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Abstract: In this contribution, we present a comparative study on top-down drilling in sodalime glass,
with a femtosecond laser operating in single-pulse, MHz-burst and GHz-burst modes, respectively.
We investigate the hole depth, drilling rate, and hole morphology for these three regimes while
keeping the same experimental conditions. We demonstrate that, for both burst regimes, the burst
length has to be adapted for optimizing the hole depth. In the GHz-burst regime, the lower the
ablation rate the longer the holes. The three drilling regimes lead to different hole morphologies,
where the GHz-burst mode results in the best hole quality featuring glossy inner walls and an almost
cylindrical morphology. Furthermore, we obtain crack-free holes, the deepest measuring 3.7 mm in
length and 25 pm in entrance diameter corresponding to an aspect ratio of 150, which is the highest
aspect ratio reported thus far with femtosecond GHz-burst drilling to the best of our knowledge.

Keywords: ultrafast laser processing; femtosecond GHz-bursts; laser-material interaction; glasses;
percussion drilling

1. Introduction

In the last two decades, ultrafast laser technology has widely enriched the industry
owing to its versatility and its unique capabilities for the micro-processing of transparent
dielectric materials [1]. Many applications have emerged in the literature, such as index
change [2], 3D data storage [3—6], waveguides and diffraction gratings writing [7-10], and
bottom-up drilling [11,12], as well as zero-kerf and dust-free glass cutting [11].

Thanks to the ultra-short interaction time, femtosecond lasers allow for a highly
localized and intense energy deposition [13,14]. However, the throughput may not meet
industrial requirements due to the small amount of material being processed during the
interaction with each single pulse. An interesting strategy for increasing the productivity
of femtosecond laser processing is spatial beam shaping. For instance, Bessel beam shaping
has been studied for glass cutting [15-17], as well as nano-hole drilling [18], in-volume
nanoscale modifications [19], and high-aspect-ratio drilling [20]. This technical solution
allows for an elongated, very localized, and homogenous energy deposition. Gaussian
beams are also used for high-aspect-ratio drilling with elongated spatial beam shaping, for
instance by using a spatial light modulator [21].

An alternative approach to spatial beam shaping is the use of temporal beam shaping
by spreading the pulse energy into a burst containing several femtosecond pulses instead
of applying one single highly energetic pulse. The so-called burst regime has been mainly
investigated for metals” and semiconductors’ processing [22-25]. The take-home message of
these four studies is that the use of bursts can, with the appropriate set of parameters, enhance
the energy deposition and thus increase the removal rate. These studies also suggest that the
use of MHz bursts of femtosecond pulses may not be optimal as the pulse-to-pulse delay within
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a burst is still longer than the heat-relaxation time of the materials. To overcome this limitation,
the GHz-burst mode has emerged with a pulse-to-pulse delay of the same order of magnitude
as the heat-relaxation time in dielectrics [26]. Some recent studies dealing with GHz-burst
processing on dielectrics for milling applications have highlighted the same trend as the one
observed on metals and silicon [27-29]. These first observations were recently confirmed by
a comparative study dedicated to surface ablation on fused silica in MHz- and GHz-burst
regimes [30]. It appears that the removal rate increases with the number of pulses per burst
but at the expense of the surface quality. These studies assume that the GHz-burst interaction
relies on thermal accumulation during the burst owing to the high repetition rate of the pulses
within the burst. Other works have reported on combining MHz- and GHz-burst strategies in a
biburst mode for ablation [31,32]. Very recently, we investigated the percussion drilling process
in glasses [33,34] and in sapphire [34] in GHz-burst mode applying pump-probe shadowgraphy
and thermal imaging [34]. Furthermore, we have shown that efficient drilling was even possible
at fluences where the individual pulses within the burst have a fluence clearly lower than the
ablation threshold of the material, which underlines that this processing mechanism profits
from beneficial thermal accumulation. A very recent study has reported on the effect of the
energy repartition within the GHz-burst on the drilling process [35].

In this study, we report on a comparison of top-down percussion drilling in sodalime
glass for the repetitive single-pulse regime, as well as the MHz-burst and GHz-burst
regimes, respectively, using the same laser source. We investigated the evolution of the
hole depth as a function of the number of repetitive single pulses or bursts, as well as the
hole morphology and the inner-surface quality via measuring microscopy. Furthermore,
we optimized the parameters for reaching extreme hole geometries with an aspect ratio of
up to 150 in fused silica in the GHz-burst mode by tuning the burst repetition rate and the
numerical aperture.

2. Materials and Methods

The experiments were carried out using a modified industrial laser system based on a
Tangor 100 from Amplitude, which is described in Reference [34] and produces pulses of
530 fs pulse duration at a wavelength of 1030 nm. This flexible laser system allows for a
precise optimization of the drilling parameters such as the intraburst repetition rate, burst
repetition rate, burst energy, number of pulses per burst, or burst shape. In this study, we
compared different strategies of temporal beam shaping and focused on the influence of
the intraburst repetition rate, as well as the number of pulses per bursts. The experiments
were carried out with the laser system operating with repetitive single pulses, with MHz
bursts at a 40 MHz intraburst repetition rate and a number of pulses per burst ranging
from 2 to 8, and with GHz bursts at a 1.28 GHz intraburst repetition rate with a number
of pulses ranging from 50 to 400. Using the same laser system and drilling setup for all
experiments allowed us to lead a fairly robust comparative study.

