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Single and double femtosecond laser pulses with different time delays were used to investigate
surface morphology changes in Cr thin films. A double pulse was generated by varying the beam
path length of a split pulse and recombining the two beams. With a single pulse, a nanometer-sized
droplet was formed on the irradiated surface; the area was dependent on the laser power. With mul-
tiple pulses at a fixed repetition rate, the subwavelength ripples aligned perpendicular to the polari-
zation direction of the laser light with a spacing of about 200 nm. Curiously, the initial ripple was in
the same direction as the laser polarization for the first few pulses. Using a double pulse with differ-
ent polarization directions and a time separation of zero, the ripples formed in the sum vector direc-
tion of both beams. Increasing the time separation removed the ripples effectively. After a few tens
of ps, the second pulse did not affect the surface changes. The changes in surface morphology were
attributable to interference or disturbances between the hot electron oscillations induced by the two
pulses and the diffusion time of the electron energy. A double pulse with different polarization direc-
tions within the diffusion time of the electron energy is a useful method for decreasing the size of
the ablated area and eliminating ripples in micromachining.
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1. Introduction

Femtosecond direct laser micromachining is a very use-
ful tool for industrial applications and research. The char-
acteristic high peak power of femtosecond pulse laser ma-
chining resulting from the ultrashort temporal pulse width
can minimize the heat effect zone (HAZ) and produce
nonlinear effects. For the same reason, it can be used to
fabricate diffraction-limit-sized objects using power just
above the upper threshold value [1]. Although a smaller
feature size has the advantage of increasing the spatial
resolution in machining, it is difficult to keep the laser en-
ergy of a single pulse steady over the long term while ma-
chining a large area. Furthermore, when a metal thin is film
irradiated at a high pulse energy, thermal damage occurs on
the substrate at below the boiling temperature, and much
debris spreads over the sample. Therefore, to obtain high-
quality machining with minimal thermal damage, the sam-
ple should be machined at near the threshold energy using
irradiation with multiple pulses. However, at near the abla-
tion threshold energy using multiple pulses, a periodic sur-
face pattern called a laser-induced periodic surface struc-
ture (LIPPS), or ripples, occurs in various materials [2-5],
which is a negative phenomenon in subtractive micro-
machining. The ripples in a metal sample irradiated with a
femtosecond laser pulse form as a result of the thermal
equilibrium between the hot electrons and the surrounding
lattice and are affected by the interaction between the fol-
lowing pulse and the surface properties already formed by
the previous pulse.
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In this study, to elucidate the process of ripple forma-
tion we investigate the thermal effects on a Cr metal thin
surface of a femtosecond laser with a single high-energy
pulse and the dynamic surface changes produced by a dou-
ble pulse with a varying time delay.

The micromachining of a metallic thin film on plain
glass is widely used in fields such as mask repairing for
semiconductors and in micro-electromechanical and optical
devices, etc.

2. Experiments

The laser system used in the experiment was an ampli-
fied Ti:sapphire laser with a pulse duration of 250 fs full
width at half-maximum (FWHM) with linear polarization,
a maximum power of 500 mW at a repetition rate of 100
kHz, and a wavelength of 800 nm. To produce a double
pulse, a Michelson interferometer was modified and the
pulse energy and polarization were varied using a half-
wave plate and polarizer. One of the two pulses was de-
layed by controlling the optical path length using an accu-
rate motion stage with a resolution of 0.1 pm, as shown in
Fig. 1. A two-photon excited photodiode was used to de-
termine a time delay of zero for each pulse.

We used a magnification microscope objective IR lens
(x100, NA 0.8; Olympus) with an XYZ stage for accurate
positioning. The incident beam was at an angle of 90° to
the sample. To adjust the number of pulses, we used a me-
chanical shutter and adjusted the shutter on/off time using a
PC-based controller. In case of number up to 200 pulses,
we used the pulse generator to trigger the cavity dumper.
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Fig. 1 Schematic diagram of the experimental system

The experiments were performed in air at ambient pressure
and temperature. We used sputtering to fabricate Cr thin
films with an average thickness of 200 nm on a glass sub-
strate. The workpiece was cleaned with methanol before
placing it on the stage without considering the formation of
oxide layer on metal surface. We used scanning electron
microscopy (SEM) to observe the surface morphology.

