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We report on top-down and bottom-up percussion drilling of alkali-free alumina-borosilicate
glass using single and double femtosecond laser pulses. The drilling process dynamics are studied
by pump-probe shadowgraphy under Brewster angle which allows for visualizing transient effects in
the 300-pm thick glass. We show that the top-down drilling is very limited and does not allow for
drilling through holes in contrast to the bottom-up approach. We study the influence of the laser
parameters such as the fluence and focusing conditions which reveal to constitute key parameters in
order to find an adequate process window for successful bottom-up drilling. We observe that the
vertical velocity for bottom-up processing should be ideally in agreement with the ablation moving
interface velocity. Interestingly, the shadowgraphs reveal that the drilling process may be interrupted
even before any frontside ablation appears if the vertical velocity shift is too high. Moreover, we
investigate the effects of introducing an additional spatial and temporal shift during the drilling
process which lead to a significant increase in drilling rate by almost a factor of two.
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1. Introduction

Thin glass is widely used in modern manufacturing, es-
pecially in consumer electronics and flat display panel in-
dustries. Glasses are brittle and very sensitive to high ther-
mal gradient, so that they require specific care to be pro-
cessed. Ultrafast laser technology, which has the unique
capacity to produce either surface ablation, bulk modifica-
tion or backside ablation, is already used for glass pro-
cessing [1]. However, combining good quality and high
throughput is still a key issue.

Laser-based glass drilling has been already widely re-
ported in the scientific literature. Drilling processes are
based on percussion using CO; laser [2-3], UV laser [4-5],
Bessel beam [6], single-pulse [7-8] or GHz-burst ultrafast
laser [9], on water assisted laser drilling [10] or even on
laser assisted chemical etching [11]. Thanks to non-linear
absorption the drilling can be done from frontside (top-
down) [7] or from backside (bottom-up) [8, 12].

Compared to frontside ablation, backside ablation ena-
bles (i) to produce sharper rims featuring lower taper an-
gles on deep ablation craters, (ii) to limit the effects of ab-
lation plume and plasma shielding, and (iii) to minimize
deposition of debris in the processed area during the inter-
action. Conversely to frontside ablation where the energy
deposition occurs into the skin depth [13], backside abla-
tion leads to in-volume energy deposition upstream the
theoretical focus due to non-linear absorption [14-15]; con-
sequently, backside ablation is more sensitive to pulse du-
ration variations [14-16] and beam focusing by the effec-
tive numerical aperture. Furthermore, backside ablation
requires high numerical apertures and low fluences to avoid
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ablation at the front surface which interferes with the drill-
ing process [8]. From a practical point of view, the drilling
speed is defined by the ablation front velocity in top-down
drilling whereas it is fixed by the vertical velocity of the
focus (Vz) in bottom-up drilling.

Furthermore, it has been shown that splitting the laser
pulse into two or more sub-pulses enables one to reduce
detrimental non-linear propagation effects and to relocalize
the energy deposition nearby the focus point [17].

We report here on time-resolved pump-probe shadow-
graphy [15,18-20] of both top-down and bottom-up percus-
sion drilling of alkali-free alumina-borosilicate 300-um
thin glasses (Schott AF32 eco) using single and double
femtosecond laser pulses. We used a probe under Brewster
angle incidence in order to visualize the transient bulk
modification during the laser drilling process of the thin
glass. The influence of numerical aperture, focus position,
fluence, and vertical velocity (Vz, for bottom-up only)
were investigated. We also compared single- to double-
pulse laser irradiation, with and without spatial and tem-
poral shifts for double-pulse laser irradiation. The results
are discussed in terms of drilling rate and hole morphology.

2. Experimental

We used a commercial Yb-doped femtosecond laser
system (Tangor, Amplitude) emitting at 1030 nm. The pulse
duration is 500 fs. The maximum average power is 100 W.
The repetition rate can be set from 1 Hz to 2 MHz thanks to
an external acousto-optic modulator.

