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Femtosecond GHz-burst mode laser processing is very appropriate for top-down percussion drill-
ing of blind holes in glasses with very high aspect ratio and outstanding hole quality. There is a big 
interest in drilling through glass vias for applications in microelectronics. However, our study in GHz-
burst mode reveals certain constraints and limits in through glass via drilling concerning the outlet 
diameter of the holes at the rear surface, which is systematically smaller than expected from the results 
obtained for blind holes. In order to study this observation for different sample thicknesses, we pre-
pared bevel samples and performed light transmission measurements. Finally, we demonstrate how 
to overcome these limits and suggest an implementation strategy. These results might be of significant 
importance for industrial applications of through glass via drilling in GHz-burst mode. 
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1. Introduction
Over the past twenty years, ultrafast laser technology has

significantly advanced various industries owing to its versa-
tility and exceptional abilities in micro-processing of trans-
parent dielectric materials [1]. Numerous applications have 
been reported, including refractive index change [2], 3D data 
storage [3-6], writing of waveguides and diffraction gratings 
[7-10], conducting bottom-up drilling [11,12], and achieving 
zero-kerf, dust-free glass cutting [13]. 

Due to their ultra-short interaction time, femtosecond la-
sers facilitate highly precise and intense energy deposition 
[14,15]. However, the throughput may fall short of industrial 
needs due to the very low material removal rate per pulse. 
To enhance femtosecond laser productivity, spatial beam 
shaping is a compelling strategy. For instance, Bessel beam 
shaping has been explored for tasks like glass cutting [13,16-
18], nano-hole drilling [19], in-volume nanoscale modifica-
tions [20], and high aspect ratio drilling [21,22]. This ap-
proach enables elongated, precisely localized, and uniformly 
distributed energy deposition.  

Another method for shaping beams is by temporal means, 
achieved by distributing the pulse energy into bursts contain-
ing multiple femtosecond pulses rather than utilizing a single 
highly energetic pulse. This approach, known as the burst 
regime, has primarily been explored in processing metals 
and semiconductors [23-26]. Several studies indicate that, 
with the right set of parameters, burst usage can enhance the 
energy deposition and subsequently increase removal rates. 
However, studies suggest that using MHz-bursts of femto-
second pulses may not be optimal due to the pulse-to-pulse 
delay within a burst being longer than the materials' heat re-
laxation time. To address this, the GHz-burst mode has 

emerged, featuring a pulse-to-pulse delay comparable to the 
heat relaxation time in dielectrics [27]. Recent research on 
GHz-burst processing in dielectrics for milling applications 
echoes the trends observed in metals and silicon [28-30]. 
These findings were corroborated by a comparative study on 
surface ablation in fused silica using both MHz- and GHz-
burst regimes [31]. While the removal rate tends to increase 
with the number of pulses per burst, the surface quality may 
be compromised [32,33]. It is assumed that GHz-burst inter-
action relies on a thermal accumulation during the burst due 
to the high pulse repetition rate. Recent investigations on 
percussion drilling in glasses and sapphire in GHz-burst 
mode using pump-probe shadowgraphy and thermal imag-
ing have demonstrated efficient drilling, even at burst flu-
ences where the individual pulses within the burst have flu-
ences lower than the material's ablation threshold [34,35]. 
This highlights the benefit of controlled thermal accumula-
tion in this processing mechanism. Recent research has also 
focused on understanding the impact of the energy distribu-
tion within GHz-bursts and its effect on the drilling process 
[36]. 

In this study, we faced drilling limitations in through via 
drillings in sodalime as illustrated in Figure 1.  The holes are 
crack-free and feature smooth inner walls up to a certain 
depth as formerly reported [35]. However, all holes show a 
narrowing tip towards the outlet diameter at the rear surface 
regardless of the drilling depth as can be clearly observed on 
the bevel sample (image on the right) in comparison to blind 
holes (image on the left). The hole diameters have been 
measured with an optical microscope. Note that all the holes 
were drilled with the exact same number of bursts and the 
same burst fluence and only the hole depth changes with the 
varying sample thickness thanks to the bevel form of the 
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sample. Based on this observation, we decided to implement 
a systematic study of light transmission on bevel samples in 
order to better understand the role of optical transmission 
and its influence on the drilling result. 

This article is organized as follows: Section 2 describes 
the experimental setup for this study. In section 3, we detail 
two different protocols for bevel sample preparation and 
hole drilling. The transmission measurements are described 
in section 4, followed by a discussion (section 5) and a con-
clusion (section 6). 

