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GHz-burst deep-ultraviolet (DUV, 266 nm) picosecond laser percussion drilling was evaluated
for high-density microvia fabrication in a polymer resin with glass filler (Ajinomoto Build-Up
Film™ (ABF™)) targeting next-generation printed circuit board (PCB) packaging. A custom burst
module delivering intra-burst trains (with 2-16 pulses) at 1.9-3.8 GHz was applied with top-hat
beams of 5, 10 and 15 pm (FWHM) on two ABF™ grades (A: fine filler ; B: conventional filler).
Drilled vias were examined by digital and SEM microscopy to quantify ablation threshold,
shots-to-completion, taper ratio, and bottom/copper morphology. Our experimental exploration
demonstrates that GHz-burst operation lowered ablation thresholds by up to 50%, accelerated drill-
ing by 40-50%, and improved taper ratios by 10-15% relative to single-pulse regime, while produc-
ing smoother ablation and reduced heat-affected features. These findings indicate that GHz-burst pi-
cosecond DUV drilling can substantially enhance both productivity and via quality for advanced,

high-density PCB manufacturing.
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1. Introduction

The rapid development of high-performance computing,
artificial intelligence, and heterogeneous integration has
accelerated the transition from monolithic system-on-chip
architectures to advanced chiplet-based packaging. In these
architectures, multiple functional dies are integrated within
a unified package to improve yield, reduce cost, and in-
crease design flexibility. As a result, the package substrate
must support much higher interconnect density than con-
ventional electronic packaging. Therefore, microvia diame-
ters shrink and production throughput demands rise [1].
While increasing the processing speed is one key require-
ment, another one lies with the challenges of fabricating
small and clean vias in insulating film especially in
Ajinomoto Build-up Film™ (ABF™, a polymer resin with
glass filler), which is widely used in package substrates for
advanced semiconductor devices [2]. In particular, the via
bottom, made of copper, must remain sufficiently clean and
undamaged to ensure reliable subsequent metallization and
plating.

Laser drilling is a promising approach for this applica-
tion because it can provide high precision and flexibil-
ity. Among available laser sources, DUV picosecond lasers
(in the presented work: 266 nm, 10 ps) provide multiple
advantages compared to UV nanosecond lasers: from the
wavelength point of view, there is a higher absorption in-
side the insulating film, and, for a given numerical aperture,
small focusable spots can be obtained, therefore enabling
vias as small as 5 pm. Thanks to the short pulse width [3],
limited thermal damages occurred on the film while a clean
hole can be drilled, but the average power limits (up to 100
W at about 100 kHz) constrain throughput compared with
us CO; systems. Since small vias imply higher density per
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unit area, this adds another issue of productivity, and new
strategies must be explored with deep-ultraviolet (DUV) ps
lasers to thwart throughput issues. What is more, a high
taper ratio (defined as the ratio between the via bottom
diameter and its entrance diameter; 100% stands for a per-
fectly straight via while 0% stands for a triangle shape)
typically leads to better electrical connections (improved
durability), thus new paths must also be explored to opti-
mize taper formation in small vias.

Thus, the burst mode processing method that has at-
tracted a lot of interest these days offers a great opportunity
[4,5]. In the burst mode, multiple pulses are emitted within
a very short time interval, on the order of hundreds of pico-
seconds in the GHz regime. Since the material has not fully
relaxed between pulses, the later pulses in the burst interact
with a modified, non-equilibrium state [6]. In particular, the
GHz burst regime applied to dielectrics materials promotes
enhanced absorption mainly via transient electronic excita-
tion, bandgap modification and incubation, potentially im-
proving ablation efficiency and via quality.