The holes were drilled by focusing a Gaussian beam on the surface of the glass samples
thanks to a microscope objective Mitutoyo Plan NIR Apo 5X with an effective numerical
aperture of 0.14, resulting in a measured spot size of 9.3 um at 1/e2. The spot size was
measured using a 10X-homemade calibrated system with an uncertainty of £0.66 um.
Thanks to a topview Basler CMOS camera, a white light source, and two dichroic mirrors,
we can visualize through the focusing objective and accurately set the position of the
laser focus at the front surface of the glass samples as schematically depicted in Figure 1.
During the drilling, we use a sideview system composed of a green diode emitting at
520 nm for illumination and a Basler camera (Basler acA1920-25mu) coupled with a long-
distance microscope (InfiniMax KX with MX-6 objective) for real-time imaging. The latter is
equipped with a 520 nm-bandpass filter in order to directly visualize through the samples
and not being blinded by the processing laser wavelength. The focusing head is mounted
on a Z-motorized stage (VP25X, MKS Instruments), whereas the sample is fixed on a
motorized XY-monolithic stage (One-XY60, MKS Instruments). The XYZ-stages and the
laser gate are controlled by the DMCpro software (Direct Machining Control, Vilnius,
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Lithuania). The latter includes an autofocus function allowing for a precision in the focus
position down to a few microns, reducing the positioning uncertainty and leading to the
same conditions for all drilling experiments. The workstation has a granite base and gantry
ensuring a high stability and an excellent repeatability of the experiments.

Amplified Yb-doped laser
Single pulse mode
MHz-Burst mode
GHz-Burst mode
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Figure 1. Experimental setup for the drilling experiments with sideview in situ observation.

An optical measuring microscope (MF-B1010D, Mitutoyo) is used for ex situ imaging and
accurate measurements of the hole depths and diameters with a precision of £2.2 um + 0.02-L,
with L being the measured length in mm. We used a 20X objective for hole depth measurements
and a 50X objective for fine observations of the inner wall morphologies. The study on the
different operating regimes was carried out using sodalime glass, whereas we used fused silica
for the optimization of the drilling parameters for obtaining extreme hole aspect ratios.

3. Results and Discussion
3.1. Drilling of Sodalime Glass: Comparison between Repetitive Single Pulses, MHz-Burst, and
GHz-Burst Regimes

In this section, we present a comparative study of different temporal beam shaping
strategies. The standard regime of repetitive single femtosecond pulses is applied and
compared to the MHz-burst and the GHz-burst regime containing different numbers of
pulses per burst (ppb). We investigated the evolution of the hole depth and the hole
morphology in sodalime while increasing the number of bursts or pulses for the single-
pulse regime (SPR). The number of bursts or pulses (in SPR) was varied from 1 to 10,000
for all operating regimes. Both the single pulse and the burst repetition rates were set to
1 kHz. Indeed, from a prior study [34] we know that higher repetition rates produce an
extended and undesirable heat-affected zone surrounding the hole. Finally, even a collapse
of the glass under its own weight arises, closing the hole if one increases the repetition rate
too far. Obviously, the repetition rate limits depend on the material, and in sodalime the
appearance of the heat-affected zone is around 20 kHz burst repetition rate in the GHz-
burst mode. Therefore, the choice of a pulse or burst repetition rate of 1 kHz, respectively,
ensures that drilling experiments are well below this limit in GHz-burst mode. The pulse
(burst) energy in the single-pulse mode and MHz-burst mode can be adjusted from 50 pJ to
140 yJ, and in the GHz-burst mode in the range from 89 pJ to 286 pJ. As has been shown,



Micromachines 2023, 14, 1754

4of11

high energy values are preferable as they lead to deeper holes [33]. Therefore, we chose
the maximum energy that is possible in all three operational regimes, which is 140 pJ, in
order to realize the whole study with the same total energy exposure and to be able to
highlight the differences between the three regimes. As a consequence, the single-pulse
mode corresponds to repetitive pulses of 140 pJ energy, whereas the MHz- and GHz-burst
modes correspond to bursts containing N pulses carrying an energy of 140/N uJ each.

Figure 2 displays microscope images of the holes obtained for the single-pulse regime,
upper image (a); for the MHz-burst regime with 2 and 8 ppb, middle images (b) and (c); and for
the GHz-burst regime, lower image (d) with 200 ppb. These images were obtained for short
drilling times ranging from 70 ms to 700 ms, corresponding to 70 bursts (pulses) to 700 bursts
(pulses). The resulting hole depth ranges from 34 pm to 197 um in the single-pulse regime,
from 49 um to 274 pum in the MHz-burst regime (2 ppb), from 80 um to 308 um for MHz bursts
(8 ppb), and finally from 32 pum to 280 pum for the GHz-bursts with 200 ppb.

