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Abstract: Due to high durability, scratch resistance, and impact resistance, Gorilla glasses are a
popular choice for protective screens of smartphones, tablets, and laptops. Precise cutting of Gorilla
glasses is very important to maintain the overall aesthetics and user experience, which is very
challenging. We demonstrated for the first time the cutting of Gorilla glass by means of femtosecond
laser filamentation technique. To achieve laser filamentation, a femtosecond laser beam was focused
and irradiated in different depths of the sample Gorilla glasses. The filament length varied with the
change in the focus position of the laser beam. The effective numerical aperture of the objective lens
rises due to the presence of dielectric material (i.e., the Gorilla glass itself) before the focus position
of the femtosecond laser beam inside the glass samples. As a consequence, the focal distance of
the incident laser beam was prolonged and focused in a very tiny spot with extremely high energy
density. Consequently, filaments (i.e., high aspect ratio micro-voids) were evident inside the Gorilla
glass samples. The filament length is controllable by changing the irradiation parameters of the
laser beam, including magnification and numerical aperture of the lens, laser energy, and thickness
of the Gorilla glass before the target focal point. The filament-engraved Gorilla glass samples go
through mechanical cleaving process with 400 MPa pressure on both sides of the laser scanning
line for smooth cutting of Gorilla glass. The proposed glass cutting technique show promises for
commercial application.
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1. Introduction

Since its development in 2007 by Corning, Gorilla glass has attracted researchers
and leading manufacturers in the consumer electronics industry. Because of its excellent
strength, scratch resistance, and durability, Gorilla glass gained widespread adoption in
the display industry and is considered an ideal choice for touchscreens. Precise cutting
of Gorilla glass is important because the aesthetics of touchscreen devices are highly
dependent on the quality of glass cutting, smooth curves, and clean edges contributing to
the overall appearance and mechanical quality of the device. Like other glass materials,
it is very challenging to cut Gorilla glasses precisely; smooth curves and clean edges are
especially difficult to achieve [1,2]. Most widely used techniques of glass cutting are based
on handheld tools like glass cutters and straightedges for scoring and breaking the glass
sample along the desired lines. Another widely used manual glass cutting technology
is based on a handheld diamond cutter [3]. However, manual glass cutting technologies
require proper selection of glass cutters and holding technology for appropriate cutting
of glass substrates. Furthermore, the quality of the glass edges after manual cut is too
poor to be considered for display devices [2,3]. As a result, various automatic glass
cutting techniques come to the forefront of research: diamond cutter-based automatic
technology [4], hot air jet technology [5], water jet technology [6], milling technology [7,8],
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plasma technology [9], ultrasonic technology [10], wire saw technology [11], and laser
technology [12-26].

Diamond cutter-based automatic technology suffers from poor processing speed,
fragility of the diamond tip, unsmooth edge quality, and health hazards caused by the
generation of dust and debris. On the contrary, hot air jet technology experiences poor edge
quality, edge cracking, low precision, heat stress, and air pollution due to the formation
of fumes and particulate matter. Water jet technology, on the other hand, has several
limitations: poor edge quality, possibility of cracking, poor processing speed, formation
of taper in the cut, health hazard caused by water pollution, and expense. In contrast,
milling technology suffers from waste generation, slow processing speed, poor edge quality,
programming complexity, and risk of chipping or breakage. Plasma technology experi-
ences poor edge quality, formation of a heat affected zone, and limited thickness. On the
contrary, ultrasonic technology has the limitations of thickness and processing speed. Wire
saw technology suffers from poor precision and accuracy, poor edge quality, cracking or
chipping, waste generation, slow processing speed, and high installation cost.

