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Abstract

The machining characteristics of glass substrates containing chemical components were investigated for the purpose of
femtosecond laser helical drilling. A femtosecond laser of wavelength 1552 nm and pulse duration 800 fs was adopted in the
laser machining system. The substrates investigated were aluminosilicate, soda-lime, and borosilicate glass. The chemical
components contained in each glass substrate were quantitatively analyzed by laser ablation-induced chemical plasma mass
spectrometry. The characteristics of the drilling conditions for each glass substrate were affected by its chemical components.
As the wt% of Al,0; and MgO components in the glass substrates increased, the ablation threshold energy of each substrate
decreased, resulting in greater vertical speed of the laser head.
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1 Introduction

Nowadays, different types of glasses are being used in
advanced displays in electronic devices such as mobile
phones, tablet personal computers, and laptops. Accord-
ingly, research studies on glass machining methods have
been extensively conducted in the electrical devices indus-
try. The conventional mechanical machining of glass sub-
strates causes critical problems, such as cracks, chipping,
and random breaking owing to the brittle nature of glass. In
the hole drilling of various materials, precise control over
mechanical drilling with various tool shapes, spindle revolu-
tions per minute, feed rate, and coolant conditions is needed
to achieve good surface quality without cracks and chip-
ping [1-3]. The mechanical drilling process is composed
of several steps, such as rough, fine, and finish drilling,
which result in increased cost and time. In the mechani-
cal machining process, lubrication oils are needed to reduce
the frictional forces and remove burrs. Nowadays, based on
the requirements to avoid environmental contamination,

< Seung-Jae Moon
smoon@hanyang.ac.kr

Departmentt of Mechanical Convergence Engineering,
Hanyang University, Seoul 04763, Korea

Department of Environmental Science and Engineering,
Ewha Womans University, Seoul 03760, Korea

various research reports have been published to determine
eco-friendly machining agents instead of conventional lubri-
cation [4, 5] and to minimize the masses of such lubrication
oils during machining [6, 7]. Alternatively, laser machining
using industrial tap water or pure water can be applied for
cooling and removing burrs [8]. In the femtosecond laser
machining process, the laser energy is absorbed by the free
electrons in the target. The absorbed energy is then thermal-
ized within the electron subsystem and transferred to the
lattice, from whence the electron heat is transported into the
bulk [9]. The logarithmic dependence of the ablation shape
on laser fluence is well known under applications of Gauss-
ian beam shapes [10]. In this logarithmic relationship, the
optical absorption coefficient of the solid target determines
the thermalization process. This thermal transition process
of metals has already been investigated via experiments and
simulations in previous studies [10, 11]. The ablation rates
for copper and gold were in good qualitative agreement
with predictions based on the analytical method involving
the two-temperature diffusion model. However, the dielec-
tric glass substrates were almost transparent in the ultra-
violet to infrared wavelength range (0.21 um <A <3.7 um)
[12—14]. This characteristic of a glass substrate limits the use
of continuous or even picosecond-pulsed lasers in material
modifications. However, ultrashort-pulses of femtosecond
lasers can overcome this limit. The ultrashort-pulsed lasers
can concentrate high energy densities onto very small areas,
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which can then trigger ablation by the multiphoton ioniza-
tion and impact ionization processes in dielectric materials
[15].

Laser drilling methods are generally considered as forms
of advanced manufacturing processes, and various drilling
methods such as single pulse, percussion, trepan, and helical
drilling have been developed [16]. Microsized and tapered
holes can be successfully produced on Ni alloy plates of
a few millimeters thickness and alumina ceramics using
percussion drilling with multiple pulses [17-19]. However,
for drilling larger holes with diameters greater than those
of typical laser beam spots, the trepan and helical drilling
methods are utilized instead of single pulse and percussion
drilling. In the helical drilling method, the picosecond laser
beam path moves along a circular track on the hole edge, and
the circular offcut can be fully detached when the stainless-
steel plate is drilled through [20]. A high roundness accuracy
can be obtained by cutting in the vicinity of the hole edge.
The helical drilling method produces a much better surface
quality of the sidewall than the trepan drilling method. The
vertical motion of the trepan drilling process is generally
discontinuous owing to the step-by-step movement in the
direction of the substrate thickness. In the helical drilling
method, the vertical drilling path of the laser beam is con-
tinuous because the circular motion of laser scanning and
the vertical motion of the substrate in the direction of the
positive z-axis occur simultaneously.