1 1 1 1 1 1 1 1 1
70 ms 1 80 ms 1 90 ms | 100 ms 1200 ms1300 ms 1400 ms 1500 ms 1600 ms 1700 ms
1

LA 2T 200 2NN 20T 2N AN 2N 2N

gt (a) — Single pulse
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5
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P (d) — GHz-Burst 200 ppb

Figure 2. Sideview microscope images of the holes drilled in sodalime with a drilling time ranging
from 70 ms to 700 ms with repetitive single pulses of 140 pJ (a), with 140 pJ-MHz bursts of 2 ppb
(b) and 8 ppb (c), and with 140 pJ-GHz bursts of 200 ppb (d). The red dashed line indicates the
sample surface. The laser comes from the top.

These images demonstrate that the three regimes produce quite different hole mor-
phologies and depths. The single-pulse regime creates highly tapered holes with a wide
entrance diameter and a rough inner surface. Moreover, the depth starts saturating around
300 ms corresponding to 300 pulses with each an energy of 140 pJ at a depth value of about
160 pm. While switching to MHz bursts (2 ppb), we observe a higher saturation depth of
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about 280 um. The corresponding inner walls appear smoother than for repetitive single
pulses. With longer MHz bursts (8 ppb), the inner walls become even smoother, probably
owing to the lower intensity of the individual pulses and to the onset of a beneficial heat
accumulation effect. Finally, the GHz-burst regime provides the best hole quality of the
investigated regimes, as we can observe a more cylindrical hole geometry and a lower level
of cracks. Moreover, in this regime, the holes become longer than in the MHz-burst mode
for long drilling times as we will show below.

The evolution of the hole depth as a function of the number of bursts (pulses in SPR),
and thus drilling time, on the full range of this study (drilling times up to 10 s) is depicted in
Figure 3. As all these experiments were also carried out at a pulse or burst repetition rate
of 1 kHz, 1000 bursts correspond to a drilling time of 1 s. The black dots correspond to the
single-pulse regime, the brown and green triangles correspond to the MHz-burst mode with
4 ppb and 8 ppb, respectively, and the blue lozenges correspond to the MHz-burst regime
with 2 ppb. The red and grey squares correspond to the GHz-burst mode with 50 pulses per
bursts and 100 pulses per bursts, respectively. No error bars are visible on these graphs as
the uncertainty in the depth measurements is negligible (lower than +5 pm).
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Figure 3. Evolution of the hole depth as a function of the number of bursts (pulses) applied to the
sample in sodalime for the single-pulse regime, MHz-burst regime with 4 and 8 ppb at 40 MHz,
and GHz-burst regime for 50 and 100 ppb at 1.28 GHz (a). Zoom on the evolution of the depth as a
function of the number of bursts (pulses) for the beginning of the graph as indicated by the dashed
rectangle (b). The burst (pulse) energy is fixed at 140 pJ and the burst (pulse) repetition rate is fixed
at 1 kHz. The encircled data points correspond to the microscope images shown below.

In these graphs, we observe a very different behavior of the three regimes regarding the
evolution of the depth as a function of the number of pulses/bursts, respectively. Regarding
the maximum achievable hole depth corresponding to the values where the graphs saturate,
we observe that the GHz-burst leads by far to the highest depth values. For a GHz-burst
with 50 ppb, the maximum depth is up to five times more important than the one obtained
with repetitive single pulses. Note that longer drilling times are linked to higher hole depths.
However, increasing the number of ppb does not necessarily lead to deeper holes. In GHz-
burst mode with 100 ppb, the maximum depth drops by a factor of two with respect to the
GHz-bursts with 50 ppb. Obviously, there exists an optimum value of the number of ppb
to reach the highest hole depth. This behavior reflects that the burst length is subject to a
compromise. Increasing the burst length, and thus the ppb, in GHz-burst mode allows for a
longer time of beneficial heat accumulation during the burst. However, increasing the number
of ppb at a constant burst energy implies a spreading over more and more pulses. Thus, a
longer burst means less laser intensity per pulse within the burst and, consequently, a less
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effective non-linear absorption. This results in a lower effective burst energy reaching the tip of
the hole which will eventually not be enough to generate an ablation process and the drilling
process will stop, which corresponds to the saturation of the hole depth. For the MHz-burst
regime, we can see the same general trend, the depth obtained at 4 ppb is more important than
the ones for 2 ppb and 8 ppb, suggesting that there might be an optimum number of pulses per
bursts or laser intensity. In Figure 3b, we display a zoom as indicated by the dashed rectangle
of the first part of the graph which is also worth discussing. As was extensively reported in a
recent article [33], the GHz-burst mode drilling is driven by a three-stage behavior (i) surface
ablation, (ii) deep ablation, and (iii) saturation of the drilling, which can also be observed in
these graphs. In addition, these graphs display an increase in the ablation rate from 50 ppb to
100 ppb as can be derived from the slopes of the graphs in Figures 3 and 4. This observation is
in agreement with the studies reported in the literature [22-25]. For the repetitive single-pulse
regime and the MHz-burst regime, the behavior appears to be slightly different and seems to
display only two stages: firstly, the linear increase in the depth as a function of the number of
pulses/bursts, respectively, and secondly, the saturation of the hole depth, where the drilling
process is over. One can reasonably assume that the saturation stage results from the same
phenomena as in the GHz-burst mode, which means losses in the beam propagation towards
the tip of the hole resulting in too little energy reaching the tip of the hole to generate ablation.
However, in the beginning of the graph, for a low number of pulses/bursts, respectively, we
can assume that the surface ablation process is skipped due to the high energy of the pulses.
The encircled data points correspond to the microscope images that are shown below for a
comparison of the hole morphologies.
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Figure 4. Evolution of the hole depth as a function of the number of bursts applied to the sodalime
sample for the MHz-burst regime with 2, 3, 4, and 8 ppb at a 40 MHz repetition rate for a burst energy
of 96 pJ (a), and for the GHz-burst regime with 50, 100, 200, and 400 ppb at a 1.28 GHz repetition rate
for a burst energy of 144 pJ (b). The burst repetition rate is 1 kHz in both cases.