Because of high precision, high processing speed, excellent edge quality, minimal
material waste, and low surface contamination, laser-assisted technologies can be consid-
ered a promising tool for cutting a large variety of glass materials. Initially, CO; lasers
were considered for cutting glass substrates [12-14]. Although CO, lasers are one of the
most widely used technologies for glass cutting, CO; laser-based glass cutting technology
experiences several limitations. CO; lasers can lead to cracking or chipping along the edges
of the cut. Sometimes, post processing or grinding may be required to improve edge quality.
Furthermore, CO, laser beams are mostly absorbed by most of the glass materials, which
can lead to slow cutting speed and the need for high power to achieve the desired results.
Pulsed lasers also showed promise in good quality glass cutting [15-29]. Several research
groups utilized nanosecond lasers for engraving lines in glasses or cutting various kinds
of thin glass substrates [15-18]. As compared to CO; lasers, nanosecond lasers produce a
smaller heat-affected zone near the edges of the cut and thus require minimal post process-
ing. Nanosecond laser cutting technology is relatively fast, which makes it suitable for high
throughput and mass production. However, during nanosecond laser-based glass cutting,
debris are evident around the cutting area that may create health hazards. In contrast, the
heat affected zone should be removed during display glass processing. Improvements in
edge quality and heat affected zones were achieved using picosecond laser-based glass
cutting technology [19-23]. Picosecond lasers deliver ultra-short pulses allowing high preci-
sion cuts in glasses. The heat affected zone is also minimized, which reduces the possibility
of cracking, chipping, or any other kinds of damage to the surrounding glass. Picosecond
lasers also operate at high speeds and are thus suitable for high throughput. Despite the
high precision, picosecond lasers can still produce micro-cracks in some glass substrates.
Additionally, little debris was evident near the cut area during picosecond laser assisted
glass cutting. To overcome the limitations of nanosecond and picosecond laser-based glass
cutting techniques, researchers considered femtosecond laser-based technology for cutting
large variety of glass substrates [24-26]. Femtosecond lasers offer high precision, negligible
heat affected zone, and debris free cut. In addition, femtosecond lasers ensure high quality
finishing and clean cuts without forming burrs or micro-cracks. However, the processing
time of femtosecond laser-based glass cutting is relatively high compared to other laser
based technologies. Currently, femtosecond lasers with a pulse repetition rate of several
MHz are commercially available to overcome the throughput problem of the technology.

The thickness of the glasses is limited in most of the laser-assisted glass cutting
technologies. This problem can be overcome by means of femtosecond laser pulse fil-
aments [27-37]. Femtosecond laser pulse filaments are evident when a high-intensity
femtosecond laser beam propagates through glass materials. When the laser pulse intensity
is high enough to cross the critical power required for self-focusing, the laser pulses form
a self-sustained and narrow high-intensity channel, known as filaments [27-35]. Z. Hao
and his research group demonstrated the distribution of fringe-type filaments present in
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high-intensity femtosecond laser beam and controlling mechanism of filaments orienta-
tion and number by means of beam shapers [27]. Several research groups proposed the
formation of femtosecond laser single pulse filament-assisted high aspect ratio micro-void
inside fused silica glass [28,29] and BK7 glass [30]. Researchers reported the formation
of periodic high aspect ratio micro-voids inside fused silica glass by means of periodic
femtosecond laser pulse filaments arrays [32,33]. Another research group fabricated long
micro-voids inside BK7 glass using burst-train filaments [35]. In one of our research works,
we formed periodic high aspect ratio micro-holes array inside boro-aluminosilicate glass
using periodic femtosecond laser pulse filaments [36]. F. Ahmed and his research group are
pioneers in utilizing periodic femtosecond laser pulse filaments to cut display glass samples
(Corning Eagle 2000). The highest length of the filament was ~75 pm. Glass cutting was
achieved by fabricating periodic voids’ array in several layers inside the sample glasses
followed by mechanical pressure [37]. Although the technology is simple, it requires multi-
layer void fabrication that increases processing time. In addition, the distance among the
layers should be properly calculated before fabrication. The same research group proposed
display glass cutting using single layer periodic voids’ array formed by femtosecond laser
pulse filaments. In this case, a thick soda-lime glass (Kerr medium) was placed imme-
diately after the objective lens to achieve long filaments where the thickness of the glass
was varied for optimization [38]. However, placement and stable holding of a thick glass
after the objective lens is challenging. On the contrary, glass with appropriate thickness is
required during glass cutting to achieve long filaments. As a result, a simple but effective
femtosecond laser pulse filament-based glass cutting technology is desirable. On the other
hand, characteristics of each glass are different. Due to the hardness and brittle nature of
Gorilla glass, it is difficult to cut. Femtosecond laser pulse filament-assisted technology can
be considered a potential solution for Gorilla glass cutting.

