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Abstract: The visualization of the nonlinear absorption, the subsequent relaxation of excited states
and the formation of defects enables the investigation of fundamental laser-material-interaction
as well as the identification of process windows for micromachining of transparent materials
with ultra short pulsed laser radiation. In this work, time resolved pump probe microscopy is
applied to analyze the laser-material-interaction and to reduce damage inside the material during
front- and rear side ablation of nonstrengthened Corning Gorilla glass. The experiments give an
insight into the pulse duration dependence of the absorption zone, the influence of the surface
geometry, in-volume damage and the formation of transient visible cracks.
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1. Introduction

Ultra short pulsed laser ablation of transparent materials is an industrial established technology
that meets the demands for versatile structuring of wide band gap materials with minimal damage,
especially for consumer electronics and semiconductor industry [1,2].

These advantages are attributed to the unique interaction between the ultra short pulsed laser
radiation and the material. For the following work, we want to emphasize two underlying effects.

First, the dominant initial absorption process is nonlinear. Therefore, the pulse energy can be
deposited in strongly confined local regions. This characteristic effect is used for processes like
rear side ablation [3], volume modification with subsequent etching [4] or laser induced back
side wet etching [5].

Second, the electron-phonon-coupling on a femtosecond to picosecond timescale is longer or
in the order of the pulse duration. During the nonlinear absorption, the pulse energy primarily
heats the electron subsystem via multiphoton, tunnel and avalanche ionization and thermalization
occurs subsequent to the absorption process [6, 7].

When the lattice is heated, various ablation processes can follow at the glass-air interface
in dependence of the process parameters. Mechanisms like vaporization, phase explosion or
non-thermal melting have been discussed in this context [8,9].

Basically, in all of these processes material is ablated or expelled from the target and just a part
of the deposited energy remains in the sample. This residual energy can lead to various defects,
cracks, material modifications or a heating of the workpiece. For a maximized breaking strength
of the processed glasses and crystals, this damaged regions as well as the heat affected zones
(HAZ) should be minimized [10].

To generate a more detailed understanding of the underlying mechanisms and to identify
parameters for an optimized process regime, in-situ investigations by pump-probe microscopy
provide access to the complex interplay of the afore mentioned effects.

Pump-probe investigations were carried out to analyze the generation of in-volume modifications
[11,12]. For ablation processes, this technique has been applied in reflectance and transmission
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to investigate the temporal evolution of absorption and ablation processes [13], the formation
dynamics of the HAZ [7] or the complex refractive index by time resolved ellipsometry [14].
Other studies provide insight into the pressure wave formation and ablation products at the
workpiece surface for femtosecond [15] and nanosecond laser processing [16].

Additional experimental data of damage mechanisms inside the material on different timescales
and various ablation regimes will help to develop a more detailed understanding to optimize
ablation processes. Hence, we conducted experiments to address the investigation of material
defects for two different ablation processes to pursue prior work [17, 18].

We will start with a short overview of our experimental setup and analyze several damage
mechanisms of two different ablation processes subsequently.

First, we begin with a classical front side ablation process. Our observations show the absorption
zone in the glass under the influence of a crater formation. We compare pulse durations of 100 fs
and 5 ps to consider their impact on rear side damage. Additionally, we analyze the damage
mechanisms on different timescales and report the formation of transient visible cracks.

Second, our investigations are carried out for a rear side ablation process. We analyze the
absorption zone for different focal positions and observe the influence of incubation effects.
Finally, we examine optimized parameters which enable material ablation with minimal damage
and reduced taper angles.

2. Experimental setup

For our in-situ ablation experiments we used a pump-probe microscope. A detailed description
of our setup and imaging methods can be found elsewhere [17]. In the following part we will
summarize the essential specifications.

