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Abstract

Hole drilling in crown glass with a large thermal expansion coefficient of 94x 10~
/K by a longitudinally excited short-pulse CO, laser with a tunable laser pulse tail
was investigated. The CO, laser produced short laser pulses with a pulse width of
about 250 ns, a pulse tail with a length of 31.4 to 134.7 ps, a spike pulse to pulse
tail energy ratio of 1:7 to 1:92, and a fluence per single pulse of 6.0 to 37.9 J/cm?
at a repetition rate of 1 to 400 Hz. Sample cooling was not employed in the drilling
process. At a repetition rate of 1 to 90 Hz, the CO, laser pulses produced cracks. At
a repetition rate of 100 to 140 Hz, the CO, laser pulses occasionally produced cracks
and crack-free holes. At a repetition rate of 150 to 400 Hz, the CO, laser pulses pro-
duced crack-free holes. Under various irradiation conditions, the hole depth and esti-
mated hole volume per total irradiation fluence depended on the fluence per single
pulse but did not depend on the laser pulse waveform or repetition rate.

Keywords Pulsed CO, laser - Glass drilling - Crown glass - Laser pulse waveform -
Laser fluence

Introduction

Micromachining processes such as drilling, cutting, or grooving on transparent
and non-transparent materials are required in the fields of optoelectronics, sensing,
aerospace engineering, etc. [1-12]. Various micromachining techniques, including
mechanical, chemical, and thermal (laser-based) systems, are being developed to
make the process simpler and improve processing accuracy, but they are still limited
in terms of the types and geometry of materials that can be processed [5]. Among

P< Md. Ekhlasur Rahaman
g19dtsal @yamanashi.ac.jp; ekhlaseceku @ gmail.com

Integrated Graduate School of Medicine, Engineering, and Agricultural Sciences, University
of Yamanashi, 4-3-11 Takeda, Kofu, Yamanashi 400-8511, Japan

@ Springer


http://orcid.org/0000-0003-0881-1134
http://crossmark.crossref.org/dialog/?doi=10.1007/s40516-022-00165-7&domain=pdf

Lasers in Manufacturing and Materials Processing (2022) 9:72-80 73

the various systems for drilling glass substrates, laser-based drilling systems have
been showing improved drilling quality over the past decade.

Gas lasers, especially CO, lasers, have become popular due to their numerous
benefits, including accurate processing, low cost, easy maintenance, and efficient
absorption of CO, laser wavelengths in glass materials. CO, lasers emitting at mid-
infrared wavelengths of 9.2—11.4 um (mainly 9.6 and 10.6 pm) can produce continu-
ous wave (CW) laser light, a long laser pulse with a pulse width of 10 ps to 10 ms, a
short laser pulse with a spike pulse width of 10 ns to 1 ps and a pulse tail length of
several microseconds to several tens of microseconds, or a tail-free short laser pulse
with a pulse width of about 10 ns to 1 ps [13—-17].

In CO, laser processing, a short-pulse CO, laser gives less thermal damage like
melting, debris formation, micro-cracks, etc. than a long-pulse CO, laser [18-20].
The thermal damage depends on the parameters of the radiated laser light, such as
the pulse width and the repetition rate, and the sample conditions, such as the ther-
mal expansion coefficient, the thermal diffusivity, and the thermal conductivity [21,
22]. In glass processing using short-pulse CO, lasers, a TEA-CO, laser with a high
spike pulse and a small pulse tail produced crack-free holes in various glasses, such
as silica glass with a thermal expansion coefficient of 5.5 X 1077 /K [23], alkali-free
glass with a thermal expansion coefficient of 32x 10~ /K [24], and soda-lime glass
with a thermal expansion coefficient of 87x 1077 /K [25]. The thermal expansion
coefficient is one of the considerable parameters of glass processing. In laser pro-
cessing of glass, glass with a higher thermal expansion coefficient has a higher ten-
dency of producing crack than a glass with a lower thermal expansion coefficient.
In this study, drilling of crown glass with a large thermal expansion coefficient of
94x 1077 /K by a short-pulse CO, laser with a tunable pulse tail was investigated.
Our CO, laser had a spike pulse width of about 250 ns, a pulse tail length of 31.4
to 134.7 ps, spike pulse to pulse tail energy ratios of 1:7 to 1:92, and a fluence per
single pulse of 6.0 to 37.9 J/cm? at a repetition rate of 1 to 400 Hz. Sample cooling
was not employed in the drilling process. Laser pulses at a repetition rate of 150 to
400 Hz produced crack-free holes.