This paper reports a novel technique for smooth Gorilla glass cutting using femtosec-
ond laser pulse filamentation technique without placing any additional glass piece after
the objective lens. In order to characterize femtosecond laser pulse filaments, we varied the
laser energy (E), focus position from the top surface of the glass sample (f), and magnifica-
tion of the objective lens under a constant scanning speed of the laser beam of 10 mm/s.
We examined the impact of the laser parameters on the physical characteristics of the peri-
odic high aspect ratio micro-voids, fabricated by femtosecond laser pulse filaments. The
longest filaments/micro-voids of 146 um length were evident for a 100 x objective lens with
E =37 yJ and f = 470 um. Further increases in the filament’s length are required to cut a
0.5 mm thick Gorilla glass by irradiating the femtosecond laser beam only once. The energy
of the laser beam was increased and the scanning speed was decreased to successfully cut
the Gorilla glass with excellent surface quality. After femtosecond laser machining, the
periodic micro-voids incorporated Gorilla glass samples went through mechanical cleaving
process. Uniform mechanical pressure of 400 MPa was applied on both sides of the glass
cutting plane to cut the Gorilla glass samples into two pieces. Furthermore, we investigated
the glass surface after glass cutting and found excellent smoothness. We believe that the
proposed technology will pave the way for smooth and stable display glass cutting.

2. Fundamental Concepts

Femtosecond laser filaments are very thin, and a long string of ionized plasma along
the laser beam propagation plane resulting from alternate focusing and defocusing of the
femtosecond laser pulse until the peak pulse power remains greater than the critical power
required to achieve self-focusing [38]. A femtosecond laser pulse filament is formed when
an intense femtosecond laser pulse propagates nonlinearly through a Kerr medium, such as
transparent glass material. The overall refractive index of a transparent material is obtained
by the following equation [39].
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where 1y is the linear refractive index of the sample glass, 1, is the nonlinear refractive
index of the sample glass represented in cm?/W, x{V) = x(w) is the linear susceptibility,
x® is the third-order nonlinear susceptibility, and e(w) is the amplitude of the applied
field. Because of the Kerr effect, the refractive index of the glass material is increased by
An = nyl, the value of which depends on #; of the Kerr medium and the intensity of the
laser radiation (I), represented in W/cm?. Due to the third-order nonlinear susceptibility,
1y increases positively with the laser energy in glasses. For the Gaussian laser beam, the
highest intensity is obvious at the beam center where the refractive index is highest, and
this portion acts like a focusing lens causing self-focusing, which squeezes the laser energy
into a tiny focal spot with extended focus position. The critical power of self-focusing can
be determined using the following equation [35]:

377\
~ 8mngns

cr (2)
where A represents the wavelength of the incident laser beam. The radius of spot size in
any material formed by a Gaussian laser beam can be estimated as follows [36]:

AF
~ — 3
e 3)

where F indicates the focal length, and wy represents the 1/e* Gaussian beam radius.
We know that defocusing is a natural tendency of light. The repetition of focusing and
defocusing prolong the Rayleigh length (zg), which is responsible for femtosecond laser
filamentation. The Rayleigh length of any laser beam is determined as follows [36]:

2
TTWw
b=2zg = 2—— 4)

where b is the confocal parameter.

By controlling the size and shape of beam shaper, placed inside the laser propagation
path, we can vary the number of filaments and their orientation inside glass materials.
Filament fringes were investigated for a femtosecond laser beam operating at 800 nm
wavelength with 120 fs pulse width and 1 kHz pulse repetition rate. To control the number
of filaments, the laser energy was varied from 10 to 190 pJ. Figure 1 illustrates the cross-
sectional view of the filaments formed inside fused silica glass for different kinds of
beam shaper [27].

