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Abstract

The interest using ultra-short pulsed laser systems for industrial applications increased remarkably as reliable high power systems
with average power exceeding several 10W became available, facilitating the development of high throughput processes.
Exhausting the potential of these systems demands an optimized process and an adapted process strategy as well. For surface
structuring it can be shown that in case of metals and many other materials, the ablation process itself shows a maximum
efficiency at an optimum fluence. The corresponding removal rate directly scales with the average power and depends on the
threshold fluence and the energy penetration depth into the material. These parameters are material depending but they change
with the pulse duration and are also subject to incubation effects. Working at the optimum point with highest efficiency and
keeping the high machining quality sets conditions for the process strategy which can only be fulfilled by either very high
marking speeds, not available with common beam guiding systems, or high spot areas as they can e.g. achieved with multi-spots
by a diffractive optical element or a spatial light modulator.
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1. Introduction

Ultra-short pulsed laser systems show clear advantages concerning machining quality, heat affected zone or
debris as it has been shown in many publications during the last years. The recent developments of laser systems go
into different directions.

e  Firstly towards kW average power as reported in [1,2] for fs-pulses (based on the innoslab technology) and

shown in [3] for ps-pulses (based on a thin-disk amplifier).

e Secondly to more cost effective fiber based systems without chirped pulse amplification (CPA). These
systems normally have pulse durations of a few 10 ps [4,5,6] but also 11 ps were already demonstrated [7] by
using a gain-switched diode as seed source.

e  Thirdly industry ready sub-ns Q-switched systems with pulse durations of several 100 ps are available on the
market.

e Moreover also fiber lasers having pulse durations of only a few ns may be very attractive due its cost
effectiveness and reliability.

On the other hand, also the process control is of very high importance and has to be adapted to the laser system as
well as to the process itself. Today machines are using mechanical linear and rotation axes as well as galvo scanners
or combinations of both. Acousto-optic deflectors, fast rotating cylinders or polygon wheels offer high marking
speeds and diffractive optical elements (DOE) or spatial light modulators (SLM), in combination with linear axes or
galvo scanners, can be used for parallel processing.

A potential user has therefore to choice from a wide range of laser systems with different parameters, beam
guiding systems and process control technologies. But only appropriate combinations guarantee an economical
process which can really take benefit from the advantages of short and ultra-short pulses for laser micro-machining.
The following work is mainly focused on surface structuring of metals and will discuss some basics of the ablation
process, will describe the influence of the pulse duration and will show how the process efficiency can be optimized.
Based on the findings the needs to obtain high throughput will be formulated and actual technologies to meet the
corresponding requirements will be presented.

2. Ablation process
2.1. Theoretical background

In contrast to longer pulses, where for metals the energy transport into the material is described by heat
conduction, electron and lattice temperature have to be treated separately in the case of ultra-short pulses [8-12]. In a
first approximation the absorbed energy per unit volume can be assumed to exponentially drop with the distance to
the surface [10] and as a consequence the often reported logarithmic ablation law results:

Zy =0 ln[¢j )

th

With the ablation depth z,,, the applied fluence ¢, the threshold fluence ¢, and the energy penetration depth &. It
has further been shown that the time for the energy transfer from the free electrons to the lattice, the electron-phonon
thermalization time, amounts a few ps [13,14] in the case of metals. A further reduction of the pulse duration will
therefore not lead to additional benefits in terms of the threshold fluence [13], rather it can lead to a reduced
precision and to increased unwanted plasma effects [14,15] at high fluences. In contrast to the threshold fluence, the
energy transport into the material well depends on the pulse duration also for pulses shorter than the thermalization
time. Depending on the applied fluence and the pulse duration the energy transport into the material is dominated
either by the optical penetration depth or the electron heat penetration depth which depends on the pulse duration
[9-12].