This work aims at exploring intra-burst pulse count up
to 16 for three GHz frequencies (1.9, 2.5 and 3.8 GHz),
three beam sizes (5, 10 and 15 um top-hat beam FWHM)
and two ABF™ grades (fine filler and regular filler). We
have been quantifying ablation threshold, number of shots
to drill through (oscillator shots) up to copper, taper ratio,
and bottom morphology using SEM measurements.
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2. Experimental setup
2.1 Laser source, burst mode and beam shaping

We used a modified commercial processing machine
(Mitsubishi Electric GTW4-UVF20, Fig. 1) where the laser
source (made by Spectronix) emits DUV pulses (266 nm)
in the picosecond range (10 ps) at a repetition rate of 600
kHz with a total power of about 30W (up to 50 pJ per
pulse). A custom burst system producing flat bursts (£20%
(STD) of energy fluctuations inside the burst, as shown in
Fig. 2 in the case of 16 IP) with tunable intra-pulse (IP)
counts (1, 2, 4, 8, 16 IP) and intra-burst frequency (1.9, 2.5,
and 3.8 GHz) is integrated inside the system.
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Fig. 1 Simplified experimental setup: customized Mitsubishi
Electric laser processing machines (DUV, ps) including a
burst function.

To process sharp vias, the laser beam is set as a top-hat
profiles (5, 10, 15 um FWHM on target) using a transmis-
sion mask and a relay system to set the appropriate magni-
fication. The beam polarization is set circular to improve
the symmetry of drilled vias.
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The laser energy was measured at full power with a
Ophir FL300A-SH and at low power (after mask) with a
Thorlabs S130VC. Measurements showed on-target energy
stability of about £2.5% RMS.

2.2 Processing conditions and materials

The samples were processed with fluence ranging around
0.05-1.5 J/cm?, even if values above 1.5 J/cm? induced
thermal damage in some cases and were considered as in-
appropriate for good processing. Both single mode and
burst mode used the same fluence, the last case being de-
fined as the sum of all intra-pulses fluence. The number of
shots delivered to the target was varied from 1 to 200. In
single-pulse mode, one shot corresponds to one laser pulse,
whereas in burst mode, one shot corresponds to one burst
containing multiple (2 to 16) intra-pulses. Therefore, the
shot count refers to the number of oscillator outputs, not
the total number of individual pulses.
Two ABF™ grades were explored: (A) a fine filler one and
(B) a more conventional filler one. Grade A had a resin
thickness of 10 pum while grade B had a thickness of 20 pm.
both deposited on a thick copper layer beneath (standard
blind via stack).

2.3 Diagnostics

We used digital microscopy (Keyence VHX-X1) for
rapid taper and quality checks, while full measurements at
high-resolution were performed using a scanning electron
microscope (SEM JSM-7800F made by JEOL) with both
back-scattered electrons (BSE) and secondary electrons
(SE) imaging mode; Prior to SEM measurements, samples
were platinum-coated for conductivity purpose.

We characterized treated samples with ablation thresh-
old (determined by visual onset of full-circle resin/filler
removal (uncertainty of about £15%)), taper ratio (measur-
ing the entrance diameter of the via and the bottom diame-
ter at the copper surface), and the processing speed (num-
ber of shots required to reach copper).

3. Results
3.1 Ablation Thresholds

One single shot was applied on ABF™ (one pulse for
single mode, 2-16 IP for burst mode) with increasing flu-
ence up to full removal of the surface resin/filler, as shown
in Fig. 3.

Lo g e
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Fig. 3 SEM pictures obtained after single shot irradiation
of ABF™ grade A for the burst mode (top with 16
IP) and the single mode (bottom)
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Fig. 4 Ablation threshold (J/cm?) for various configurations: 16 IP (cyan), 8 IP (purple, 1.9, 2.5 and 3.8 GHz), 4 IP (blue), 2 IP
(green) and single mode (red). The burst mode can significantly reduce the ablation threshold by up to 2 times.