Our setup comprises a titanium-sapphire laser which operates at a wavelength of 800 nm and at
a pulse duration of 100 fs with a maximum pulse energy of 2 mJ. To process materials at different
pulse durations, our setup contains an an external double pass grating stretcher in the pump
beamline. The following experiments were carried out with a pump pulse duration of 100 fs and
5 ps, as well as a spatial Gaussian beam profile and linear polarization. The raw beam diameter
is 6 mm. Our in-situ imaging system uses a linear polarized, frequency doubled radiation at a
wavelength of 400 nm and a constant pulse duration of 100fs, which is independent from the
parameters of the pump beam. The temporal resolution is approximately 100 fs and the spatial
resolution is sub 10 um. Our imaging system comprises a band-pass filter at 400 nm to reduce
plasma luminescence and block scattered pump radiation.

The samples consist of alkali-aluminium-silica glass (nonstrengthened Corning Gorilla glass)
with a thickness of 700 um. We conducted all experiments in this work on nonstrengthened glass
to avoid additional effects, caused by the ion exchanged regions, which result from a chemical
strengthening process. Our samples where polished on one edge to allow in-situ microscopy of
volume effects. All experiments were carried out in a standard room environment after cleaning
the samples with high purity methanol.

All images are recorded from single shot experiments. We generate shadowgraph images /I
and background images I to calculate the optical depth T = In ({y/I;), similar to our work in [17].
The resulting images visualize the regions of nonlinear absorption with their local, integrated
extinction coefficients. Therefore, the optical depth comprises effects for a reduced probe signal
due to electrons and defects as well as scattering, diffraction and refraction. We describe this
area, which shows an increased optical depth, as absorption zone. All delay values are relative
to the first occurrence of a signal change from the background and the absorption start of the
laser pulse, respectively. For multi pulse experiments with n pulses, this delay corresponds to the
absorption of the n-th pulse.
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3. Front side ablation

To investigate the absorption zone and the influence of the crater formation in an ablation process,
we used a 100 fs pump pulse duration and a pulse energy of 50 uJ (calculated fluence of 22 J/cm?)
at a repetition rate of 1 Hz. The pulse was focused by a lens with a focal length of 100 mm
(Rayleigh length of 283 um) and the focal position was set to the surface. The spot size is
calculated to a diameter of 17 um. We applied a delay of 10 ps after the first change with respect
to the background image became visible. At this delay the maximum extended absorption zone is
detected. Moreover, the absorption zone remains almost constant for several picoseconds [17].
The corresponding images of the optical depth are presented in Fig. 1.

During the first pulse, the absorption zone has an extent of approximately 50 um in propagation
direction and then transitions to a filamentary characteristic due to an equilibrium of Kerr lens
self-focusing and plasma defocussing [17]. With an increasing number of deposited pulses the
crater geometry is formed. This affects the propagation in the material based on refraction and
diffraction at the surface shape. The crater curvature leads to a focusing effect in the corners as
a result of the convex geometry. In addition, diffraction and interference can result in a locally
increased intensity [10, 18]. Originating from these points, absorption spikes are generated which
spread to the side with an increasing number of pulses, until the crater on the entrance converges
to a constant shape.

Furthermore, the concave crater ground shields the central filament with each additional pulse.
Up to the deposition of 27 pulses a central filament can be observed.

The negative value of the optical depth in the crater is generated due to plasma luminescence
at a wavelength of 400 nm.

When the crater edge geometry is finally developed after 77 pulses, the increased optical depth
matches typical ablation damage structures. With the applied delay of 10 ps the recorded signal
predominately visualizes the effect of an increased free-electron density. These damaged regions
were reported in other publications by ex-situ microscopy and numerical simulations [10].

In-situ microscopy allows to analyze the exact distribution of the free-electron density from the
experiment [19] and provides a substantial support for numerical simulations as shown in [18] at
a different processing regime.

Compared to classical microscopy the damaged regions are visualized with a much higher
sensitivity. Particularly, due to the fact, that the type and visibility of a permanent modification
can be weak compared to the electronic excitation and the subsequent transient effects [17].
We did not observe a distinct permanent modification near the crater entrance walls by ex-situ
microscopy in our experiments. However it is unambiguous that energy is deposited in these
regions.