3. Experimental results and discussion
3.1 Single pulse irradiation

The ablation on a 200-nm-thick Cr thin film following
a single shot is shown in Fig. 2. In the case of a single 3.5
nJ pulse, we observed pure melting, in which initial drop-
lets with a diameter of several tens of nanometers were
created on the surface. The creation of these droplets may
have been due to the surface tension that occurs during the
resolidification of molten material. This characteristic has
been observed with other laser sources and different sam-
ples [6,7]. Although the material removal process can be
explained by surface evaporation or volumetric phase ex-
pulsion, no substantial surface or volume was evaporated
from the melted surface at this energy level. The very low
energy seemed to merely melt the surface, which then so-
lidified.

On irradiation with subsequent pulses at a repetition

Fig. 2 Ablation pattern at an energy of 3.5 nJ with (a) 1, (b) 5,
(c) 20, and (d) 200 pulses
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Fig. 3 Ripples aligned parallel to the direction of the electric
field at energies of (a) 4.3 and (b) 4.6 nJ with five pulses

rate of 100 kHz, the subwavelength ripples appeared per-
pendicular to the polarization direction of the laser light
and had a spacing of ~200 nm. We interpret the differences
of a ~500 nm spacing from previous experiments [8] might
be caused by the oxide layer or the tight focusing. Interest-
ingly, however, the initial ripples were in the same direc-
tion as the polarization, and formed when the surface was
just melting, as shown in Fig. 2(b). Similar results were
observed for irradiation energies of 4.3 and 4.6 nJ with five
pulses, as shown in Fig. 3(a) and (b). These results and
mechanism are under investigated.

The damage threshold energy can be obtained from the
experimental results. As the power distribution of the spa-
tial beam profile is Gaussian, as shown in Fig. 4, the
threshold energy (P.) and beam radius (w) are expressed
for each power (P; and P,) and damage radius (r; and r;,) as
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From this calculation, we obtained a damage threshold
Energy F,
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Fig. 4 Calculating the threshold energy and beam radius from
the two experimental results assuming that the spatial beam
profile has a Gaussian distribution
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Fig. 5 Comparison of the diameter of the ablated area in ex-
periment and the calculation based on Eq. (1) and (2)

energy of 1.8 nJ and an incident beam diameter of 1.9 um;
therefore, the threshold fluence was about 60 mJ/cm?. The
diameter obtained from the calculation based on the ex-
perimental results was larger than 1.22 um based on dif-
fraction given as d = 2.44Af#, where A is the wavelength
and f# is the f-number. However, it is reasonable to calcu-
late the fluence of the damage threshold using the energy
value obtained from Equations (1) and (2) due to the good
agreement between the experimental results and the calcu-
lation, as shown in Fig. 5.

3.2 Double pulses varying time delay

Figure 6 shows the surface morphology with 10,000
pulses at energies of 0.44 and 0.4 nJ having different po-
larization directions and time delays ranging from 0 to 50
ps between split pulses. Although the calculated damage
threshold from section 3.1 was 1.8 nJ, we observed damage
at a pulse energy of about 0.4 nJ, reflecting the thermal
incubation effect. The ablated feature was smaller than the

Fig. 6 Ablation of a Cr thin film with 10,000 pulses. (a) 0.44
nJ/pulse and vertical polarization, and (b) 0.4 nJ/pulse and
horizontal polarization. The time delay between (a) and (b)
was (¢) 0, (d) 0.5, (e) 1, () 10, (g) 30, and (h) 50 ps.
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wavelength with multiple irradiation by a single pulse at an
energy of 0.44 nJ, as shown in Fig. 6(a). However, promi-
nent ripples did not appear.

When a split pulse irradiated the sample at the same
time, the ripples appeared in the direction of the sum vector
of each pulse, as shown in Fig. 6(c). As the time separation
increased, the ripples disappeared and the irradiated area
became clean (Fig. 6(d) and (e)). With a time separation
greater than 10 ps, fragments or debris were present in the
irradiated area (Fig. 6(f) and (g)). As the separation reached
50 ps, the diameter of the machined area became smaller.

