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Abstract
The authors present results of ablation on silicon with ultrafast laser radiation featuring burst pulses using an amplified 
burst-mode solid-state laser, featuring an emitting wavelength of 1030 nm to generate single burst cavities on silicon. Laser 
parameter are varied for different pulse durations from 270 fs up to 10 ps, burst fluences, and number of sub-pulses per burst 
in the respective burst regime with sub-pulse repetition rates of 65 MHz and 5 GHz. The resulting ablated volume per burst 
and per sub-pulse in a burst as well as the topography are investigated and discussed.
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1 Introduction

The continued development of ultrafast laser sources to 
higher average powers [1–5] has led to so-called burst lasers 
in recent advances for an optimal throughput and efficiency 
in laser micro-machining. A burst comprises a pulse packet 
containing at least two and up to several hundred sub-pulses 
[6–10]. Within a burst, each of these sub-pulses has a high 
enough pulse energy to be used for laser micro-machining, 
while the total energy of all sub-pulses in a pulse packet 
together is close to the maximum available pulse energy of 
the laser.

In recent studies, two burst regimes have been estab-
lished in terms of providing maximum ablation efficiency 
and optimal surface quality. The first regime is the so-called 
MHz burst with sub-pulse repetition times in the nanosecond 
range. A comparably high efficiency to conventional pulsed 
laser radiation was demonstrated on stainless steel [11, 12], 
cemented tungsten carbide [13] and metallic implant mate-
rial [14], however with a significantly higher throughput. 
The efficiency is even increased on copper [11, 13, 15, 16] 

and silicon [16, 17]. Furthermore, in this regime, a good sur-
face roughness is realized at a certain number of sub-pulses, 
which is comparable to values using nanosecond pulses [18]. 
As soon as the number of sub-pulses is higher as the optimal 
range, the surface quality decreases due to increasing rough-
ness values [19, 20]. Furthermore, using MHz burst pulses, 
an iterative shielding of the laser radiation by an existing 
ablation cloud was demonstrated, depending on the number 
of sub-pulses [13, 21, 22].

The second regime is the so-called GHz burst with sub-
pulse repetition times in the picosecond range. Using GHz 
burst pulses with pulse energies per sub-pulse below the 
ablation threshold of the non-burst regime resulted in sig-
nificant increases of the efficiency even with a small num-
ber of sub-pulses on glasses [23, 24]. Similar results were 
obtained for stainless steel, copper, aluminium and silicon, 
but in this case several hundred sub-pulses are required 
[25, 26]. Recent studies utilizing GHz burst pulses with 
pulse energies per sub-pulse above the ablation threshold 
of the non-burst regime have been used to polish compara-
tively rough material surfaces produced during 3D micro-
machining or milling on metals [19, 23, 27–29], cemented 
tungsten carbide [27] and silicon [23, 27]. In this param-
eter range, subsequent pulses interact with a laser-induced 
plasma, allowing the assumption that a thermo-mechanical 
smoothing of the material surface takes place as a result of 
plasma-induced shock waves [27, 30, 31]. However, using 
GHz burst pulses with sub-pulse pulse energies above the 
ablation threshold leads to a strong shielding of subsequent 
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pulses by an existing plasma cloud and reduces the ablation 
efficiency by up to 90 % [27, 28, 32–34].

The referenced studies obtained their results mainly from 
laser micro-milling, making a detailed analysis of the topog-
raphy from single structures impossible due to the multiple 
number of bursts. The aim of this study is a detailed investi-
gation of the ablated volume per single burst and sub-pulse 
as well as the resulting topography of the created cavity 
depending on the pulse duration and the number of sub-
pulses using single MHz and GHz bursts.

2  Experimental setup

2.1  Laser processing

An amplified solid-state laser (Pharos PH1-20, Light Con-
version) was used for the experiments, generating laser 
radiation with a maximum average power Pav of 20 W, a 
pulse repetition rate frep up to 1 MHz, an emitting wave-
length � of 1028 ±5 nm, and a variable pulse duration �H 
ranging from 270 to 10 ps. The spatial intensity distribu-
tions of the laser radiation nearly equals an ideal Gaussian 
distribution ( M2 ≤ 1.2 ). A spherical lens with a focal length 
of 160 mm was utilized for focusing the laser radiation with 
a beam waist radius w0 of 14.2 µm on the material surface, 
measured by a Primes MicroSpotMonitor in accordance with 
ISO 11146. A galvanometer scanner head was used to deflect 
the laser radiation across the sample surface.

