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A glass interposer with micro-vias is promising for next-generation semiconductor packaging
for post-5G high performance computing. Glass is the most promising material due to its electrical
and mechanical characteristics; however, it is difficult to fabricate micro-vias in glass due to its high
brittleness. The fabrication speed should also be improved to realize the commercialization of glass
interposers. We have researched improvements in the production of micro-vias in glass, and optical
systems with glass micro-vias. Processing glass material a 248 nm excimer laser was found to pro-
duce micro-vias (<15 um diameter) with very high aspect ratios (>33) and very high quality (no mi-
crocracks). Furthermore, long laser pulse widths (74 ns time-integrated square (TIS)) resulted in a
higher drilling rate than short pulse widths (32 ns TIS). Herein, we report the results of spectroscopy
measurements for the ablation of glass using a 248 nm excimer laser, together with the results of
time-resolved spectroscopy. We also report the pulse width dependence of the time-resolved spec-
troscopy results for short and long laser pulses to determine the reason for the high drilling rate for a
long pulse width. The measurement results indicated that the wavelengths of light emitted during
ablation were mainly 280, 394, 422 nm. This emission began 30 ns after laser irradiation was started.
We consider that absorption increases after laser irradiation, and that it takes approximately 30 ns
for the laser energy to be absorbed and the ablation threshold to be reached. The time at which abla-
tion occurred was almost constant, regardless of the excimer laser pulse width, even though the in-
tensity of the long laser pulses was lower than that of the short pulses. The results indicate that a
larger amount of laser energy is wasted during short-pulse laser drilling until ablation begins, so that
a higher drilling rate is achieved with long pulses.
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1. Introduction

Semiconductor integration has continued to improve
over the past 50 years in accordance with Moore's Law.
However, it has almost reached the resolution limit with
respect to miniaturization. One alternative solution is mul-
ti-die packaging using either organic films or single-crystal
silicon wafers as substrates. However, single-crystal silicon
wafers have a very high manufacturing cost, and miniaturi-
zation of organic films has almost reached its limit due to
their shape distortion.

Non-alkali glass is expected to be good alternative sub-
strate material for multi-die packaging due to its low pro-
duction cost and its high shape stability. Furthermore, glass
has the advantage of a very low electrical loss for high-
frequency signal applications such as 5G and post-5G tele-
communications. The plate of the substrate for multi-die
packaging is called an interposer and it will be referred to
as such. However, it is difficult to fabricate micro-vias in
glass due to its high brittleness [1][2][3].

We have established that high-quality, high-aspect pro-
cessing can be achieved by ablating non-alkali glass with
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an excimer laser at a wavelength of 248 nm [4]. The ex-
cimer laser can easily generate a large laser power of sev-
eral hundred watts, which makes it is possible to drill many
holes at the same time, whereby the machining cost can be
significantly reduced.

We conducted research to further reduce drilling costs
for a glass interposer substrate and determined that increas-
ing the laser pulse width using an optical pulse stretcher
(OPS) can increase the drilling rate.

Here, we report the results of time-resolved spectrosco-
py for the ablation of non-alkali glass as the substrate of a
glass interposer using a 248 nm wavelength excimer laser.
The differences between the results for long laser pulses
(74 ns time-integrated square (TIS)) and short laser pulses
(32 ns TIS) are also reported. We also propose a mecha-
nism to explain the high drilling rate achieved with long
laser pulses.
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2. Experimental Setup

Figure 1 shows a schematic diagram of the test setup used
for micro-drilling glass substrates with the excimer laser.
The experimental parameters are shown in Table 2. A Gi-
gaphoton GT600K excimer laser was used for the drilling
process. The main laser light source parameters are given
in Table 1. The TIS range for the laser output pulse is 32-
74 ns. All experiments were performed in ambient air and
under the same conditions expected in practical applica-
tions. The laser fluence was adjusted using an optical at-
tenuator. The beam shape on the material surface was
formed using an aperture and a lens.

Table 1 Main output parameters for Gigaphoton GT600K ex-
cimer laser light source.

Wavelength [nm] 248

Pulse energy [mJ/pulse] 100

Repetition rate [Hz] 10-6000

Output laser power [W] 600

Pulse width TIS [ns] 32,74
KrF excimer laser | [goom Aperture
light source aftenuator

Target (glass plate )

XYZ stage

Aperture diameter [mm] 0.5 (round shape)

Focal length of lens [mm] | 54 (@248 nm wavelength)

The sample surface plane is
conjugated with the aperture
plane. Distance between aper-
ture and lens: 1700

Sample position [mm]

Table 2 Experimental parameters.