The experimental setup, depicted in Fig.1, includes a
halfwave plate combined with a polarizer cube, a first par-
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Fig. 1 Experimental setup used for top-down and bottom-up percussion drilling in glass (a), and delay line for the probe (b).

allel delay line for the probe, a second delay line for the
double-pulse generation (pump-pump), a focusing head
mounted on a Z-motorized axis (Alio Industries, AI-LM-
10000-I-PLT-LP) and a focusing objective, which is either
a 40-mm (Mitutoyo, model APO NIR x5/NA 0.14) or a 20-
mm focal length objective (Mitutoyo, model APO NIR
x10/NA 0.26). The Z-axis is used for focus setting and for
moving upward the sample during bottom-up drilling. Then
the target sample is placed on a 2-axes goniometer stage-for
flatness setting, which is mounted on a set of XY-motorized
stages (Alio Industries, AI-LM-20000-XY-I-LP) for posi-
tioning the sample under the laser beam.

We measured the spot diameter at 1/e*> using a CDD
camera (WinCamD LCM4) and a homemade magnification
system calibrated with a standard micro rule (Mitutoyo,
model 375-056). Table 1 presents the beam size (before
focus), the effective numerical aperture, the spot diameter
and the Rayleigh length for the two focusing configurations
(20-mm or 40-mm focusing objective). The spot diameter
was 7.3 pm with the 40-mm objective and 3.7 pm with the
20-mm objective resulting in maximum fluences of 150
J/em? and 510 J/em?, respectively. The repetition rate was
set to 5 Hz for all drilling experiments.

Table 1 Beam size before focus, focal length, numerical ap-
erture, spot diameter and Rayleigh length for the two focus-
ing configurations

Material Obj. x5 Obj. 10x
Beam size (mm) 10.7 10.4
Focal length (mm) 40 20
Numerical aperture 0.13 0.25
Spot diameter (um) 7.3 3.7
Rayleigh length (pm) ~45 ~8

2.1 Pump-pump setup for double pulse irradiation

The double pulse at 1030 nm is generated owing to a
pump-pump optical delay line where the initial pulse from
the laser output is split into two sub-pulses with a con-
trolled time delay. This delay line has been already de-
scribed in detail in previous papers [13,21]. Each arm has
its own halfwave plate and polarizer cube allowing for ad-
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justing the sub-pulse energies independently of each other
in the two arms. The energy ratio between the two arms is
set to 100:0 for single pulse irradiation and to 50:50 for
double pulse irradiation. Moreover, each arm has its own
variable beam expander in order to set the focus at the
same location and the spot diameter at the same value for
the two arms; However, it is possible to introduce a vertical
(Az) or a temporal shift (At) on purpose between the two
sub-pulses by adjusting the beam collimation and the opti-
cal path on one arm. The polarization of the two sub-pulses
is linear at the output of the pump-pump delay line.

2.2 Pump-probe setup for time-resolved shadowgraphy

The 1030-nm incoming laser pulse is frequency dou-
bled using a type I BBO crystal, then filtered with a 515-
nm bandpass filter and delayed owing to a motorized delay
line. The optical path variation is up to 2.4 m correspond-
ing to a 0 — 8 ns time delay. The probe laser beam is trans-
mitted through the sample under Brewster incidence and
then straightened horizontally to be directed towards the
sensor. The probe signal is then collected by a long-
distance microscope (InfiniMax KX, with MX-5 objective),
followed by a second zoom objective (InfiniMax, x2 ring)
and two 515-nm bandpass filters, and then imaged on a
CMOS camera (Basler acA1920-25mu, resolution of 1920
x 1080p, pixel size 2.2 um x 2.2 um, 25 fps, rolling shutter).
Conversely to transverse probing [7-9,15,18-20] which
leads to a blurred zone around both the front and rear sur-
faces (Fig. 2a), probing under Brewster incidence enables
to observe bulk modifications along the glass thickness
without any shadow effect due to the sample edges, even
for thin or ultrathin glass samples (Fig. 2b). The side cam-
era is triggered by a TTL signal from the acousto-optic
modulator at the exit of the laser source which is filtered
and optionally delayed by an electronic generator (Tombak,
Aerodiode). In practice, we focus the pump laser beam
onto the front surface in order to produce an ablation crater
for each single pulse. The trigger signal generated by probe
pulse N allows for imaging the ablation crater induced by
pump pulse N+1, whereas the ablation crater of pump pulse
N remains visible. We define the zero delay as the onset of
surface modification after the pump pulse N+1. The tem-
poral resolution is determined by the probe pulse duration
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(500 fs) and the precision in the path delay of the probe
delay line, which is 80 um and corresponds to 264 fs. The
recording time between two subsequent image captures is
limited by the acquisition time of the camera (40 ms) and
the buffer refreshing time (160 ms), and thus restricted to
200 ms. Therefore, all pump-probe and drilling experi-
ments were performed at low repetition rate (5 Hz) in order
to be able to get one capture after each laser pulse.