In order to optimize the hole depth saturation value, we investigated the dependence
on the number of pulses per burst in both MHz-burst (a) and GHz-burst regimes (b) for the
optimized burst energy values. The resulting graphs are depicted in Figure 4.

Both of these graphs confirm the hypothesis that there is an optimum number of
ppb that allows for maximizing the achievable hole depth. For MHz-bursts, it appears
that for sodalime the optimum number of pulses per burst is around 4, while in the GHz-
burst regime the best value leading to the deepest holes is clearly 50 ppb in the tested
configurations in this experiment. This confirms the observation that in the GHz-burst
mode, a compromise has to be found concerning the burst length. On the one hand, longer
bursts enable more beneficial heat accumulation and thus deeper holes. On the other hand,
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increasing the burst length implies a spreading of the burst energy over more individual
pulses and a decrease in non-linear absorption resulting in lower saturation values for the
hole depth. Interestingly, in the MHz-burst mode, the number of ppb appears to have a
limited effect on the ablation rate given by the slope of the graph (drilling process before
saturation). Indeed, in this regime, each pulse within the burst disposes of an energy
exceeding the ablation threshold of sodalime [36]. Thus, increasing the number of pulses
per burst at a constant total energy will not increase the ablation rate as the pulse-to-pulse
delay within the MHz-burst is much higher than the heat diffusion time of the material [26].
On the other hand, the GHz-burst regime displays a very different behavior regarding
the evolution of the ablation rate as a function of the number of pulses per bursts. As
shown in Figure 4b, the ablation rate per burst increases with the number of pulses per
burst. The slopes of the two first stages increase from 0.7 um/burst for the surface ablation
rate at 50 ppb up to 2.5 pm/burst at 400 ppb. The different ablation rates, as well as the
average depths of saturation, for all of the parameters investigated during this study are
summarized in Table 1. In this table, Rate 1 corresponds to the surface ablation rate and
Rate 2 to the deep ablation rate with respect to the GHz-burst regime drilling process.

Table 1. Drilling rates and average saturation depths in sodalime for a burst (pulse for SPR) energy of
140 yJ for the single-pulse regime, the MHz-burst regime for 2 to 8 ppb, and in the GHz-burst regime
for 50 to 400 ppb.

SPR MHz-Burst Mode GHz-Burst Mode (Flat Bursts)
Nbr of Pulses 1 2 3 4 5 6 7 8 50 100 200 400
Rate 1 (um/burst) / / / / / / / / 0.7 1.1 2 2.5
Rate 2 (um/burst) 0.55 0.75 0.75 0.8 1 0.95 1 1 0.125 0.22 0.48 0.8
Avg. depth (um) 190 280 334 390 400 350 320 300 900 550 490 450

This table shows that the single-pulse regime displays a rather low ablation rate, nearly
two times lower than the ablation rate of the MHz-burst regime. Moreover, the maximum
average depth of saturation for comparable energy is much lower than the one achievable
in the MHz-burst regime (by a factor of 2 for 5 ppb) and in the GHz-burst regime (by
a factor of 4.5 for 50 ppb). As can be deduced from the graphs, the ablation rate in the
MHz-burst regime is rather constant over the increasing number of pulses and much higher
than in the single-pulse regime. Regarding the depth, there is indeed an optimum number
of pulses per burst that allows for deeper drillings, which corresponds in this case to 5 ppb.
For the GHz-burst regime, we show the two ablation rates that can be estimated from the
graphs by linear fits. The surface ablation rate is much higher than the deep ablation rate,
probably due to a screening effect from the ablation plume [33]. One can notice that the
deep ablation rate is much lower for 50 and 100 ppb than for longer bursts. This can be
explained by a smaller ablation plume inducing a reduced screening effect within the burst,
as the energy is repartitioned between a higher number of pulses. Therefore, a much longer
burst gives higher deep ablation rates. However, as mentioned before, the hole saturation
depth is subject to a compromise in the number of pulses per burst depending on the
material and the laser energy. Note that in the single-pulse and in the MHz-burst regimes,
higher ablation rates lead to deeper holes. In contrast, in the GHz-burst regime, smaller
ablation rates are linked to higher values of hole depth meaning that slower drilling allows
for achieving deeper holes.

