experiment, that is, above 200) there is an
obvious deviation between the equation and the result of the
experiment. This means that the incubation effect is only
limited to a certain number of pulses, and beyond that cer-
tain number (in our experiment it is 200 for the aluminum
film) the incubation effect becomes saturated and the abla-

tion threshold fluence keeps nearly unchanged even as the
pulse number increases.

4 Conclusion

In conclusion, we have introduced a 3D TTM to investi-
gate femtosecond ablation on an aluminum film. The energy
transportation process is clearly and vividly demonstrated.
3D craters ablated by single pulses with different energy
fluence are simulated, from which we can simply predict
the radii and depths of ablation holes before ablations take
place. This would be of instructive significance to femtosec-
ond ablation technology. In our experiment we measured
radii of craters ablated by single femtosecond pulses with
different energies and calculated the single-shot ablation flu-
ence from the data of the experiment. The result of the ex-
periment fits quite well with our simulation. In the multi-
pulse experiment we observe an obvious incubation effect
of the ablation threshold fluence for aluminum. We also dis-
cover that the incubation effect limits to only a certain num-
ber of pulses and beyond that number the incubation effect
becomes saturated.
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