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Abstract We investigate the temporal evolution of the hole
depth and shape for percussion drilling at different ambi-
ent pressure conditions. Deep drilling is performed in sili-
con as target material by ultrashort laser pulses at 1030 nm
and a duration of 8 ps. Simultaneously, the backlit silhou-
ette of the hole is imaged perpendicular to the drilling direc-
tion. While typical process phases like depth development
and shape evolution are very similar for atmospheric pres-
sure down to vacuum conditions (10−2 mbar), the ablation
rate in the initial process phase is significantly increased for
reduced pressure. The number of pulses till the stop of the
drilling process also increases by a pressure reduction and
exceeds drilling at atmospheric conditions by two orders of
magnitude for a pressure of ca. 10−2 mbar. Accordingly, the
maximum achievable hole depth is more than doubled. We
attribute this behavior to an enlarged mean free path for abla-
tion products at reduced pressure and therefore lower or no
deposition of particles inside the hole capillary under vac-
uum conditions while debris fills the hole already after a few
thousand pulses at atmospheric pressure. This is supported
by scanning electron cross section images of the holes.
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1 Introduction

Ultrashort laser pulses with their specific ablation character-
istics, like nearly direct solid-vapor transition and negligible
thermal impact, offer a lot of advantages for the fabrication
of high quality microstructures [1–5].

For the generation of deep structures with high aspect ra-
tio, especially holes, additional challenges are encountered,
including e.g. the decrease of ablation rate with increas-
ing depth until the complete stop of ablation as well as the
change in the shape of the ablated structure which is no
longer solely determined by the incident laser beam. Previ-
ous investigations of the hole formation in silicon revealed
three distinct process phases [6, 7]. After the excavation of
an ideally shaped capillary during the first 100 to 200 pulses,
the hole shape is subject to the formation of imperfections
like indents on the side walls, bulges, branches and even sev-
eral tips. This phase can continue for several thousand pulses
depending on the applied pulse energy. Afterwards, in the fi-
nal third phase, ablation only takes place on the side walls
while the depth remains constant. The formation of the im-
perfections might be caused by scattering or deflection of
the incoming pulse by ablation products that are deposited
within the hole capillary. The deposits arise from the accu-
mulation of atoms, ions and clusters or nanoparticles with
a size of a few nanometers that are generated during mate-
rial ablation by ultrashort laser pulses with a typical pulse
duration <10 ps [8–10]. The deposition and aggregation of
the ablation particles is essentially influenced by the ambient
pressure. For ablation of silicon, cotton like aggregations of
particles on the surface in the vicinity of ablation structures
were observed at atmospheric pressure (1000 mbar), while
a reduced density of debris or even no particles were found
for lower pressure (10−1 mbar) [11]. For very high fluences,
a significant amount of melt is generated even for ultrashort
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pulses and the formation of a layer of molten material as
well as the ejection of melt droplets may have to be consid-
ered [12]. Furthermore, it has been shown that a reduction
of the ambient pressure leads to an increase in drilling ef-
ficiency. Ablation rate measurements on stainless steel and
aluminum in the ps- and fs-regime revealed an increase of
the average ablation depth per pulse of about 30–50 % for
fluences in the order of 10 J/cm2 when the ambient pressure
is reduced to 100 mbar or less [13–15]. Similar results have
also been obtained for drilling with nanosecond pulses [16].
Moreover, this effect can be accompanied by a decrease of
the hole diameter [13].

The effect of the pressure conditions on the drilling pro-
cess and resulting hole geometry needs further systematic
investigation. In this work, we specifically analyze the in-
fluence of the ambient pressure on the drilling behavior.
In particular, we study the complete hole shape formation
to characterize the drilling process under different ambient
pressures from atmospheric conditions (approx. 1000 mbar)
to medium vacuum (<10−2 mbar). The role of the redepo-
sition of ablation particles is evaluated by taking scanning
electron microscope images of hole cross sections.