The TIS value is given by

where I(t) is the intensity.

Optical fiber Specirometer

filter

‘ Optical bench

Fig. 1 Schematic diagram of laser processing test setup.

Table 3 Specifications of the test sample.

Material Non-Alkali Glass
Type Eagle XG
Thickness 500 um

Supplier Corning
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Table 4 Instrumentation details.

Spectrometer

FLAME-S-UV-VIS (Ocean insight )

Image intensifier

UVil850-10 (invisible vision)

High-speed camera

HX-5 (nac)

Bandpass filter

#35-881, #65-131, #34-497, #65-155 (Edmund)

The beam shape on the material surface is shown in

Figures 2 (cross-sectional view) and 3 (isometric view). byl
The beam shape was measured using an image sensor
(OPHIR SP-928). The profile is Gaussian, and its diameter
is 16.0 um (1/e2), which is very close to the optical design
target. The specifications of the test sample are given in
Table 3. The measurement instrumentation details are giv-
en in Table 4. 5
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Fig. 2 Measured X and Y beam profiles on material surface
(cross sectional view).
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Fig. 4 Top view of micro-vias fabricated in 500 pm thick glass.
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depth on the number of laser pulses with a central peak
fluence of 36.0 J/cm2 for a repetition rate of 100 Hz. These
results show that the ablation rate increased with increasing
laser pulse width.
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Fig.5 Side view of micro-vias fabricated by excimer laser abla- =
tion in 500 um thick glass. Upper side is irradiation surface. <
(b) ‘ .
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Fig.7  Ablation depth measurement of every 100 pulses irra-
diation from the side of the glass by 32ns TIS laser pulse (a),
74ns TIS laser pulse (b) using a central peak fluence of 36.0J/cm2
at 100Hz repetition rate. (Lower side is irradiation surface.)

400 1
A 32 ns (TIS) o Slope=0.61
350 74 ne (T1S 304 [um/pulse]
Fig. 6 Bottom view of micro-vias fabricated in 500 pm thick —1300 ns { )
glass. £ 248 D
= 250 —— <212
S 193 245
S 200 A Slope = 0.4¢
2 _.-"209 [ |
i : o 135 i um/pulse]
The diameter of the holes at the top surface is 15 pum, 150 169
whereas that at the bottom surface is 2 um. The aspect ratio 2 100 /1
of the micro-via holes is more than 33. Furthermore, no /é‘;
cracks were observed at the top or bottom surfaces, or in- 50 ¢
side the glass, despite being a brittle material. 0 &%
0 100 200 300 400 500 600 700 800
3.1 Ablation rate measurement and pulse width de- Number of Laser Pulses

pendence measurement of the glass material.

The ablation depth was measured from the side of the Fig.8 Ablation depth and ablation rate for each irradiation pulse
glass using an optical microscope (Olympus BX53M). with ablation holes generated by 1 to 700 irradiation pulses using a
Figures 7(a) and 7(b) show cross-sectional optical micro- central peak fluence 0f39.0 J/em?2 of 100Hz repetition rate with
graphs of vias formed using pulse width of 32 ns and 74 ns two different pulse widths.
respectively. Figure 8 shows the dependence of the ablation
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3.2 Wavelength measurement of emission light with

glass ablation

The optical spectrum of the light emitted during glass
ablation was measured using a UV-vis spectrometer to in-
vestigate the ablation mechanism. Figure 9 shows a photo-
graph of the emitted light, and Figure 10 shows the meas-
ured UV-vis spectrum. Table 6 lists the ions responsible for
optical emission, and the main emission wavelengths.
Aluminum atoms, which are a component of glass, are ion-

ized during the ablation process.
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Fig. 9 Emission light during excimer laser ablation of glass.
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Fig. 10  Emission spectrum during excimer laser ablation of glass.

Table 6 Main emission wavelengths and ions produced during excimer laser ablation of glass.

Wavelength (nm) Aluminum ion valence band
280 [nm] 2nd valence band
394 [nm] Ist valence band
422 [nm] 1st valence band
527 [nm] 2nd valence band
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3.3 Time-resolved spectroscopy during glass ablation

Time-resolved spectroscopy was performed to investi-
gate a mechanism for the higher ablation rate for longer
pulses. The measurements were conducted using a band-
pass filter (BPF), an image intensifier and a high-speed
camera. Figure 11 shows the results as time-resolved band-
pass images of ablation-induced optical emission using a
74-ns excimer laser. The exposure time for each image was
10 ns. The light intensity at each wavelength was measured
as a function of time. Figure 12 shows the results for a 32-
ns excimer laser. The waveforms for the 32-ns and 74-ns
lasers are shown in Figure 13.