For a pulsed Gaussian beam with pulse energy E, and spot radius wy the peak flucence in the center of the beam
reads ¢o=2Ep/(m-w?2) and the local fluence is given by ¢(r)=dy-exp(-2:r2/wi). Applying (1) leads to the local
ablation depth z(7) and to the ablated volume AV per pulse which reads [16,17]:
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Assuming that for multiple pulses the behavior of each pulse is not influenced by the leading pulse leads to an
easy calculation of the volume removal rate V (ablated volume per time) as a function of the average power P,, and
the repetition rate f[17]:
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Alternatively the removal rate per average power can be expressed in terms of the peak fluence ¢, [18]:
V:1.5.1nz(¢oj @
Pav 2 ¢0 ¢th

Fig. 1 shows this situation for stainless steel (1.4301), 10 ps pulses with 1064nm wavelength and a spot radius of
wo =29 um. The graphs clearly illustrate that the ablation process shows an optimum point with highest efficiency
and therefore maximum removal rate [17,19]. A short calculation leads to:

Vi 2 ¢ )
P av|max e2 ¢th
This maximum removal rate is obtained at an optimum peak fluence ¢, ,,, or repetition rate f,,
2 fo 2 1
¢0,opt =e - ¢th r = 2 (6)
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Fig. 1. (a) Removal rate for stainless steel for different average powers as a function of the repetition rate and a spot radius of wy =29 um;
(b) Removal rate per average power for stainless steel as a function of the peak fluence ¢.

Hence, following this simple model, the ablation process linearly scale with the average power if the fluence ¢
(i.e. the pulse energy) is kept at its optimum value (6). Working at higher or lower peak fluences leads to a reduced
efficiency (Fig. 1b) and a reduced quality for too high fluences [18]. Keeping ¢/ @y, between 5 and 15 may represent
a rough rule of tomb. For most metals this leads to quite low fluences and therefore high repetition rates or spot sizes
are needed when working at high average power as shown in table 1 and as it will also be discussed later.
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Table 1. Summary of optimum repetition rate depending on the spot radius and the average power.

Spot radius / pm  fsw / MHz flow / MHz fhow / MHz faow / MHz
29 1.01 1.92 3.8 7.5
20 195 3.92 7.83 15.7
10 783 15.7 62.7 188

Care has to be taken if different situations, e.g. two materials or two pulse durations, are compared. E.g. the value
of the threshold fluence often decreases with shorter wavelengths but if the energy penetration depth is also reduced
this will not lead to a higher removal rate following (6). Another example is the use of pulse bursts, e.g. in [20]
removal rates obtained in steel for average powers of SOW and repetition rates between 200kHz and 1MHz were
compared for single pulses and bursts with 6, 8 and 10 pulses bursts at the same repetition rate (for the burst). It was
found that the removal rate can be increased from 1.2mm*/min for single pulses at repetition rate of 200kHz up to
11.5mm*/min for 10 pulses per burst at 1IMHz repetition rate. This gain in the removal rate can be well explained
with the fact that the energy is distributed among a higher number of pulses, i.e. the same removal rate should also
be obtained with single pulses at a repetition rate of 10 MHz. From the data published in [20] the energy of a single
pulse in the burst was calculated and the least square fit with the model (4) to this data (see Fig. 2¢) confirms this
assumption. To back up the presented model different kind of experiments were performed. Fig. 2a) show a result
from marking lines with different repetition rates but constant pulse-pulse distance [17,19,21,22] and fig. 2b) one
from machining squares [18,23] with different fluences. All three graphs show the good agreement between the
presented model and measured data.

