
International Journal of Extreme Manufacturing

PAPER • OPEN ACCESS

Enhanced ablation efficiency for silicon by
femtosecond laser microprocessing with GHz
bursts in MHz bursts(BiBurst)
To cite this article: Francesc Caballero-Lucas et al 2022 Int. J. Extrem. Manuf. 4 015103

 

View the article online for updates and enhancements.

You may also like
A 515-nm laser-pumped idler-resonant
femtosecond BiB3O6 optical parametric
oscillator
Jinfang Yang,  , Zhaohua Wang et al.

-

Effects of frequency on bubble-cloud
behavior and ablation efficiency in intrinsic
threshold histotripsy
Connor Edsall, Emerson Ham, Hal Holmes
et al.

-

High precision laser direct microstructuring
system based on bursts of picosecond
pulses
Jaka Mur, Jaka Petelin, Natan Osterman
et al.

-

This content was downloaded from IP address 203.186.249.59 on 24/01/2022 at 02:05

https://doi.org/10.1088/2631-7990/ac466e
/article/10.1088/1674-1056/ac3813
/article/10.1088/1674-1056/ac3813
/article/10.1088/1674-1056/ac3813
/article/10.1088/1674-1056/ac3813
/article/10.1088/1674-1056/ac3813
/article/10.1088/1674-1056/ac3813
/article/10.1088/1361-6560/ac33ed
/article/10.1088/1361-6560/ac33ed
/article/10.1088/1361-6560/ac33ed
/article/10.1088/1361-6463/aa7b5a
/article/10.1088/1361-6463/aa7b5a
/article/10.1088/1361-6463/aa7b5a


IMMT International Journal of Extreme Manufacturing

Int. J. Extrem. Manuf. 4 (2022) 015103 (9pp) https://doi.org/10.1088/2631-7990/ac466e

Enhanced ablation efficiency for silicon
by femtosecond laser microprocessing
with GHz bursts in MHz bursts(BiBurst)

Francesc Caballero-Lucas, Kotaro Obata and Koji Sugioka∗

RIKEN Center for Advanced Photonics, 2-1 Hirosawa, Wako-shi, Saitama 351-0198, Japan

E-mail: ksugioka@riken.jp

Received 3 September 2021, revised 19 October 2021
Accepted for publication 26 December 2021
Published 20 January 2022

Abstract
Ultrashort laser pulses confine material processing to the laser-irradiated area by suppressing
heat diffusion, resulting in precise ablation in diverse materials. However, challenges occur
when high speed material removal and higher ablation efficiencies are required. Ultrafast burst
mode laser ablation has been proposed as a successful method to overcome these limitations.
Following this approach, we studied the influence of combining GHz bursts in MHz bursts,
known as BiBurst mode, on ablation efficiency of silicon. BiBurst mode used in this study
consists of multiple bursts happening at a repetition rate of 64 MHz, each of which contains
multiple pulses with a repetition rate of 5 GHz. The obtained results show differences between
BiBurst mode and conventional single pulse mode laser ablation, with a remarkable increase in
ablation efficiency for the BiBurst mode, which under optimal conditions can ablate a volume
4.5 times larger than the single pulse mode ablation while delivering the same total energy in the
process.

Keywords: BiBurst mode, GHz burst, laser ablation, surface microfabrication

1. Introduction

Femtosecond laser pulses are being employed in an increas-
ing number of applications for materials processing owing to
their excellent performance that other conventional lasers can-
not achieve [1–7]. Specifically, the ultrashort pulse duration
of femtosecond lasers intensely confines the delivery of laser
pulse energy in a duration shorter than the common time scales
for transferring absorbed laser energy to the irradiatedmaterial
lattice [8]. Consequently, the interaction between laser pulses
and the processed materials becomes restricted to the irradi-
ated area, ensuring a higher fabrication precision and better
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finishing quality of the processed areas, both are due to the
notable suppression of the formation of the heat affected zone
in the volume surrounding the irradiated spots [9]. Thus, laser
ablation with femtosecond laser pulses achieves high micro-
fabrication performance in terms of precision and quality.
But, the industrial use of femtosecond laser processing should
improve the overall throughput of themicrofabrication process
so as to be comparable or even superior to other microfabric-
ation techniques.