 
2.  Experimental setup 

 We used an Yb-doped 100 W femtosecond laser system 
based on a Tangor 100 from Amplitude emitting pulses at 
1030 nm with a pulse duration of 500 fs. The laser can be 
operated in Single Pulse regime, MHz-burst regime at 40 
MHz- as well as GHz-burst regime at 1.28 GHz.  

 During this study, we used two different micromachin-
ing workstations. The first one is a glass cutting workstation, 
used to prepare the bevel samples, based on a Bessel beam 
module described in [37]. The latter, by means of an axicon 
allows us to generate a primary Bessel beam with high di-
mensions and therefore a low fluence. This primary Bessel 
beam is unable to generate non-linear absorption in the ma-
terial and thus it does not generate a pre-cut plane. Therefore, 
we use a telescope-like system based on two lenses f1=125 
mm and f2 = 10 mm for a resulting demagnification coeffi-
cient of 12.5. This telescope-like system creates a secondary 
Bessel beam with much lower dimensions, and thus a higher 
fluence, that can generate a pre-cut plane. The cutting 

process here requires two steps. The first one being the pre-
cutting of the sample by translating the sample into the Bes-
sel beam. Then, in a second time, it is possible to separate 
the pieces by applying a slight mechanical force.  

The second workstation is a percussion drilling work-
station as described in [34]. This workstation allows us to 
precisely drill the materials with an excellent repeatability. 
It is also partially automatized with the DMC PRO software 
in order to perform several similar experiments for data ro-
bustness. This workstation uses a microscope objective (Mi-
tutoyo, model APO NIR x5/NA 0.14) in order to focalize the 
laser beam on the sample. The resulting spot size with this 
setup was measured using a beam analyser (DataRay, Win-
CamD-XHR, pixel size 3.3 µm) coupled with a homemade 
calibrated magnification system to 8.5 µm for a numerical 
aperture of 0.14. It is also equipped with a white light system 
coupled with two dichroic mirrors so that we can visualize 
the sample directly through the focalization head in order to 
optimize the focus position with a camera. The latter, along 
with the autofocus function from DMC PRO allows for a 
high reproducibility. The focusing head also allows us to op-
timize the position of the spot regarding the inlet of the holes 
in the transmission measurements.  Moreover, we mounted 
a sideview imaging system with a green diode, an InfiniMax 
long distance microscope and a CMOS camera to observe 
the process. We added a green filter with a bandwidth of 10 
nm upstream the camera in order to not being blinded by the 
processing wavelength. 

 Both these workstations are schematically represented 
in Figure 2. These stations are both mounted on granite 

Fig. 2 Schematic representation of the workstation for glass cutting with a Bessel beam (a) and the percussion drilling workstation (b). 

Fig. 1 Microscope images of blind holes (left) and through holes in a bevel sample (right) in sodalime drilled with a repetition rate of 
1 kHz and a burst fluence of 390 J/cm². 

 

215



 
JLMN-Journal of Laser Micro/Nanoengineering Vol. 19, No. 3, 2024 

gantries to ensure the stability and the reproducibility of the 
experiments. 
3. Sample preparation 

In order to provide an extensive study on different depths 
of through holes on a single sample, we decided to use bevel 
samples as reported in literature [38]. We used the two above 
mentioned workstations, the first one to pre-cut a bevel sam-
ple out of a rectangular sample with the Bessel beam config-
uration, and then, the second one to drill holes in GHz-burst 
mode with a focused Gaussian beam.  

The samples were prepared along two different protocols 
as schematically represented in Figure 3. First, the protocol 
(P1) for this experiment consists in the following three steps: 

- Pre-cutting of bevel samples by means of the Bes-
sel beam workstation. 

- Part release with a slight mechanical stress. 
- Drilling of the bevel sample in GHz-burst mode. 

Every hole is drilled with the exact same parame-
ters. We chose a burst repetition rate of 1 kHz and 
the maximum fluence so that we could drill a suffi-
cient number of holes with increasing depth in a 
single sample. The drilling time is fixed at 10 s. 
 

 The second protocol was designed in order to increase the 
outlet diameter following the observations made on Figure 
1. On the basis of this observation, we defined a new proto-
col (P2) including three steps in order to measure the optical 
transmission in blind hole drilling conditions (with large out-
let diameters). The new protocol (P2) is:  

- Pre-cutting of bevel samples by means of the Bes-
sel beam workstation. 