The two most important material parameters describing the ablation process are therefore the threshold fluence ¢,
and the energy penetration depth 6. Both can be deduced by measuring the volume of machined lines ore squares
followed by least square fits as shown in Fig. 2. However for systematic studies ¢ and & can also be deduced by
machining single craters with different peak fluences. A least square fit to the measured crater depths in the center
according to (1) then leads to these material parameters and finally with (5) to the maximum removal rate.

a) Material removal rate Copper polished b| Material remaval rate for Steel polished <) Material removal rate with bursts
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Fig. 2. (a): Removal rate for polished Copper. The removal rate was deduced from the cross section of straight lines machined with constant
average power but different repetition rates. The distance between two pulses and the number of repetitions was constant. The dots denote the
measured values whereas the solid line represents a least square fit to these data according (3). (b): Results from machining squares into polished
stainless steel 1.4301 with different peak fluences. The removal rate was deduced from the depth of the squares machined with constant distance
between two pulses, hatch distance and number of repeats. The dots denote the measured values whereas the solid line represents the
corresponding least square fits to these data according (4) (c): Material removal rate for steel machined with SO0W average power and pulse bursts
deduced from the data published in [20] (dots) and the least square fit (solid line) with an adapted model deduced from (4).

2.2. Dependence on the number of pulses, incubation

Already for ns-pulses it was found that the threshold fluence depends on the number of pulses which are applied
at one position [24]. Here it was found that the threshold fluence ¢, changes with the number of pulses N following

P (N) =@y (1) N 7
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With ¢,(1) the single shot ablation threshold and S the incubation coefficient. In [24] the incubation is related to
the storage cycle of thermal stress-strain energy i.e. accumulation of plastic deformation induced by the laser pulses.
If S=1 incubation is absent whereas for values between 0 and 1 the material is softening and for values above 1 it is
hardening. For metals the factor S is typically between 0 and 1, meaning the threshold fluence decreases with
increasing number of pulses. This model fits the deduced threshold fluences quite well and was also confirmed (with
S§<1) for ultra-short pulses in the fs regime for metals [25,26,27], semiconductors [28] and transparent materials
[29,30]. In this regime it is not clear if the explanation with the thermal stress-strain energy [24]is still applicable.
Increased absorption arising from a rougher surface due to formed ripples [31]is an alternative approach to explain
the nature of the incubation. In all these publications the energy penetration depth & is not included in the analysis
but this parameter is of great importance as described in the previous section. In [21,22,32] it has been shown that
the energy penetration depth is subject to incubation as well and that its behavior follows the threshold fluence as
illustrated in fig. 3. The dotted line indicates the fit with the standard model (power function) according to (7). As it
can be seen this model especially does not fit the measured values at low pulse numbers, therefore it was
supplemented with a constant offset i.e. the threshold value and the penetration depth at infinite number of pulses:

n o
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Fig. 3. Threshold fluence (a) and energy penetration depth as a function of the number of pulses applied for polished copper in air at a pressure of
50mbar. The dots denote the measured values with 3c error bars deduced from a jack-knife analysis. The dotted lines represent the linear
regression with a power function according to (7). The incubation coefficient S amounts 0.7 for the threshold fluence and for the penetration depth
as well. The dashed line represents the least square fit to the alternative model (8).

Similar behavior is obtained for all investigated metals, gases and pressures in [32]. Assuming that the lateral
energy transfer can be neglected and that the evaporation starts after the deposition of the energy the threshold
fluence can be expressed by the surface reflectivity R, the energy penetration depth &, the density p and the specific
heat of evaporation £2,,, [32]:

¢th :%.p.gv(m (9)

A single variation of the absorption or reflection without influence onto the material should therefore only affect
the threshold fluence whereas material changes like surface oxidation, plastic deformations etc. should affect the
energy penetration depth and directly scale the threshold too following (9). Comparing ¢,(N) with &N) would in
principal allow to distinguish between these two mechanism. In [32] a tendency to a lower reflectivity at high pulse
numbers was observed, however additional experiments have to be performed to back up this assumption. Finally
the change of the energy penetration depth seems to be the main reason for the change in the threshold fluence and
therefore, following (5), the maximum removal rate is less affected by the incubation.
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2.3. Influence of the pulse duration