In a preliminary study dedicated to front surface abla-
tion, we varied the probe delay to determine the delay giv-
ing the most visible transient modification. Therefore, the
probe delay was set to 4.4 ns for percussion drilling exper-
iments in single pulse mode, and to 4.4 ns with respect to
the first sub-pulse for percussion drilling experiments in
double pulse mode.

(a)

Focused
Pump

(b)

Collimated
Probe

8 =56° .

Focused
Pump

Field of the

Fig. 2 Schematic view of the pump and the probe inci-
dences on the glass sample with a transverse probe (a) or
with a probe under Brewster incidence (b). Op is the
Brewster angle (56°), ¢ is the glass thickness (300 um)
and 73 is the apparent glass thickness under Brewster in-
cidence (249 um). The scale factor of the Z-axis is ts/tc
=0.83 in (b).

From a practical point of view, we recorded one picture
every ten pulses in order to limit the data volume. The hole
depths were measured from pump-probe captures using
ImageJ open access software. The drilling rate, in pm per
pulse, is defined as the slope (linear fit) of the hole depth
versus pulse number curve. The drilling speed, in pm per
second, is the drilling rate multiplied by the repetition rate.
The uncertainty is (-9/+0) on the pulse number for the on-
set of upward drilling and there is no uncertainty for all
following pulse numbers (+10 pulses for consecutive imag-
es). The uncertainty on the drilling rate is about £+ 0.02 pm
per pulse.

Finally, the Brewster angle Op value is given by the fol-
lowing formula:

Op = Arctan (n;/n; ) (1)

where n; and n; are the refractive index of glass and air re-
spectively. The Brewster angle value is 56° for AF32 glass,
and therefore, the probe beam incidence is set at 56° with
respect to normal incidence (Fig. 2). Within the sample, the
probe beam incidence drops to 39° due to optical refraction,
and then returns to 56° after the glass.

The apparent thickness of the glass sheet ¢z viewed by
the camera under Brewster incidence is given by the fol-
lowing formula:

ts = tg - sin(Op) )
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where ¢ is the glass thickness. Note that captures obtained
under Brewster angle suffer from a deformation on the Z-
axis only (Fig. 2). The apparent glass thickness is smaller
than the real one; the scale factor is given by the ratio ts/f¢
= 0.83. For the same reason, the holes observed under
Brewster incidence will appear smaller in Z than they are in
reality.

2.3 Numerical aperture

As explained previously, the numerical aperture and the
fluence are two key parameters for backside ablation and
bottom-up drilling. Indeed, a high numerical aperture and a
low fluence contribute to avoid frontside ablation - which
induces detrimental energy losses and beam propagation
distortion upstream the focal plane - and enable to achieve
selective backside ablation [8]. This is even more true for
thin glass as well as at the end of the bottom-up drilling
process where the remaining glass thickness is small.