In order to evaluate the hole and inner walls morphology, we took high-resolution
images of the holes with a microscope objective 50X (see Figure 5). The images displayed
in this figure correspond to holes drilled with 200 bursts (pulses in SPR) for the left column
(A) and with 1000 bursts (pulses in SPR) for the right column (B) of Figure 5. In this figure,
we observe that the single-pulse regime and the MHz-burst regime with 2 ppb produce
similar inner walls and hole morphologies. Indeed, in Figure 5, the inner walls of the holes
appear rough and the holes are tapered. In addition, these two laser configurations are
the only ones to display a collar at the surface, attesting to a pulse energy on the material
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(A) - Drilling time 200 ms (B) - Drilling time 1000 ms

that is too high and may lead to modifications in its properties and eventually to a lowered
surface quality.

Repetitive
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Figure 5. Sideview microscope images of the holes drilled in sodalime taken with a 50X microscope
objective with repetitive single pulses, in MHz-burst mode with 2 ppb and 4 ppb and in GHz-burst
mode with 50 ppb and 100 ppb I. The left column (A) depicts holes for a drilling time of 200 ms
corresponding to 200 bursts (pulses) and the right column (B) depicts holes for a drilling time of 1 s
corresponding to 1000 bursts (pulses in SPR). The burst (pulse in SPR) energy and the repetition rate
are fixed at 140 pJ and 1 kHz, respectively.

For MHz-bursts with 4 ppb, the hole quality appears to change. The inner walls are
clearly smoother but cracky. It is possible that for this regime each individual pulse within
the burst is still too energetic. Note that the hole morphology in the MHz-burst regime with
8 ppb is very similar and not shown here. Further, one may notice that the holes are still
conical but tend towards the GHz-burst regime. For all drilling times, the GHz-burst mode
produces more cylindrical holes than the two previous regimes and a better surface quality.

These observations support the idea that the MHz-burst interaction is driven by laser
intensity, where the optimum intensity is a compromise between non-linear absorption and
cumulative effects, whereas the GHz-burst regime is mainly driven by heat accumulation.
On the contrary, in the MHz-burst regime, the cooperative effect between pulses within
the burst has a lower impact since the pulse-to-pulse delay is much longer than the mean
heat-relaxation time of the material [26]. Moreover, despite the fact that for a 200 ms drilling
time the holes in this regime are less deep than the ones in the MHz-burst mode, ata1s
drilling time the tendency is inverted. The hole obtained with 100 ppb has a depth of
600 um compared to the 385 um of the MHz-burst with 4 ppb. In addition, one should
notice the excellent quality of the holes drilled in GHz-burst mode and that the cylindrical
shape is kept even for deep drillings.

3.2. GHz-Burst Drilling of Fused Silica: Towards Extreme Aspect Ratios

In this section, we report on tuning the operating parameters in order to obtain extreme
hole geometries, in terms of depth and aspect ratio. Since the burst repetition rate has
been identified as a critical parameter to obtain high aspect ratios, we have chosen to work



Micromachines 2023, 14, 1754

9o0f 11

on fused silica, a material that can stand higher values of repetition rate (up to 100 kHz)
without detrimental side-effects or hole collapse [34]. Moreover, fused silica is a standard
material in many applications. Furthermore, we have also considered the numerical
aperture, since this parameter has a direct influence on the beam propagation towards
the tip of the hole by multiple reflections on the inner walls of the hole [33]. Therefore,
the numerical aperture was reduced from 0.14 to 0.09 in order to benefit from maximum
reflections under grazing incidence. Note that the beam focus stays at the sample surface
and neither the sample nor the beam focus are moved. Contrary to the previous section,
we used classical gain-depleted GHz-bursts which recently gave excellent drilling results
on sodalime [35]. GHz-burst drilling was performed with bursts of 250 pJ burst energy and
70 ppb at 20 kHz, 50 kHz, and 100 kHz, respectively. The resulting holes after a drilling time
of 5 s are depicted in Figure 6. Note that we voluntarily chose a relatively long drilling time
with respect to the repetition rates to ensure that the drilling process stops from internal
causes (saturation) and not from a too short drilling time.

2970 um

Figure 6. Holes drilled in fused silica in GHz-burst mode with bursts of 250 pJ and a number of 70 ppb
at repetition rates of 100 kHz, 50 kHz, and 20 kHz (from the top to the bottom), respectively, and a
drilling time of 5 s. The green rectangles are zooms taken with a 50X objective on the microscope.