A first approach to solve this would be increasing the power
of the laser systems delivering the laser pulses for irradiation.
Higher power can be achieved by either increasing the pulse
energy or repetition rate. However, the former case produces
higher intensities, which suffer from plasma shielding and
collateral thermal damage, which compromises the benefits
of femtosecond laser pulse microprocessing [10]. Multibeam
parallel processing with higher power laser is a good solu-
tion to increase throughput [11–13], but it is another aspect
that differs from the main scope of this paper. The latter case
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also induces thermal influence due to the diffusion of accumu-
lated heat [14], resulting in the deterioration of microfabrica-
tion quality.

As an alternative, the use of bursts of ultrafast pulses has
been proposed to improve ablation efficiency with better abla-
tion quality. In this approach, the interaction between the
laser pulses and the processed material takes place in a short
total duration for the irradiation process. The total irradi-
ation time in burst mode ultrafast laser ablation is so short
that heat transfer to the material remains greatly restricted to
the irradiated area, with very low diffusion to the surround-
ing material because most of the accumulated heat is car-
ried away by the ablated material, known as ablation cool-
ing [15]. Under these circumstances, the material gets heated
and melts in a more controlled manner, which leads to higher
efficiency and higher finishing quality for the microfabrication
process.

Multiple experiments carried out by different research
groups have shown the benefits and limitations of implement-
ing ultrafast laser pulses in GHz burst mode mostly in metals
like copper, stainless steel, and aluminum [16–20], as well as
some preliminary results in silicon [16, 17, 21]. Until now, the
cited experiments have focused on processing metals mostly
via milling or analysis limited to the use of GHz burst mode.

In this paper, we extend these studies to apply GHz bursts
in MHz bursts, known as BiBurst mode, on a well-known
and widely used semiconductor, silicon. Until now, BiBurst
mode has been explored only in metals [18, 19]. The obtained
results are compared with conventional ablation using single
pulse train (single pulse mode) and a single GHz burst pulse.
Detailed analysis is carried out to investigate the efficiency of
the ablation process for the various tested experimental condi-
tions to show the ability of BiBurst for ablating larger volumes
of Si with higher efficiency, unlike metals, and to propose a
possible mechanism.

2. Experimental

The results presented in this paper were obtained by treating a
p-doped crystalline silicon wafer with 625 µm thickness, crys-
talline orientation (100), and conductivity of 3.11–3.41 Ω cm
with an experimental setup developed for laser ablation stud-
ies. Themain element of the experimental setupwas the femto-
second laser system with BiBurst mode capability. The laser
system (Pharos, Light Conversion) delivered femtosecond
laser pulses with a pulse duration of 220 fs at a near-infrared
wavelength of 1030 nm. Yb active medium generated the
laser pulses. Thanks to the pulse picking capabilities of the
system, the laser pulses were provided at tunable repetition
rates up to 1 MHz, reaching a maximum output power of
10 W.

Laser pulses supplied by the femtosecond laser system
propagated through some elements in the experimental setup,
shown in figure 1, until reaching the material sample to
be processed. Right before, the original 2.5 mm diameter
Gaussian laser beam was focused through an objective lens

Figure 1. Schematic of the experimental setup used for the burst
mode ultrafast laser ablation.

with a numerical aperture of 0.4 onto the sample surface with
a spot size of 1.9 µm in diameter at the beam waist. To
ensure the optimal focusing condition of the laser beam on
the sample surface with the smallest possible beam spot size,
an autofocus system was used coaxially to the incident laser
beam.

A part of the beam was reflected at a beam splitter and dir-
ected along the laser path to an ultrafast photodiode connected
to an oscilloscope for imaging the temporal profile of the laser
pulses grouped in bursts.

As described above, BiBurst mode combines bursts of
pulses at a GHz repetition rate inside a bigger packet of
pulses at a MHz repetition rate. For this, we use the let-
ter P to designate the number of pulses in a GHz burst
(intrapulse number) and N for the number of bursts at the
MHz repetition rate (burst number). The total group of N
bursts, each containing P intrapulses, is referred to as the pulse
packet.