Fig. 3 and Fig. 4 present the fluence process windows
for the two focusing configurations, i.e., 40-mm and 20-
mm focusing objective, respectively. The principle of this
experiment is to deliver a 50-pulses train at 5 Hz at differ-
ent Z locations on either side of the glass for different flu-
ences. The red crosses symbolize that frontside ablation
occurs after 50 pulses at the aimed Z location, whereas the
green crosses indicate that backside ablation occurs after 50
pulses at the aimed Z location. This experiment shows that
it is impossible to perform backside ablation without dam-
aging the front surface for fluences above 70 J/cm? with the
40-mm focusing objective (Fig. 3). The longer focal lens is
not suitable for backside ablation since frontside ablation
occurs already when the focus is set at mid-thickness at a
fluence of only 10 J/cm? (Fig. 3). Conversely to the longer
focal length, the shorter focal length enables selective
backside ablation at 28 J/cm? (Fig. 4). Once the ablation
happens at the rear side, the surface roughness in the abla-
tion crater will improve the energy deposition leading to
bottom-up drilling. Therefore, the 20-mm focusing objec-
tive could be used for bottom-up drilling.
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Fig. 3 Frontside and backside ablation appearance after
a 50-pulses train at different Z locations on either side of
the glass, for fluences ranging from 8 to 150 J/cm? with
the 40-mm focusing lens. The repetition rate is 5 Hz.
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Fig. 4 Frontside and backside ablation appearance after
a 50-pulses train at different Z locations on either side of
the glass, for fluences ranging from 28 to 510 J/cm? with
the 20-mm focusing lens. The repetition rate is 5 Hz.

2.4 Target material

All drilling experiments were performed on a 300-um
thick alkali-free alumina-borosilicate glass (Schott AF32
eco). This glass has a thermal expansion coefficient of
3.2:10° K! within the range 20 — 300 °C [22], which is
similar to silicon, so it is ideally suitable to wafer-level
packaging in the semiconductor industry or in MEMS de-
vices. The refractive index is 1.51, so the optical thickness
of the sample is about 199 um.

3. Top-down percussion drilling

Single pulse top-down percussion drilling is mainly
performed with the 40-mm focusing lens in order to max-
imize the focus depth and the spot diameter (compared to
the 20-mm focusing lens). The focus is set onto the front
surface of the glass. The repetition rate is set to 5 Hz for
pump-probe imaging during the drilling process.

Fig. 5 presents permanent modifications after top-down
percussion drilling in single-pulse mode for different drill-
ing times, focus position and incident fluences. Fig. 5a il-
lustrates that the hole depth does not increase when the
drilling time rises from 60 to 80 sec. Note that the scalebar
in Fig. 5 corresponds to the Z axis only. Furthermore, Fig.
5b indicates that the hole depth does not improve even if
the focus is set inside the glass sheet. Finally, Fig. 5S¢ shows
that increasing the fluence from 49 to 493 J/cm? is insuffi-
cient to go through the thin glass sheet even after an 80-s
drilling time (the depth increases by a factor of 4 whereas
the fluence increases by a factor of 10). The drilling speed
is about 1.5 um per second, so the drilling rate is about 0.3
pm per pulse at 493 J/em? (120 um ablated in 400 pulses).
These results highlight the limitation in top-down percus-
sion drilling; the holes are short, blind, and highly tapered.
The drilling is over after few hundred of pulses.
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Fig. 5 Permanent modification after single pulse top-
down percussion drilling. The changing parameter is the
drilling time for (a), the focus position for (b) and the
fluence for (c). The repetition rate is 5 Hz. The focal
length is 40 mm for (a) and (b), whereas it is 20 mm for
(c). The fluence is 74.5 J/cm? for (a) and (b). Drilling
time is 70 sec for (b) and 80 sec for (c). The blue area
materializes the glass thickness.

