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In this work, we investigated the ablation characteristics of aluminosilicate, soda-lime, and borosilicate glass substrates in
femtosecond laser processing. The laser wavelength was 1,552 nm with a pulse duration of 800 fs. The ablation threshold energy of
each glass substrate was estimated using the D’ method. To determine the ablation threshold energy of each glass substrate, the
weight percentages of various chemical components in the glass substrates were quantitatively analyzed by laser ablation inductively
coupled plasma mass spectrometry. The ablation threshold energy of the glass substrates was found to depend on the Al,Os and MgO
contents. When the weight percentages of both components were higher, the ablation threshold energy was lower. The effect of these
components on the ablation threshold energy was theoretically investigated using self-trapped exciton analysis.

NOMENCLATURE

D= ablated crater diameter
@y, = threshold energy
@, = incident laser fluence

w, = laser beam diameter

1. Introduction

Glass substrates are widely utilized for displays in electronic devices.
However, the brittle nature of glass can cause random breaking, cracks,
and chipping in conventional machining. These problems are detrimental
to the productivity and quality of products. Femtosecond laser machining
can overcome the disadvantages of conventional mechanical machining
because a very small heat-affected zone (HAZ) is created by an
extremely high energy density of ultra-short laser pulses. Laser
machining using a femtosecond laser is known as an efficient tool for

the precise micromachining of strengthened glass substrates such as
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aluminosilicate, soda-lime, and borosilicate glass substrates. However,
laser machining quality needs to be improved for industrial applications
since the industry demands high quality and faster machining speed
when employing femtosecond laser machining. There have been
numerous recent studies that have intensively investigated laser
machining. In-depth studies to reveal the interaction mechanism of
incident laser energy with dielectric materials (i.e., silicon dioxide, glass,
and sapphire) have been carried out by many research groups.'= These
have focused on the morphology of ablated craters with various incident
laser energies to experimentally obtain the ablation threshold energy of
each dielectric material.* Numerical simulation of the ablation process
was performed to examine the relationship between the incident laser
energy and crater morphology.'>® Recently, Butkus and Gaizauskas
presented results on the rapid microfabrication of transparent materials
(soda-lime glass and Corning® Gorilla® glass) using femtosecond laser
pulses and examined the differences of the machining characteristics of
femtosecond laser machining.® They found that a different laser scanning
speed was required to achieve a drilling depth of 3 mm for each type
of glass substrate with the same laser fluence of 6.6 J/cm>. Moreover,
the band gap energy of soda-lime glass (2.6 eV) is lower than that of
Gorilla® glass (3.5 eV).”® To achieve a drilling depth of 3 mm, the
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required scanning speed of soda-lime glass (100 mm/s) was lower than
that of Gorilla® glass (400 mm/s). In drilling a hole in the soda-lime
glass substrate, the low scanning speed is required to provide a higer
laser energy than the energy needed to drill the same depth hole in the
Gorilla glass substrate at the same laser intensity, even though soda-
lime glass has a lower band gap energy. In the glass industry, it is
known that the chemical components of each type of multi-component
glass are different since the inclusion of chemical components in glass
is tailored for different applications. Aluminosilicate, soda-lime, and
borosilicate substrates are widely adopted for display glass in various
electric devices, including mobile smartphones, tablets, and laptops.
Aluminosilicate glass (ASG, Corning® Gorilla® glass) has a higher
content of Al,Os than other glass substrates because the inclusion of
ALO; can increase its strength, scratch resistance, and durability.’
Soda-lime glass (SLG) manufactured by Asahi® is known to have
higher concentrations of Na,O and CaO. Soda-lime glass substrates are
used for liquid crystal display (LCD) panels, windowpanes, and glass
containers because of its relatively affordable price, chemical stability,
and recyclability.'"® Borosilicate glass (BSG, Corning® Eagle XG® glass,
3.5 eV) is manufactured without the use of heavy metal ions. This glass
has high surface quality and excellent thermal properties for more
advanced LCD displays."