For a proper comparison of the different burst mode config-
urations, experiments were carried out by delivering the same
total packet energy (same total laser power) for each series.
This means that the total energy E fixed for any BiBurst con-
dition is evenly distributed into the total number of pulses
N×P (product of the P intrapulses in a GHz-burst by the N
MHz-bursts). Hence, the average energy for each intrapulse in
the burst is E/(N×P).

Figure 2 shows the temporal distributions of the laser pulse
energy for two different configurations of BiBurst modes and
a single laser pulse (black line), which correspond to the
voltages detected at the ultrafast photodiode. The single laser
pulse has the highest intensity peak because all the energy is
concentrated in it. The blue line, corresponding to two bursts
(N = 2) containing two intrapulses (P = 2) each, reaches a
lower peak intensity since the total laser power is kept con-
stant for these configurations. The red line shows five bursts
(N = 5, only two appear in the main plot because of the long
time separation, while the whole pulse packet can be seen in
the inset) containing two intrapulses (N = 2) each with further
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Figure 2. Normalized intensity reached by each laser pulse in the
bursts for a selection of a different number of pulses in a GHz burst
P (1 and 2) and a number of MHz bursts N (1, 2, and 5) explored in
the experiments. As can be observed, the two BiBurst mode
conditions (blue and red lines) and the single pulse (black line) carry
the same total energy. The inlet exhibits a longer time domain to
show all pulses for N = 5.

lower peak intensity due to a total pulse number of 10. In this
figure, it can be seen how pulses with peaks that follow an
almost flat tendency are grouped in bursts. The time separ-
ation between succeeding pulses in a GHz burst (intrapulse
repetition rate) was measured at 205 ps, giving the ultra-
fast intra-pulse repetition rate of 4.88 GHz. The laser system
provided GHz bursts ranging from 1 pulse (single pulse mode)
up to 25 pulses. The time separation between GHz bursts
was 15.6 ns, corresponding to the interburst repetition rate of
64.1 MHz.

Additionally, a power meter temporarily intercepting the
laser beamwas used to monitor the incident laser power on the
sample. The power could be adjusted by combining a polariz-
ing beam splitter and a half-wave plate mounted on a motor-
ized rotating stage.

By using this system, experiments were performed in
the following way: the pristine silicon sample was irradi-
ated with one BiBurst condition per irradiated spot, and
multiple spots were prepared at different conditions on the
same sample. For that, the sample was placed on a three-
axis stage system that made it possible to control the sample
position where the laser pulses impinged. A series of spots
was ablated at different powers in a fixed burst mode con-
figuration, and multiple BiBurst mode configurations were
explored.

For the characterization and measurement of the ablated
spots, scanning electron microscopy (SEM) observation and
laser scanning microscopy (LSM) measurements were per-
formed to study the morphology and dimensions of the pro-
cessed spots. Based on the obtained results, ablation efficiency
was evaluated and compared for GHz burst mode, BiBurst
mode, and single pulse mode conditions delivering the same
total power.

3. Results and discussion

Laser ablation experiments performed according to the pro-
cedures described above formed craters at the surface of the
processed silicon sample. A series of craters obtained by bursts
of pulses delivering the same total packet energy of 0.53 µJ but
under different conditions of the temporal distributions of the
energy can be observed in figure 3.