- Drilling of the bevel sample in GHz-burst mode. 
Every hole is drilled with the exact same parame-
ters. We chose a burst repetition rate of 1 kHz and 
the maximum fluence so that we could drill a suffi-
cient number of holes with increasing depth in a 
single sample. The drilling time is fixed at 10 s. 

- Part release with a slight mechanical stress. 
During the procedure, for releasing the pre-cut part, it is pos-
sible to use an airgun to replace the mechanical stress. This 
allows for releasing the lower part without touching the 

sample. However, this was only possible with sodalime sam-
ples and did not work on fused silica. The bevel samples 
were prepared by means of our Bessel beam cutting module 
which allowed us to pre-cut 1 mm thick samples of sodalime 
and fused silica. The drilling was realised with GHz-bursts 
of 50 pulses at 1.28 GHz with a burst repetition rate of 1 kHz 
and a burst fluence of 400 J/cm². The drilling time was fixed 
at 10 s for all holes. The bevel samples obtained with both 
protocols in sodalime are depicted in Figure 4 (a) and (b). 
Figure 4 (c) displays the bevel sample obtained in fused sil-
ica for Protocol 1. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4 Bevel sample obtained from Protocol 1 (a) and Protocol 2 

(b) in sodalime, and from Propotocl 1 (c) in fused silica. 

Fig. 3 Schematic representation of the two protocols used for sample preparation. 
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Unfortunately, in fused silica we were not able to implement 
Protocol 2 as it was impossible to release the lower part of 
the drilled sample without breaking the whole bevel. How-
ever, we would have expected the transmission to follow the 
same tendency as the morphology of the hole is constant in 
this case and corresponds to the holes published in [35]. 
Thanks to Protocol 2 in sodalime, we were able to signifi-
cantly increase the outlet diameter of the hole. This observa-
tion suggests that the ablation plume has a major role in the 
drilling process and especially in the enlargement of the hole 
diameter.  
 To keep the outlet diameter comparable to the expected 
one, it is important to keep some material underneath the de-
sired depth. 
 However, by this means only the upper, crackled part of 
the hole is kept. Therefore, we expect to observe a decrease 
of the transmission for these holes.  A point worth noticing 
here is that, although the drilling parameters are exactly the 
same, the holes drilled along protocol (P1) do not display 
cracks at the inlet of the hole. This peculiar behavior will be 
discussed in section 5. Note that the pre-cutting by a Bessel 
beam had no influence on the drilling result. Indeed, the ob-
tained holes correspond perfectly to former observations on 
GHz-burst drilling as reported in [35]. 

4. Post-mortem transmission measurement  
 After drilling the hole series in GHz-burst mode according 
to Protocols 1 and 2 as just described in Section 3 we ana-
lyzed the holes in the different bevel samples by post-mor-
tem light transmission measurements with a photodiode as 
schematically depicted in Figure 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Schematic representation of the transmission measurement.  
  
During these measurements, two main challenges emerged, 
the first one is related to the detector position, and the second 
one to the light source to be used. Indeed, concerning the 
detector position one has to find a compromise for properly 
placing the photodiode not touching the sample, but close 
enough to collect as much transmitted light as possible. The 
second challenge was the light source itself. We operated the 
laser in MHz-burst mode with a burst fluence lower than the 
single-pulse ablation threshold for the post-mortem trans-
mission measurements. In this configuration it was possible 
to place the spot right at the inlet of the hole by repositioning 
the sample accurately. The correct position of the spot could 
be determined with a precision close to the micrometre by 
moving the sample at the position corresponding to the max-
imum power on the photodiode. Note, the repetitive single 
pulse mode could not be used for the transmission 

measurements as the high intensity of the pulses was able to 
ionize the air and thus causing the risk of eventually degrad-
ing the quality and the trueness of the measurement. Moreo-
ver, the GHz-burst mode laser could not be used either as its 
micromachining efficiency is too high. Indeed, when the la-
ser spot was misplaced by only a few micrometres, the light 
starts to modify the inlet of the hole and thus changing the 
aspect ratio and consequently the light transmission. 

The resulting graphs are depicted on Figure 6 (a) where we 
display the evolution of the transmission as a function of the 
hole depth for the two protocols investigated in sodalime. 
The photodiode we used (Gentec, PH20-GD-D0) has an up-
per limit of 30 mW, we estimated the uncertainty on the 
transmission measurement to be about 10 % but we did not 
represent it on the graph for the sake of clarity. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Transmission of the hole as a function of its depth for both 
protocols (a). Microscope image of the holes obtained on sodalime 
with Protocol 1 and a burst fluence of 400 J/cm² at a repetition rate 
of 1 kHz (b).  