In principal, the laser generated bursts with a certain 
number N of sub-pulses per burst from one (representing 
the non-burst regime) up to nine using MHz burst and up to 
25 by GHz burst pulses. In this study, a maximum number of 
nine sub-pulses was used for immediate comparability of the 
results in both burst regimes. The sub-pulse repetition rate 
was 65 MHz and 5 GHz, which corresponds to a time delay 
between subsequent pulses of about 15.4 ns for MHz burst 
and 200 ps for GHz burst pulses, respectively.

Using a fluence �0 of 2.0 J/cm2 per sub-pulse, given by

correlated to the pulse energy Ep of 6.3 μ J, separate cavi-
ties were created on a monocrystalline silicon wafer <111> 
depending on the number of sub-pulses and on the pulse 
duration in both burst regimes. The selected fluence of 2.0 J/
cm2 per sub-pulse is well above the single-pulse threshold 
fluence of 0.7  J/cm2 and in an ablation regime without 
hydrodynamic motion in the non-burst regime ( N = 1 ) dur-
ing the interaction between the first sub-pulse and the mate-
rial surface [35].

2.2  Analytical methods

The created cavities were measured using confocal laser 
scanning-microscopy (Olympus model Lext 3D OLS4100). 
Referring to Fig. 1, a zero plane was referenced to the non-
irradiated material surface. Based on this referencing, a 
bulge volume Vbulge was measured above the zero plane, 
caused by solidified melt ejection. Furthermore, a cavity vol-
ume Vcavity below the zero level was measured. The ablated 
volume per burst Vburst(N) as a function of the number of 
sub-pulses, defined by

results from the difference between the cavity and corre-
sponding bulge volume. The ablated volume per sub-pulse, 
given by

permits an analysis of the ablation volume in terms of 
the part that each individual sub-pulse has contributed to 
the ablated burst volume [13]. Further image recordings 
were performed by scanning electron microscopy (SEM) 
(JeolJSM-6512V).

(1)�0 =

[

2Pav

� w2
0
f
rep

=

2Ep

� w2
0

]

J/cm2

(2)Vburst(N) =
[

Vcavity(N) − Vbulge(N)
]

μm3

(3)Vpulse(N) =
[

Vburst(N) − Vburst (N − 1)
]

μm3

Fig. 1  Exemplary representa-
tion of a cavity measured by 
confocal microscopy, the bulge 
Vbulge and the cavity volume 
Vcavity referenced to the non-
irradiated material surface
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3  Results and discussion

3.1  MHz burst pulses

Using MHz burst pulses, the cavity volume (see Fig. 2 
left) increases considerably according to the number of 
sub-pulses, going from one sub-pulse in a range of 3 μm3 
and 9 μm3 up to a maximum of 650 μm3 at 10 ps to 810 μ
m3 at 270 fs with nine sub-pulses per burst. This non-linear 
increase in the cavity volume results from the accumula-
tion of residual heat [13, 36–39], meaning that in addition 
to the ablation of material of each individual sub-pulse by 
spallation and phase explosion, the boiling temperature 
in the interaction zone is continuously exceeded above a 
certain number of sub-pulses and evaporation of material 
takes place [13]. In the non-burst regime, compared to 
a pulse duration of 10 ps, a three times increased cavity 
volume was measured by using 270 fs. This correlation has 
been demonstrated in other studies whereby the ablation 
threshold on silicon decreases with shorter pulses result-
ing in a higher amount of material being ablated for the 
same fluence [40–42]. In contrast to the non-burst regime, 
the ratio of cavity volumes between 10 ps and 270 fs is 

significantly lower for MHz burst pulses, thus heat accu-
mulation induced material removal dominates and the 
pulse duration has a negligible influence on the resulting 
cavity volume.