In these conventional laser drilling methods, the drilling
process starts from the top surface of the substrate, resulting
in the formation of a recast layer by ablated and accumulated
materials. This recast layer can cause spattering and cracks
in the thru-holes [21]. To minimize the formation of the
recast layer, forced gas flow and underwater submersion can
be applied [22]. During the drilling of the thick glass sub-
strate, the focused laser beam can be blocked by the recast
layer at the inlet of the hole, resulting in the increase of the
taper angles of the thru-holes. The minimization of the taper
angle can be achieved when the drilling process is initiated
from the bottom of glass substrate in the formation of micro-
sized channels and holes by preventing the formation of the
recast layer [23, 24].

In this work, the machining characteristics of glass sub-
strates was investigated in the femtosecond laser helical
drilling method starting from the bottom surfaces of the sub-
strates. The glass substrates adopted in this work were alu-
minosilicate glass (ASG), soda-lime glass (SLG), and boro-
silicate glass (BSG) substrates, which are widely utilized for
advanced displays in electronic devices. The ASG has been
known for high strength, high scratch resistance, and long
durability [25]. The SLG was widely adopted for liquid-crys-
tal display (LCD) panels and windowpanes because of the
characteristics of relatively low price and chemical stability
[26]. The BSG has been known for minimized heavy-metal

ion inclusion for excellent thermal properties in LCD dis-
plays [27]. The differences in the drilling conditions for each
glass substrate were extensively investigated and discussed.
The chemical ingredients of the adopted industrial glasses
were analyzed by laser ablation inductively coupled plasma
mass spectrometry (LA-ICP MS). The effects of specific
chemical components on the laser helical drilling process
were significant.

2 Experiments

Experiments were carried out with a laser pulse of 800 fs
at a wavelength of 1552 nm with a laser beam diameter of
6 pm. The pulsed laser beam was tightly focused using an
objective lens, as can be seen in Fig. 1. The maximum pulse
energy was 30 pJ, and the maximum pulse-repetition fre-
quency was 660 kHz.

The utilized glass substrates were 400 pm-thick ASG
(Corning® Gorilla® glass), 700 pm-thick SLG (Asahi®), and
700 pm-thick BSG (Corning® Eagle XG® glass) substrates.
Prior to the analyses of the chemical components in these
substrates, they were sufficiently washed using methanol
(CH;0H) and completely dried with lens tissues and clean
air to remove any pollutants from the surface of the sub-
strates. The glass substrate was firmly fixed using a vacuum
suction system for the experiment. The top surface of the
substrate was positioned in a direction normal to the incom-
ing pulsed laser beam under ambient conditions. The bottom
surface was immersed in flowing water, as shown in Fig. 2.
The laser energy was measured using an optical power meter
before performing the experiment. The surface morphology
and quality of the edges in the laser-drilled holes were evalu-
ated using a confocal laser scanning microscope (CLSM;
Olympus Co. LEXT OLS 4100 model) with a vertical reso-
lution of 10 nm. The chemical ingredients of each glass sub-
strate were analyzed by LA-ICP MS with irradiation from an
ultraviolet yttrium laser at a wavelength of 342 nm, a pulse
duration of 500 fs, and a beam size of 75 pm.

The laser helical drilling process is depicted in Fig. 2;
the laser beam was focused below the bottom surface of
the glass substrate and the laser scanning motion was pro-
grammed in the form of a circular path along the hole edge
that simultaneously moves in the upper direction, i.e., the
positive z-axis. Consequently, the laser beam follows a
helical path from the bottom to the top surface. The laser
irradiation should be stopped once the z-axis motion stops.
Otherwise, the top layer of the glass will be irradiated by
the laser, which would result in microcracks and chippings
around the edge of the hole due to the formation of a ther-
mally affected zone along the edge. The water flow in the
trench can help remove glass particles; the water flow was
momentarily stopped immediately before hole penetration
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Fig.2 Process of laser helical drilling method

to prevent overflow of water onto the top surface of the
glass substrate, and the circular offcut part was completely
detached downward.