A first observation of the SEM images gives evidence of the
different morphology and dimensions of the craters at the irra-
diated spots for the various burst mode configurations. In all
of them, material melting in the irradiated area and a partial
redeposition of the melted material surrounding the ablated
area defined by the central circular contour were detected,
even at the ultrashort duration of single pulse irradiation. In
this case, corresponding to figure 3(a), the concentration of
all of the energy in a single pulse resulted in a high peak
laser intensity that produced a crater with an evident rim sur-
rounding it accompanied by multiple droplets of the redepos-
ited material ejected during the ablation process. The pres-
ence of redeposited material was reduced in the case of GHz
burst mode ablation with one burst containing 25 intrapulses
(N = 1, P= 25) (figure 3(b)) and for the BiBurst mode condi-
tion of two bursts containing 25 intrapulses per burst (N = 2,
P = 25) (figure 3(c)), resulting in a sharper contour of the
ablated crater, with better defined and more abrupt boundaries
between the ablated area and the surrounding pristine mater-
ial. However, ablated material redeposition clearly increased
for larger numbers of bursts (BiBurst condition of N = 5
and P = 25) (figure 3(d)). This suggests that the success-
ive energy deposition inducing gentle heating with GHz burst
mode ablation in silicon [21] is beneficial for the ablation pro-
cess, achieving better ablation surface quality when there are
not too many bursts, which is the case of N = 2 and P = 25.
In comparison, the larger number of bursts (N = 5, P = 25)
seems to still benefit from the ultrafast material heating but
increases the amount of redeposited material, indicating a lar-
ger detrimental effect of the material heating. Another relevant
tendency that can be observed in figure 3 is the reduction of the
ablated area with increasing N and P.

To gain more information about the morphology and
dimensions of the ablated spots, the cross-sectional profiles of
the same craters shown in figure 3 were measured by LSM, as
shown in figure 4. A first clear result is that BiBurst mode abla-
tion forms deeper craters. For GHz burst mode conditions (red
line corresponding to N = 1 and P = 25), the ablated crater
is deeper than that obtained by single pulse ablation (black
line), with a smooth surface and no visible redeposition of the
ablatedmaterial surrounding the crater. For BiBurst mode con-
ditions shown by the blue and green profiles, the ablated depths
are clearly deeper with similar crater profiles, indicating a lar-
ger ablated volume despite the smaller diameter of the craters.
Ablated material redeposition surrounding the crater is obvi-
ous for the larger number of bursts (N = 5, P = 25), as also
observed in figure 3.

For a more detailed investigation on the tendencies of the
dimensions of the ablated spots, figures 5(a)–(c) show the
dependence of depth on packet energy at various intrapulse

3



Int. J. Extrem. Manuf. 4 (2022) 015103 F Caballero-Lucas et al

Figure 3. SEM images of the spots on the silicon surface ablated by delivering the same total energy of 0.53 µJ but with different burst
mode configurations: (a) N = 1 P = 1 (1 pulse), (b) N = 1 P = 25 (one burst with 25 pulses), (c) N = 2 P = 25 (two bursts with 25 pulses
per burst), and (d) N = 5 P = 25 (five bursts with 25 pulses per burst).

Figure 4. Profiles obtained by LSM for the cross sections of the ablated craters shown in figure 3.

numbers (P= 1, 2, 10, 20, and 25) for the MHz burst numbers
N of 1, 2, and 5, respectively. As can be seen, almost all con-
ditions of GHz burst mode (figure 5(a)), except P= 2, ablated
deeper craters than the ones obtained by single pulse ablation
at the same packet energy. This increase in ablated depth is
even more noticeable for BiBurst conditions (figures 5(b) and
(c)), and a 3.5 times deeper crater was ablated at 1 µJ forN = 2
and P = 25 as compared with the single pulse. Additionally,
it can be seen that ablated depth for the single pulse ablation
tends to saturate at higher energies, therefore, not being able
to create deeper craters. In contrast, the use of burst mode and
particularly BiBurst mode can ablate deeper craters by increas-
ing the energy in the same range.

The presented results for depth measurements clearly show
that GHz burst mode, and in particular BiBurst mode ablation,
are more beneficial for creating deeper holes at the same total
energy. In this case, multiple intrapulses with the same energy
distribution can collaboratively contribute to ablate a deeper
profile of the crater at the same spot. Additionally, the ultrafast

succession of the pulses ensure that the entire process happens
before the accumulated heat has enough time to expand to the
surrounding material volume.

In contrast, when the energy is concentrated in one pulse
(single pulse mode), the extremely intense and ultrashort
single pulse peak cannot be absorbed efficiently because the
contribution of electron heat conduction, which is important
at high energy, regulates the degree of energy transfer within
the target material [22].