The Burst mode reduces effective threshold versus sin-
gle pulse by about 50% in the best case (8-16 IP), with a
threshold of about 45 mJ/cm? while 85 mJ/cm? were need-
ed for single mode as shown in Fig. 4. Furthermore, we
did not observe significant differences between the 3 burst
frequencies (1.9, 2.5 and 3.8 GHz) but the effect seems to
be mainly depending on the number of IP (2 and 4 IP gave
reduced threshold of respectively 10 of 30% compared to
single mode). This number of pulses per burst had a meas-
urable influence on threshold reduction, but the improve-
ment began to saturate at around 8 pulses per burst. In-
creasing the intra-pulse number to 16 did not significantly
lower the threshold further. This saturation suggests that
the relevant non-equilibrium process reaches a limit once
sufficient energy is deposited within the burst duration.

Altogether, a significant reduction in ablation threshold
was observed when applying GHz-burst processing. This
result indicates that burst mode improves the energy cou-
pling efficiency to ABF™. The reduction in threshold was
consistent across the tested burst conditions, suggesting
that burst interaction is generally effective for this material.

3.2 Taper ratio

95 T T T T T T T T
90 b
~ 851 i
X
Q80 - = E
=
o751 i
s e
2 70 ‘
§ ,% —Q singlemode-®=5um
m - —6—Burst-®=5um
651 =@ Singlemode-®=10 zm| ]|
—0—Burst-®=10 u m
60 - = Ssingle mode - ® =15 m |-
—0—Burst-®=15m
55 L | ! ! I I I I
0.3 0.4 0.5 0.6 0.7 0.8 09 1 1.1

Fluence (J/cmz)

Fig. 5 Best obtained taper ratio for ABF™ grade A (fine filler) as
function of the laser fluence. The burst mode with 8 IP
and a burst frequency of 1.9 GHz is applied with 5, 10 and
15 um (respectively green, blue and purple curves) spot
size at FWHM. The single mode is shown with dashed
lines.
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As plotted in Fig. 5, the burst mode increases the best
achievable taper ratio (whatever the number of laser shots)
by about 5 to 15% (absolute) depending on spot size and
fluence. For instance, with a 10 um via at moderate fluence
(0.5 J/em?), the burst mode gives a taper ratio of about 86%
while the single mode reaches only 78%.
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Fig. 6 Taper ratio for ABF™ grade A (fine filler) as function of
the number of shots. The burst mode with 2 (black), 4
(purple), 8 (green) and 16 (blue) IP and a burst frequency
of 1.9 GHz is applied with a 10 pm spot size and com-
pared with the single mode (cyan) at around 0.5 J/cm?.

Concerning the influence of the number of intra-pulses,
we have compared the single mode with the burst mode
applied at 2, 4, 8 and 16 IP (grade A with a 10 pm spot size
at about 0.5 J/cm?) as shown in Fig. 6. It can be noted that 8
and 16 IP can clearly improve the taper ratio (+10-15%
compared to single mode) and the processing speed
(+50%) while 2 and 4 IP can only improve the processing
speed by 30%. Indeed, for 2 and 4 IP, the taper ratio has
decreased by about 5% compared to the single mode. It is
possible that for these conditions, the burst mode can en-
hance the absorption (thus, improving processing speed)
but each individual pulse still carries a lot of energy result-
ing in an abrupt ablation detrimental for the hole quality.
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Fig. 7 Taper ratio for ABF™ grade A (fine filler) as function of the number of shots. The burst mode with 8 (green) and 16
(blue) IP and a burst frequency of 1.9 GHz is applied with a 10 pm spot size and compared with the single mode
(purple). (a) about 0.3 J/cm?2. (b) about 0.6 J/cm?.