3 Correlation of laser helical drilling
parameters

The laser helical beam parameters are shown in Fig. 3.
The important helical drilling parameters of the adopted
laser system are laser power, frequency, scanning speed,
and vertical moving speed. In particular, the helical layer
pitch is a critical parameter for determining the penetra-
tion and quality of the thru-holes. If the helical layer pitch
is larger than the ablation depth of each layer, then each
layer will be disconnected and the offcut part cannot be
completely removed. The helical layer pitch should thus
be smaller than the ablation depth for detaching the offcut

the original glass thickness for complete penetration of
the hole. In the case of the 400 um-thick ASG substrate,
the moving distance was 700 um. To determine the heli-
cal layer pitch, the ablation depth can be calculated from
Eq. (1) [28]:

Ldepth = a_l In (Fa/Fth)’ (1)

where Lgepm, a~!, F,, and F, are the ablation depth, absorp-
tion coefficient of the laser wavelength used, ablation thresh-
old laser energy, and incident laser energy in the range of
10-28.3 pJ, respectively.

At scanning speeds greater than 800 mm/s, the number
of overlapping laser spots decreased because of increase
in the distance between the laser spots. The ablation depth
can decrease because of reduction of the number of multi-
ple laser shots on the overlapped area, and the ablation cra-
ters in the helical layers cannot be smoothly connected. In
contrast, at scanning speeds less than 800 mm/s, because
the number of multiple shots increased, the drilling time
was increased and more defects were generated around the
holes. Therefore, the appropriate scanning speed, V., ican,
was selected as 800 mm/s for connecting the ablation cra-
ters. Finally, the relation between the drilling parameters
could be summarized using Eq. (2) below:
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where L, @, t, and ¢ are the total scanning distance, coef-
ficient for sufficient moving distance of z-axis direction
over the thickness of the glass substrate (i.e., 1.75), glass
substrate thickness, and size of the beam spot, respectively.
The L, of each glass substrate can be obtained as shown in

Fig. 5c. Accordingly, the scanning time, 7,,, for the thru-
hole is determined by Eq. (3):

@ Springer KE;E

Table 1 Laser helical drilling parameters for experiments

Parameters Values

Laser beam diameter 6 pm

Laser frequency 660 kHz
Energy 10-28.3 pJ
Scanning speed (perimeter speed) 800 mm/s
Z-axis moving speed 0.03-0.2 mm/s

Z-axis moving distance Glass thickness x 1.75

Tscan = Lscan/vappfscan (3)

With this scanning time, the z- axis moving speed of V,
can be obtained using Eq. (4).

Vz = at/Tz = Vapp_scand)a_lln(Fa/Fth)/ﬂDLd' 4

The ditch distance corresponds to the distance from the
thru-hole edge to the offcut part, as shown in Fig. 3b. The
ditch distance (L) in Fig. 3b is necessary for smooth ejec-
tion of the removed glass particles by water flow. The L;
was set as 30 pm in the scanning program. The circular laser
beam path along the hole edge was repeatedly changed with
five rotations and a spot size of 6 pm. At the maximum laser
repetition frequency of 660 kHz and scanning speed of
800 mm/s, five layers of overlapped laser spots can cover an
L, of 30 um. In the beam scanning process, the laser beam
spot is overlapped as shown in Fig. 3c. The overlapped dis-
tance is determined from the spot size and laser frequency.
In this work, the overlapped distance between two shots is
4.8 um, which is approximately 80% of the spot diameter of
the laser beam. Table 1 presents the helical drilling param-
eters used in the experiments.