To compare the influence of the pulse duration, Fig. 2(a) shows the absorption characteristic
of an ablation process with a pulse duration of 5 ps and Fig. 2(b) contains the corresponding
images with a pulse duration of 100 fs. All additional parameters are unchanged compared to the
experiment before. To observe rear side damage, each image shows the front and the rear side of
the glass sample with a thickness of 700 um.

The first pulse in Fig. 2(a) propagates through the sample and induces an absorption peak on
the front and on the rear side. With the formation of a crater, the extent of the absorption zone
changes and the aforementioned propagation effects become prominent. However, even after five
pulses the increased absorption around the crater on the rear side of the sample is visible with a
diameter of 10 um. Within seven pulses, the radiation at the central rear side becomes shielded
and the crater does not show any change with further pulses.

In comparison, Fig. 2(b) visualizes a filamentary absorption characteristic through the total
glass thickness, but without any visible increased absorption zone on the rear side. Hence,
the formation of a central rear side crater can not be observed under these conditions. This
pulse dependence of the rear side damage was also reported in literature for classical ablation
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Fig. 1. Nonlinear absorption zones for different pulses during an ablation process. The pulse
duration was chosen to 100 fs. The beam was focused by a lens with a focal length of 100 mm
at a repetition rate of 1 Hz and a focal position on the surface. The pulse energy was set to
50 . The images show the maximum absorption zone at a delay of approximately 10 ps.

experiments [20]. Additionally, in-situ microscopy shows, that the 100 fs pulse duration induces
an increased free-electron density in the material up to the rear side, but without being sufficient
for ablation.

When comparing the two pulse durations in Fig. 2, an additional effect can be observed. The
absorption zone for the 100 fs pulse duration is much more extended into the volume below the
crater, than for the pulse duration of 5 ps. However, the crater in Fig. 2(a) is more pronounced
after 30 pulses compared to Fig. 2(b).

We suggest, that the much higher intensity (4.4 - 10'* W/cm? vs. 8.8 - 10'> W/cm?) in Fig 2(b)
leads to the extended absorption zone. This might also be the reason for the difference in rear
side damage. The propagation through the sample with high intensities causes absorption in the
bulk, and therefore the effective pulse energy on the rear side is not sufficient for ablation.

When the ablation depth are compared, a difference between both pulse durations can be
observed. This effect was already mentioned in literature [21]. The pulse duration of 100 fs
generates electrons dominantly through multiphoton and tunnel ionization but not via avalanche
ionization [21]. This could prevent a high localized deposited energy density in the sample
compared to an avalanche dominated absorption process as shown in Fig 2(a).

To compare the electronic damage with the mechanical effects Visualization 1 shows a movie
of unprocessed shadowgraph images on three timescales. Each frame in the movie represents one
additional pulse. In Fig 3(a) a few selected frames are shown. The experimental conditions are
the same as in the aforementioned section with a 100 fs pump pulse duration. Due to the high
intensity these parameters visualize the propagation effects most clearly. However the qualitative
results on a nanosecond timescale, are the same for the pulse duration of 5 ps.

The movie shows three different delays of 10 ps, 4 ns and 1 s with respect to the absorption
start of the respective pulse. The textured background originates from our sample preparation
process and has no further importance.

At a delay of 1s the reduced probe signal results mostly from the ablated crater geometry due
to scattering and absorption at the crater wall. In comparison, the images with a delay of 10 ps
superimpose the absorption zone of the generated free-electron density as already discussed in
our prior experiments. The central images at a delay of 4 ns reveal additional effects which we
will discuss in the following section.

First, a spherical pressure wave in the volume below the crater can be observed. In Fig. 3(a)
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Fig. 2. Comparison of the absorption zones on the sample front and rear side. The repetition
rate was set to 1 Hz. Both image parts show experiments with a pulse energy of 50 uJ focused
by a lens with 100 mm focal length. The delay was chosen to approximately 10 ps, for
visualizing the maximum extent of the absorption zone. In part (a) the pulse duration was
set to 5 ps and in part (b) a pulse duration of 100 fs was applied.

this slightly brighter region is marked with a dashed line. This transient changed refractive index
due to a compression pressure wave can most clearly be observed in the movie (Visualization 1).