1.5 mm 3mm 5 mm 6 mm 7 mm 9 mm

)

§
'

1.5 mm 2.1 mm 2.5mm 3 mm 3.7 mm 4.5 mm

Figure 1. The cross-sectional view of the digital camera images of the filaments, formed inside fused
silica glass, for different kinds of beam shapers. (a) A circular pinhole with various diameters: 1.5 mm,
3 mm, 6 mm, 7 mm, and 9 mm; (b) rectangular slit with various widths: 1.5 mm, 2.1 mm, 2.5 mm,
3 mm, 3.7 mm, and 4.5 mm. (Reprinted with permission from [27] © The Optical Society.).
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The conventional femtosecond laser pulse filaments assisted glass cutting technology
utilizes a thick Kerr medium such as glass at right angles immediately after the objective
lens. This glass is responsible for the formation of filaments in the sample glass. The
filament length is highly dependent on the glass thickness. The laser beam passes through
the objective lens and the Kerr medium, and is focused at the top surface of the sample
glass to form periodic filament array inside the sample glass, as depicted in Figure 2a. After
the mechanical cleaving process, the glass sample is cut into two pieces [38]. Figure 2b
illustrates the experimental setup of the conventional femtosecond laser pulse filaments
assisted glass cutting technology.

y [l Without Kerr Medium
[ [ Thinnest Kerr Medium
~ @ Thin Kerr Medi
B h"'Q"‘ . [l Thickkest Kerr Medi
F =k
[F) ~~
_ ~ e o
£ )’“' - ——_ S |E
5 B =
(=0 L — —_— 5 5]
8 = ;17 Elongated |& §
[ =i Focal Point =
-
= . &
— Original Focal =
Point Sample Glass
Kerr Medium @)
a

(b)

Figure 2. Conventional femtosecond laser pulse filaments assisted glass cutting technology. (a) Basic
concept; (b) experimental setup (adapted with permission from [38] © Springer).

3. Materials and Methods
3.1. Material Properties

We carried out the experiments using both 0.5 mm and 1 mm thick Gorilla glass samples
(Corning; Gorilla Glass 2). The linear refractive index of the glass samples was 1y = 1.5 at
786 nm and nonlinear refractive index of the glass samples was 1 = 3.3 X 10720 m2/W
at 786 nm. The glass samples showed excellent transmittance (>91.5%) at the 786 nm
wavelength. The density, Young’s modulus, and Vickers hardness (200 g load) of the glass
samples were 2.42 g/cm?, 71.5 GPa, and 534 kgf/mm?, respectively. During characterization
of filaments, we considered 1 mm thick Gorilla glass samples. In contrast, 0.5 mm thick



Appl. Sci. 2024, 14, 312

6 of 15

Collimated Laser Beam

Cyber Laser Inc.
786 nm; 183 fs

/8 IFRIT-LH-CO031

Objective Lens

Gorilla glass samples were cut into two pieces by a single time femtosecond laser irradiation
followed by mechanical cleaving process.

3.2. Experimental Details

The experiments were carried out using a femtosecond laser system (Cyber Laser Inc.,
Tokyo, Japan; IFRIT-LH-C031) having A of 786 nm, pulse width (7) of 183 fs, and pulse rep-
etition rate (Rp) of 1 kHz. Figure 3 illustrates the concept of the proposed femtosecond laser
pulse filament-assisted Gorilla glass cutting technology and associated experimental setup.
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Figure 3. Proposed femtosecond laser pulse filaments assisted glass cutting technology and cor-

responding experimental setup. (a) Concept of the proposed technology; (b) mechanical cleaving
process; (c,d) experimental setup: (c) schematic diagram, (d) photograph.

The concept of the proposed femtosecond laser pulse filamentation technique is
visualized in Figure 3a. Using the proposed technique, we fabricated periodic micro-
voids inside different layers of the Gorilla glass samples under variable laser energy. Two
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different kinds of achromatic objective lens have been considered to focus the laser beam
inside Gorilla glass samples: 50x (Mitutoyo, Kanagawa, Japan; M Plan Apo NIR) having
a numerical aperture (NA) of 0.42 with working distance (d) of 17 mm; 100x (Mitutoyo,
Kanagawa, Japan; M Plan Apo NIR) with NA = 0.7 and d = 10 mm. The laser energy and
beam polarization were controlled using an integrated attenuator and linearly polarized
beam splitter (Newport, Irvine, CA, USA). A rotation capable quartz phase A/2 wave plate,
connected with the beam splitter, transmitted the p-polarized beam for micromachining.
On the contrary, we blocked the s-polarized beam, reflected at an angle of 90°. The amount
of power was attenuated from the computer by controlling the rotation angle of the circular
power attenuator. We measured the laser power by placing a power meter (Coherent, Santa
Clara, CA, USA; FM/GS) slightly below the focus position of the achromatic objective lens.
Later on, the laser power values were converted to laser energy.