The accumulation of residual heat caused by MHz burst 
pulses leads to the generation of a melt film with depths 
ranging from several hundred nanometers to a few microm-
eters [12, 14, 43, 44]. The interaction of subsequent sub-
pulses with this melt film permits melt to be ejected from 
the interaction zone, resulting in a bulge volume. Referring 
to Fig. 2 (middle), a bulge volume of 2 μm3 was measured 
using a burst containing two sub-pulses at a pulse duration 
of 10 ps. With an increase in the number of sub-pulses, the 
bulge volume increases continuously up to a value of 500 μ
m3 with nine sub-pulses. Compared to the corresponding 
cavity volume (Fig. 2 left), the progression of the graph is 
similar to the bulge volume. Consequently, the resulting 
cavity volume is mainly generated by the ejection of melt. 
In Fig. 3b, the topography of the generated cavities visual-
ises this conclusion by means of SEM images. Thereby, by 
increasing the number of sub-pulses referring to the piston 
effect [45–48], increasingly more melt is pushed out and 
solidifies near the edge of the cavity.

Fig. 2  Ablation volume per burst Vburst , determined from the cavity volume Vcavity and bulge volume Vbulge as a function of the number of sub-
pulses and of the pulse duration from 270 fs up to 10 ps. The values are interpolated with a cubic spline function to guide the eye

Fig. 3  Cavities on silicon, generated from a MHz burst pulses with a fluence per sub-pulse of 2.0 J/cm2 in dependence on the number of sub-
pulses N and with a pulse duration of a 270 fs and b 10 ps
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In the case of 1 ps and shorter pulse durations, an itera-
tive decrease and increase of the bulge volume is noticeable 
starting at five sub-pulses (Fig. 2 middle). Furthermore, 
the amplitude of the iteration increases with shorter pulse 
durations.

The increased bulge volume at five, seven and nine sub-
pulses per burst and the reduced bulge volume using six 
and eight sub-pulses is similarly illustrated by the resulting 
topography of the generated cavities in Fig. 3a by means of 
SEM images. Compared to the generated cavities using a 
pulse duration of 10 ps (Fig. 3b), whereby the melt ejection 
solidified near the edge of the cavity, the melt is ejected very 
widely from the interaction zone at 270 fs in the case of five, 
seven and nine sub-pulses. The topography of the solidified 
melt ejection of bursts with four, six and eight sub-pulses is 
comparable to the topography of the solidified melt ejection 
of bursts with a pulse duration of 10 ps. This phenomenon 
could be attributed to the assumption that the interaction of 
sub-pulses with an existing ablation cloud influences the 
melting dynamics in the cavity. The initial travel velocity of 
ablated particles under atmospheric pressure is in the range 
of a few 100 m/s [21, 49–53]. Consequently, using burst 
pulses with sub-pulse repetition times in the nanosecond 
range, the ablated particles are propagated to a distance of a 
few micrometers from the material surface forming a dense 
ablation cloud. The pulse energy of subsequent sub-pulses 
is fully or partially absorbed, resulting in ablated material 
forced back to the surface [13, 21, 38, 52, 54]. The induced 
pressure from redeposited particles on the material surface 
can be significantly higher compared to a direct interaction 
of ultrafast laser radiation without re-deposition [55]. In 
conclusion, in the case of a strong re-deposition of ablated 
material, it can be assumed that considerably more melt is 
ejected from the cavity. However, a fundamental explanation 
of these fluid dynamics is not state of the art.

The ablated volume per burst Vburst results from the dif-
ference of the cavity volume and the corresponding vol-
ume of the solidified melt ejection (see Sect. 2.2, Eq. 2). 
Using MHz burst pulses and a pulse duration of 10 ps, 
the ablation volume per burst, presented in Fig. 2 (right), 
increases continuously up to a value of 145 μm3 by nine 
sub-pulses. The iterative increase or decrease of the bulge 
volume transmits to the ablation volume per burst from 
a pulse duration of 5 ps and shorter, leading to a com-
parably low ablation volume per burst for five and seven 
sub-pulses and a high ablation volume per burst for six 
and eight sub-pulses. This oscillating trend has also been 
demonstrated in other studies on copper  [10, 21, 22], 
brass [16], aluminium [34] and stainless steel [12], starts 
on metals from the second sub-pulse onwards, resulting in 
a decrease in the removal volume per burst with an even 
number of sub-pulses and an increase with an odd number. 
In context of the referenced studies, the oscillation of the 

ablation volume per burst (Fig. 2, right) can be explained 
as follows: the fifth sub-pulse is fully or partially shielded 
by ablated particles, but its energy clears the ablation 
cloud such that the sixth sub-pulse can be absorbed onto 
the surface. The sixth sub-pulse again produces an ablation 
cloud, and the seventh sub-pulse is therefore shielded and 
so on. The difference in the initial start point of the itera-
tive change in the ablation volume between the state of 
the art and this study can be explained by considering that 
previous results were generated exclusively by multi-burst 
plane ablations and not by single MHz burst pulses. In 
conclusion, multi-burst incubation effects possibly influ-
ence the initial start point of the iteration. Furthermore, 
no evaluation can be made from the results of multi-burst 
surface ablation on the basis of the solidified melt ejec-
tion, due to the influence and relativization of subsequent 
bursts.