In this figure, we observe extremely deep holes with an excellent quality. The diameters
at the entry of the holes were measured just after the shadows arising from the surface.
Note that the hole is slightly smaller at this point, but it was not refilled after drilling. From
the top to the bottom, the diameters are 25 pm, 30 pm, and 34 pm, respectively, and the
corresponding depths are 3.72 mm, 3.40 mm, and 2.97 mm, respectively. These values
correspond to an aspect ratio as high as 150 for the deepest hole, which is the highest aspect
ratio reported thus far with femtosecond GHz-burst drilling. The zooms taken at different
depths of the hole attest that the inner walls retain an excellent quality, they are glossy and
crack-free all along the hole. Moreover, one can notice that there is no heat-affected zone
whatsoever, despite the relatively high burst repetition rate and burst energy.

4. Conclusions

In this study, we investigated and compared the microdrilling process in sodalime
with repetitive single pulses, as well as in MHz-burst and GHz-burst regimes. We varied
the number of pulses within the burst and the drilling time. The results are discussed in
terms of ablation rate, hole depth, and inner walls morphology.

We observe that the ablation rate increases with the number of pulses in the GHz-burst
regime, whereas it is almost constant in the MHz-burst regime. Furthermore, the maximum
achievable depth increases with decreasing burst length in the GHz-burst regime until
reaching an optimum value which is subject to a compromise. Interestingly, in this regime,
the lower the ablation rate the longer the holes. The repetitive single-pulse and the short
MHz-burst (2 ppb) regimes lead to short and highly tapered holes, with rough inner walls.
Longer MHz-bursts (8 ppb) and the GHz-burst regime give elongated holes with smoother
inner walls. The best drilling quality is clearly obtained in the GHz-burst regime where the
holes are almost cylindrical and show crack-free and glossy inner walls.
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Finally, we investigated the drilling process capability in terms of extreme depth and
aspect ratio by tuning the burst repetition rate and the numerical aperture. In fused silica,
the deepest crack-free hole that could be drilled was 3.7 mm long with a 25 pm entrance
diameter corresponding to an aspect ratio of 150, which is the highest aspect ratio reported
thus far with femtosecond GHz-burst drilling.

Author Contributions: Conceptualization, ILM.-H. and J.L.; methodology, P.B., J.L. and LM.-H.;
validation, J.L., G.B. and .M.-H.; formal analysis, P.B. and T.G.; investigation, P.B.,, M.L. and T.G.;
resources, M.L., G.B.,, M.L,, CH,, J.L. and I.M.-H.; data curation, P.B. and T.G.; writing—original
draft preparation, P.B. and I.M.-H.; writing—review and editing, P.B., G.B.,J.L., M.L. and LM.-H,;
supervision, C.H., J.L. and LM.-H.; project administration, . M.-H.; funding acquisition, LM.-H. All
authors have read and agreed to the published version of the manuscript.

Funding: CNRS Innovation.

Data Availability Statement: Data underlying the results presented in this paper are not publicly
available at this time but may be obtained from the authors upon reasonable request.

Acknowledgments: The authors are grateful for the support of the DMC team in the implementation
of the controlling system in the workstation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Raciukaitis, G. Ultra-Short Pulse Lasers for Microfabrication: A Review. IEEE ]. Sel. Top. Quantum Electron. 2021, 27, 1100112.
[CrossRef]

2. Homoelle, D.; Wielandy, S.; Gaeta, A.L.; Borrelli, N.F,; Smith, C. Infrared photosensitivity in silica glasses exposed to femtosecond
laser pulses. Opt. Lett. 1999, 24, 1311. [CrossRef]

3. Juodkazis, S.; Matsuo, S.; Misawa, H.; Mizeikis, V.; Marcinkevicius, A.; Sun, H.-B.; Tokuda, Y.; Takahashi, M.; Yoko, T.; Nishii, J.
Application of femtosecond laser pulses for microfabrication of transparent media. Appl. Surf. Sci. 2002, 197-198, 705-709.
[CrossRef]

4. Hong, M.H.; Luk’yanchuk, B.; Huang, S.M.; Ong, T.S.; Van, L.H.; Chong, T.C. Femtosecond laser application for high capacity
optical data storage. Appl. Phys. A Mater. Sci. Process. 2004, 79, 791-794. [CrossRef]

5. Glezer, E.N.; Milosavljevic, M.; Huang, L.; Finlay, R.J.; Her, T.-H.; Callan, ].P.; Mazur, E. Three-dimensional optical storage inside
transparent materials: Errata. Opt. Lett. 1997, 22, 422. [CrossRef] [PubMed]

6.  Marcinkevicius, A.; Juodkazis, S.; Watanabe, M.; Miwa, M.; Matsuo, S.; Misawa, H.; Nishii, J. Femtosecond laser-assisted
three-dimensional microfabrication in silica. Opt. Lett. 2001, 26, 277. [CrossRef] [PubMed]

7. Minoshima, K.; Kowalevicz, A.M.; Hartl, L; Ippen, E.P.; Fujimoto, ].G. Photonic device fabrication in glass by use of nonlinear
materials processing with a femtosecond laser oscillator. Opt. Lett. 2001, 26, 1516. [CrossRef]

