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Abstract

We present a study on the modifications induced in glass by a femtosecond laser shaped into a Bessel beam, comparing three operation
modes: single-pulse, MHz-burst, and GHz-burst regimes. In both the single-pulse and MHz-burst modes, the laser forms elongated, slightly
tapered structures within fused silica. Post-etching with Potassium Hydroxide reveals high etching rates and selectivity, reaching up to
606 um/h and 2103:1 in the single-pulse mode, and up to 322 um/h and 2230:1 in the MHz-burst mode. Remarkably, the GHz-burst
regime enables the direct formation of taper-free holes using a single burst of 50 pulses, without any etching. Moreover, we show a study
of Bessel-beam drilling with GHz-bursts in alkali-free borosilicate glass. This breakthrough demonstrates the potential for chemical-free,
high-speed drilling of high aspect-ratio holes in glass, opening new possibilities for advanced glass processing techniques.
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1. Introduction

Laser-based micromachining of glasses is nowadays widely used for various applications. Recent work on burst-mode
modifications in glasses has been reported by several groups, for example with two-pulse bursts in combination with
chemical etching by Stankevicitté et al., 2021 or on crack-free high-aspect ratio drilling with GHz-bursts by Balage et al.,
2023. Spatial beam shaping into a Bessel-beam (see Courvoisier et al., 2013) is a powerful tool to achieve high-aspect ratio
modifications thank to the elongated energy distribution within such a beam.

Our objective in this contribution is to compare the induced modifications in fused silica by a Bessel-beam in three
different operating regimes, i. e. with a single pulse, with a MHz-burst, and with a GHz-burst. We further study the evolution
of the modifications by subsequent chemical etching. Moreover, we show results of through hole drilling in alkali-free
borosilicate in the GHz-burst regime with an increasing number of GHz-bursts.

2. Method

For our study, we used a Tangor 100 (Amplitude) emitting at a wavelength of 1030 nm with a pulse duration of about
500 fs operating in either single pulse mode, MHz-burst mode with 4 pulses per burst (ppb) at 40 MHz burst repetition rate
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or in GHz-burst mode with 50 ppb at 1.28 GHz. For the first study on fused silica, we applied single pulses or single bursts
with variable energy. For the second study on alkali-free borosilicate (AF32), we applied an increasing number of GHz-bursts
at 1 kHz burst repetition rate and an energy of 255 pJ. A beam expander enlarges the beam diameter before entering an
axicon for Bessel-beam formation. A telescope formed by two lenses of f1=125 mm and f2=10 mm reduces the Bessel beam
to a calculated length of 1.8 mm. The experimental setup is depicted in Fig. 1. A Z-motorized stage (Alio Industries, Al-LM-
10000) allows for adjusting the Bessel-beam position with respect to the glass sample.

Tangor 100 W

1030 nm, 500 fs

Bessel-beam

XY-stage

Fig. 1. Schematic drawing of the experimental set-up for Bessel-beam laser-induced glass modification

The experiments were conducted using fused silica (Altechna, 1 mm thickness) and on AF32 (Schott, 0.3 mm thickness)
glass. The samples were positioned under the Bessel-beam with motorized XY stages (Alio Industries, Al-LM-20000-XY) with
a travel range of 200 mm. The experiments are piloted by the DMCpro control software.