Experimental Setup

Figure 1 shows a schematic diagram of the processing system using a longitudinally
excited CO, laser system [14, 17]. The mirror and the output coupler were selected
for the wavelength of 10.6 pm, and the operating wavelength of the CO, laser was
10.6 pm.

Figure 2 shows an example of laser pulse waveforms. The laser pulse waveforms
were measured by a photon drag detector (Hamamatsu Photonics, B749). In this
study, the laser pulse waveform was controllable at a repetition rate of 1 to 400 Hz.
The spike pulse width was about 250 ns at the full width half maximum (FWHM) of
the spike pulse. The pulse tail length, defined as the length from the end of the spike
pulse to the end of the pulse tail, was 31.4 to 134.7 ps. The energy ratio of the spike
pulse to the pulse tail was 1:7 to 1:92. The laser beam was circular with a beam
quality factor, M2, of 3.1 to 7.9 and a beam diameter of about 11.5 to 13.5 mm. A
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Fig. 1 Schematic diagram of a laser processing system using a longitudinally excited CO, laser
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Fig.2 Example of laser pulse waveforms at a repetition rate of 200 Hz. Laser intensity was normalized
to the maximum value of the spike pulse. Black, red, and blue lines represent laser pulse waveforms with
energy ratios of 1:10, 1:25, and 1:45 respectively. (a) Overall waveform. (b) The magnified timescale of
spike pulse

ZnSe focusing lens was used with a focal length of 38.1 mm to focus the laser beam
onto the sample surface. The numerical aperture (NA) was 0.151 to 0.176, and the
depth of focus (DOF) was 231.5 to 291.9 pm. The focus spot diameter was 236.4
to 309.4 pm. A percussion laser drilling process was used in which multiple laser
pulses were radiated on the sample. The sample was a crown glass slide (Matsu-
nami, S1127) with a thermal expansion coefficient of 94 x 1077 /K and a thickness
of 1150 pm.

Results and Discussion
Firstly, to investigate the required laser parameters that will produce crack-free holes

in crown glass, 50 laser pulses with an energy ratio of 1:7 to 1:92 and a fluence per
single pulse of 6.0 to 37.9 J/cm? were radiated on the sample surface at a repetition
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Table 1 Presence and absence of cracks in the crown glass depending on the CO, laser parameters. The
length of the scale bar is 200 pm in all images

Rept. Energy ratio Fluence/pulse Beam Avg. Spot Avg.  No.of Crackor Image of Image of

rate (J/cmz) Quality: diameter NA pulses  Crack-free 3 hole a crack-
2
(Hz) M (wm) with crack free hole
1 1:14-1:40 62-140 45-79 3094 0.178 50 Crack X
10 1:12-1:57 60-171 49-71 2886 0.171 50 Crack X

50 1:16-1:60 74-143 34-73 308.1 0.171 50 Crack

90 1:14-1:51 74-145 46-67 299.7 0.171 50 Crack

100 1:27-1:70 8.8-22.1 34-65 2824  0.176 50 Both

140 1:12-1:65 73-229 45-63 2889  0.166 50 Both

150 1:15-1:57 89-252 48-67 2882  0.166 50 Crack-free

200 1:7-1:92 10.1-379 4.0-53 2366  0.163 50 Crack-free

300 1:12-1:44 174-289 3.1-47 2364  0.163 50 Crack-free

400 1:9-1:18 10.7-184 3.5-47 240.1 0.163 50 Crack-free

rate of 1 to 400 Hz. Table 1 shows the presence and absence of cracks in the crown
glass depending on the CO, laser parameters. At a repetition rate of 1 to 90 Hz, laser
pulses did not produce crack-free holes on the crown glass surface. At a repetition
rate of 100 to 140 Hz, laser pulses produce cracks and crack-free holes. At a repeti-
tion rate of 150 to 400 Hz, crack-free holes were produced.

Figure 3 shows a top view and a side view of the sample surface irradiated by
30 pulses with an energy ratio of 1:25, a fluence per single pulse of 34.1 J/cm? and
an irradiation diameter of 241.8 pm at a repetition rate of 200 Hz. The drilled hole
did not have any cracks. A heat affected zone (HAZ) with a width of 114.2 pm
was produced around the drilled hole. The hole diameter of the sample surface
was about 122.2 pm and was 0.505 times the irradiation diameter. The hole depth
was 923.4 um, and the estimated hole volume was about 3.61 x 10° pm>. The hole
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Fig.3 Top and side views of the crown glass sample irradiated by 30 pulses with an energy ratio of 1:25
and a fluence per single pulse of 34.1 J/cm? at a repetition rate of 200 Hz

volume was estimated by the volume formula of a cone as the holes appeared to
have conical shapes.