Beside the number of pulses the threshold fluence and the energy penetration depth are affected by the pulse
duration as well. Following [13,14,33] one expects a constant threshold fluence for pulse durations shorter than a
few ps followed by an increase which is proportional to the square root of the pulse duration for longer pulses. In
[11] the ablation of copper for pulse durations between 150fs and 14.4ps at a wavelength of 780nm was investigated
and ¢, and o were deduced. It was found, that for pulses shorter than 1ps two ablation regimes exist. The first at low
fluences, where the energy transport is described by the optical penetration depth. In this regime the threshold
fluence is low and the energy penetration depth corresponds to the optical penetration depth 1/c. In the second
regime at higher fluence the energy transport is described by the electron heat penetration depth, which depends on
the pulse duration. The reported threshold fluences for a 150fs pulse were 0.14J/cm” in the first regime and
0.46J/cm’ in the second regime, respectively. Following (6) the optimum fluence for the first regime already lies in
the second one i.e. working at maximum efficiency is only possible for the second regime. Taking into account that
industrial ready ultra-short pulsed laser systems have pulse durations of several 100fs and more, the used fluences
for laser micromachining are almost exclusively located in the second regime. It is additionally shown that for pulses
from Sps — 15ps the energy penetration depth decreases with increasing pulse duration, a fact which is also
confirmed by [21,22] for pulses from 10ps up to 100ps. Systematic studies for shorter pulses are presented e.g. in
[34,35,36]. The results of [21,22,34,35] for copper and steel are summarized in fig. 4 and fig. 5, respectively. As
expected the threshold fluence is almost constant for pulse durations shorter than 10ps and begins to increase for
longer pulses. This increase is more pronounced for steel where the electron-phonon coupling time is 5-10 times
lower compared to copper. For both metals (and also for brass investigated in [34]) the energy penetration depth
generally increases with decreasing pulse duration as can be seen from fig. 4b and fig. 5b. Following (5) the
maximum removal rate should therefore increase with shorter pulse duration. Ths increase is still present for pulses
shorter than 10ps where the threshold rests almost constant. Similar dependence of the removal rate from the pulse
duration has also been observed for silicon, germanium, zirconium oxide (ZrO,), polyether ether ketone (PEEK) and
polycystalline diamond (PCD). For all these materials an increase of the removal rate with decreasing pulse duration
was observed. But also different behavior is possible as e.g. shown for soda lime glass in [35] where the removal rate
drops down for very short pulse durations.

a) @, for Copper and 128 pulses b) & for Copper and 128 pulses dV/(dt-P,,),..., for Copper and 128 pulses
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Fig. 4. (a) Threshold fluence (b) energy penetration depth and (c¢) deduced maximum removal rate (5) for copper and 128 pulses as a function of

the pulse duration between 500fs and 50ps. One series of experiments were performed with an adapted DUETTO ps-system and the second series
with a SATSUMA fs system; please refer to [34,35] for further experimental details.
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Fig. 5. (a) Threshold fluence (b) energy penetration depth and (¢) deduced maximum removal rate (5) for steel 1.4301 and 256 pulses as a
function of the pulse duration between 500fs and 50ps. One series of experiments were performed with an adapted DUETTO ps-system and the
second series with a SATSUMA fs system; please refer to [34,35] for further experimental details.

In the opposite direction the removal rate rests quite low when the pulse duration is further increased to several
100ps or even to a few ns. Fig. 6 shows the summary of all measured removal rates for different pulse durations. The
corresponding experiments were performed at different wavelengths and with different laser systems. The values for
the measurements with the Duetto, the Satsuma and the Pharos system were obtained following (5) and measuring
@, and & with the crater method, whereas the values for the series denoted with “divers” are obtained from
machining squares (see fig. 2b). The tendency is clearly visible: The removal rate is highest for pulse durations of
2ps and less, significantly drops between 2ps and 50ps, further drops but less pronounced for a few 100ps and
slightly increases in the ns-regime. It has to be clearly stated: Despite the low removal rate, pulse durations between
a few 10ps and the ns-regime may be of interest due to more cost effective available laser sources or reduced crater
cone or CLP formation for steel and semiconductors.
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Fig. 6. Maximum removal rate for (a) copper and (b) steel for pulse durations between 250fs and 4ns.
3. Consequences