4 Results and discussion

The ablation threshold laser energy, Fy;,, of each glass sub-
strate was experimentally determined by the D? method, as
shown in Fig. 4. The ablation threshold energies were 2.53 J/
cm? for the ASG, 5.34 J/cm? for the SLG, and 7.23 J/cm?
for the BSG. The threshold energy of the ASG is smaller
than those of the SLG and BSG. This is believed to be
attributable to the chemical components in each of the glass
substrates and will be discussed later. The absorption coef-
ficient, a~!, was determined by the diffusion length of the
conduction band free electrons (CBE) [29]. The CBE dif-
fusion process occurs in 950 fs, which is the summation
of the pulse duration of the femtosecond laser (800 fs) and
the CBE lifetime (150 fs). The CBE lifetime corresponds to
the time required for the recombination of excited electrons
and holes. Accordingly, the diffusion length of the CBE is
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found to be 950 nm with an approximate CBE velocity of
1 nm/fs [29].

Figure 5a shows the calculated ablation depths for laser
energies in the range of 10-28.3 uJ from Eq. (1). As the laser
energy increases, the ablation depths of the glass substrates
approximately increase from 2.6 to 4 pm in the ASG, 1.8
to 3 pm in the SLG, and 1.5 to 2.5 pm in the BSG. The
ablation depth is known to linearly increase with laser shot
in femtosecond laser ablation of BSG substrates [30]. The
ablation depth of the ASG substrate is longer than those of
the SLG and BSG substrates. This is attributable to the lower
ablation threshold energy of the ASG substrate. Since the
necessary number of helical layers (V) are determined from
dividing the z-axis moving distance (ZMD) by the ablation
depth of each substrate, the N for the ASG substrate is lower
for complete penetration, as shown in Fig. 5b. The N of the
ASG substrate slowly decreases with increasing laser energy
compared with those of the BSG and SLG substrates. The
calculated laser scanning distance of each glass substrate,
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Fig.5 Helical drilling parameters to vary laser energies: a ablation depth, b number of helical layers, ¢ laser scanning distance, and d z-axis
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L., is presented in Fig. 5c. With the largest ablation depth
and lowest number of helical layers, the L., of the ASG
substrate is the shortest among the three different substrates.
The L, of the ASG does not vary with the laser energy
increase. In Fig. 5d, the calculated vertical moving speeds
of the three glass substrates are shown. The ASG has the
greatest moving speed compared to the SLG and BSG sub-
strates because the ASG has a larger ablation depth than the
SLG and BSG for various laser energies from 10 to 25 pJ.
This larger vertical moving speed of the laser head enables
the shortest L, ,, in the drilling of the ASG substrate. The
V, of the ASG was higher by approximately 0.05 mm/s and
0.03 mm/s than those of the BSG and SLG, respectively. The
V, of each glass was different because the ablated penetra-
tion depth of each substrates was different for a given laser
energy. The band gap energy of the SLG (2.6 eV) was lower
than those of the ASG (3.5 eV) and BSG (3.5 eV) [31, 32].
A low V, value indicates that more laser energy is required
to connect the crater depth in each helical layer. The used
glass substrates are manufactured according to their particu-
lar required purpose. Accordingly, the chemical ingredients
in each type of glass are specifically engineered.

Figure 6 presents the surface morphology of each glass
substrate with a thru-hole diameter of 1 mm and different
laser energies in the range of 10-28.3 pJ. The figure in the
left column of each type of glass substrate shows the com-
plete penetration of the thru-holes at the V_ obtained from

Eq. (4). Only the removed glass particles were observed
around the edges of the thru-holes without any cracks or
chippings, along with the heat affected zone (HAZ). The
figures shown in the right column of each glass substrate
present the failed penetrations of the thru-holes at verti-
cal moving speeds greater than V,. Specifically, the glass
substrate shows the HAZ around the circular beam path for
laser energies greater than 20 pJ. In the case of the ASG
and SLG substrate machinings with energies greater than
or equal to 20 pJ, large cracks were observed, as shown
in the pictures in the right-side column. Each helical layer
was not completely connected owing to the short ablation
depth compared to the moving distance at higher speed,
and the water flow could not reach the top of the glass
through the drilled helical path. As a result, the ablated
glass particles could not be extracted, and the glass was
affected by excessive thermal accumulation.