To characterize femtosecond laser pulse filament-assisted periodic micro-voids inside
the Gorilla glass samples, we varied various irradiation conditions of the laser beam. For
the 50 objective lens, the laser energy ranged between 25 and 50 pJ. In contrast, for the
100x objective lens, the laser energy was in the range between 25 and 37 pJ. Furthermore,
the focus position from the top surface of the sample glasses was varied from 100 to 600 pm
for 50x objective lens and 50 to 470 pm for 100x objective lens. Figure 3¢ depicts the
schematic diagram of the experimental setup. During laser micro-machining, the Gorilla
glasses were placed on top of a 3-axis computer-controlled linear translation stage (DCT
Linear Motor, Osan-si, Gyeonggi-do, Republic of Korea; LSC-0080-YF) having 100 nm
resolution in the X, y, and z directions (Figure 3d).

In order to cut 0.5 mm thick Gorilla glass, we tested with different combinations of
laser energy (E), focus position from the top surface of the glass (f), and scanning speed
(S) of the laser beam. The value of E, f, and S were varied from 100 to 210 pJ, 50 to
200 um, and 1 to 3 mm/s, respectively. Consequently, a long filament array was engraved
at the filament position (P). The micro-voids incorporated glass samples had undergone
mechanical cleaving process to cut the glass samples into two pieces, where uniform
mechanical pressure of 400 MPa was applied on both sides of the micro-channel (Figure 3b).
The femtosecond laser pulse filaments and quality of glass cutting were examined under
an optical microscope (ZEISS, Oberkochen, Germany; Axioskop 40).

4. Results and Discussion

In order to investigate the characteristics of the femtosecond laser-induced filament
array inside Gorilla glass, we controlled the parameters of the femtosecond laser beam.
These micro-voids were formed in different layers inside the Gorilla glass sample using
two different kinds of objective lens. The experimental results facilitated optimization of
filament length to cut Gorilla glass by single time laser irradiation.

4.1. Characterization of Femtosecond Laser Filaments Fabrication Using a 50 x Objective Lens

To characterize femtosecond laser pulse filaments in Gorilla glass using a 50 x objective
lens, the focus position of the laser beam from the top surface of the glass was varied from
100 um to 600 pm. Filament-assisted micro-voids were fabricated with variable laser energy
at a scanning speed of 10 mm/s: 25 pJ and 50 pJ. The period of the micro-voids was 10 um.
The optical microscope images of the filament array, formed inside different layers of the
Gorilla glass under laser energy of 25 uJ, are illustrated in Figure 4a—f. When the value of
f was 100 pm to 600 pm, the filament length ranged from 43 pm to 58 pm. The variation of
filament length with the variation in f was too small.

Figure 4g-1 show the optical microscope images of the filament array, fabricated in
different layers of the Gorilla glass under 50 uJ laser energy. The filament length ranged
from 50 pm to 65 um for the f varying from 100 um to 600 pum. The variation in filament
length with the change in f was also small. However, overall the filament length was higher
for the laser energy of 50 pJ as compared to 25 uJ. In both cases, we did not detect any
filaments when the f was lower than 100 pm and higher than 600 pm. For f = 100 um, the
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glass thickness might not be enough to prolong the focal point required for the formation
of filaments. On the contrary, when f = 600 um, the laser energy was sufficiently attenuated
to cross the critical energy required for self-focusing to form filaments.
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Figure 4. Optical microscope images of the filament array fabricated inside different layers of the
Gorilla glasses using 50x objective lens under variable laser energies. (a—f) E = 25 uJ; (g-1) E = 50 pJ.

As expected, the filament position (i.e., starting point of filaments from the top surface
of the sample glass) was different than the value of f in all cases. For 25 pJ laser energy,
the filament position ranged between 138 pm and 897 pm when the value of f varied from
100 pm to 600 um, respectively. Similarly, for the laser energy of 50 uJ, the filament position
varied from 150 um to 910 pum when the value of f was 100 um to 600 um, respectively.
The self-focusing property of femtosecond lasers along with spherical aberrations play
significant role in the change in the filament position from the focus position [40]. Table 1
summarizes the filament position and length for different laser irradiation conditions when
50 % objective lens has been used.