2 Experimental setup

For investigating the drilling process for different pres-
sure conditions, the silicon sample is placed inside a vac-
uum chamber which allows to control the ambient pres-
sure by use of a vacuum pump and needle valve from
about 1000 mbar (atmospheric conditions) to approximately
2 ·10−3 mbar (medium vacuum). The actual pressure is mea-
sured by a combined Pirani and ion gauge (ATMION Wide
Range Manometer). The drilling laser (Trumpf TruMicro
5050), operating at a wavelength of 1030 nm and a pulse du-
ration of 8 ps (FWHM), is focused onto the sample surface
by a plano-convex lens with a focal length of 100 mm, which
is typical for micromaching applications. We used pulse en-
ergies form 25 µJ to 125 µJ, corresponding to an applied flu-
ence of 8 J/cm2 to 40 J/cm2 in the focus. During the drilling
process, the focus position is not moved, which means per-
cussion drilling is performed. A second laser at 1060 nm is
used to illuminate the sample perpendicular to the drilling
direction and project the evolving silhouette of the hole onto
a CCD-camera. The imaging setup is adapted from previous
investigations, see [6]. The samples are prime grade crys-
talline silicon wafers with n-doping (resistivity <10 � cm)
and 〈100〉 orientation perpendicular to the drilling direction.
Nevertheless, our preliminary investigations showed no in-
fluence of the crystal orientation on the drilling results.

The mean free path Λ for gas molecules at a pressure p

can be estimated by the model of an ideal gas [17] to be

Λ = kT√
2π d2p

(1)

Table 1 Pressure and
corresponding mean free path
for nitrogen at room temperature

p Λ

1000 mbar 95 nm

100 mbar 950 nm

1 mbar 95 µm

10−2 mbar 9.5 mm

and is therefore inversely proportional to the pressure. Here,
k denotes the Boltzmann constant, T the temperature and d

the diameter of the gas molecules. Table 1 gives an overview
of the pressures used in the experiments and the correspond-
ing mean free path for nitrogen molecules with d ≈ 0.31 nm
[18] at room temperature.

This yields a rough approximation of the movability of
the ablation products, since the ambient gas will offer a
certain mechanical resistance against their expansion. The
actual mean free path of the ablated particles can differ
from the values in Table 1 as they differ in size, especially
nanoparticles/clusters, but also have a higher temperature
and directed movement away from the ablated surface. Nev-
ertheless, within the pressure range examined in this exper-
iment, we expect to increase the movability of the ablation
products in such a way that it matches or even exceeds the
hole depth up to several hundred micrometer.

In order to reveal the actual inner structure of the holes,
we cleave the samples along the drilling direction. To fa-
cilitate this process, laser-structured grooves are added to
the side walls of the sample before drilling. Afterwards, we
carefully bend the sample perpendicular to those grooves,
which leads to a fracture splitting the laser drilled hole.
Since this technique does not involve any cutting or polish-
ing steps, the particles which are deposited inside the hole
capillary, are not moved or altered considerably by the cleav-
ing and can be observed directly.

3 Results

The initial phase, which enfolds within the first few hundred
pulses, shows the highest ablation rate of the drilling pro-
cess. The end of this phase is marked by a significant drop
in ablation rate. The development of the hole depth is shown
in Fig. 1 for the first 800 pulses, for a pulse energy of 125 µJ
and fluence of ca. 40 J/cm2, respectively. For all pressure
conditions, we observe an almost linear depth increase up
to approximately 250 pulses, marked by the dashed line in
Fig. 1. The average ablation rate during this initial phase
is ca. 0.6 µm per pulse at standard atmospheric pressure.
This rate is enhanced by approximately 40 % to 0.8 µm per
pulse when the ambient pressure is reduced to 100 mbar. For
further pressure reduction, the drilling rate does not exceed
0.8 µm per pulse, but stays constant at this level. This obser-
vation is in good agreement with ablation rate measurements
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Fig. 1 Evolution of the hole depth as a function of number of pulses
for a pulse energy of 125 µJ at different ambient pressures

Fig. 2 The hole shape in the initial phase, here after N = 200 pulses
for a pulse energy of 125 µJ, is similar for all ambient conditions and
only differs in the achieved depth due to the higher ablation rate at
reduced pressure

in stainless steel [13, 14] and aluminum [15], which show
a similar increase in ablation rate for reducing the ambient
pressure to 100 mbar and hold this level for further pressure
reduction.