Following expression (5) the removal rate directly scales with the average power when the fluence is kept at its
optimum value corresponding to (6) which is also going with a high machining quality. Keeping the fluence constant
means that either the repetition rate or the spot radius has to be increased for a rising the average power. Marking
lines serves as the basis for almost all possible surface structuring processes, thus the marking speed v is a very
important parameter. A short calculation for the marking speed at the optimum fluence leads to:

4 (1-0) P

T wod,

Vv =

=2-w,-(1-0)- 1, (10)



1054

B. Neuenschwander et al. / Physics Procedia 56 (2014) 1047 — 1058

With o the spatial overlap between two consecutive pulses. Standard beam guiding systems as e.g. galvo-scanners
have marking speeds limited to about 10m/s with a standard /= 100mm objective. Thus, when this maximum speed
is achieved a further rise of the average power is only possible by an increased spot radius wy or spatial overlap o.
But the spot radius can’t be changed in any order because tight focusing is needed for machining of small structures
as the minimum feature size is in the range of one half to one spot radius [37]. One has therefore to increase the
overlap o for working with high average power and conventional beam guiding systems. For example machining
steel having a threshold fluence of about 0.05J/cm” with spot radius of wy=10um and an average power of 50W the
overlap amounts 99.4% at a marking speed of 10m/s and the repetition rate amounts more the 86MHz (this value
corresponds to a typical repetition rate of a seed oscillator). Following [38] this would correspond to a temperature
increase of more than 5’°000°C due to heat accumulation leading to a surface temperature far above the melting
point. In [37] it has further been shown, that minimum surface roughness is achieved with distance from pulse to
pulse of half to one spot radius i.e. a spatial overlap of 50-75%. Hence, working with a conventional beam guiding
system and a tight spot is limited to a few Watt of average power. The use of today high power systems does not
make sense in this case but this could be the market for either more cost effective systems even the efficiency is
lower or for a new generation of ps and fs systems having average powers of only a few Watt but with significantly
reduced prices compared to today.

4. Actual technologies for high throughput
4.1. General

The previous section has shown the limitations for obtaining high throughput with high power systems and
conventional beam guiding systems. There are possibilities to overcome this bottleneck first to work with multi-spot
processing and second to use new fast scanning devices and combinations of them.

4.2. Multi-spot processing

The demand to the marking speed can be reduced with multiple of spots. In a first approximation the average
power in (10) can be replaced by the average power divided by the number of used spots P,,/N. DOEs can be used to
generate a pattern with a defined number of mxn spots. This method allows parallel processing of identical structures
in the dimension of the spot separation achieved by the DOE. Applications in structuring of solar cells are e.g.
described in [39,40,41] and a first multi beam scanner is available via [42]. However, this technology is limited to
parallel processing of identical structures.

Variable DOEs as e.g. spatial light modulators (SLM) offer more flexibility for laser micro machining. Here the
spot pattern and the spot number can be changed dynamically which allows much more flexible approaches as
shown in [43-49]. Also the generation of specific intensity distributions in the focal point as e.g. a triangular top hat
is possible [50]. But at the moment the available SLMs are limited in speed with about 50Hz refresh rate and also in
maximum pulse energy. However, SLMs are a very promising approach for future applications.

In general multi-spot processing allows the laser to work at lower repetition rates and higher energy as the
average power is distributed onto several beams. This also reduces the demands to the gating module (acousto-optic
or electro-optic modulator) often placed after the last amplifier stage.

4.3. Fast scanning

Another approach to fulfill the demands for high average power are fast scanning devices. High surface speeds
are offered by fast rotating cylinders which can be combined with additional acousto-optic deflectors [51] or be
completely synchronized with the laser system [52,53].

More flexible are fast rotating polygon scanners which offer marking speeds up to the speed of sound [54,55]. In
this case the beam scans a straight line of a given length with a constant speed. The movement perpendicular to the
scan direction is either realized with a galvo mirror in front of the polygon wheel or with a linear axis which moves
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the machined sample. With a second galvo mirror in front of the polygon wheel the facet error is corrected. Due to
their high marking speed these system really offer the possibility to work with average powers exceeding 100W.