In this work, we experimentally investigated the laser-machining
characteristics of aluminosilicate, soda-lime, and borosilicate glass
substrates to determine the threshold laser energy of each glass substrate.
To investigate the different characteristics of the threshold laser energy,
quantitative analysis of the chemical composition was carried out. The
ablation threshold energy is critical for the purpose of achieving precise
machining by determining the initial energy input. The ablated crater
morphology of each substrate was investigated to determine the threshold
energy of each substrate by varying the laser fluence. The chemical
components of the glass substrates were quantitatively obtained by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP MS).
The effects of various chemical components (except for SiO,) on the
ablation characteristics of each glass substrate can be explained in terms
of the behavior of the free electrons of alkali metals in the conduction
bands during femtosecond laser machining.

2. Experiments

For the experimental sample preparation, the glass substrates were
sufficiently washed using methanol (CH;OH) and completely dried with
lens tissues and a clean air shower to remove any remaining pollutants
on the surfaces of the substrates. One-shot ablation experiments to
estimate the ablation threshold energy were carried out with 400 um
thick glass substrates by irradiating a laser pulse at a wavelength of
1,552 nm for 800 fs. These glass substrates were positioned normal to
the incoming laser pulse under ambient conditions, as shown in Fig. 1.
The laser beam diameter, which was tightly focused by an objective
lens, was determined to be 3 um using the D? method.'? In this method,
the threshold energy for the laser ablation of each glass substrate can
be accurately obtained from the intercepts of the slope on the horizontal
axis of the laser fluence. The laser energy absorbed into the substrates

was measured by an optical power meter before the ablation experiment.
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Fig. 1 Schematic diagram of a glass substrate micromachining

The ablated crater morphology on the substrates was observed using a
three-dimensional laser scanning microscope (Keyence® VK-9710K
model). The resolution specification of this system was precise enough
to observe changes of the crater shape on the scale of 1 nm. The contents
of the chemical components of the glass substrates were analyzed using
laser ablation inductively coupled plasma mass spectrometry (LA-ICP
MS) with the irradiation of an ultra-violet Yttrium laser at a pulse
duration of 500 fs and a wavelength of 342 nm. The beam size was 75

um and the spectrometer ranged from 200 to 890 nm.
3. Results and Discussion

The ablated crater morphologies of each substrate obtained from the
top view are shown in Fig. 2. The crater morphologies of each substrate
were created by single shot ablation at laser fluences of 9.8, 12.2, 14.6,
and 16.2 J/cm?. The crater diameters increased from 2.3 um to 5.5 um in
borosilicate glass, 4.6 um to 6.5 pm in aluminosilicate glass, and 3.6 pm
to 7.0 um in soda-lime glass, as the laser fluence was increased from
9.8 to 16.2 J/cm®. The heat affected zone can be clearly observed at the
outside of the ablated crater even though a femtosecond laser was adopted.
Since the beam profile of the irradiated laser beam has a Gaussian
profile extending from negative infinity to positive infinity, the radius
corresponding to the ablation threshold laser energy increased with
increasing laser fluence. The crater diameters of each substrate increased
with increasing laser fluence since the laser beam radius is defined as
the radius at 1/e* from the maximum laser energy value.

2 D’
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Fig. 3 presents the squared ablated crater diameters of each substrate
obtained with various laser fluences. To investigate the differences of
the crater morphology of each glass substrate for the various laser
fluences, the laser threshold energy was estimated by the D-squared
method (D?).'*! The threshold fluence (@y,) in each glass substrate can
be estimated from the relationship between the incident laser fluence
(Dy), laser beam radius (w,), and crater diameter (D) in Eq. (1). The
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Fig. 2 Ablated crater morphology and diameter of each glass created
with laser fluences of 9.8, 12.2, 14.6, and 16.2 J/cm?
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Fig. 3 Ablation threshold energy obtained by the D* method for each

glass substrate

slope of the fitted line between the logarithmic incident laser fluence and
the squared crater diameter is the twice of the squared laser beam radius
from Eq. (1). Fig. 3 shows the slight deviation of the experimentally
obtained squared crater diameters from the linear curves. This deviation
is known to be caused by the thermal effect.'> The D* method is derived
under the assumption that no thermal effect is involved in the ablation
process. This deviation may be caused by the thermal effect induced
from the impurities. This will be discussed later. The laser fluence of
a single laser pulse was varied from 9.8 to 16.2 J/cm? and the average
crater diameters obtained from ten experimental results at each laser
fluence are presented with a corresponding error bar. The aluminosilicate
glass substrate had the lowest average threshold laser fluence of 2.53
J/em?. The variation of the threshold laser fluence in the aluminosilicate
glass was from 2.1 J/cm? to 2.9 J/cm? The average threshold laser
fluence of soda-lime glass was 5.34 J/cm?® (4.9-5.7 J/cm?). The highest
threshold laser fluence of 7.23 J/cm® was obtained for the borosilicate
glass substrate (6.8-7.7 J/cm?).