Figure 4 shows how the surface hole diameter, the ratio of hole diameter to irra-
diation diameter, the hole depth, and the estimated hole volume depended on the
laser pulse waveform, the fluence per single pulse, and the total irradiation fluence,
which is the product of the number of pulses and the fluence per single pulse, at
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Fig.4 Dependence of surface hole diameter, the ratio of hole diameter to irradiation diameter, hole
depth, and estimated hole volume on laser pulse waveforms and total irradiation fluence at a repetition
rate of 200 Hz. (a) Surface hole diameter and the ratio of hole diameter to irradiation diameter. (b) Hole
depth. (¢) Estimated hole volume. (d) Legend of (a), (b) and (c)
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Table2 Dependence of hole depth and estimated hole volume per total irradiation fluence on laser pulse
waveforms and fluence per single pulse at a repetition rate of 200 Hz. The hole depth and estimated hole
volume per total irradiation fluence are the slopes of Fig. 4(b) and (c), respectively

Symbol in Laser Fluence/ Beam NA Hole depth/total Estimated hole

Fig. 4(b), pulse pulse quality: irradiation fluence volume/total
(c) waveform (I/em®) M> (um/J/cmz) irradiation fluence
(um’/J/cm®)
| 1:7 10.1 4.4 0.151 1.54 5.55 % 10°
[ ] 1:7 14.3 4.4 0.151 1.19 437 % 10°
A 1:10 21.4 4.4 0.151 1.07 4.85 % 10°
* 1:10 26.2 4.4 0.151 1.06 415 x 10°
* 1:10 34.1 4.4 0.151 0.89 3.66 x 10°
| 1:25 11.9 42 0.166 1.56 5.70 x 10°
([ 1:25 14.6 42 0.166 1.48 5.48 x 10°
A 1:23 18.1 4.2 0.166 1.35 5.66 x 10°
L 1:25 27.9 42 0.166 1.17 4.89 x 10°
* 1:25 34.1 4.1 0.166 0.99 433 x 10
| 1:49 14.3 53 0.166 1.39 5.46 x 10°
[ ] 1:49 171 53 0.166 1.37 527 x 10°
A 1:45 26.5 4.5 0.166 1.20 4.99 x 10°
° 1:45 32.1 4.0 0.166 0.95 495 x 10°
* 1:41 37.3 4.2 0.166 0.82 4.16 x 10°

a repetition rate of 200 Hz. Black square, circle, triangle, diamond and star sym-
bols represent laser pulse waveforms with an energy ratio of about 1:9 and a fluence
per single pulse of 10.1 Jem?, 14.3 J/em?, 21.4 J/em?, 26.2 J/em? and 34.1 J/em?,
respectively. Red square, circle, triangle, diamond and star symbols represent laser
pulse waveforms with an energy ratio of about 1:25 and a fluence per single pulse
of 11.9 J/em?, 14.6 J/cm?, 18.1 J/em?, 27.9 J/em? and 34.1 J/cm?, respectively. Blue
square, circle, triangle, diamond and star symbols represent laser pulse waveforms
with an energy ratio of about 1:46 and a fluence per single pulse of 14.3 J/cm?,
17.1 J/em?2, 26.5 J/cm?2, 32.1 J/em? and 37.3 J/cm?, respectively. Figure 4(a) shows
the dependence of a hole diameter on a total irradiation fluence. The hole diameters
were almost constant throughout the total irradiation fluence, and the average hole
diameter was about 125.8 pm which was about 0.46 times the irradiation diameter.
Figure 4(b) and (c) shows the dependence of a hole depth and an estimated hole
volume on a total irradiation fluence. The hole depth and the estimated hole volume
increases with the increase of the total irradiation fluence which is a natural phe-
nomenon and similar characteristics reported in [26, 27]. Moreover, to understand
the dependence of the hole depth and the estimated hole volume per total irradiation
fluence on the energy ratio of the laser pulse waveform and the fluence per single
pulse, the irradiation conditions were divided into three groups depending on the
energy ratios in the laser pulse waveform. The three groups of energy ratios were
black symbols with the energy ratio of about 1:9, red symbols with the energy ratios
of about 1:25 and blue symbols with the energy ratios of about 1:46. Table 2 is the
slopes of Fig. 4(b) and (c) and shows hole depth and the estimated hole volume per
total irradiation fluence decreased with the increase of the fluence per single pulse.
For example, the almost same fluence per single pulse of about 14.4 J/cm? in the
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three groups of energy ratios produced the almost same hole depth per total irradia-
tion fluence of about 1.35 pm/J/cm? and produced the almost same estimated hole
volume per total irradiation fluence of about 5.10x 10* pm*/J/cm?. Again, the almost
same fluence per single pulse of about 26.9 J/cm? in the three groups of energy
ratios produced the almost same hole depth per total irradiation fluence of about
1.14 pm/J/cm? and produced the almost same estimated hole volume per total irra-
diation fluence of about 4.67 x 10° pm*/J/cm?. Similarly, the almost same fluence per
single pulse of about 33.4 J/cm? in the three groups of energy ratios produced the
almost same hole depth per total irradiation fluence of about 0.94 pm/J/cm? and pro-
duced the almost same estimated hole volume per total irradiation fluence of about
4.31x10° pm*/J/cm?. Therefore, the hole depth and the estimated hole volume per
total irradiation fluence did not depend on the energy ratio of the laser pulse wave-
form but depended on a fluence per single pulse. Furthermore, repetition rates of
200 Hz, 300 Hz and 400 Hz were considered to realize the dependence of the hole
depth and the estimated hole volume per total irradiation fluence on the repetition
rate. Table 3 shows the dependence of the drilling characteristics on the three repeti-
tion rates. The hole depth and the estimated hole volume per total irradiation fluence
did not depend on the repetition rate but depended on a fluence per single pulse.
For example, the almost same fluence per single pulse of about 14.1 J/cm? in three
repetition rates produced the almost same hole depth per total irradiation fluence of
1.12 pm/J/cm? and produced the almost same estimated hole volume per total irra-
diation fluence of about 4.40 x 10° pm*/J/cm?. Similarly, the almost same fluence per
single pulse of about 18.4 J/cm? in three repetition rates produced the almost same
hole depth per total irradiation fluence of 0.90 pm/J/cm? and produced the almost