Based on the determined ablation volumes per burst 
Vburst , the ablated volume per sub-pulse Vpulse was calcu-
lated and the results are illustrated in Fig. 4. The values 
indicate a continuous increase of the ablation volume up 
to the fourth sub-pulse, with an increase of the volume per 
sub-pulse leading to shorter pulse durations.

Starting with the fourth and further even-numbered 
sub-pulses, the pulse energy is used primarily for ablating 
material due to the high ablation volume of up to 250 μ
m3 . In comparison, considerably less material is ablated 
with odd sub-pulses. Based on the measured bulge volume 
(Fig. 2, middle), in this case molten material is mainly 
ejected from the cavity (Fig. 3a). The negative values for 
the seventh sub-pulse and pulse durations of less than or 
equal to 1 ps may suggest in addition to the pronounced 
ejection of melt, that more material was redeposited in the 
cavity than ablated.

Fig. 4  Ablation volume per sub-pulse Vpulse in the MHz burst as a 
function of the pulse duration from 270 fs up to 10 ps. The values are 
interpolated with a cubic spline function to guide the eye
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3.2  GHz burst pulses

In the investigated parameter range, a cavity volume of 
up to 9 μm3 was measured for GHz burst pulses with one 
sub-pulse and a maximum cavity volume of approximately 
60 μm3 using nine sub-pulses (Fig. 5 left). The near-linear 
increase of the cavity volume with the number of sub-pulses 
indicates that, in contrast to MHz burst pulses, the accumu-
lation of residual heat is not contributing to the resulting 
cavity volume.

The values of the measured bulge volume illustrated in 
Fig. 5 (middle) indicate an almost identical shape of the 
characteristic graph in comparison to the cavity volume for 
all investigated pulse durations. In conclusion, for GHz burst 
pulses, material was primarily melted and less ablated. The 
ablation volume per burst presented in Fig. 5 (right) demon-
strates this point, indicating that no additional material was 
ablated by increasing the number of sub-pulses compared to 
the first sub-pulse. In contrast to the shielding of laser radia-
tion using MHz burst pulses, However, the physical effects 
that can lead to shielding are different for temporal sub-pulse 
delays of a few picoseconds from those in the nanosecond 
range. During the interaction of ultrafast laser radiation with 
matter, two pressure waves are generated and propagate from 
the surface into the bulk. The first shock wave leads locally 
to a compression of material and the subsequent rarefac-
tion wave leads to a dilution [51, 54, 56, 57]. The resulting 
negative stresses by a sufficiently intense rarefaction wave 
induces a layer-wise fragmentation of material. For sub-
pulse repetition times up to a few 100 ps, rarefaction wave 
interference takes place [34, 51]. The destructive interfer-
ence weakens the rarefaction waves to reduce the resulting 
stress and less material is ablated. If the time delay is further 
extended up to a few nanoseconds, subsequent sub-pulses 
interact with material that has lifted off the surface so that no 
physical connection and interference of subsequent rarefac-
tion waves occurs [51, 58]. The ablated material forms an 
ablation cloud that shields the laser radiation of subsequent 

sub-pulses, leading to an increase in the temperature of the 
ablation cloud and to plasma formation [23, 27, 32, 34, 39, 
52, 59]. Based on the calculated ablation volumes per sub-
pulse of a GHz burst (Fig. 6), the strong shielding by an 
existing ablation cloud or plasma is verified. The first sub-
pulse ablates a volume of up to 9 μm3 creating an ablation 
cloud. From the second sub-pulse on, considering the error 
deviations, no further material is ablated.