Table 1. Filament position and length under variable laser irradiation conditions for 50 objective lens.

Filament Position (P) Filament Length (L)
Focus Position (f) (um) (um)

(um)

s E=25yJ E=50puJ E=25yJ E=50uJ
100 138 150 43+2 50 +3
200 280 300 49 +2 52+3
300 435 450 52+3 55+3
400 588 600 57+3 62+ 4
500 744 755 56 £3 64+ 4

600 897 910 58 £4 65+ 4
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Figure 5 plots the filament position and length with respect to focus position under
25 pJ and 50 pJ laser energies. Experimental results confirm a linear increase in the filament
position relating to focal position of the laser beam. In contrast, a slight increase in the
filament lengths was evident with an increase in the focal length.

1000
—&— Filament Position (25 puJ)
5. —o— Filament Position (50 pJ)
g 800 4| —A— Filament Length (25 pJ)
'ﬁ) —w— Filament Length (50 pJ)
K
o 600
g
g Filament Position
_§ 400
E Filament Length
g 200 -
= = % —x X
0

T T T T T T T T T T T T
0 100 200 300 400 500 600
Focus Position (f), pm

Figure 5. Filament position and length under variable laser energy for 50 x objective lens.

4.2. Characterization of Femtosecond Laser Filaments Fabrication Using a 100x Objective Lens

We also investigated the femtosecond laser pulse filaments in the Gorilla glass sample
by means of a 100x objective lens. We varied the laser energy from 25 uJ to 37 uJ and
focused the femtosecond laser beam in different layers beneath the sample surface (50 pm
to 470 um). The femtosecond laser beam was scanned at a velocity of 10 mm/s and,
consequently, the period of the filaments (i.e., micro-voids) was 10 um. The images of the
filament arrays formed in different layers of the Gorilla glass at laser energy of 25 ] are
presented in Figure 6a—d. The filament length varied from 62 um to 123 pym for f varying
from 100 pm to 400 um, respectively. The filament length showed an increasing trend with
the increase in f. We did not observe any filaments when the value of f was 50 um and
470 pm.

To increase the filament length, we increased the laser energy to 37 yJ. Figure 6e—j show
the optical microscope images of the filament array, fabricated inside different layers of
the Gorilla glasses at laser energy of 37 yJ. The filament length ranged between 45 pm and
146 um when the f varied from 50 pm to 470 pm. Compared to the filament length formed
under 25 pJ, the filament length was higher for 37 pJ in most of the cases. For both energies,
no filaments were evident when the value of f was below 50 pm and beyond 470 pum. For
the formation of filaments, the Kerr medium thickness should have a minimum value,
which is dependent on the numerical aperture and magnification of the objective lens, and
the type of Kerr medium. From the experimental results, we can infer that 50 pm thick
Kerr medium might not be enough for the formation of filaments in Gorilla glass using a
100x objective lens (NA: 0.7) when the laser energy was equal to or below 37 pJ. In contrast,
beyond f = 470 pm, the laser energy was reduced down to a value which was lower than
the critical energy suitable for self-focusing required to form filaments. These facts are also
appropriate for the absence of filaments when the value of f was 50 pm and 470 pm at the
laser energy of 25 pJ.

Like the results obtained by 50x objective lens, the filament position was different
than the focus position in all cases for 100x lens. When the laser energy was 25 yJ, the
filament position was in the range between 153 um and 617 um for f varying from 100 pm to
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400 um, respectively. On the contrary, when the laser energy was 37 pJ, the filament position
varied between 82 pum to 720 pum for f varying from 50 um to 470 pum, respectively. The
filament position and length under variable laser energy and focus position for 100x lens

are summarized in Table 2.

AL LA LA

Figure 6. Optical microscope images of the filament array fabricated inside different layers of the
Gorilla glasses using 100 x objective lens under variable laser energies. (a—d) E = 25 pJ; (e—j) E = 37 pJ.

Table 2. Filament position and length under variable laser irradiation conditions for 100x objective lens.