Based on these results, we postulated on the cause of
the dynamic change in ripple formation according to the
time variation. Ripple formation is thought to arise from
the interference between incident wave and surface scatter-
ing wave at near the threshold energy. The spacing of the
ripples is dependent on the wavelength and the incident
angle expressed as A =1/(1 + sinf;). However, subwave-
length spacing that does not agree with this equation has
been observed [5,9—11]. Since the ripples in metal are gen-
erally based on lattice reordering caused by lattice move-
ment with the thermal energy distribution and by resolidifi-
cation, the process from the laser energy to lattice disorder-
ing should be defined.

The laser energy transferred to the material involves
absorption via inverse Bremsstrahlung, electron—electron
thermalization, and electron—phonon coupling [12]. The
two-temperature model is widely used to analyze the tran-
sient electron and lattice temperature [13] and represents
how much of the laser radiation is absorbed by electrons
and heat diffusion to the lattice subsystem. The electrons
absorb the laser energy and then transfer it to the lattice via
electron—lattice coupling. This coupling constant and hot
electron diffusion, which are related to the final hot elec-
tron temperature, are the dominant factors causing surface
melting and ripple formation in metals [8].

Therefore, the change in the ripple with the temporal
separation of pulses is interpreted as being dependent on
the electron temperature followed by the lattice tempera-
ture according to the two-temperature model and surface
morphology observations. Furthermore, we must consider
hot electron density oscillation, such as surface electro-
magnetic waves generated by the interface layer between
dielectric material and metal or Langmuir waves, before
the electron energy diffuses into the lattice. These waves
may lead to spatial energy modulation of hot electron. The
subsequent pulse also causes hot electron oscillation, which
interferes with the existing electron oscillation induced by
the previous pulse unless the previous hot electron energy
has diffused into the lattice resulting in lattice disorder.
Otherwise, it interferes with the lattice via the diffusion of
electron energy, and these results in ripples oriented per-
pendicular to the direction of the electric field, as shown in
Fig. 2. Therefore, electron oscillation is affected by the
second pulse in a different polarization direction when the
electrons are irradiated within the diffusion time of the hot
electron energy. Finally, the total disturbed hot electron
temperature defines the surface morphology and ablation
area. This interpretation is in good agreement with the ex-
perimental results shown in Fig. 6(c)—(h). Similar electron
behavior with the time lapse after excitation with a femto-
second laser pulse is found in fused silica samples [14].
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Fig. 7 Ablation on a Cr thin film with 10,000 pulses and a
single pulse energy of (a) 1.4 nJ and vertical polarization and
(b) 1.3 nJ and horizontal polarization

In addition to eliminating the ripples, another advantage
of a double pulse separated by 0.5 to 1 ps is that it allows
machining of a smaller area with a lower energy. As shown
in Fig. 7(a) and (b), ripples at the outer edge were gener-
ated at higher energies of 1.4 and 1.3 nJ and 10,000 pulses.
However, machining with a double pulse with different
polarization directions and a total energy of 0.84 nJ gave
much better quality in terms of clearness and the size of the
ablated area than that with an energy of 1.4 nJ, as shown in
Fig. 6(d) or (e).

4. Conclusions

We investigated the surface morphology of Cr thin
films, using a tightly focused spot size and single and time-
delayed femtosecond laser pulses. With a single pulse, a
surface droplet was observed. We interpret this as resulting
from the surface tension of melted material in the process
of resolidification. Subwavelength ripples occurred when
the surface was irradiated with multiple pulses, although
curiously, with only a few pulses the ripples aligned paral-
lel to the laser polarization direction. From calculations
based on the experimental results for a single pulse, we
obtained a damage threshold energy of 1.8 nJ and incident
beam diameter of 1.9 pum; therefore, the threshold fluence
was about 60 mJ/cm’.

Based on observations of the surface morphology using
a double pulse with time separations varying from 0 to 50
ps, the surface changes seemed to be dependent on the hot
electron oscillation and its diffusion time into the lattice.
Therefore, it was possible to eliminate the ripples using a
double pulse with different polarization directions if the
two pulses were not coincident and the second pulse oc-
curred within the diffusion time of the hot electrons in-
duced by the first pulse. Furthermore, it was possible to
ablate the sample clean with less energy compared to using
multiple higher-energy pulses with the same polarization.
In the latter case, the ripples remained in the outer region
and the diameter of the ablated area was large.

A double pulse with different polarization directions
within the diffusion time of the electron energy is a useful
method for decreasing the size of the ablated area and
eliminating unwanted ripples in subtractive micromachin-
ing.
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