4. Bottom-up percussion drilling

As mentioned in the introduction section, bottom-up
percussion drilling brings several advantages compared to
top-down processing. Indeed, the laser beam propagates
directly to the tip of the forming hole leading to sharp rims
and low taper inner walls. Furthermore, the drilling process
is less sensitive to plume or debris shielding. However, the
crucial point is to avoid frontside ablation otherwise the
drilling process is over. Conversely to [8], our strategy for
bottom-up drilling is to use a short focal length and an up-
ward moving focus. Thus, the drilling speed is imposed by
the vertical velocity of the focus (Vz) which is ideally set
to be similar to the ablation moving interface velocity (Vi).
If Vz > Vi, then the drilling process drops out leading to a
blind hole; on the contrary, if Vz < Vi, then the process is
inefficient and debris recast is possible.

As in [8], the starting focus point is set 50 um below
the rear surface in order to make coincide the rear surface
and the highest energy deposition region [15,23], which
depends on the pulse duration, the fluence and the numeri-
cal aperture. Note that the energy deposition occurs in a
large volume in the converging beam upstream the focus
point. Therefore, the calculated fluence is a theoretical val-
ue which is never reached at the rear surface [8,14,22].

We used the 20-mm focusing objective for all bottom-
up drilling experiments, and the repetition rate was 5 Hz.

Fig. 6a and 7a show time-resolved shadowgraphs of
bottom-up percussion drilling for 56 J/cm? and 218 J/cm?,
respectively. The vertical velocity (Vz) was set to 1 um/s to
coincide with the estimated drilling speed. The probe beam
delay was chosen to 4.4 ns as for this value the transient
bulk modifications are clearly visible. Fig. 6b and 7b pre-
sent the corresponding hole depths as a function of pulse
number. At 56 J/cm?, we observe a blind hole at the rear
surface and an ablation crater at the front one. The upward
drilling rate is 0.16 pum per pulse, so the drilling speed is
0.80 pm per second. We note that the drilling process drops
out before any crater appearance onto the front surface.
This point is especially visible on Fig. 6 where the crater
appears clearly after the bottom-up drilling has already
stopped. At 218 J/cm? (Fig. 7), the higher fluence contrib-
utes to enlarge the hole and to make the junction between
the upward forming hole and the downward ablation crater.
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Fig. 6 Pump-probe imaging captures for pulse numbers
ranging from 142 to 1160 (a) and hole depth versus
pulse number (b) during bottom-up percussion drilling
in a 300-um thick AF32 glass sheet using single femto-
second pulse irradiation. The incident pulse fluence is 56
J/em?. The vertical velocity (Vz) is 1 um/s. The pulse
number axis in (a) is not to scale. The onset of upward
drilling appears after 72 pulses. Below this latter value
the main energy deposition location is under the rear sur-
face. The extracted drilling rate from the slope meas-
urement in (b) is 0.16 pm per pulse, so the drilling speed
is 0.80 um per second at 5 Hz.

More interestingly, we observe that the ablation switch-
es from the rear to the front surface as the hole goes up-
ward and gets closer to the front surface; then the down-
ward forming hole will create the junction. This phenome-
non was already observed during bottom-up trepanning
drilling of sapphire [24]. Both the upward and the down-
ward drilling rates are 0.15 um per pulse. Therefore, there
is no beneficial effect, neither on the drilling rate nor the
drilling speed, while increasing the fluence from 56 to 218
J/em?. The hole goes through, but its shape is uneven. The
junction zone appears as a bottleneck encumbered with
some debris.

Fig. 8a presents the permanent modification obtained
after bottom-up drilling at 1 pm/s (Vz) for different flu-
ences ranging from 56 to 358 J/cm? For the highest fluence
value of 358 J/cm?, the ablation switches to the front sur-
face at an early stage of the drilling process (Fig. 8a). The
ablation crater is wide and penetrates only on the first third
of the glass thickness; obviously, high fluence is counter-
productive.
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Fig. 7 Pump-probe imaging captures for pulse numbers
ranging from 42 to 1122 (a) and hole depth versus pulse
number (b) during bottom-up percussion drilling in a
300-um thick AF32 glass sheet using single femtosec-
ond pulse irradiation. The incident pulse fluences is 218
J/em?. The vertical velocity (Vz) is 1 um/s. The pulse
number axis in (a) is not to scale. The onset of upward
drilling appears after 2 pulses only due to high fluence.
The extracted drilling rate from the slope measurement
in (b) is 0.15 pm per pulse, so the drilling speed is 0.75
pum per second at 5 Hz.