The lateral dimensions of the ablated craters were also eval-
uated, as shown in figures 5(d)–(f). For GHz burst ablation
(figure 5(d)), larger areas were ablated at the same delivered
energy, especially for the series of P = 20 and P = 25 pulses
per burst as compared with the single pulse irradiation. We
speculate that latter pulses in GHz burst mode can be effi-
ciently absorbed by transient incubation induced by preceding
pulses due to the ultrashort time interval between each pulse
even at the outer part of laser spot with smaller intensity, res-
ulting in a larger ablation area. However, for BiBurst mode
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Figure 5. Dimensions ((a)–(c) depth, (d)–(f) squared radius, and (g)–(i) volume) of the ablated craters measured by LSM as a function of
the packet energy delivered for the different burst mode configurations for intrapulse number P of 1, 2, 10, 20, and 25: (a), (d), (g) single
burst mode (N = 1), BiBurst modes (b), (e), (h) with N = 2 and (c), (f), (i) with N = 5. The relative error for the depth measurements of the
ablated craters has an average value of 5%.

conditions (figures 5(e) and (f)), similar or slightly smaller
craters were produced at higher packet energies, because of
the significantly reduced peak fluence and relatively longer
interval between each burst. Specifically, since the peak flu-
ence of each pulse in the bursts is 1/(N×P) of that of the
single pulse mode, the resulting ablated area becomes smaller
due to the threshold effect when using a Gaussian beam [23].
Furthermore, transient incubation may relax before the next
bursts arrive. This contrasts with the previously shown results
for ablated depth, where BiBurst mode conditions resulted in
distinctly deeper craters.

These diverging trends for ablated depth and ablated area
can be also be understood from results previously obtained on
the excitation of air plasma induced by the reflected laser radi-
ation during irradiation with multiple pulses [24]. The inter-
action of the generated air plasma with the silicon plasma
was found to enhance the shockwave expansion during silicon

ablation in the longitudinal direction, which corresponds to the
direction perpendicular to the sample surface, i.e. the direction
along the crater depth. The results showed anisotropic expan-
sion dynamics in different directions, which could be related
to the differences observed in the ablated depth and area for
burst mode ablation.

A good assessment of the detected competing tendencies
between depth and area can be observed in the ablated volume,
which is also measured by LSM and depicted in figures 5(g)–
(i). When comparing the optimal conditions of the different
ablation modes, it was observed that the ablated volume by
BiBurst mode was 4.5 times larger than that of the single pulse
for the same packet energy. This value was obtained as the
ratio of 18 µm3 of the ablated volume by BiBurst for N = 2
and P = 25 and 4 µm3 by a single pulse (N = 1, P = 1) at the
same packet energy of 1.1µJ. To investigate this inmore detail,
the ablation efficiency was calculated from figures 5(g)–(i).
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Figure 6. Ablation efficiency as a function of (a)–(c) the packet energy and (d)–(f) average pulse energy for the different burst mode
configurations for intrapulse number P of 1, 2, 10, 20, and 25: (a), (d) single burst mode (N = 1), BiBurst modes (b), (e) with N = 2 and
(c), (f) with N = 5.

Ablation efficiency is defined as the quotient of the ablated
volume and the total energy (packet energy) delivered to pro-
duce the corresponding crater. The calculated efficiencies have
been plotted against the packet energy for the different burst
mode conditions in figures 6(a)–(c).

Ablation efficiency shows that GHz burst and BiBurst
modes are more efficient in the ablation of silicon than the
single pulse mode under almost all of the experimental condi-
tions tested. Similar efficiencies were obtained by GHz burst
and BiBurst modes, but BiBurst achieved the highest effi-
ciencies above the critical energies, while GHz burst had the
maximum efficiency at a relatively low energy around 0.2 µJ.
This means that BiBurst is more effective for ablating larger
volumes.

The highest ablation efficiencies were obtained withP= 25
for all configurations. GHz burst with 25 intrapulses corres-
ponds to about 5 ns of the burst duration for the total pro-
cessing time of a single burst. The highest ablation efficiencies
obtained at the longest burst pulse are consistent with pre-
vious experiments carried out in similar experimental setups
but with different configurations for the GHz burst mode
[16, 17, 21].