Fig. 4 shows the weight percentages (wt.%) of the chemical
components contained in each substrate. To investigate the differences
of the ablation characteristics and the threshold energy, the weight
percent of the chemical components in each type of glass substrate was
determined by LA-ICP MS. In the LA-ICP MS measurement, the

various chemical components can be quantitatively obtained by
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Fig. 4 Chemical components contained in each industrial glass as
determined by LA-ICP MS measurement

comparing the peak intensities at the characteristic wavelength of each
element. To prove the accuracy of the quantitative chemical component
measurement, the intensity peak values of NIST 612 standard glass
obtained from the LA-ICP MS measurement were used as a reference.
The spectra of Si, Al, Na, Mg, and Ca were selected because they are
known to be abundant in glass and the reference glass sample (NIST
612) has known weight percentages of each selected element.'*'> Their
oxidized compounds of SiO,, Al,0;, MgO, Na,0O, and CaO are known
to be abundant in glass substrates. Aluminosilicate glass has a higher
ALOj; content of 17 wt.% than other types of glass (<5 wt.%).>!' High
weight percentages of Na,O and CaO are present in soda-lime glass (16
wt.% Na,O and 9.5 wt.% CaO). Borosilicate glass had low weight
percentages of Na,O and CaO compared to the other types of glass. In
femtosecond laser ablation, ablation mechanisms include nonlinear
optical absorption (which is caused by multiphoton ionization), avalanche
breakdown, and Coulomb explosion. These strongly nonlinear absorption
processes can enhance the localization of the excitation energy on the
surface of materials. Therefore, wide bandgap materials can be ablated
with femtosecond lasers, although these materials have low absorptivity
at wavelengths greater than 250 nm. The ablation process within wide
bandgap materials occurs when the density of free electrons in the
conduction band exceeds a critical number density (O(10*' cm™)).' For
AlLO; and MgO components, the relaxation time scales of the free carrier
electrons in the conduction band are known to be longer than those of
other components.'”” The lifetimes of free carrier electrons in the
conduction bands provided by various wide bandgap oxides such as SiO,,
ALOj;, and MgO have been evaluated in previous research.'®!’ The free
electrons of Al,O; and MgO remain for several tens of picoseconds in
the conduction band, whereas those of SiO, remain for just 100
femtoseconds. The relaxation time scale of the free electrons of Al,O;
and MgO is two orders greater than that of the free electrons of SiO,.

Self-trapped exciton (STE) formation is known to occur during the
interaction of femtosecond laser pulses with wide bandgap dielectrics.”*?'
STE formation leads to the localization of thermal energy caused by
self-trapped carriers. The transferred energy produces energetic atoms.
These atoms can produce defect formations in a lattice, i.e., interstitials
or vacancies. The STE formation suppresses additional electron excitation
and triggers the relaxation process. The relaxation time of the excited
electrons is known to be dependent on the material. In the STE formation
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Fig. 5 The summation of Al,O; and MgO (wt.%) in ASG, SLG, NIST
612, and BSG glass substrates

mechanism, an electron-hole pair is generally created by incident
radiation of the laser beam. The molecular ion formation results from
the self-trapping of a hole in less than 1 ps. An electron is then captured
by a hole to form the STE. The STEs will not be formed if the relaxation
time of excited electrons exceeds that of the STE formation. According
to previous research involving a diamond, MgO, and Al,O;, the relaxation
time scale is around several tens of picoseconds without trapping.'” On
the other hand, the relaxation time scale is approximately 150 fs in NaCl,
KBr, and SiO,. When the STE relaxation time is greater than the lattice
relaxation time scale of 10 ps, the released energy from the excited free
electrons is converted to lattice heat energy. This will expedite the phonon
creation for heat transfer around the irradiated spot. The containment of
AlLO; and MgO may be conducive to the formation of the heat affected
zone around the ablated crater. The Al,O; and MgO components have
thermal characteristics to convert the released laser energy to lattice
heat energy.