We performed the same experiment in the double-pulse
configuration (Fig. 8b). As for the single-pulse study, the
vertical velocity is 1 um/s and the total incident fluence is
56 J/em? (2 x 28 J/cm?). We observe that the drilling pro-
cess stops at mid-thickness like in the single-pulse case
(Fig. 8a, left).

(a) (b)

2x 28 J/cm? 2x 28 J/cm?
| Az 10 um + At 112 ps

Single pulse Double pulse

218 J/cm?

300 pm

56 J/cm? 358 J/cm?

2x 28 J/cm?
Az 10 pm

Fig. 8 Permanent modification after bottom-up percus-
sion drilling, (a) for single pulse irradiation at different
fluence values, and (b) for double-pulse irradiation
without (left), with spatial shift (middle), and with spa-
tial and temporal shifts (right). The vertical velocity (Vz)
is 1 pm/s. The drilling starts at 50 pm below the rear
surface.
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Fig. 9a and 10a display the pump-probe imaging cap-
tures of bottom-up percussion drilling in double-pulse con-
figuration, without and with temporal At and spatial shift
Az, respectively. Fig. 9b and 10b present the corresponding
hole depth as a function of pulse number. Regarding Fig. 8
and 9, we note that splitting the incoming pulse into two
sub-pulses aiming at the same location at the same time (no
temporal shift, no spatial shift) does not lead to any im-
provement, neither on the upward drilling rate (0.16 um per
pulse, derived from Fig. 9b) nor on the hole depth.

Furthermore, we introduced a 10-pm spatial shift (Az)
between the two sub-pulses (Fig. 8b, middle). The second
sub-pulse is now focused 10 um upstream the first one. We
measured a 20-% longer hole and a constant drilling rate
(0.16 pm per pulse, not shown here) with respect to the
single pulse approach. This beneficial effect on the hole
depth could be explained by the fact that the second pulse
pre-damages the glass upstream the ablation front, like an
incubation effect, so the subsequent double-pulse is more
efficient for drilling. Note, if the spatial shift is only 3 pum,
the hole depth drops down by 40% in comparison to single
pulse drilling (result not shown in Fig. 8b for sake of con-
ciseness). This could be explained by the fact that the sec-
ond sub-pulse arrives within the volume which is already in
interaction with the first sub-pulse. So, the influence of a
spatial shift depends on its value, it can be beneficial, or
counter-productive when the shift is too low.

Finally, if the second pulse is additionally delayed by At
= 112 ps, conserving the spatial delay of Az = 10 um, we
observe a longer hole (x 1.7) with respect to the single
pulse regime (Fig. 8). Based on this result, we adapted the
vertical velocity to 1.7 um/s and observe an increase of the
drilling rate to 0.31 um per pulse (Fig. 10b). The time delay
At, exceeding 100 ps, was chosen on purpose to ensure that
the energy deposition of the second sub-pulse takes place
after the matter removal and shockwave emission induced
by the first sub-pulse [1]. Nevertheless, this delay value is
short enough to avoid any thermal diffusion in the lattice.
We observe that the bottom-up drilling process stops just
below the front surface. We assume that the long temporal
shift permits to reduce efficiently transient detrimental
shielding effects. However, the hole does not go through
either.