Furthermore, we have compared 8 and 16 IP in Fig. 7 for
two fluences. At low fluence (about 0.3 J/cm?) it can be
seen that, even if still better than single mode, the 16 IP
case is less efficient than 8 IP case (about 2-5 % lower ta-
per ratio) while at higher fluence (0.6 J/cm? and higher)
both 8 and 16 IP have the same level of improvement. At
low fluence, each intra-pulse carries 40 mJ/cm? (8 IP) or 20
mJ/cm? (16 IP) so that it may be possible that even if heat-
ing and absorption process is still efficient with 16 IP, there
is not enough energy to induce a sufficient and effective
ablation and material removal compared to 8 IP. This sug-
gests that the optimal burst duration depends on the depos-
ited energy per pulse and the ability of the burst to sustain
efficient material removal without excessive screening or
saturation. No clear saturation due to plasma shielding or
dust shielding was observed up to the conditions explored,
although further investigation is required (e.g. up to 64
pulses per burst).
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Concerning the burst intra-frequency effect (Fig. 8), it
seems that 1.9 GHz appears to be the most suitable and
balanced frequency for ABF™ drilling in our study (maxi-
mum taper of about 85% and best compromise between
drilling speed and taper) while 2.5 GHz is the worst (max-
imum taper of about 80%), even if differences remain low
as expected from ablation threshold improvements. For any
burst frequency case, the processing quality was improved
compared to the single mode (maximum taper of about
75%). However, the underlying physical origin of this fre-
quency dependence is not yet fully understood and may be
related to material-specific relaxation dynamics [6].

Regarding the material dependency, the taper ratio for
the grade B ABF™ (regular filler) is shown in Fig. 9. Since
grade B has larger filler but is also thicker (20 pm, result-
ing in an aspect ratio of 2 with a 10 um spot size), one may
expect to see differences compared to grade A.
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Fig. 10 SEM pictures taken for a 10 pm via drilled with 48 shots at 0.5 J/cm?. From left to right, the burst length is increased
with 1,2, 4, 8 and 16 IP.

First of all, even with single mode the maximum taper ratio
is about 70% for the grade B ABF™ (75% for grade A),
probably because of the higher aspect ratio (2 instead of 1)
and because grade B is slightly more difficult to drill (pro-
cessing fluence has to be slightly increased). However, for
this material as well, the burst mode can improve the drill-
ing quality with a taper ratio of about 78%, which is about
5-10% higher than single mode. The processing speed was
improved by about 15-35% (depending on the fluence),
highlighting the positive effects of the GHz burst mode.
Altogether, GHz burst improves quality and shape of
drilled vias for two different materials. Across the tested
conditions, the taper ratio increased by approximately 10-
15%. In addition, the bottom of the via, corresponding to
the copper layer, appeared less thermally damaged in burst
mode than in single mode.

3.3 Hole morphology

We conducted SEM measurements to analyze the hole
morphology (circularity (In this study, circularity is defined
as the ratio of the minimum diameter to the maximum di-
ameter measured along orthogonal directions (X and Y).),
taper, thermal damages) as shown respectively in Fig. 10
for grade A ABF™ with various burst lengths (1, 2, 4, 8, 16
IP), and in Fig. 11 for grade A and in Fig. 12 for grade B
where the effect of the number of shots (burst mode with 8
IP at 1.9 GHz versus single mode) is presented.

First of all, we can observe that the taper ratio clearly im-
proves with 8 and 16 IP, while the hole morphology is also
modified even for 2 IP: the copper surface seems a little bit
smoother, with a more homogeneous melting of copper.

As shown in Fig. 11, where 10 um vias drilled at 0.65
J/em? are presented, the burst mode can significantly im-
prove the processing speed since for 15 shots the copper
surface is already reached and widely opened while for the
single mode copper has not yet been reached at 21 shots
and only partially opened at 24 shots. Thus, at constant shot
number (30 shots), the burst mode can reach a very high
taper via (84%) while the single mode only reaches 72%. It
is also worth noting that the circularity is slightly improved
with the burst mode (97%) compared to the single mode
case. (95%)