Table 3 Dependence of hole depth and estimated hole volume per total irradiation fluence of 50 pulses
on repetition rate of 200 to 400 Hz

Rept. rate  Laser Fluence/pulse Beam NA  Holedepth Hole depth/ Estimated
(Hz) pulse /em?) quality: (pm) total irra- hole volume/
waveform M2 diation fluence total
(pm/J/crnz) irradiation
fluence
(pm>/T/cm?)
200 1:25 14.2 44 0.151 777.9 1.09 4.32x%10°
200 1:40 16.4 44 0.151 901.4 1.10 435%x10°
200 1:37 18.8 44 0.151 910.2 0.97 3.82x10°
200 1:35 19.4 4.2 0.166 900.9 0.93 3.67%10°
300 1:27 14.1 4.0 0.166 801.3 1.13 443%10°
300 1:21 16.2 4.3 0.166 815.7 1.01 3.95x%10°
300 1:16 18.3 4.0 0.166 788.6 0.86 3.37%x10°
300 1:22 19.4 3.8 0.160 844.6 0.87 3.75% 10°
400 1:11 14.1 3.5 0.151 801.6 1.14 444%10°
400 1:10 16.4 3.5 0.151 841.9 1.03 4.01x10°
400 1:10 18.2 4.4 0.151 801.3 0.88 3.44x10°
400 1:21 19.1 4.7 0.169 828.8 0.87 3.51x10°
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same estimated hole volume per total irradiation fluence of about 3.54x 10* pm?/J/
cm?. Therefore, under various irradiation conditions, the hole depth and estimated
hole volume per total irradiation fluence depended on the fluence per single pulse
but did not depend on the energy ratio in the laser pulse waveform or repetition rate.

Conclusion

Short-pulse CO, laser drilling in crown glass with a large thermal expansion coef-
ficient of 94 x 1077 /K was investigated. The short-pulse CO, laser had a spike pulse
width of about 250 ns, a pulse tail length of 31.4 to 134.7 ps, an energy ratio of 1:7
to 1:92, and a fluence per single pulse of 6.0 to 37.9 J/cm? at a repetition rate of 1 to
400 Hz. The short-pulse CO, laser with a tunable pulse tail operating at a repetition
rate of 150 to 400 Hz produced crack-free holes without using any kind of cooling
system in the processing area. In contrast, cracks were produced at a repetition rate
of 90 Hz or less. The hole depth and the estimated hole volume per total irradiation
fluence depended on the fluence per single pulse but did not depend on the laser
pulse waveform with an energy ratio of 1:10 to 1:45 and a repetition rate of 200 to
400 Hz. In our next experiment, we will investigate various glass drilling, cutting,
and grooving processes by a short-pulse CO, laser with tunable laser pulse wave-
forms operating at a repetition rate of 500 Hz to 1 kHz.
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