Furthermore, comparing the double pulse shadow-
graphs to the single-pulse case (Fig. 6) we clearly observe a
transient effect moving upward, which is intensified by the
additional temporal and spatial shifts (Fig. 10). We assume
that dividing the pulse into two sub-pulses contributes to
reduce the non-linear effects along the beam propagation,
to relocalize the energy deposition nearby the focus point
and consequently to enhance the free-electron density in
the conductive band.
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Fig. 9 Pump-probe imaging capture for pulse numbers
ranging from 112 to 1122 (a) and hole depth versus
pulse number (b) during bottom-up percussion drilling
in a 300-um thick AF32 glass sheet using double femto-
second pulse irradiation without any temporal nor spatial
shift. The sub-pulse fluence is 28 J/cm?, corresponding
to a total fluence of 56 J/cm?. The vertical velocity (Vz)
is 1.0 pm/s. The pulse number axis in (a) is not to scale.
The onset of upward drilling appears after 112 pulses.
The extracted drilling rate from the slope measurement
in (b) is 0.16 pm per pulse, so the drilling speed is 0.80
um per second at 5 Hz.

In order to understand why the drilling process stops
we tried different vertical velocities (Vz) ranging from 0.5
to 2.0 pm/s; the obtained permanent modifications are de-
picted in Fig. 11. If the velocity is too high, there is no ben-
efit. The drilling process stops half-way. On the contrary, if
the velocity is too slow, the hole length increases signifi-
cantly. The hole becomes tapered, and some debris aggre-
gate inside the hole, as it is observed for 0.5 and 1 pm/s.
The hole does not go through even if the vertical velocity is
lower than the measured drilling speed. Indeed, the drilling
process stops 20 pum below the front surface at 1 pm/s. It is
possible to go through at 0.5 um/s, but the second half of
the hole is fully encumbered with debris. Therefore, the
key point seems to be the debris draining outside the hole.
Water assisted laser drilling [10] could be a solution to re-
move the ablation debris from the forming hole.
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Fig. 10 Pump-probe imaging capture for pulse numbers
ranging from 52 to 662 (a) and hole depth versus pulse
number (b) during bottom-up percussion drilling in a
300-um thick AF32 glass sheet using double femtosec-
ond pulse irradiation. The temporal and spatial shifts be-
tween the two subsequent sub-pulses are 112 ps and 10
um, respectively. The sub-pulse fluence is 28 J/cm?, cor-
responding to a total fluence of 56 J/cm?. The vertical
velocity (Vz) is 1.7 pm/s. The pulse number axis in (a)
is not to scale. The onset of upward drilling appears after
42 pulses. The extracted drilling rate from the slope
measurement in (b) is 0.31 um per pulse, so the drilling
speed is 1.55 um per second at 5 Hz.
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Fig. 11 Permanent modification after double femtosec-
ond pulses drilling for different vertical velocities (Vz)
ranging from 0.5 to 2 pm/s. The temporal shift (At, blue)
is 112 ps whereas the spatial shift (Az, green) is 10 um
between the two subsequent sub-pulses. The incident
sub-pulse fluence is 28 J/cm?.

5. Conclusion

Top-down and bottom-up percussion drilling of 300-
um thick AF32 glass using single and double femtosecond
laser pulses was investigated using pump-probe shadow-
graphy. We used a probe beam under Brewster angle inci-

56

dence in order to visualize the transient bulk modification
during the laser drilling process of the thin glass. The holes
obtained with the top-down process are short, blind, and
highly tapered even at high fluence; the drilling is inter-
rupted after few hundred of pulses. The bottom-up process
is more convenient to produce thin and elongated holes;
however, it is difficult to avoid the ablation switch from the
rear side to the front side when the forming hole gets closer
to the front surface. Both numerical aperture and incident
fluence are key parameters for selective backside ablation.
The vertical velocity for bottom-up processing should be
ideally in agreement with the ablation moving interface
velocity. The drilling process suffers from a dropout when
the vertical velocity is too high, even before any frontside
ablation crater appearance. Debris draining outside the
forming hole appears to be another crucial point to go
through. Finally, we also observed a significant improve-
ment of drilling rate (from 0.16 to 0.31 pm per pulse) and
aspect ratios by introducing a vertical (Az) and temporal
shift (At) between the two subsequent sub-pulses.
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