As described above, the maximum ablation efficiency was
obtained for energies in the low part of the explored packet
energy range, close to the ablation threshold for GHz burst
mode ablation (figure 6(a)). For BiBurst modes (figures 6(b)
and (c)), the packet energy, where maximum efficiency is
reached, shifted to higher energies, and the efficiency was
almost saturated above these energies. These results indicate

that in all cases relatively low average pulse fluences make
the most efficient use of the absorbed incident laser radiation
for material ablation. In particular, the optimum average pulse
fluences for higher P may be below the ablation threshold
of a single pulse. To confirm this, figures 6(a)–(c) were
redrawn with average pulse energy on the horizontal axis in
figures 6(d)–(f), respectively.

The spot size and ablation threshold energy were estimated
from the series of ablated areas corresponding to the single
pulse mode (N = 1, P = 1) in figure 5(d). Owing to the Gaus-
sian spatial distribution of the laser pulses used, the ablation
threshold energy Eth and the laser beam waist radius ω can
be deducted from the logarithmic fit of the data according to
equation (1) [25],

r2 =
ω2

2
ln(E/Eth) , (1)

where E is the incident pulse energy. Results from the cor-
responding fit gave a laser beam waist of 1.9 µm in radius
and an ablation threshold energy of 20 nJ, providing an abla-
tion threshold fluence of 0.19 J cm−2. The ablation threshold
energy of 20 nJ, which is the minimum energy to induce abla-
tion by a single pulse irradiation, is indicated by the red dashed
lines in figures 6(d)–(f). As expected, the highest efficien-
cies in burst mode with P larger than 20 were achieved at
average pulse energies lower than the ablation threshold for
all configurations with a higher number of intrapulses, show-
ing that the ablation threshold in burst mode conditions was
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Figure 7. Schematic illustration of the Si band structure and
electron excitation processes proposed as absorption mechanisms of
the laser pulses.

distinctly reduced, similarly to what was observed in previous
experiments [21].

The reduction of the threshold energy for burst mode con-
ditions can explain the larger ablation area in GHz burst mode
conditions. From equation (1), a lower threshold fluence leads
to a larger spot where the fluence threshold is overcome, res-
ulting in a larger area where ablation occurs [23]. However,
smaller ablated areas were observed in BiBurst conditions.
This indicates that the balance between the reduction of the
threshold energy in burst mode and the lower energy carried
by each of the pulses in the bursts determines the resulting sur-
face area of the ablated crater.

In addition, an increased efficiency for ablation in burst
mode can be understood through the absorption of the laser
pulses and electron excitation processes in silicon, as shown
in figure 7. In published research, it has been shown that at
high intensities, usually reached by femtosecond laser pulses,
absorption in silicon can take place through the direct band gap
via multiphoton absorption [26]. For the case of the infrared
wavelength used in our experiments, this requires the sim-
ultaneous absorption of three photons. In principle, single
photon absorption is also possible across the indirect band gap
at a stationary state. The probability of each absorption process
depends on the laser intensity, and higher intensity, which is
usual for single pulse mode, gives a higher probability of three
photon absorption.

In contrast to that, the burst mode, with pulses possess-
ing lower intensities, may preferentially induce single photon
absorption and generate a larger number of free electrons
as transient incubations. Once the free electrons are gener-
ated, they can efficiently absorb the laser energy by single
photon absorption. Therefore, a larger number of free elec-
trons can more efficiently deposit the laser energy in the
material, achieving higher ablation efficiency. Specifically, the
mechanism involves the absorption of the subsequent pulses
in the burst by absorption sites (transient incubations) gen-
erated by preceding pulses in the same burst. These transi-
ent incubations correspond to the free electrons generated by

interband excitation. The lifetime of free electrons in silicon
is longer than several tens of ns [27], which is long enough to
be absorbed by pulses in the latter part of the burst even with
P = 25.