We attribute the higher ablation rate to a lower mechan-
ical confinement of the ablation products and plume due to
the surrounding gas envelope and less cooling when the am-
bient pressure is reduced, as proposed in [19]. The pres-
sure dependence is also predicted by the thermal evapora-
tion model, developed in [14]. A reduction of the confine-
ment and of the laser induced shock wave, especially for
pressures below 70 mbar, has also been observed by time-
resolved shadowgraphy [20].

Figure 2 shows a comparison of the hole shape after 200
pulses, i.e. roughly at the end of the initial phase, for differ-
ent pressure conditions. The holes drilled at reduced pres-
sure exhibit a larger depth, but apart from that all holes have
a similar shape and also similar width with a tapered upper
part and a semicircular tip. This is the optimal hole shape for
percussion drilling with a Gaussian shaped beam. In contrast
to the investigations in [13], we do not observe a decrease of
the entrance diameter of the holes with decreasing pressure
at this early stage of the process.

Fig. 3 The typical drilling behavior in the second drilling phase, here
for a pulse energy of 125 µJ, is similar for all ambient pressure condi-
tions. Especially the stepwise growth can be observed in every case

It is important to note that the increase in ablation rate
in the initial phase at reduced ambient pressure, can be ob-
served for all pulse energies under investigation here, i.e.
from 25 µJ to 125 µJ. However, the effect is less notice-
able for lower pulse energies. For example at a pulse en-
ergy of 50 µJ, the ablation rate increases only by ca. 25 %
from 0.30 µm per pulse at 1000 mbar to 0.38 µm per pulse at
100 mbar or below. Investigations of the average drilling rate
of metals under vacuum conditions observed a similar de-
pendence on pulse energy and fluence, respectively [13, 15].

The following second phase of the drilling process fea-
tures the formation of imperfections along the side walls of
the hole, especially the formation of bulges and indents as
well as a change of the drilling direction and the possible for-
mation of multiple hole ends. This behavior is accompanied
by periods of predominant transversal growth and a com-
plete intermediate stop of forward drilling, which leads to a
stepwise increase in the hole depth. In addition, the depth
and shape evolution features significant statistical variations
in this second drilling phase, especially with respect to oc-
currence and duration of the intermediate stop periods, see
also previous investigations in [7]. We observe this typical
behavior for all pressure conditions in our experiments. Fig-
ure 3 shows the hole depth evolution for a pulse energy
of 125 µJ up to N = 30,000 pulses, covering this second
drilling phase.

Due to the strong variations in depth increase, the exact
hole depth at a certain time cannot be predicted and there is
no longer such a clear dependence between depth and am-
bient pressure as has been in the initial phase. Despite these
variations, the obtained statements for the drilling behavior
and depth relations are nevertheless significant. While there
are situations when the actual depth increases with decreas-
ing pressure, e.g. in the range of 2,000 to 3,000 pulses, this
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Fig. 4 Hole shape in the second drilling phase, after 10,000 pulses,
for a pulse energy of 125 µJ

order of depth in dependence of the pressure can change due
to the intermediate periods without forward drilling, com-
pare e.g. to the range of around 5,000 to 10,000 pulses in
Fig. 3, when drilling at 1000 mbar achieved a larger depth
than drilling at 100 mbar and likewise for 1 mbar compared
to 10−2 mbar. However, the maximum hole depth that is fi-
nally obtained increases with decreasing pressure, see e.g.
Fig. 3 for more than 20,000 pulses and also the explanations
below.