Finally, for the regular filler material (grade B), glass
protrusions are clearly visible and sometimes remain inside
the via, preventing a straight shape especially with the sin-
gle mode. Since the hole is thicker, a higher number of
shots is required (up to 140 shots) and a reduced taper ratio
is obtained (66% with single mode and 78% with burst
mode) that lies also probably because of the large filler that
might obstruct the laser beam. Concerning the bottom
shape, burst mode provides a smoother and more uniform
state, especially since there is no mountain-like structure in
the center.
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Fig. 11 SEM pictures taken for a 10 um via drilled at around 0.65 J/cm? (grade A ABF™). Top: single mode; bottom: burst
mode at 1.9 GHz with 8 IP. From left to right, the number of shots is increased.
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Fig. 12 SEM pictures taken for a 10 pm via drilled at around 0.9 J/cm? (grade B ABF™). Top: single mode; bottom: burst mode
at 1.9 GHz with 8 IP. From left to right, the number of shots is increased.

Altogether, the burst mode results in a very different state
for the copper (bottom of the via), and there are potential
plating implications: this different copper state could im-
prove plating adhesion and reliability, but dedicated
post-plating reliability tests are required (outside current
study).

3.4 Required shots to reach copper

As shown in Fig. 13, the required number of shots to
ablate the whole ABF™ for grade A and reach copper is
plotted as function of the fluence. The burst mode at 1.9
GHz and with 8 IP is compared to the single mode for 3
laser spot sizes. All conditions clearly show that the burst
mode can improve the speed by 30-50% since copper is
reached faster. It is worth noting that according to Fig. 5,
the burst mode brings almost no improvement regarding
the taper ratio for a 15 um via (it is already a high taper
via). However, it can clearly improve the processing speed
by about 2 times thus offering great advantages (24 shots
instead of 36).
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Fig. 13 Number of laser shots required to reach copper for ABF™

grade A. The burst mode with 8 IP and a burst frequency of
1.9 GHz is applied with 5, 10 and 15 um (respectively
green, blue and purple curves) spot size at FWHM. The sin-
gle mode is shown with dashed lines.
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For instance, at a fluence of about 0.5 J/cm? and with a 10
pm spot size, the number of laser shots required to reach
the copper bottom was reduced by about 50% compared
with single-pulse mode (18 shots versus 30 shots). Across
fluence sweep, gains are most evident at low-to-mid flu-
ence range (0.2-0.8 J/cm?). At very high fluence, single
pulse performance approaches burst mode, probably be-
cause we start to over-open the via and plasma shielding
prevents the whole burst energy to be transmitted to the
sample.

In sum, this second result is significant because it
demonstrates that quality improvements are achieved not at
the expense of throughput, but alongside it. At higher flu-
ence, however, the improvement in shot count became less
pronounced, suggesting saturation and possible screening
effects.

4. Discussion

Our experimental results clearly prove that GHz-burst
DUV picosecond laser processing is an effective approach
for via drilling in insulating film (ablation threshold halved,
processing speed doubled, via taper and profile improved,
copper damages reduced). These improvements suggest
that the GHZ burst mode changes the interaction regime
between the laser and ABF™. A likely explanation is that
closely spaced pulses interact with a material that has not
fully relaxed. In a dielectric material, this may enhance
transient absorption or alter the local response in a way that
favors more efficient ablation.
Globally, there are multiple likely mechanisms that could
be contributing to the GHz burst benefits:

® Transient electronic excitation: early intra-pulses
populate excited states, so following pulses see
enhanced absorption (metal-like transient behav-
ior).

® Bandgap reduction and localized heating: cumulative
intra-burst pulses progressive heating reduces the
glass or the resin bandgap, promoting absorption
for later intra-pulses.

® Incubation and defect creation: repeated pulses can
create chemical and structural changes and color
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center formation, thus lowering subsequent pulse
thresholds.

® Heat accumulation (similar as the well-known MHz
burst effect [7]): although this may be a limited
component compared to the transient electronic
excitation, the GHz burst mode can also mimic
some heat-accumulation benefits of MHz bursts,
especially since thermal conductivity of ABF™ is
low.