  
On this graph, one can observe that the two curves are 

considerably different. The green curve, corresponding to 
protocol P1, seems to display a threshold beyond which the 
transmission drops significantly from nearly 75 % to 7%. 
The red curve corresponding to protocol P2 displays a quasi-
linear decrease of the transmission as a function of the depth. 
As was expected in this case, the transmission decreases as 
the hole goes deeper. Note that, the cracks appearing in the 
first few hundreds of micrometres of the hole significantly 
affect the transmission. Indeed, even for short holes, the 
transmission in the red curve is lower than that was observed 
on the green curve. 
 For Protocol 1 (P1), in order to get a better sense of the 
phenomenon occurring here, it is important to have a look at 
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the hole morphology as depicted on Figure 6 (b). This image 
of the bevel sample taken with the microscope allows us to 
observe the very same morphology as the one observed in 
Figure 4 (a). On the graph displayed on Figure 6 (a) we in-
serted two linear fits as a visual guide for our hypothesis.  
 The first line in dashed red corresponds to the first stage 
of the drilling. In this case the plume expands freely in the 
air and its kinetic energy allows it to be fully ejected from 
the hole. In this case, the transmission of the hole is rather 
constant and close to 100 % up to a depth of approximatively 
450 µm, which is much higher than the confocal parameter 
(about 100 µm), so we expect highly efficient reflection un-
der grazing incidence on smooth inner walls (see Fig. 4 (a)). 
For deeper holes, we observe that the transmission drop cor-
responds to the appearance of cracks in the upper part of the 
hole. We assume that the alteration of the inner walls for 
longer holes results from either the interaction between the 
ablation plume and inner walls (high temperature, mechani-
cal erosion…) or the absorption of the incoming laser beam 
by redeposited matter on the inner walls. This phenomenon 
does not occur in the beginning of the drilling as the kinetic 
energy of the plume is high enough so that it can fully escape 
the hole. However, to fully explain this observation further 
studies are necessary. 

 Then we get to the hole circled in dashed yellow. This 
hole corresponds to a certain threshold beyond which the 
transmission drops significantly. We suppose that this point 
corresponds to the depth for which the fluence at the tip of 
the hole is getting closer to the threshold beyond which the 
drilling is over. Therefore, we expect that the drilling rate 
slows down from this point. Note that the three last points in 
green correspond to holes that are not through.  

It is worth noticing that, in our case, we implemented a 
post-mortem transmission measurement in the MHz-burst 
regime. Although the post-mortem measurements give us a 
good idea of the transmission evolution with increasing hole 
depth, one should keep in mind the fact that the absorption 
of the laser beam along the hole could be slightly different 
during the drilling process since (i) the laser intensity is 
lower in the GHz-burst regime, (ii) the confined plume may 
absorb part of the incoming laser pulse, and (iii) both inner 
walls morphology and hole geometry change during the 
drilling process.  
 In fused silica, the hole morphology is very different since 
the inner walls are smoother, so we expect a higher trans-
mission of the hole. In addition, the inner walls’ quality does 
not change during the drilling. Therefore, we expect to ob-
serve less variations in the transmission. The microscope im-
age of the bevel sample and the corresponding transmission 
measurement are displayed in Figure 7.  
 On this figure we can notice that the inlet diameter in fused 
silica is significantly lower than in sodalime due to the 
higher ablation threshold in fused silica [39], which in-
creased the difficulty of putting the spot back into the hole 
for the transmission measurements. On this graph, we can 
see that the evolution of the transmission as a function of the 
hole depth is different than that was observed in sodalime. 

In the case of fused silica, we can observe that the trans-
mission for the Protocol 1 evolves rather similarly to what 
was observed for Protocol 2 in sodalime with a single nega-
tive slope. In fused silica the transmission is in general much 
higher, attesting that its very high hole quality is beneficial 

for the transmission (1.1 % losses per 100 µm compared to 
5 % in sodalime). In the particular case of fused silica, the 
transmission drop is then basically only due to refraction 
losses and almost no scattering occurs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Transmission of the hole as a function of its depth for Proto-
col 1 along with the microscope image of the holes in fused silica 
for a burst fluence of 400 J/cm² at a repetition rate of 1 kHz.  
  