3. Results

We investigated the depth of the Bessel-beam laser-induced modification in fused silica for a single-pulse, a MHz-burst
of 4 ppb, and of a GHz-burst of 50 ppb as thoroughly explained in Guilberteau et al. 2024. Figure 2 shows the results for
pulse/burst energies from 15 to 255 . For the single pulse and the MHz-burst regime, the modification rate is 5.3 pm/pJ
between 15 and 50 W pulse/burst energy, and for higher energies from 50 to 255 wJ, the modification rate is 1.5 um/W in
both regimes as indicated by the black lines on Fig. 2. For a GHz-burst (50 ppb), a minimum energy of 150 W is required to
observe a modification, and the modification rate stays constant at 1.2 um/uJ for all energies up to the maximum available
burst energy. Interestingly, when distributing the energy on 4 pulses as in the MHz-burst, only 1.3 times more energy is
needed to achieve the same depth. For the GHz-burst containing 50 pulses, we achieve modifying the material even though
the energy of an individual pulse within the burst is below the ablation threshold of fused silica. These observations are clear
evidence of cooperative effects between the pulses in burst modes.
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Fig. 2. Evolution of the modification depth in fused silica as a function of the pulse/burst energy.

Further, we applied chemical etching to the laser-modified fused silica samples with Potassium Hydroxide (KOH, 10 mol/L)
in an ultrasonic bath of 55 °C for 30, 60, and 120 minutes (see Ross et al., 2018). We observed high etching rates and
selectivity, reaching up to 606 um/h and 2103:1 in the single-pulse mode, and up to 322 um/h and 2230:1 in the MHz-burst
mode. Remarkably, the GHz-burst regime enables the direct formation of taper-free holes using a single burst of 50 pulses,
without any etching.

Indeed, a further study in AF32 glass confirmed that through holes can be drilled with a single Bessel-beam GHz-burst
containing 50 ppb and a burst energy of 255 . We further investigated the evolution when applying more bursts to the
sample. Figure 3 shows a microscope image of the Bessel-beam induced modifications with an increasing number of bursts
from the left to right up to 1000 bursts. The close-up images clearly confirm a through via drilling with a single burst, whereas
the holes are degraded and become discontinuous for higher burst numbers. This behavior is not yet fully understood and
will demand further studies.

Increasing burst number:

GHz - 50 ppb Top surface

Fig. 3. Microscope image of AF32 (thickness 300 um) modified by an increasing number of GHz-bursts.
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4. Conclusion

We studied Bessel-beam laser-induced modifications in fused silica and alkali-free borosilicate glasses. The single pulse
regime and the MHz-burst (4ppb) showed similar behavior in single shot pulse/burst modification and subsequent chemical
etching with KOH. Moreover, we demonstrated the possibility of single shot GHz-burst (50 ppb) through via glass drilling
with a Bessel-beam in AF32, where applying more bursts does not improve the hole quality, but contrarily, leads to
degradation and discontinuity of the hole. The single GHz-burst through via drilling constitutes a real breakthrough and
demonstrates the potential for chemical-free, high-speed drilling of high aspect-ratio holes in glass, opening new possibilities
for advanced glass processing techniques.

References

Stankeviciate, V., Raciukaitis, G., Gecys, P. (2021). Chemical Etching of Fused Silica After Modification with Two-Pulse Bursts of Femtosecond Laser. Opt.
Express, 29, 31393—-31408.

Balage, P., Lopez, J., Bonamis, G., Honninger, C., Manek-Honninger, I. (2023). Crack-free high-aspect ratio holes in glasses by top—down percussion drilling
with infrared femtosecond laser GHz-bursts. Int. J. Extrem. Manuf., 5, 015002.

Courvoisier, F., Zhang, J., Bhuyan, M., Jacquot, M., Dudley, J. (2013). Applications of femtosecond Bessel beams to laser ablation. Appl. Phys. A 2013, 112,
29-34.

Guilberteau, T., Balage, P., Lafargue, M., Lopez, J., Gemini, L., & Manek-Honninger, |. (2024). Bessel Beam Femtosecond Laser Interaction with Fused
Silica Before and After Chemical Etching: Comparison of Single Pulse, MHz-Burst, and GHz-Burst. Micromachines, 15(11), 1313.

Ross, C.A.; MaclLachlan, D.G.; Choudhury, D.; Thomson, R.R. (2018). Optimisation of ultrafast laser assisted etching in fused silica. Opt. Express, 26,
24343-24356.