Focus Position (f) Filament Position (P) Filament Length (L)
(um) (um) (um)

E=25] E=37y] E=25y] E=37y] E=25y] E=37y]
50 50 No Filaments 82 No Filaments 45+ 2
100 100 153 154 62+ 4 66 £3
200 200 319 309 75+5 85=£5
300 300 471 460 95 £5 105 +£5
400 400 617 615 123+ 6 110+ 6
470 470 No Filaments 720 No Filaments 146 £7
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Figure 7 represents the dependence of filament position and length on the focus
position and energy of the femtosecond laser beam when 100 x objective lens was used.

8009 I Filament Position (25 uJ)

—e— Filament Position (37 wJ)
—aA— Filament Length (25 pJ)
—w— Filament Length (37 uJ)

600

Filament Position (P) and Length (L), pm

400 Filament Position
Filament Length
200
P
0 T T T T T T T T T |
0 100 200 300 400 500

Focus Position (f), pm

Figure 7. Filament position and length under variable laser energy for 100 x objective lens.

The experimental results confirmed a sharp increase in the filament position with an
increase in the focus position of the laser beam. Filament length also showed increasing
trend with the increase in f. Because of the use of high numerical aperture lens (magni-
fication: 100x; NA: 0.7), we achieved long filaments even at low laser energy. The high
numerical aperture of the objective lens caused higher compression of focusing than the
low numerical aperture lens (magnification: 50 ; NA: 0.42). As a consequence, the filament
length was prolonged in the laser propagation direction.

4.3. Cutting Gorilla Glass Using Femtosecond Laser Pulse Filament-Assisted High Aspect Ratio
Micro-Voids

The longest filaments we achieved during the filament characterization experiments
were 146 pum for a 100 x objective lens with the laser energy of 37 pJ and focus position of
470 um. Filaments of 146 pm are insufficient for a single cut of a 0.5 mm thick Gorilla glass.
Thus, we require increasing the micro-voids’ length, which was achieved by increasing
the laser energy and decreasing the scanning speed. We tested several combinations of
laser energies, focus positions, and scanning speeds. We utilized a 100x objective lens
and varied the laser energy, focus position, and scanning speed from 100 to 210 pJ, 0 to
200 pm, and 1 to 5 mm/s, respectively. As a result, we were successful in forming long
filaments suitable for single cut of 0.5 mm thick Gorilla glass samples. Figure 8 shows the
optical microscope images of the top surface (top view), bottom surface (top view), and cut
surface (side view) of the Gorilla glass samples under different irradiation conditions of the
laser beam.

At first, a femtosecond laser with energy of 210 uJ was focused on the top surface
of the Gorilla glass and scanned at a velocity of 5 mm/s. As a result, an ~8.2 um wide
micro-grove was formed on the top surface of the glass (Figure 8a). Because of the absence
of Kerr medium between the objective lens and the focal point, no filaments was formed
inside the glass. As a result, the bottom surface of the micro-groove was clearly evident
in Figure 8a. Afterwards, we focused the laser beam (E = 210 pJ) only 50 pm inside the
Gorilla glass and scanned the beam at a scanning speed of 2 mm/s. Still, the filament length
was long enough to reach the rear surface of the 0.5 mm thick Gorilla glass (Figure 8b).
A periodic micro-void array with a period of 2 pm was observed at the rear surface of
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the glass. The width of the micro-groove, formed on the rear surface of the glass, was
~3.3 um. Afterwards, the same laser beam was focused 100 pm inside the Gorilla glass
and irradiated at a scanning speed of 1 mm/s. As a result, the filaments were overlapped
and a straight micro-channel having a width of ~2.05 um was formed inside the glasses
from the focal point of the laser beam to the rear surface (Figure 8c). The dark color of
the micro-groove confirmed the formation of a micro-channel in the laser irradiated plane.
Subsequently, the laser beam was focused 200 um inside the Gorilla glass sample and the
translation stage was moved at a velocity of 1 mm/s. As a result, a 1.9 pm thick high aspect
ratio micro-channel was formed inside the glass sample, as shown in Figure 8d.