In Fig. 7, SEM images visualise the generated cavities 
using GHz burst pulses at a pulse duration of 270 fs depend-
ing on the number of sub-pulses. Compared to the result-
ing topography using MHz burst pulses, which is mainly 
characterized by melt ejection out of the cavity, the result-
ing topography using GHz burst pulses differs significantly. 
Generally, starting with two sub-pulses, a solidified melt 
front was formed at the edge of the cavity, as illustrated in 
Fig. 8 by means of depth profiles, increasing with a higher 
number of sub-pulses. Furthermore, rotationally sym-
metrical wave profiles with a depth of up to 150 nm were 
formed around the cavity centre. Two assumptions can be 

Fig. 5  Ablation volume per GHz burst Vburst , determined from the cavity volume Vcavity and bulge volume Vbulge as a function of the number of 
sub-pulses and of the pulse duration from 270 fs up to 10 ps. The values are interpolated with a cubic spline function to guide the eye

Fig. 6  Ablation volume per sub-pulse Vpulse in the GHz burst as a 
function of the pulse duration from 270 fs up to 10 ps. The values are 
interpolated with a cubic spline function to guide the eye
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considered for the formation of these wave profiles: The first 
assumption is based on the interaction of an existing plasma 
and subsequent sub-pulses, thus the plasma is pumped and 
induces periodic shock waves given by the sub-pulse repeti-
tion time. The shock waves press melt wavelike from the 
centre to the edge of the cavity. This would account for the 
continuous increase in the solidified outer melt front with an 
increase in the number of sub-pulses. The second assump-
tion based on the generation of an expanding highly dynamic 
plasma and the resulting formation and evolution of a sub-
surface melt front [60–62]. In this case, an interference by 
reflected laser radiation occurs at the front and back side of 
the layer, detectable as Newton rings and characterize the 
melt front evolution. In this context, supersonic velocities 
of the Newton rings up to Mach number 6 and high-pressure 
shock waves nearly 30 GPa were determined using femto-
second pulses [61, 63]. The results of previous studies were 
obtained from experiments with single pulses, thus the influ-
ence of multiple sub-pulses in a GHz burst on the resulting 
ring patterns is not state of the art.

4  Conclusions

The dependence on the number of sub-pulses per burst of the 
resulting ablation volume and topography were investigated 
by ablating silicon with ultrafast laser radiation emitting a 
wavelength of 1030 nm with pulse durations of 270 fs up to 
10 ps using single MHz and GHz burst pulses.

Using MHz burst pulses, the cavity volume increased 
from up to 9 μm3 for one sub-pulse to a maximum of 810 μ
m3 for nine sub-pulses. This significant increase in the cav-
ity volume was explained by the accumulation of residual 
heat. In contrast to the non-burst regime, represented by one 
sub-pulse in the burst, the cavity volume in the investigated 
parameter range is approximately independent of the pulse 

duration. The melt dynamics and the ejection of the melt 
from the cavity resulted in a solidified bulge volume depend-
ing on the pulse duration and the number of sub-pulses. 
Based on the ablation volume per sub-pulse, it was dem-
onstrated that primarily with odd sub-pulses comparatively 
less material was ablated, whereas more melt was ejected 
out of the cavity.

The results obtained for GHz burst pulses revealed close 
to a linear increase in the cavity and a comparable trend in 
the bulge volume with increased sub-pulses. The ablation 
volumes per sub-pulse indicated from the second sub-pulse 
in the GHz burst onwards in general that no material was 
ablated and therefore a strong shielding of the laser radiation 
by a given ablation cloud and plasma takes place. Further-
more, SEM images and depth profiles demonstrated ring 
patterns within the cavity with a solidified melt front at the 
edge of the cavity.

The primary findings of this study are related to the strong 
dependence of the fluid and thermo-mechanical dynamics 
during the interaction of multiple burst pulses on the sub-
pulse repetition time, which will be fundamentally investi-
gated in subsequent studies using time-resolved experiments 
and simulations.
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Fig. 7  Cavities on silicon, generated from single GHz burst pulses with a fluence per sub-pulse of 2.0 J/cm2 in dependence on the number of 
sub-pulses N using a pulse duration of 270 fs

Fig. 8  Depth profile of the cavities (measured with confocal laser-scanning microscopy), generated by single GHz burst pulses with a fluence per 
sub-pulse of 2.0 J/cm2 and a pulse duration of 270 fs in dependence on the number of sub-pulses N 
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