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High performance laser induced plasma assisted
ablation by GHz burst mode femtosecond pulses

Jingbo Yin'?, Yulong Zhao! and Minghui Hong!#*

High performance laser micromachining based on the combination of GHz burst mode femtosecond pulses irradiation
and laser induced plasma assisted ablation can open a new avenue for high-quality and high-efficiency micromachining

of single crystalline sapphire.
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Transparent materials, such as sapphires, diamonds, and
quartzs, have excellent material properties'. High hard-
ness, high chemical stability and unique optical proper-
ties make it valuable in industrial production and scien-
tific research, but difficult to be processed*:. Laser in-
duced plasma assisted ablation (LIPAA) is one of the rel-
atively simple and effective approaches’. Nanosecond
(ns) lasers are typically used in LIPAA due to its relative-
ly long pulse duration®. The plasma induced by the laser
ablation of target is generated within tens to hundreds of
picoseconds (ps) and continuously expands in ns scale®.
So every ns laser pulse replenishes the plasma induced to
make it strong enough to ablate the substrate. This
makes ns-LIPAA high ablation efficiency. Because of the
strong thermal effect of the ns laser ablation, the feature
size and surface roughness of the ns-LIPAA are relative-
ly large. Ultrafast laser is expected to produce high-preci-
sion LIPAA. Since the pulse duration of femtosecond (fs)
laser is extremely short, its pulse is ended before the for-
mation and expansion of the plasma generated by this fs
pulse. This results in the plasma not strong enough to

ablate the substrate but depositing a layer of metal film

on the substrate surface. Therefore, one solution is to ap-
ply a high laser fluence in the ablation, which also causes
a significant decrease in ablation quality, the other is by a
dual-beam fs-LIPAA’. In the dual-beam LIPAA, plasma
induced by the 1st pulse loses the energy during flying,
so metal nanoparticles included are deposited on the
substrate surface. The ablation takes place by the absorp-
tion of the 2nd laser pulse energy by the deposited
nanoparticles. Such processing method is complex and
inefficient. With the development of laser technology,
GHz burst mode fs lasers have attracted much attention
in various material processing fields®*. Since its pulse in-
terval is only several hundred ps, GHz burst mode is ex-
pected in the fs-LIPAA to realize the interaction be-
tween laser and laser-induced plasma.

In the recent work published in Opto-Electronic Sci-
ence'’, Prof. Koji Sugioka and his team at RIKEN Center
for Advanced Photonics (RAP) proposed a high perfor-
mance LIPAA strategy based on GHz burst mode fs puls-
es. In the burst mode, the time interval between the adja-
cent pulses of the pulse trains is several hundred ps. The

authors demonstrated that this moderate pulse interval
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allows for direct interaction between the laser pulses and
the laser-induced plasma. This interaction enhances both
the ablation quality and efficiency, making the process
more effective than traditional methods, such as single-
pulse mode fs laser direct ablation, single-pulse mode fs-
LIPAA, and ns-LIPAA.

n Polarizing optics

Figure 1 presents the experimental setup for the GHz
burst mode fs-LIPAA process. Unlike the traditional sin-
gle-pulse mode, the GHz burst mode delivers a series of
intra-pulses within a burst, with the time interval of 205
ps (corresponding to a 4.88 GHz repetition rate). This

design significantly enhances the interaction between
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Fig. 1 | Experimental setup for the GHz burst mode fs-LIPAA process.
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laser pulses and the generated plasma. In the experiment,
a c-axis (0001) oriented sapphire substrate is placed in
contact with a copper target. The laser beam passes
through the sapphire and focuses on copper surface, gen-
erating a plasma. The subsequent pulses in the burst di-
rectly interact with this plasma, greatly increasing the ab-
lation efficiency. In addition, the GHz burst mode has
better ablation quality than the single-pulse mode. It is
because the plasma induced by the previous intra-pulses
in the burst mode can induce effective absorption at the
rear surface of sapphire by the subsequent pulses. High-
er absorption rate is essential to obtain better ablation
quality. For the single-pulse mode LIPAA, the direct in-
teraction between laser and plasma is impossible be-
cause of the long interval between adjacent pulses. The
ns laser can interact with the plasma generated by its
own excitation within the pulse duration, which has high
processing efficiency. However, the processing quality of
ns-LIPAA for sapphire and other wide band gap materi-
als is significantly lower than GHz burst mode fs-LIPAA.
In general, the GHz burst mode fs-LIPAA solves the
problem that processing efficiency and processing quali-
ty cannot be balanced.

High repetition rate femtosecond laser has shown its
unique advantages in many material processing fields'!'2.
Introducing GHz burst mode fs laser into LIPAA pro-
cessing represents a promising approach to microma-
chine hard transparent materials. The ability to reduce
the ablation threshold and increase ablation efficiency
while maintaining high-quality surface finishes opens up
new possibilities for the manufacturing of advanced opti-
cal and electronic components. The GHz burst mode’s
high precision and reduced energy requirement make it
attractive for large-scale manufacturing where both qual-
ity and efficiency are paramount. Additionally, one of
the most promising aspects of this research is the scala-
bility to process other transparent materials. While the
study focused on sapphire, the same principles could be
applied to materials, such as quartzs, diamonds, and
transparent ceramics, which are also difficult to be ma-
chined with conventional methods'*!*. Moreover, the
potential for further enhancement using shaped laser

beams (e.g., Bessel beams) or adaptive optics could lead
to even higher levels of precision and efficiency, expand-
ing the applications of the GHz burst mode LIPAA. Its
success with sapphire suggests that future studies may
focus on processing different materials, expanding its ap-
plicability across a broader range of sectors.
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