The hole shape in the second drilling phase, as depicted
for a pulse energy of 125 µJ after 10,000 pulses in Fig. 4,
shows the typical formation of indents on the side walls and
bulges in the upper part of the hole for an ambient pres-
sure of 1000 mbar. For lower pressures, these imperfections
become smaller, but occur more frequent, see for example
the holes obtained for pressures down to 1 mbar. The hole
drilled at 10−2 mbar is almost free of imperfections along
the upper part. Nevertheless, bending of the hole is present
for all pressure conditions and occurs approximately at the
same depth, marked by a dashed line in Fig. 4. In case of
10−2 mbar several bendings in different directions already
occurred at this stage, which results in a dominant branch-
ing of the lower hole part. In addition, we observe a larger
hole entrance diameter for atmospheric pressure than under
vacuum conditions, which can be attributed to a nonlinear
interaction of the ultrashort laser pulses with the ambient gas
and a resulting beam broadening in agreement with the ob-
servations in [2, 21]. Nevertheless, in our observations this
effect is limited to the hole entrance (position of the beam
focus) and does not affect the entire depth.

In summary we observe a similar behavior and variation
in depth evolution for different ambient pressure conditions.
Also special hole shape features, like bending of the hole,
are present for all pressure conditions in the second phase
of the drilling process. On the other hand, the occurrence of
bulges and indents on the side walls is reduced for drilling
at lower ambient pressure.

To investigate the role of debris and particle redeposi-
tion on the drilling behavior, we directly examined the in-
terior of the holes, by preparing high resolution cross sec-
tion images, as described in Sect. 2. In Fig. 5 the respec-

Fig. 5 Comparison of the interior of percussion drilled holes in sili-
con, after 10,000 pulses for a pulse energy of 125 µJ at a pressure of
1000 mbar (a) and 10−2 mbar (b)

tive images of holes drilled at standard atmospheric pres-
sure p = 1000 mbar and vacuum at p = 10−2 mbar after
N = 10,000 pulses for a pulse energy of 125 µJ are shown
for comparison.
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For a pressure of 1000 mbar, see Fig. 5(a), a thick layer
of agglomerated particles is forming a cloud or cotton like
structure of particle clusters at the entrance of the hole.
This layer also covers the inner side walls in the middle
of the hole with similar thickness, density and structure.
These debris structures extend far into the inside of the
hole, which means they are stable against subsequent pulses.
Hence, passing pulse flanks only lead to a low removal rate
of those particles due to the large surface (caused by the
roughness of the structures) and/or the occurring removal is
leveled out by the redeposition of freshly ablated particles.
Even at the tip of the hole, the side walls are covered with
small particles and particle agglomerations. For a pressure
of 10−2 mbar, see Fig. 5(b), the same thick particle layer
is visible at the hole entrance, very similar to the situation
at p = 1000 mbar. However, in contrast to higher pressure,
the particle debris at the side walls decreases with increasing
hole depth and already almost no particle deposition is ob-
servable in the middle of the hole, resulting in a clean hole
capillary. Even at the hole tip, no redeposition of ablation
particles is visible. Furthermore, the cross section features
the typical bending and bulge formation, especially in the
lower part of the hole, although no debris is present.

The particle agglomerations, which build up at atmo-
spheric pressure, effectively reduce the open hole diame-
ter, which leads to strong scattering of subsequent pulses
propagating down the hole capillary. In the case of vacuum
(10−2 mbar), a redeposition of ablation particles only takes
place at the topmost part of the hole. Here, scattering is lim-
ited due to the large overall diameter of the hole. More im-
portant are the clear side walls in the middle and lower part
of the hole, which show nearly no debris and therefore do
not obstruct the pulse propagation.

Figure 6 shows the complete depth evolution for a pulse
energy of 125 µJ over a range of 800,000 pulses for all
pressure conditions. At high pressure, p > 1 mbar, the fi-
nal depth is already reached after some thousand pulses, see
also Table 2. The situation changes dramatically, if the pres-
sure is decreased to 10−2 mbar. Drilling at medium vacuum,
p = 10−2 mbar, continues for the complete time under in-
vestigation, i.e. for about 800,000 pulses, which is about two
orders of magnitude more than for atmospheric conditions.
In this case, also the typical behavior of stepwise depth in-
crease is most distinct. Notably, the intermediate periods of
constant depth can last for more than 100,000 pulses and al-
ternate with comparably short periods of depth increase of
a few hundred to a few thousand pulses. As a general trend,
the average ablation rate during the periods of depth increase
decreases from step to step. At an early stage in this second
phase at a few thousand pulses, the average drilling rate in
one step is about 0.3 µm per pulse, comparable to the rate
observed for higher pressures up to 1000 mbar at this pulse
number. For deeper holes and at a later stage of the process,