8.  Schaffer, C.B.; Brodeur, A.; Garcia, ].F; Mazur, E. Micromachining bulk glass by use of femtosecond laser pulses with nanojoule
energy. Opt. Lett. 2001, 26, 93. [CrossRef]

9. Davis, K.M.; Miura, K.; Sugimoto, N.; Hirao, K. Writing waveguides in glass with a femtosecond laser. Opt. Lett. 1996, 21, 1729.
[CrossRef] [PubMed]

10. Minoshima, K.; Kowalevicz, A.; Ippen, E.; Fujimoto, J. Fabrication of coupled mode photonic devices in glass by nonlinear
femtosecond laser materials processing. Opt. Expr. 2002, 10, 645. [CrossRef]

11.  Mishchik, K.; Gaudfrin, K.; Lopez, J. Drilling of through holes in sapphire using femtosecond laser pulses. J. Laser Micro Nanoeng.
2017, 12, 321-324.

12.  Lopez, J.; Niane, S.; Bonamis, G.; Balage, P.; Manek-Honninger, L. In-Situ monitoring of bottom-up percussion drilling of alkali-free
alumina-borosilicate thin glasses using single and double femtosecond laser pulses. J. Laser Micro/Nanoeng. 2022, 17, 50-57.

13.  Chichkov, B.N.; Momma, C.; Nolte, S.; yon Alvensleben, E; Tiinnermann, A. Femtosecond, picosecond and nanosecond laser
ablation of solids. Appl. Phys. A 1996, 63, 109-115. [CrossRef]

14. Sugioka, K.; Cheng, Y. Ultrafast lasers—Reliable tools for advanced materials processing. Light Sci. Appl. 2014, 3, €149. [CrossRef]

15. Nisar, S.; Li, L.; Sheikh, M.A. Laser glass cutting techniques: A review. ]. Laser Appl. 2013, 25, 042010. [CrossRef]

16. Meyer, R,; Giust, R.; Jacquot, M.; Dudley, ].M.; Courvoisier, F. Submicron-quality cleaving of glass with elliptical ultrafast Bessel
beams. Appl. Phys. Lett. 2017, 111, 231108. [CrossRef]

17.  Jenne, BIN.M.; Flamm, D.; Ouaj, T.; Hellstern, J.; Kleiner, J.; Grossmann, D.; Koschig, M.; Kaiser, M.; Kumkar, M.; Nolte, S.
High-quality tailored-edge cleaving using aberration-corrected Bessel-like beams. Opt. Lett. 2018, 43, 3164-3167. [CrossRef]
[PubMed]

18.  Bhuyan, M.K,; Courvoisier, F.; Lacourt, P.A.; Jacquot, M.; Salut, R.; Furfaro, L.; Dudley, ].M. High aspect ratio nanochannel

machining using single shot femtosecond Bessel beams. Appl. Phys. Lett. 2010, 97, 8. [CrossRef]


https://doi.org/10.1109/JSTQE.2021.3097009
https://doi.org/10.1364/OL.24.001311
https://doi.org/10.1016/S0169-4332(02)00397-5
https://doi.org/10.1007/s00339-004-2630-1
https://doi.org/10.1364/OL.22.000422
https://www.ncbi.nlm.nih.gov/pubmed/18183222
https://doi.org/10.1364/OL.26.000277
https://www.ncbi.nlm.nih.gov/pubmed/18040300
https://doi.org/10.1364/OL.26.001516
https://doi.org/10.1364/OL.26.000093
https://doi.org/10.1364/OL.21.001729
https://www.ncbi.nlm.nih.gov/pubmed/19881782
https://doi.org/10.1364/OE.10.000645
https://doi.org/10.1007/BF01567637
https://doi.org/10.1038/lsa.2014.30
https://doi.org/10.2351/1.4807895
https://doi.org/10.1063/1.5008921
https://doi.org/10.1364/OL.43.003164
https://www.ncbi.nlm.nih.gov/pubmed/29957807
https://doi.org/10.1063/1.3479419

Micromachines 2023, 14, 1754 11 of 11

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

Del Hoyo, J.; Meyer, R.; Furfaro, L.; Courvoisier, F. Nanoscale confinement of energy deposition in glass by double ultrafast Bessel
pulses. Nanophotonics 2021, 10, 1089-1097. [CrossRef]

Mitra, S.; Chanal, M.; Clady, R.; Mouskeftaras, A.; Grojo, D. Millijoule femtosecond micro-Bessel beams for ultra-high aspect ratio
machining. Appl. Opt. 2015, 54, 7358-7365. [CrossRef]

White, Y.V.; Li, X,; Sikorski, Z.; Davis, L.M.; Hofmeister, W. Single-pulse ultrafast-laser machining of high aspect nano-holes at the
surface of SiO,. Opt. Expr. 2008, 16, 14411-14420. [CrossRef]

Kerse, C.; Kalaycoglu, H.; Elahi, P; Cetin, B.; Kesim, D.; Akcaalan, O.; Yavas, S.; Asik, M.; Oktem, B.; Hoogland, H.; et al.
Ablation-cooled material removal with ultrafast bursts of pulse. Nature 2016, 537, 84-88. [CrossRef] [PubMed]

Hirsiger, T.; Gafner, M.; Remund, S.; Chaja, M.V.; Urniezius, A.; Butkus, S.; Neuenschwander, B. Machining metals and silicon
with GHz bursts: Surprising tremendous reduction of the specific removal rate for surface texturing applications. In Laser
Applications in Microelectronic and Optoelectronic Manufacturing (LAMOM) XXV; SPIE: Bellingham, WA, USA, 2020; Volume 11267,
p. 112670T.