Another possible mechanism for enhanced ablation effi-
ciency can be found in a recent publication, which demon-
strated that the superficial melting of silicon can occur dur-
ing irradiation by a single femtosecond laser pulse at fluences
below the ablation threshold [28]. Furthermore, the metallic
transition of melted silicon has been shown to contribute to a
significant increase in the ablation rate of silicon during mul-
tiple pulse irradiation with consecutive pulses separated by
delays comparable to the time separation between intraburst
pulses presented in this paper [29].

These results can explain that in burst mode, instead of
a predominant multiphoton absorption by three photons for
single pulse mode, more efficient absorption is possible by the
free carriers generated in silicon during burst mode irradiation.
These free carriers are created during the non-thermal melt-
ing of silicon generated by the first pulse in the burst, even
if the pulse energy is lower than the ablation threshold for
single pulse ablation. After that, successive laser pulses in the
burst can be absorbed via single photon absorption by promot-
ing more electrons through the defects generated during non-
thermal melting. The promoted electrons become free carriers
in the conduction band that can absorb more photons from the
following laser pulses in the burst, resulting in a higher absorp-
tion efficiency. In addition, the short duration of the process
from the ultrafast pulse bursts contributes to absorption occur-
ring before the generated free carriers recombine. This process
more efficiently occurs at the laser fluence slightly below the
ablation threshold fluence by single pulse irradiation. There-
fore, BiBurst achieved the highest efficiencies at higher ener-
gies, while GHz burst had the maximum efficiency at a relat-
ively low energy. Consequently, BiBurst is more effective for
ablating larger volumes with high efficiency. Importantly, the
short time duration of the process entails a reduction of detri-
mental thermal accumulation effects, increasing the efficiency
of the ablation process in the GHz burst and the BiBurst modes
compared to single pulse ablation.

The improved ablation efficiency for silicon strongly con-
trasts with opposite tendencies observed for the GHz burst and
BiBurst mode ablation of metals. A major difference between
semiconductors and metals is the absorption process. For
semiconductors, absorption typically first takes place when
bound electrons in the balance band are excited to the conduc-
tion band. Free electrons always induce absorption by metals,
suggesting that the efficiency improvement for silicon in burst
mode is associated with the absorption process and is likely
due to an enhanced generation of free carriers at absorption
sites originated by preceding pulses, as discussed above. Addi-
tionally, for metals, strong plasma shielding occurring during
the burst irradiation is detrimental in multiple experimental
conditions. Although in some cases it may be interesting for
certain applications of the laser ablation process [18, 19, 30]. A
feasible explanation for the presence of strong plasma shield-
ing in metals and the apparent absence in semiconductor or
dielectric materials can be obtained from laser-induced plasma
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and shockwave expansion characterization experiments upon
irradiation by multiple pulses [31]. However, available data
only cover repetition rates far slower than the ultrafast regime
reached in the GHz burst mode. For that, further experiments
on laser-induced plasma and shockwave expansion visualiza-
tion and analysis will be necessary for a deeper understand-
ing of the laser-matter interaction processes happening during
GHz burst and BiBurst mode laser ablation.

4. Conclusion

BiBurst (GHz bursts in MHz burst) mode laser ablation was
investigated as a method to improve laser ablation perform-
ance while maintaining the benefits of ultrashort laser pulses,
namely reducing the effect of heat in the area surrounding the
processed spots, which offers good precision in the microfab-
rication of materials while achieving better ablation efficien-
cies for a higher throughput for practical use.

Specifically, it was observed that the distribution of the
same laser power in multiple pulses at ultrafast repetition rates
in bursts improves ablation efficiency compared to delivering
the same power in a single pulse. For the optimal conditions,
the volume ablated by BiBurst mode can be 4.5 times larger
than that ablated by the single laser pulse with the same total
energy delivered. Furthermore, the BiBurst mode achieved the
highest ablation efficiency at higher packet energy as com-
pared with the GHz, allowing a single packet to drill deeper
with larger volume.

As a consequence, BiBurst mode laser ablation has been
demonstrated as a suitable microfabrication technique for
achieving higher throughput together with high quality pro-
cessing in silicon. The obtained results provide a path for pro-
cessing other materials that might show a similar laser-matter
interaction behavior.
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