Figure 7 shows the surface morphology of the cross-
sectional view and the surface roughness. In Fig. 7, small
chippings and cracks are observed in the cross-sectional
view of the thru-hole fabricated in each type of glass sub-
strate for various V_ and laser energies. Additionally, the
traces of the helical layers were not observed at lower V..
This indicates that the layer pitch was large enough to con-
nect and overlap the ablation depths between layers. With
high laser energy, the moving speed can be increased.

Fig.6 Surface morphology of
1 mm thru-hole diameter by
varying laser energy from 5 to
28.3

10 pJ

|

I1mm

B

V.0.13 mm/s | ¥, 0.15 mm/s

V. 0.12 mm/s| ¥, 0.08 mm/s

-
151J ﬁ

)

1 mm

V.0.15 mm/s | V; 0.17 mm/s

207 |

V. 0.15 mm/s| ¥, 0.09 mm/s| ¥, 0.11 mm/s|

;\ 0 ’
- h - ! ® 1mm

V. 0.19 mm/s

V. 0.14 mm/s| ¥, 0.16 mm/s

283 1J

o |

=

@ ©

V.0.18 mm/s | V, 0.19 mm/s

V.0.16 mm/s| ¥, 0.18 mm/s| ¥, 0.12 mm/s| V, 0.14 mm/s

@ Springer KE;E



International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:375-385 381

Fig. 7 Surface morphology of
cross section of the thru-hole of
each glass substrate for varying
laser energy and V,
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However, excessive energy from the high laser energy can  surface roughness decreased from 0.55 to 0.12 pm in the

cause increased surface roughness.

Figure 8 shows the averaged surface roughness, R, with ~ 0.13 pm in the ASG. The surface roughness is maximal
various values of V,. As V_ was decreased or the deposited  at 0.65 um with 0.18 mm/s (28.3 uJ) for the ASG drilling
laser energy was decreased from 28.3 to 10 uJ, the average

BSG, from 0.55 to 0.18 pm in the SLG, and from 0.65 to
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case. This is believed to be affected by the chemical com-
position of the ASG and will be discussed later.

Figure 9 shows the surface morphologies for the top
and bottom surfaces and the measured results of the hole
diameters in the front and back surfaces in the case of the
maximum laser energy of 28.3 pJ as the surface roughness
was maximized at this energy, as shown in Fig. 8. The corre-
sponding V_ obtained by Eq. (4) were 0.18 mm/s in the ASG,
0.16 mm/s in the SLG, 0.12 mm/s in the BSG. The diameters
of the top and bottom surfaces were almost identical at 1 mm
at this high energy without cracks and chippings.

The thru-holes with larger diameters of 2 and 3 mm
were successfully fabricated, as shown in Fig. 10. At the

calculated vertical moving speed at the laser energy of
28.3 pJ, the V, of each glass substrate for the thru-hole
diameter of 2 mm was calculated as 0.09 mm/s in the ASG,
0.07 mm/s in the SLG, and 0.05 mm/s in the BSG. In the
case of the 3 mm hole diameter, the V, of each glass sub-
strate was 0.06 mm/s in the ASG, 0.05 mm/s in the SLG, and
0.03 mm/s in the BSG at an identical laser energy of 28.3 pJ.
These velocities of the glass substrates were lower than those
used for the thru-hole diameter of 1 mm because the abla-
tion depth should be sufficiently interconnected with the
increased hole diameter. Some glass particles were adhered
around the hole edges; however, there were no significant
chippings, cracks, or HAZ in the surface morphology of
each condition.

Figure 11 presents the chemical components in each glass
substrate measured by LA-ICP MS. The chemical contents
of SiO,, Al,05, and MgO were 60%, 14%, and 7% in the
ASG, 70%, 2%, and 8% in the SLG, and 78%, 2%, and 0.4%
in the BSG, respectively. The LA-ICP MS allows a quantita-
tive analysis of the contents of various chemical components
by distinguishing the intensity of each element peak. For
the quantitative analysis of each chemical component, the
intensity peak values of NIST 612 standard glass measured
by LA-ICP MS were used as the reference material. The
ablation process in the femtosecond laser machining occurs
when the density of free electrons in the conduction band
exceeds a specified critical energy density [33]. The Al,O;
and MgO have longer relaxation time scales, which were
several tens of picoseconds of excited carriers in the conduc-
tion band than the other detected components; for example,
the relaxation time of SiO, was known to be 150 fs [34]. Pre-
vious research shows that the formation of the self-trapped
excitons (STEs) was an important relaxation mechanism in