Finally, a strongly reduced probe transmission, which originates from the crater ground, is
visible inside the pressure wave, several nanoseconds after the pulse is absorbed. These features
show a pronounced orientation perpendicular to the ablation crater. Additionally, they are not
observed at a shorter delay of 10 ps or at a larger delay of 1s. However, these regions extend
beyond the initial absorption zone which is visible at a delay of 10 ps.

An additional characteristic is revealed by analyzing the deposition of subsequent pulses as
shown in the movie (Visualization 1). It becomes apparent that, these features can reappear and
expand along their orientation into the volume on the nanosecond timescale after this additional
pulse is absorbed. The first visible appearance of these features occurs after approximately 20
pulses.

We assume, that these regions result from cracks which reduce the probe transmission due to
scattering. We propose the following interpretation.

Initially, a pressure wave is generated on a nanosecond timescale due to the energy deposition
in the material. This is well known from in-volume investigations [22,23]. After a few pulses,
the crater starts to form. This new surface geometry leads to a concentration of stress near the
crater ground in the material, which is generally denoted as notch effect [24]. Subsequently the
compressive stress from the pressure wave can open micro cracks on the crater ground. These
gaps open up and expand a few micrometer into the material, when the induced stress within the
pressure front is sufficiently high.
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Within the next nanoseconds, the surface of the pressure front increases by propagation into the
material and therefore the local compressive stress decreases. This stops the crack expansion and
the pressure front overtakes the crack front. If the elastic limit of the surrounding material is not
exceeded, the gap can close with optical contact afterwards. Therefore, these cracks are not visible
at a delay of 1 s. However, the damage in the material remains and affects the breaking strength
of the sample negatively. With each additional pulse this procedure is repeated. Iteratively, prior
cracks can open up again and expand a few micrometer further into the material by the same
mechanism.

Recently, the formation of cracks inside a pressure front was reported for volume modifications
with reflective pump-probe microscopy [25]. In contrast to our experiments, these cracks where
permanently visible after the process.

To test our theory and investigate the permanent material damage, we used a potassium
hydroxide (KOH) solution to etch the damaged regions [26]. Figure 3(b) shows the corresponding
transmission microscope images of this sample. On the left an ablated crater after 200 pulses is
shown. In the right image, the identical crater after 10 minutes of etching in an 8 mol/l aqueous
solution at 85 °C is presented.

The etching reveals, that the transient visible regions from Visualization 1 on a nanosecond
timescale have an increased etching rate compared to the pristine glass. This characteristic
is typical for material which was exposed to a strong mechanical load and confirms our
aforementioned theory. Regarding technical applications, additional analysis methods besides
classical microscopy could be necessary to analyze and minimize such material damage.

2) 0 ©

delay: 10 ps delay: 4 ns  delay: 1s

glass surface

145 pulses

propagation
direction

150 pulses

before etching  after etching
155 pulses

Fig. 3. Damage mechanisms on different timescales for ablation processing. The single
pulse energy was chosen to 50 uJ with a pulse duration of 100 fs. The repetition rate was set
to 1 Hz and the beam was focused by a lens with a focal length of 100 mm to the sample
surface. Part (a) shows three selected frames from the movie in Visualization 1. In this
movie, shadowgraph images at different delays are presented, where each frame represents
one additional deposited pulse. Part (b) shows an ex-situ microscope image after 200 pulses
before and after 10 minutes of etching in an 8 mol/l aqueous KOH solution at 85 °C.
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4. Rear side ablation

To compare and investigate a different process, the following part deals with rear side ablation.

For this ablation technique, the absorption has to be localized on the rear side of the glass
sample. Any absorption on the front, which causes ablation or other effects which result in
a distortion of the beam propagation, should be avoided. Due to this reason the following
experiment was conducted with a pump pulse duration of 5 ps and a pulse energy of 10 uJ ata
repetition rate of 1 Hz. The beam was focused by a microscope objective with a focal length of
10 mm on the rear side of the 700 um thick glass sample. The calculated spot size is 2 um and the
average fluence corresponds to 405 J/cm? . However, this value is never attained due to volume
absorption in the converging beam. Hence, an increased free-electron density, which extends in
propagation direction, is induced by the moving breakdown effect. For the applied pulse duration,
the absorption starts at the focal position and extends along the isophote in direction of the
incoming laser pulse within the first picoseconds [17].