The dependence on burst frequency indicates that the
optimum condition is not determined solely by the total
pulse energy or number of pulses, but also by the intra-
burst time scale. The best result at 1.9 GHz suggests that
the characteristic relaxation time of ABF™ may be on the
order of several hundred picoseconds, although a dedicated
pump-probe study or numerical model would be needed to
confirm this. Indeed, this path must be explored to confirm
the absorption enhancement dependency with the burst
frequency, since the frequency could also alter eventual
plume/plasma dynamics.

Based on our experimental observations and consider-
ing possible mechanisms, the following explanation is pro-
posed:

® The 50% reduction in the ablation threshold under

GHz burst mode is attributed to the incubation ef-
fect and thermal/defect accumulation. High-
repetition intra-pulses induce transient electronic
states (lasting at least 300 ps) and localized heat,
enhancing the material's effective absorption rate
between consecutive pulses.

® The increase in drilling speed and improvement in

via taper (straighter hole) may come from a com-
bination of multiple mechanisms such as reduced
ablation threshold (side wall are more easily ab-
lated through direct beam irradiation or internal
reflection of the beam), mitigated plasma shield-
ing, and smooth progressive ablation (with 8 in-
tra-pulses, the ablation can be described as a mul-
tiple layered process that can print a shape closer
to the beam intensity profile). Indeed, instead of a
single high-energy pulse being blocked by its own
ablation plume, the GHz intra-pulses efficiently
penetrate the via with weak or no plasma or
plume.

® Although difficult to confirm and characterize, the

smoother copper base without thermal damage is
explained by the high ablation selectivity between
the ABF (ablation threshold of about 0.1 J/cm?)
and the copper layer (about 0.5-1 J/cm?). While
the GHz mode enhances absorption in copper due
to temperature-dependent reflectivity changes,
this effect is much less efficient than the transient
electron effect in ABF. Furthermore, the copper's
high thermal diffusivity reduces heat accumula-
tion. Additionally, it might be possible that frac-
turing the energy into multiple weak intra-pulses
suppresses intense photomechanical shockwaves,
preventing delamination and melt expulsion at the
interface. It is also worth noting that a smaller
number of shots are required in burst mode which
could therefore reduce the total energy delivered
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to copper compared to the single mode, especially
since sidewall absorption should be enhanced in
the burst mode thus reducing the energy reflected
toward the bottom part.

It is also noteworthy that improved quality does not come
at the expense of speed. This is particularly important for
industrial adoption, since manufacturing processes require
both high throughput and reliable downstream plating per-
formance. The observed reduction in copper damage is
especially encouraging because the final electrical perfor-
mance of the package depends on the quality of the via
bottom and subsequent processing steps such as cleaning
and plating.

5. Conclusion

We applied the GHz burst mode with a 266 nm and 10
ps laser to drill microvia in insulating film for next-
generation packaging. We observed a reduced effective
ablation threshold (up to 50% lower, from 85 mJ/cm? to 45
mJ/cm?), as well as a significantly faster processing speed
(up to 30-50% depending on the burst parameters, 8 and 16
intra-pulses being the best). What is more, the GHz burst
mode can provide a higher speed while also improving the
quality (up to 10-15%). We were able to improve both
grade A ABF™ (fine filler) and grade B (regular filler), with
a practical operational window that is about 8 to 16 pulses
per burst at 1.9 GHz with a total fluence of about 0.6 J/cm?.
Copper bottom morphologies have been modified by burst
processing and require post-plating reliability evaluation.
All obtained results are consistent with burst pulses inter-
acting with a non-relaxed material, thus offering enhanced
optical absorption and smoother ablation.

Overall, GHz burst mode is a pragmatic route to boost
throughput and via quality for high-density PCB manufac-
turing; Future research could include time-resolved plume
imaging and transient absorption spectroscopy to clarify
intra-burst dynamics and frequency dependence, and exten-
sion of the burst length with 32 or 64 pulses per burst to
evaluate possible shielding and saturation.
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