 The missing point in the transmission measurement corre-
sponds to the blind hole visible on the microscope image (in-
sert). It might be due to a small dust particle on the front 
surface of the sample as fused silica is very sensitive to the 
front surface conditions for GHz-burst drilling. 
5. Discussion 
 In Figure 4 (a), it appeared that the uncracked zone near 
the tip of the hole was rather constant. This means that the 
crackling appearing in sodalime is most likely due to some 
redeposited matter from the ablation plume or to the abla-
tion plume-inner walls interaction that changes the absorp-
tion and scattering of the inner walls. The last 200 µm of 
the hole are always smooth due to the fact that no matter is 
redeposited here as the kinetic energy of the plume allows 
for a matter redeposition further upstream. 

On Figure 6 (b), the cracks on the first part of the hole 
appear at a certain hole depth, roughly 400 µm. In the case 
of the first protocol, the first holes do not display cracks in 
the first part of the hole. Indeed, as soon as the plume es-
capes the hole by the outlet, the drilling is over and hence 
there is no material redeposited on the inner walls anymore, 
nor ablation plume-inner walls interaction. As a conse-
quence, the transmission remains high as the inner walls are 
smooth. Once the depth reaches a certain value, prior to the 
hole goes through, the depth is already too high for the 
plume to escape, cracks begin to appear leading to a slight 
decrease in the transmission. This assumption can be con-
firmed by the fact that the length of the smooth zone at the 
tip of the hole, identified on Figure 4, is more or less constant 
for a constant burst energy.  
 We assume that as soon as the hole goes through, the drill-
ing is over, no matter the number of bursts applied after, the 
burst fluence or the repetition rate. From several real-time 
sideview observations during the through hole drilling pro-
cess, it appeared that the drilling stops as soon as the ablation 
plume leaves the hole (i.e. as soon as the hole goes through), 
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leaving an outlet diameter of around 8 µm. This observation 
could mean that the enlargement of the hole diameter during 
the drilling, leading to cylindrical holes, might come from 
the ablation plume itself in the GHz-burst regime. On the 
basis of this observation, we assume that the drilling mech-
anisms between the repetitive single pulse regime and the 
GHz-burst are fully different as depicted in Figure 8. The 
former is based on direct laser ablation. The ablation rate is 
high at the very tip of the hole due to high effective fluence 
whereas the ablation rate is low on inner walls due to a low 
fluence (close to the ablation threshold). A low ablation of 
the inner walls explains the slight enlargement of the hole 
during the drilling process resulting in a conical morphology. 
On the contrary, in the case of GHz-bursts, the drilling 
mechanism at the bottom of the hole results mainly from the 
heat accumulation brought by the high pulse repetition rate 
and the elevated number of pulses per burst. The enlarge-
ment of the hole is not provoked by direct laser ablation an-
ymore but by the interaction between the plume (which is 
composed of hot dense matter) and the inner walls either by 
mechanical erosion or by heat transfer. So, without the 
plume, there is no enlargement of the hole.  

6. Conclusion 
    In this paper, we investigated the evolution of the optical 
transmission of holes drilled with GHz-bursts of femtosec-
ond pulses as a function of their depth via two designed pro-
tocols in sodalime glass and fused silica. We also provided 
experimental evidences that the inner walls’ quality has an 
impact on the transmission of the holes, and thus on the drill-
ing process, which tends to confirm our hypothesis that high 
aspect ratios are achievable in GHz-burst mode thanks to the 
guiding of the laser beam by the hole itself. Structured and 
slightly cracked inner walls observed in sodalime glass can 
be correlated to relatively high optical transmission losses 
due to scattering (about 5 % per 100 µm) whereas glossy 
inner walls obtained in fused silica lead to clearly lower op-
tical transmission losses (about 1.1 % per every 100 µm). 

 Although blind and through holes are drilled with the same 
set of operating parameters and the same number of GHz-
bursts, they exhibit quite different geometries and exit diam-
eters. It is worth noticing that once the hole reaches the rear 
surface opening a through via, the geometry and the diame-
ter of this hole stop evolving. Therefore, we assume that the 
ablation plume contributes to enlarge the exit hole, and thus, 
plays a major role on the final hole geometry and exit diam-
eter. This limitation can be overcome using a sacrificial layer 
directly underneath the sample as shown in [40]. This as-
sumption led us to believe that bottom-up drilling might not 
be possible in the GHz-burst regime as the plume would im-
mediately be ejected from the rear side of the sample. 
 These experiments constitute a first step in the seek for a 
better understanding of the GHz-burst regime for laser pro-
cessing. 
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