An alternative approach for a polygon scanner set up was presented in [56] and new products will be launched
soon [57]. They offer marking speeds up to 100m/s and can additionally be synchronized with the laser system.
Experiments were performed with a Fuego 40W ps-laser-system offering repetition rates up to 8.2MHz and a spot
diameter of about 50pm. It has been shown that stainless steel 1.4301 can be machined with more than 40W of
average power at the maximum repetition rate of the system by generating 3D pyramids into the surface [58,59]. The
obtained results are very encouraging and strategies have been developed to deal with the still existing problems like
the pyramidal error and the limitation to pick single pulses at high repetition rates in the MHz regime. E.g. in an
experiment the topography of Switzerland [60], acting as a real 3D-structure, was machined into stainless steel
1.4301 with 25.6W average power (measured in front of the polygon scanner) at a repetition rate of 4.1MHz. The
corresponding scan speed amounted 59.45m/s corresponding to a pulse to pulse distance of 14.5pum i.e. an overlap of
about 75%. The structuring was performed at the optimum fluence, a facet-averaging strategy, and 2233 different
layers. The final result without any post processing is shown in Fig. 7. The dimensions are 107.7mm x 65.5mm with
a maximum depth of about 115um.

For the used repetition rates of several 100kHz up to 8.2MHz particle shielding, described in [61-63], can appear
and may reduce the process efficiency, e.g. a reduction of about 30% for steel was measured in [59,64]. Additionally
heat accumulation is expected to lead to a slightly increasing removal rate for repetition rates of a few MHz. Further
experiments are in progress to investigate these findings and to identify the influence of material parameters to the
particle shielding effect and the heat accumulation. Smaller spots and even higher average powers would allow to
investigate other metals like copper or brass at average powers up to 100W in the future. Also shorter pulse
durations will be used to test if the expected gain in the removal rate can be realized.

Fig. 7. Photography of the machined topography of Switzerland in stainless steel.

5. Conclusion

For ultra-short pulses the threshold fluence ¢, and the energy penetration depth o are the two main factors
describing the ablation process. The removal rate can be maximized if the optimum fluence is applied; for a
Guassian beam the optimum peak fluence reads ¢po=e?-¢yy,. Both, the threshold fluence and the energy penetration
depth are subject to the incubation effect i.e. they decrease with the number of pulses applied. Therefore the
maximum removal rate is rather little affected by the incubation effect. Significantly higher is the influence of the
pulse duration. It leads, for metals, to a higher energy penetration depth for shorter pulses resulting in a higher
removal rate in the fs-regime. In contrast the energy penetration depth significantly drops for longer pulses. Together
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with the increasing threshold fluence this leads to a strong drop in the removal rate for pulses longer than
approximately 10ps.

As the threshold fluence for metals is quite low (several 0.1J/cm” or even less) the corresponding optimum
fluence rests moderate too. As tight spot sizes are used to machine small structures this leads to very high repetition
rates at high average powers. To avoid heat accumulation and to obtain low surface roughness demand therefore
very high marking speeds as they can be offered on fast rotating cylinders or by polygon scanners. With the latter
laser machining of steel with ps pulses up to an average power exceeding 40W at a repetition rate of 8.2MHz was
demonstrated. Another approach to work with high average power is to divide the energy into multiple beams with a
diffractive optical element. Both methods open the door for using high average powers of 100W and more but
additional work has still to be done.

On the other hand more cost effective systems with higher pulse durations even showing significantly lower
removal rates could be of interest as they can be used with standard beam guiding systems e.g. galvo-scanners. This
could also be very attractive for fs and ps systems with only a few Watt average power if they could be produced for
significantly lower prices in near future.

However, today fast scanning systems or multi-spot processing are the most promising technologies for surface
structuring with high throughput.
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