Fig. 9 Measurement of the hole
diameters on the front and back

ASG

V.= 0.18 mm/s

SLG
V,=0.16 mm/s

BSG
¥ =0.12 mm/s

surfaces of each glass substrate
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surface
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surface
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Fig. 10 Drilling results for 2
and 3 mm hole diameters on
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Fig. 11 Measured chemical components of each glass substrate by
LA-ICP MS

the femtosecond laser processing for wide-bandgap materi-
als. The formation of the STEs means the localization of
the thermal energy by the self-trapped carriers. This STE
formation suppresses electron excitations [35]. The time
scale of the STE formation was known to be approximately
1 ps [35]. The relaxation time of the excited electrons was
known to be dependent on the material. In the STE forma-
tion mechanism, an electron—hole pair was generally created
by the incident radiation of the laser beam. The molecular
ion formation results from the self-trapping of a hole in less
than 1 ps [34, 35]. An electron excited by femtosecond laser
irradiation is then captured by a hole to form the STE. 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 the lattice heat energy. This
expedites the phonon creation for heat transfer around the

irradiated spot. The containment of Al,O; and MgO may be
conducive to the formation of the HAZ around the ablated
crater. If the glass substrates have higher concentrations of
Al,O5 and MgO, the ablation process can be initiated at
lower threshold energies, and the ablation depths will be
longer at the same laser energy from Eq. (1).

Figure 12 shows the contents of Al,0; and MgO with the
ablation threshold energy of each glass substrate. The chemi-
cal contents of Al,0; and MgO were 21.4% in the ASG,
10.2% in the SLG, and 2.4% in the BSG, as seen in Fig. 12a.
The ablation threshold energy of the ASG was 2.53 J/cm?
relatively lower than 5.34 J/cm? in the SLG and 7.23 J/cm?
in the BSG, as given in Fig. 12b. The more the Al,O; and
MgO contents were included, the lesser was the ablation
threshold energy required for ablation. Accordingly, the V,
of the ASG to create the thru-holes was higher by 0.05 mm/s
and 0.03 mm/s than the BSG and SLG, respectively.

5 Conclusions

The machining characteristics of chemical-containing glass
substrates were investigated in the case of femtosecond
lasers used for helical drilling. The machining parameters
were found to be affected by the chemical components of
each of the glass substrates, namely ASG, SLG, and BSG.
The thru-holes in the ASG were obtained with higher V,
than those of the other glass substrates. The V, of the ASG
was higher than those of the BSG and SLG by 0.05 mm/s
and 0.03 mm/s, respectively. The drilling parameters of each
type of glass were different according to the chemical com-
ponents in each glass substrate. In the STE formation mecha-
nism, when the STE relaxation time is greater than the lattice
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Fig. 12 Combined Al,O; and MgO contents and ablation threshold
energy of each glass substrate

relaxation time scale of 10 ps, the released energy from the
excited free electrons is converted to lattice heat energy. The
Al,O; and MgO have longer relaxation time scales, which
are several tens of picoseconds of excited carriers in the
conduction band than the other detected components. The
containment of Al,O; and MgO may thus be conducive to
the formation of the HAZ around the ablated crater. The
more specific the chemical contents (Al,0; and MgO) were
in the materials, the lower was the ablation threshold energy
required, and the thru-holes could be obtained with higher
drilling speeds. In our experimental results, the ablation
threshold energies of the glass types were 2.53 J/cm? in the
ASG, 5.34 J/cm? in the SLG, and 7.23 J/cm? in the BSG.
The chemical contents of Al,O; and MgO were 21.4% in the
ASG, 10.2% in the SLG, and 2.4% in the BSG. The ASG
had relatively lower threshold energy among the used glass
substrates. Accordingly, the ASG substrate can be penetrated
with higher V, than the BSG and SLG.
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