Therefore, the deviation of the squared measured crater diameter
from the linear fitted line estimated by the D*-method was caused by
this additional heat transfer mechanism. The different deformation
potential ratio and elastic constant (Young’s modulus) of the materials
affect the relaxation time of a material.'® Self-trapping phenomena can
be observed in materials with high deformation potential ratios and
small elastic constants. The self-trapping probability can be increased
with higher deformation potential ratios and smaller elastic constants.
The elastic constant of SiO, (87 GPa) is much smaller than those of AL,Os
(497 GPa) and MgO (297 GPa). The probabilities of STE formation in
ALO; and MgO are lower than that of SiO,, and the relaxation times
of free electrons in the conduction bands of Al,O; and MgO are much
longer than those in the conduction band of SiO,."

Fig. 5 shows the summation of the ALO; and MgO weight
percentages contained in ASG, SLG, NIST612, and BSG substrates and
Fig. 6 presents the corresponding average ablation threshold laser
fluences. The sum of the AL,O; and MgO contents are 21.4 wt.% in
ASG, 10.2 wt.% in SLG, 2.9 wt.% in NIST612, and 2.4 wt.% in BSG
in Fig. 5. The order of the ablation threshold fluences was inversely
proportional to the order of the summation of the Al,O; and MgO
contents in each glass substrate in Fig. 6. The laser ablation threshold
fluence and contained component information of NIST612 were obtained
from the literature.”>>* The weight percentages of Al,O; and MgO
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Fig. 6 The ablation threshold fluence (J/cm?®) in ASG, SLG, NIST
612,22 and BSG glass substrates

measured by LA-ICP MS were 2 wt.% and 0.9 wt.%, respectively. The
ablation threshold energy is about 5.5 J/cm® with the irradiation of a
femtosecond pulsed laser at the wavelength of 1,552 nm.**** The
employed laser wavelength of 1,552 nm is the same as the wavelength
adopted in this work. As the weight percentages of the Al,0; and MgO
components in each glass substrate decreased, the ablation threshold
energy levels increased. The BSG substrate with a lower weight percent
(2.4 wt.%) of the Al,O; and MgO components demonstrated a higher
average ablation threshold fluence of 7.23 J/cm?® because of the STE
formation. In NIST612, the ablation laser fluence is 5.5 J/cm? and the
summation of Al,O; and MgO content is 2.9 wt.%. In SLG, the average
laser fluence is 5.34 J/cm? and the summation of ALO; and MgO
content is 10.2 wt.%. The ASG substrate shows the lowest laser fluence
of 2.53 J/em® with a summation of Al,O; and MgO content of 21.4
wt.%. As the ALO; and MgO components have a longer relaxation
time scale of several tens of picoseconds, the heat irradiated during
relaxation will be transferred to the glass substrate around the irradiated
spot. Therefore, the ASG with higher A1,O; and MgO contents could
reach the critical energy density for ablation at a lower threshold
energy. Since NIST 612 and BSG have lower Al,O; and MgO contents
compared to ASG and SLG, the ablation threshold fluences of NIST
612 and BSG are higher than those of ASG and SLG. In previous
research, the scanning speed of soda-lime glass was shown to be lower
than that of ASG to obtain grooves with the same depth.® The low
scanning speed means that SLG needs a higher laser energy to reach
the critical electron density for ablation.

4. Conclusions

In this work, the difference of the ablation threshold laser fluences
of glass substrates was investigated by employing quantitative analysis
of the chemical components of ASG, SLG, and BSG substrates. As the
weight percent of the Al,O; and MgO components in the glass substrates
increased, less ablation threshold energy is required. ASG with 21.4 wt.%
of Al,O; and MgO had the lowest average ablation threshold fluence
of 2.53 J/em?. The threshold energy of SLG with 10.2 wt.% of Al,O;
and MgO was 5.34 J/cm? and that of BSG with 2.4 wt.% of Al,O; and
MgO was 7.23 J/cm?. The threshold energy was inversely dependent on
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the sum of the weight percentages of Al,O; and MgO contained in each
substrate.
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