Fig. 6 The depth evolution continues for a higher number of pulses
and reaches a larger final depth with decreasing ambient pressure,
which is especially distinct for a pressure of 10−2 mbar. In this case,
the typical stepwise increase in hole depth is most pronounced, too.
(Here for a pulse energy of 125 µJ)

Table 2 The finally achievable hole depth dfinal increases for reduced
pressure in combination with the total number of pulses to reach this
final depth Nfinal

p 50 µJ 125 µJ

dfinal Nfinal dfinal Nfinal

1000 mbar 318 µm 4,500 515 µm 7,000

100 mbar 330 µm 5,500 535 µm 14,000

1 mbar 362 µm 7,500 685 µm 55,000

10−2 mbar 507 µm 45,000 >1200 µm >800,000

the average rate is reduced to about 0.1 µm per pulse at ap-
proximately 16,000 pulses and merely 0.02 µm per pulse at
around 450,000 pulses. Associated with the extended pro-
cessing time, the finally obtained hole depth at 10−2 mbar
reaches more than 1 mm and is more than 100 % larger com-
pared to low vacuum or atmospheric pressure. This is only
possible due to the significant decrease of particle deposition
when the ambient pressure is reduced. Nevertheless, debris
will also occur inside the capillary when a sufficient depth
is reached, which will eventually be the case when the hole
depth exceeds the estimated mean free path of the particles,
which is already indicated by the particle depositions at the
hole entrance after 10,000 pulses in Fig. 5. Hence, the same
obstruction of the pulse propagation inside the hole will oc-
cur for vacuum conditions as in case of atmospheric pressure
and prevent further ablation and forward drilling at the tip of
the hole.

Table 2 summarizes the finally achieved depth dfinal

and the number of pulses Nfinal that contribute to forward
drilling until this maximum depth is reached for pulse en-
ergies of 50 µJ and 125 µJ for the different pressure condi-
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Fig. 7 The final hole shape shows a pronounced branching in the part
of extended depth for a pressure of 1 mbar and especially 10−2 mbar
compared to higher ambient pressure, here for a pulse energy of 125 µJ

tions under investigation. Again, the effect of reduced ambi-
ent pressure is less pronounced for lower pulse energies, but
still significant. For a pulse energy of 50 µJ, the number of
pulses to reach the final depth increases by one order of mag-
nitude, from 4,500 at 1000 mbar to 45,000 at 10−2 mbar in
combination with an increase of the final depth of ca. 60 %.

The final shape of the holes at the end of the drilling pro-
cess is shown in Fig. 7 for a pulse energy of 125 µJ.

The shape that has formed for 1000 mbar and 100 mbar
is very similar and shows only one bending of the hole. For
a pressure of 1 mbar, several bendings of the hole occurred,
resulting in a highly branched lower part of the hole, simi-
lar to a crown like structure. This is comparable to the state
that was reached already after 10,000 pulses for 10−2 mbar,
see Fig. 4, which means this development already sets in at
a lower number of pulses when the ambient pressure is re-
duced further. For 10−2 mbar, the complete lower half of
the hole consists of a multitude of branches and resembles a
narrow tree. Our in-situ observations show that each of the
tips that are visible in the final state were formed individ-
ually and consecutively during the drilling process. There-
fore, each branch is formed by one bending of the hole and
ablation only takes place in one direction at a time. Further-
more, we also observed the formation of branches in the
middle section of the hole during the intermediate periods
of constant depth, which means that additional branches also
formed in parts that already bear sideward channels. Please
keep in mind that Fig. 7 only shows the hole’s silhouette.
Therefore, the three dimensional character of the hole shape
and the individual branches cannot be visualized correctly
and it seems like the hole consists of a large internal cav-
ity in the lower part, which is not necessarily the case. Re-
markably, the uttermost tips of the branches all have approx-

Fig. 8 Continuous bending and branching of the lower hole part oc-
curs at reduced ambient pressure, especially 10−2 mbar compared to
atmospheric conditions, here for a pulse energy of 50 µJ

imately the same distance from the center axis of the hole
capillary.