()

propagation direction

optical depth In(ly/1)

glass rear side

focal position

(b)

Fig. 4. Rear side ablation process at different focal positions. The pulse duration was set to
5 ps and a pulse energy of 10 uJ. The beam was focused by a microscope objective with a focal
length of 10 mm at a repetition rate of 1 Hz. Part (a) shows the nonlinear absorption of the
first deposited pulse with at a delay of 10 ps. Part (b) shows the corresponding modifications
and ablation crater after 30 deposited pulses.

Figure. 4(a) shows the absorption zone at different focal positions on the glass rear side for the
first deposited pulse in the pristine material. We applied a probe delay of 10 ps. From the left
to the right, the microscope objective is moved in 10 um steps from a focal position inside the
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glass to a focal position below the glass rear side. The absorption zone shows the typical moving
breakdown characteristic as aforementioned. When the focal position is set below the rear side of
the workpiece, the reflectance of the incoming laser radiation at the glass air interface due to the
refractive index mismatch causes a clearly visible excitation of the glass volume.

In Fig. 4(b) the corresponding, permanent modifications and the ablation craters after 30
deposited pulses at a repetition rate of 1 Hz are shown.

A maximum ablation depth can be observed for a focal position between 10 um below the
rear side of the workpiece and 30 um. Whereas the focal position at the interface only produces
a comparatively small ablation crater, surrounded by an extended modification. For a better
understanding of this effect we present two cases in detail. The first (I), is the focal position with
a maximum ablation depth and a minimum surrounding modification. Complemented by the
second (II) focal position at the rear side of the sample with a large extended absorption zone but
areduced ablation depth.

(a) focal position (1) 50 pm
number of pulses: ——
1 2 3 7 9 15 22 30 propagation
direction
1,5
A , 1 ic,
m glass rear side £
(b) focal position (II) .
number of pulses: 50 pm 05 ©
1 2 3 7 9 15 22 30 8
0 &
8 -0,5
3

glass rear side

Fig. 5. Detailed crater and absorption evolution of focal position (I) and (II) from Fig. 4.
The pulse duration was set to 5 ps. The beam was focused by a microscope objective with
10 mm focal length and a repetition rate of 1 Hz. The pulse energy was set to 10 uJ. Part (a)
corresponds to the focal position (I) from Fig. 4. Part (b) shows the focal position (II) from
Fig. 4. The delay was chosen to 10 ps for a maximized absorption zone. The final image on
the right shows the permanent crater

In Fig. 5 the absorption zones for these two focal positions are shown for an increasing number
of deposited pulses at a delay of 10 ps. Figure. 5(a) visualizes the corresponding experiments to
case (I) of Fig. 4. The absorption zone starts with the rear part of the moving breakdown zone and
then builds up a slight incubation effect over the following pulses. However, the absorption zone
is strongly localized around the crater and the deposited energy results in material ablation. After
9 pulses the reflex at the rear side vanishes due to the crater formation. The ex-situ microscope
image on the right shows no distinct modification around the crater.

In Fig. 5(b), the absorption zones for the focal position (II) of Fig. 4 are presented. The
extended absorption zone shows a pronounced incubation effect for an increasing number of
pulses. This modulation was also observed in our prior work for volume modifications [17]. In
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our present experiments this modulation impedes the ablation process and leads to multiple
permanent modifications above the crater which contribute to a shielding effect for subsequent
pulses. Therefore, the free-electron density at the crater surface as well as the ablation depth is
reduced compared to the focal position (I). In consequence, this extended free-electron density is
not preferable for an efficient process.