" Filament '\
Position

Tempered
Layers

Filament
Length Rear Surface

354 pm
.25 pm l 100 pm

(2

Figure 8. Optical microscope images of the top surface, bottom surface, and cut surface of the
micro-voids engraved Gorilla glass samples under variable irradiation conditions of the femtosecond
laser beam. (a) Micro-grove formed on the top surface when E = 210 pJ, S =5 mm/s, F = 0 um;
(b—d) bottom surface: (b) E =210 uJ, S=2mm/s, F =50 um; (c) E =210 yJ, S=1mm/s, F = 100 um;
(d) E=210 pJ, S =1mm/s, F = 200 um; (e-g) Side view of the fully cut 0.5 mm thick Gorilla glass
samples using single time laser irradiation: (e) E = 150 yuJ, S =3 mm/s, F = 100 um; (f) E = 100 pJ,
S=2mm/s, F=100 um; (g) E =210 uJ, S =1 mm/s, F = 100 pm.

Furthermore, we tested three other combinations to cut the 0.5 mm thick Gorilla glass
using a single time laser irradiation. Case 1: E = 150 ], S =3 mm/s, F = 100 um (Figure 8e);
Case 2: E=100 uJ, S =2mm/s, F = 100 um (Figure 8f); and Case 3: E =210 uJ, S=1mm/s,
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F =100 pm (Figure 8g). Although the focus position of the laser beam was 100 um, the
filament position was ~146 um in all cases. Figure 8e depicts the side view of the optical
microscope image of the cut Gorilla glass for Case 1. The filament length was greater than
354 um. However, we detected a damaged layer near the focal point of the laser beam and
surface roughness was high. For Case 2, the filament position and length were ~146 um
and > 354 um, which is evident from the side view image of the cut glass of Figure 8f. Like
Case 1, we detected a damaged layer at the focal point of the laser beam for Case 2. Due
to the decrease of scanning speed from 3 mm/s to 2 mm/s, the surface roughness has
been improved significantly in Case 2 as compared to Case 1. Like Case 1 and Case 2, the
filament position and length were ~146 um and > 354 um for Case 3, as evident from the
side view image of the cut glass of Figure 8g. The decrease in scanning speed in Case 3 was
responsible for the smooth surface quality of the cut layer of the Gorilla glass where no
damaged layer was evident inside the glass. Experimental results exemplify Case 3 as the
best combinations for single cut of a 0.5 mm thick Gorilla glass.

After femtosecond laser irradiation, we expect slight melting of materials in some
places inside the micro-channel. This melted portion has been re-solidified and loosely
bonded immediately after laser beam scanning. This phenomenon is less significant in
femtosecond lasers as compared to nanosecond or picosecond lasers, because femtosecond
lasers produce small heat affected zone around the micro-machined area. To overcome the
limitation caused by re-solidified materials, filament-engraved glass samples went through
mechanical cleaving process for cutting Gorilla glass samples into two pieces. Still, the key
contributor in Gorilla glass cutting is the femtosecond laser micro-machining.

5. Conclusions

In summary, we characterize femtosecond laser pulse filaments inside Gorilla glass
samples without placing any additional Kerr medium in between the objective lens and
sample glass. We changed various properties of the femtosecond laser beam and associated
optical setup. Filament length showed increasing trend with the increase in laser energy
and focus position for both 50x and 100x objective lenses. However, for the laser energy
of 25 pJ or 50 pJ, no filaments were observed when the focal position was below 100 pm
and above 600 um. For the laser energy of 25 puJ and 100x lens, no filaments were evident
inside the glass samples when the focus position was 50 pm and 470 um. In contrast, for
the laser energy of 37 uJ and 100 lens, filaments were absent for the focus position below
50 um and above 470 um. During the characterization of femtosecond laser pulse filaments,
the longest filaments of 146 um was achieved using a 100x objective lens with laser energy
of 37 yuJ and focus position of 470 um. To cut a 0.5 mm thick Gorilla glass, we varied the
laser energy from 100 to 210 pJ, focus position from 50 to 200 pm, and scanning speed from
1to 3 mm/s. In all cases, we were successful in cutting the 0.5 mm thick Gorilla glass using
single time laser machining. The best surface quality of the cut layer was achieved when
the laser energy, focus position, and scanning speed were 210 pJ, 100 pm, and 1 mm/s. The
proposed femtosecond laser pulse filaments assisted glass cutting technique shows a new
era of laser assisted display glass cutting.
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