This effect of the pressure conditions on the hole shape
occurs in the same way also for lower incident pulse energy,
see for example EP = 50 µJ in Fig. 8. Nevertheless, due to
the lower pulse energy compared to Fig. 7, the effect is less
prominent.

4 Discussion

Our investigations of the hole formation process for differ-
ent ambient pressure conditions show a similar drilling be-
havior with respect to the occurrence of the three typical
process phases and the depth evolution. However, a reduced
ambient pressure leads to an increased ablation rate and
drilling efficiency during the first process phase, which is
about 40 % for a pressure reduction from atmospheric condi-
tions (1000 mbar) to medium vacuum (10−2 mbar) at 125 µJ
pulse energy. The influence of the pressure in the first pro-
cess phase becomes more distinct for higher incident pulse
energies. We attribute the increase in ablation rate to a lower
mechanical confinement of ablated particles, plume and the
laser generated shock-wave by the ambient gas at reduced
pressure is reduced, in accordance with [14, 19, 20].

For deep drilling, the ambient pressure significantly ef-
fects the flow and deposition of ablation particles in the en-
closed environment of the hole capillary. In the case of at-
mospheric pressure the estimated mean free path of these
particles is in the sub-micrometer range and leads to a re-
deposition of particles even in the close vicinity of the ab-
lation spot, i.e. the tip of the hole. For continuous drilling,
the filling of the hole capillary with debris and the resulting
obstruction and scattering of the pulse during propagation
plays an important role for the early stop of the drilling pro-
cess. In the case of vacuum (p = 10−2 mbar), the estimated
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mean free path of the ablation products is in the order of sev-
eral hundred micrometer or even millimeter (see Table 1).
Therefore, the side walls in the middle and lower part of the
hole show nearly no debris and hence no obstruction of the
pulse during propagation. The filling of the hole capillary,
as already indicated by particle depositions at the hole en-
trance even for 10−2 mbar in Fig. 5(b), is postponed by a
reduced ambient pressure. Therefore, drilling under vacuum
conditions does not stop after a few thousand pulses, but can
continue for several hundred thousand pulses and achieve a
final hole depth that is 100 % larger compared to high ambi-
ent pressure (for 125 µJ). Nevertheless, we observe the same
hole formation characteristics, with a stepwise depth devel-
opment which is subject to strong variations and the typical
bending and bulge formation of the hole, for all pressure
conditions. Hence, the particle deposition inside the hole
does not primarily influence the principal drilling behavior
and shape formation.

5 Conclusions and outlook

During the first process phase, a reduced ambient pressure
leads to an increased ablation rate and drilling efficiency that
is about 40 % for a pressure reduction from atmospheric
conditions (1000 mbar) to medium vacuum (10−2 mbar) at
125 µJ pulse energy. In addition, the significantly reduced
particle deposition under vacuum conditions leads to a sub-
stantially prolonged drilling process and accordingly larger
depth. For a pulse energy of 125 µJ this results in two orders
of magnitude more pulses till the stop of forward drilling
and 100 % increased depth at 10−2 mbar compared to atmo-
spheric pressure. These effects are more distinct for higher
incident pulse energies. Nevertheless, deviations of the hole
formation from the ideal shape, especially sideward bends
and indents on the hole walls, occur likewise for high and
low pressure conditions and also develop in the hole’s com-
plete lower part of extended depth at reduced ambient pres-
sure.

To improve the hole quality, which essentially means a
suppression of bendings and bulges, a spatial shaping of the
laser beam might be useful in influencing the shape forma-
tion of the hole in order to keep a straight drilling for larger
depths. Furthermore, an advanced management of the en-
ergy deposition in the material, for example by applying

bursts of laser pulses, may positively affect the hole shape
formation. However, the suggested approaches still require
fundamental experimental and theoretical investigations in
future studies.
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