The free-electron density should be generated exclusively close to the crater surface to avoid
the generation of defects or any substantial modification in the volume of the workpiece, which
surrounds the ablation crater. Additionally, a high NA enables the localized absorption on the rear
side of the sample. For this purpose, the pulse energy should be drastically reduced compared to
the latter experiments to minimize the moving breakdown and to generate the desired absorption
zone at the focal position.

A similar optimized process regime can be accessed with an increased focal length and a
reduced NA, respectively. As a consequence of the increased focal length, the excitation of
the material shows a larger extent and can be investigated with an increased spatial resolution.
However, this leads to a high sensitivity of the applied intensity and fluence, which has to be
carefully adapted to avoid any absorption at the front surface.

propagation direction

50 pm
number of pulses: —

1 5 10 20 30 40 50 80 100 120 160 200

optical depth In(ly/I)

glass rear side

Fig. 6. Rear side ablation process with a pulse duration of 5 ps. The applied pulse energy
was 20 uJ and the repetition rate was set to 1 Hz. The beam was focused by a lens with a
focal length of 100 mm. The images show the nonlinear absorption zone at a delay of 10 ps
as well as the permanent crater on the right.

Figure. 6 shows the resulting rear side ablation process with an increasing number of pulses.
The pump pulse duration was set to 5 ps and the pulse energy to 20 uJ. The beam was focused by
a lens with 100 mm focal length at a repetition rate of 1 Hz with a focal position slightly below
the rear side. The resulting calculated average fluence is approximately 9 J/cm?. The permanent
crater after 200 pulses is shown on the right hand side. All images of the optical depth were
recorded with a delay of 10 ps.

The absorption is mainly localized on the crater surface at the rear side of our sample, besides
a negligible absorption zone perpendicular to the rear side, which results from the large Rayleigh
length of approximately 283 pm. Thus a distinct modification inside the volume was not observed.
In contrast to a front side ablation process, the refraction at the crater surface induces an increased
intensity exclusively in the already ablated hole. Hence, further damage of the surrounding
material can be avoided. In conclusion, the blind hole with a diameter of 20 um and strongly
reduced taper angles was drilled by a Gaussian beam focused in percussion mode, i.e. without
any trepanning. We assume a stable process regime due to the fact, that the absorption zone
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shows a marginal change while the crater geometry evolves over several pulses.

However, rear side ablation with the applied Rayleigh length impedes large scale, reproducible
processing of thin samples or close to the front side. Therefore we will continue our in-situ
investigations in future publications with a high NA setup and increased repetition rates to address
robust processes with an increased throughput.

5. Conclusion

In this work, we conducted in-situ investigations of front and rear side ablation processes in
alkali-aluminium-silica glass (nonstrengthened Corning Gorilla glass) with a thickness of 700 pm.

We examined the transverse absorption zones in the material during the formation of an
ablation crater. These experiments showed an increased free-electron density which results in
material damage due to refraction at the crater surface. Parameter variations reveal, that the
absorption zone below the crater is more extended for pulse duration of 100 fs compared to a pulse
duration of 5 ps at constant pulse energies. In this context rear side damage was detected for a
pulse duration of 5 ps only. However, a pulse duration of 100 fs induced an increased free-electron
density through the complete 700 um thick material, but without sufficient energy to generate a
central rear side ablation crater.

To investigate additional damage mechanisms we analyzed ablation process on an extended
timescale. Our experiments reveal the formation of pressure waves and transient visible microc-
racks. These cracks were examined with nanosecond shadowgraphy and subsequent etching to
analyze the material damage.

Compared to the front side ablation process, a high NA and high fluence regime was applied
to study different focal positions at the rear side of the sample. These experiments reveal that
a localized free-electron density leads to efficient ablation process compared to an extended
free-electron density. In the latter case, incubation was identified to reduce the efficiency and
quality of rear side ablation. The ideal process window was identified to a focal position 30 pm
below the rear side to avoid modifications induced by the moving breakdown effect.

Finally we presented an ablation process in an optimized parameter regime to generate reduced
taper angles with no damage of the surrounding material and a minimized absorption zone in the
material by applying a pure percussion drilling process.
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