In Figure 10, the emission peak at 394 nm has the larg-
est intensity. However, in Figures 11 and 12, the overall
brightness at the end of BPF 394nm (about 300 ns) is
smaller than that in the absence of BPF conditions. This is
caused by the transmission of BPF of specified wavelength
is about 60 %, and the absence of BPF image contains all
wavelength (cf. 250 nm, 346 nm, 359 nm, etc.) intensity.
The BPF that we used in this experiment optical specifica-
tion is shown in Table 7.

In Figure 13, dips in the output intensity of the 74-ns
laser can be observed at 25, 50 and 75 ns. These dips are
generated by the OPS. We will evaluate the affect of this
sag in future work.

Figure 14 shows the time dependence of the resolved
emission line intensity for 72-ns and 32-ns pulses. For both
pulse widths, emission begins approximately 30 ns after
laser irradiation, which is considered to be the onset of
ablation. This is thought to reflect the timescale for initial
laser energy absorption by the glass. The mechanism of
higher ablation rate for longer laser pulses is considered to
be the larger amount of energy absorbed after ablation ini-
tially begins.

Ablation emission

Without
BPF

BPF280nm
+10nm

BPF394nm
+10nm

BPF422nm
+10nm

BPF532nm
+10nm

Fig. 11 Time-resolved bandpass image of ablation emission of glass of 74ns TIS excimer laser.
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Table 7 Optical specification of BPF (Bandpass filter) .

Optical Density >4.0
Transmission >60 [%]
Passing Wavelength FWHM 10+/-2.0 [nm]
Blocking Wavelength range 200-650 [nm]

Without
BPF

BPF280nm
+10nm

BPF394nm
+10nm

BPF422nm
+10nm

BPF532nm
+10nm

Fig. 12 Time-resolved bandpass image of ablation emission of glass of 32ns TIS excimer laser.
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'§ —Source waveform TIS=32ns
f?i 300 —Source waveform TIS=74ns
=
‘% 200
C
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£
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o |
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Fig. 13 Pulse waveform of 32ns TIS and 74ns TIS of the laser light source.

139



JLMN-Journal of Laser Micro/Nanoengineering Vol. 17, No. 3, 2022

3000000

2500000

2000000

1500000

Intensity [Arb. unit]

1000000

500000

—e— 200-850 all wavelength 74ns
- @ - 200-850 all wavelength 32ns
280nm 74ns
280nm 32ns
394nm 74ns
394nm 32ns
422nm 74ns
422nm 32ns
—e—532nm 74ns

- ® -532nm 32ns

Time [ns]

350

Fig. 14 Time dependence of resolved emission line intensity during glass ablation using long (solid lines) and short

(dotted line) pulse widths.

4. Discussion

We found that the ablation rate for glass during micro-
via formation using an excimer laser was higher for longer
pulses. To determine the reason for this, we performed
time-resolved spectroscopy during glass ablation using
different laser pulse widths. The results indicated that abla-
tion-induced optical emission begins 30 ns after laser irra-
diation. We conclude that the energy absorbed during this
time period does not contribute to the glass drilling pro-
cessing. Therefore, longer laser pulses contribute more
energy to the actual ablation process. However, the reason
for the delay of 30 ns is still unclear. At a wavelength of
248 nm, the transmittance of the glass used in the present
study is 4300/m, which means that the absorbance within
1 pm from the surface is only 0.4%. It is presumed that the
electron density in the surface region and the amount of
heat absorbed increase during the initial period of 30 ns,
until they reach the critical values required for ablation.

5. Conclusion

The fabrication of micro-vias in glass can be achieved
by drilling using 248 nm excimer laser ablation with very
high quality (15-um diameter holes, no microcracks), high
aspect ratio (>30), and high productivity due to the high
power of the excimer laser (>300 W). The ablation rate can
be improved by increasing the laser pulse width using an
OPS. The rate was improved by 50% when the pulse width
was 74 ns, compared with that using 32-ns pulses. The
light emitted during ablation was spectroscopically ana-
lyzed and was found to be mainly due to aluminum ions.
Emission began 30 ns after laser irradiation, regardless of
the laser pulse width. The higher ablation rate for longer
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pulses is thought to be due to the larger amount of energy
deposited after the critical ablation threshold is reached. In
future studies, we plan to further increase the laser pulse
width and investigate its effect on the ablation rate. The
present study established the feasibility of fabricating high-
quality micro-vias in glass interposer substrates for 5G and
post-5G glass applications.
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