Balachninaite, O.; Tamuliené, V.; Eicas, L.; Vaicaitis, V. Laser micromachining of steel and copper using femtosecond laser pulses
in GHz burst mode. Results Phys. 2021, 22, 103847. [CrossRef]

Forster, D.J.; Jaeggi, B.; Michalowski, A.; Neuenschwander, B. Review on Experimental and Theoretical Investigations of
Ultra-Short Pulsed Laser Ablation of Metals with Burst Pulses. Materials 2021, 14, 3331. [CrossRef]

Gattass, R.; Mazur, E. Femtosecond laser micromachining in transparent materials. Nat. Phot. 2008, 2, 219-225. [CrossRef]
Schwarz, S.; Rung, S.; Esen, C.; Hellmann, R. Enhanced ablation efficiency using GHz bursts in micromachining fused silica. Opt.
Lett. 2021, 46, 282. [CrossRef]

Remund, S.M.; Gafner, M.; Chaja, M.V.; Urniezius, A.; Butkus, S.; Neuenschwander, B. Milling applications with GHz burst:
Investigations concerning the removal rate and machining quality. Proc. CIRP 2020, 94, 850-855. [CrossRef]

Hendow, S.; Takahashi, H.; Yamaguchi, M.; Xu, ].Z. Enhanced ablation using GHz-pulsed fs laser. Proc. SPIE 2020, 11268, 1126809.
Metzner, D.; Lickschat, P; Kreisel, C.; Lampke, T.; WeiSmantel, S. Study on laser ablation of glass using MHz-to-GHz burst pulses.
Appl. Phys. A 2022, 128, 637. [CrossRef]

Zemaitis, A.; Gaidys, M.; Getys, P,; Barkauskas, M.; Gedvilas, M. Femtosecond laser ablation by bibursts in the MHz and GHz
pulse repetition rates. Opt. Expr. 2021, 29, 417883. [CrossRef] [PubMed]

Caballero-Lucas, F.; Obata, K.; Sugioka, K. Enhanced ablation efficiency for silicon by femtosecond laser microprocessing with
GHz bursts in MHz bursts (BiBurst). Int. J. Extrem. Manuf. 2022, 4, 015103.

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

Lopez, J.; Niane, S.; Bonamis, G.; Balage, P.; Audouard, E.; Honninger, C.; Mottay, E.; Manek-Honninger, I. Percussion drilling in
glasses and process dynamics with femtosecond laser GHz-bursts. Opt. Expr. 2022, 30, 12533. [CrossRef] [PubMed]

Balage, P.; Bonamis, G.; Lafargue, M.; Guilberteau, T.; Delaigue, M.; Honninger, C.; Qiao, ]J.; Lopez, J.; Manek-Honninger, I.
Advances in Femtosecond Laser GHz-Burst Drilling of Glasses: Influence of Burst Shape and Duration. Micromachines 2023, 14,
1158. [CrossRef]

Nieto, D.; Arines, J.; O’Connor, G.M.; Flores-Arias, M.T. Single-pulse laser ablation threshold of borosilicate. fused silica, sapphire,
and soda-lime glass for pulse widths of 500 fs, 10 ps, 20 ns. Appl. Opt. 2015, 54, 8596-8601. [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1515/nanoph-2020-0457
https://doi.org/10.1364/AO.54.007358
https://doi.org/10.1364/OE.16.014411
https://doi.org/10.1038/nature18619
https://www.ncbi.nlm.nih.gov/pubmed/27409814
https://doi.org/10.1016/j.rinp.2021.103847
https://doi.org/10.3390/ma14123331
https://doi.org/10.1038/nphoton.2008.47
https://doi.org/10.1364/OL.415959
https://doi.org/10.1016/j.procir.2020.09.111
https://doi.org/10.1007/s00339-022-05776-7
https://doi.org/10.1364/OE.417883
https://www.ncbi.nlm.nih.gov/pubmed/33726261
https://doi.org/10.1364/OE.455553
https://www.ncbi.nlm.nih.gov/pubmed/35472887
https://doi.org/10.3390/mi14061158
https://www.ncbi.nlm.nih.gov/pubmed/26479792

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Drilling of Sodalime Glass: Comparison between Repetitive Single Pulses, MHz-Burst, and GHz-Burst Regimes 
	GHz-Burst Drilling of Fused Silica: Towards Extreme Aspect Ratios 

	Conclusions 
	References

