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Abstract. In the field of microstructuring and nanostructuring ultrashort pulsed (USP) laser
processing attracts increasing attention due to its ability to generate high-precision structures.
A simulation of the USP process can lead to a reduced process development time and help to
achieve a better geometrical quality of the manufactured microstructures. To predict the ablation
shape, temperature distribution, and distortion in a USP ablation process, a detailed simulation of
the physical processes during and after the laser ablation is required. Different simulation tools
such as multiscale simulations are already established but still need different and accurate input
parameters regarding the material properties of the workpiece to be machined. A material char-
acterization procedure that can be used in a standardized way for different materials and process-
ing stations needs to be developed. The procedure determines the absorption coefficient,
penetration depth, and ablation threshold precisely matched to a USP machine and the material
used. Based on the material characterization procedure a calibration of the used simulation has to
be carried out as precisely as possible. The simulation can then be applied for a digital process
development and subsequently validated with specific experiments. © The Authors. Published by
SPIE under a Creative Commons Attribution 4.0 International License. Distribution or reproduction of this
work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10
.1117/1.OE.61.12.124108]
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1 Introduction

Ultrashort pulsed (USP) laser technology is being used for more and more applications outside
of laboratory research and has become an essential machining tool in industrial fields. This work
investigates the machining of metals with USP laser radiation. The machining with USP laser
radiation depends on the characteristic material properties of the workpiece to be machined and
the machining process varies with different machining systems and metallic workpieces. For a
more efficient design of the USP machining process, the essential material properties of stainless
steel are determined within the scope of this work to subsequently calibrate an already existing
simulation model of USP laser process.1 The existing simulation model is a multiscale model for
ultrashort pulsed parallel laser structuring and is presented as part I. the microscale model in the
JLMN journal in 2021. Based on the existing microscale simulation model a multiscale model
for ultrashort pulsed parallel laser structuring will be developed and soon presented with
manuscript title: a multiscale model for ultrashort pulsed parallel laser structuring—Part II.
the macroscale model in SPIE journal in 2022.

The common goal of the procedure to be developed here for the systematic derivation of
material-specific properties for the USP processing of metals and the simulation is the digitiza-
tion of feasibility studies. This will help to make the production and functionalization of
components with USP laser radiation in the field of microstructuring and nanostructuring more
time- and cost-efficient.

*Address all correspondence to Thilo Barthels, Thilo.Barthels@ilt.fraunhofer.de

Optical Engineering 124108-1 December 2022 • Vol. 61(12)

https://orcid.org/0000-0002-4552-7530
https://orcid.org/0000-0001-7988-6577
https://doi.org/10.1117/1.OE.61.12.124108
https://doi.org/10.1117/1.OE.61.12.124108
https://doi.org/10.1117/1.OE.61.12.124108
https://doi.org/10.1117/1.OE.61.12.124108
https://doi.org/10.1117/1.OE.61.12.124108
https://doi.org/10.1117/1.OE.61.12.124108
mailto:Thilo.Barthels@ilt.fraunhofer.de
mailto:Thilo.Barthels@ilt.fraunhofer.de
mailto:Thilo.Barthels@ilt.fraunhofer.de
mailto:Thilo.Barthels@ilt.fraunhofer.de


The characterization should result in a statistically meaningful and time-efficient procedure
for the characterization of USP processing systems in combination with a specific metallic
material. The focus of this procedure is on the determination of laser-specific and material prop-
erties such as threshold fluence, effective penetration depth, and absorption coefficient. The
determination of these three material properties relevant for USP processing has already been
described in detail in various scientific works by Liu,2 Neuenschwander et al.,3–5 or Hermann
et al.,6 but each of these procedures describes the determination of only one of the material
properties in dependence on another. In addition, different physical properties, such as multiple
reflections and an angle-dependent absorption of the material, are not investigated separately
during the survey of the material properties with the above-mentioned approaches. The moti-
vation of this work is the independent and mutually isolated determination of the threshold
fluence, the effective penetration depth, and the absorption coefficient in different test series
by analyzing the visual impact or the shape of different ablated microstructures.

1.1 Research Question and Agenda

The research question is whether there is a possibility to specify a standardized material property
characterization process for USP lasers. Is the approach suitable to determine the independent
determination of material properties of metallic materials and are the collected material proper-
ties suitable for a calibration of a simulation?

For this purpose, the USP machining of metals is first explained by highlighting the topics of
ablation model and heat accumulation. Subsequently, the state of the art will be discussed, and
three recognized model approaches will be presented. Then, a procedure for the independent
determination of material properties for USP machining is presented

2 Basics of USP Laser Material Processing of Metals

Short-pulse (SP) lasers are laser beam sources that emit pulsed laser light with pulse durations in
the nanosecond range down to >10 ps. USP lasers are referred to pulse durations of ≤10 ps

down to a few femtoseconds. At such low pulse durations, local sublimation of the workpiece
occurs due to high energy densities during material processing. This sublimation-driven ablation
is also referred to as “cold ablation” because of the absence of a melting phase and the low
thermal influence on adjacent material areas. Ablation is the removal of material by vaporization
on the surface of the workpiece. Figure 1 is based on a visualization approach from Eifel7 and
shows the basic factors influencing the quality of the ablation process and the productivity in
terms of a production rate of microstructures per time interval, which occur during the USP laser
material processing of metals.

To describe the ablation process using USP lasers, the essential material properties of the
workpiece, the laser, the laser beam deflection and positioning system (in short: scanning
system), the processing strategy used and the given environmental conditions (air pressure,

Fig. 1 Major factors influencing the material removal rate with ultrashort pulse lasers.
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humidity, temperature, and so on) must be taken into account. “The large number of factors
illustrates the complexity of the subject.”7 The fluence and its distribution of the laser beam
are one of the most important properties for USP processing. Fluence is defined as pulse energy
per area and usually given in ½J∕cm2�. For USP laser radiation, fluence is usually considered
instead of intensity, which is defined as energy per time and area ½J∕s × cm2�. When the pulse
duration is in the USP range (≤10 ps), during the USP ablation process the laser energy is
absorbed by the electron system and transferred to the phonon (crystal lattice) system by colli-
sions. A large part of the absorbed fluence is used for ablation. Only small portions of the fluence
contribute to heating. The size of the respective portions depends on the pulse duration. But it has
to be taken into consideration that the ablation behavior does not explicitly depend only on the
pulse duration.8 Due to the short time scale during a USP ablation process the time aspect and
thus the intensity is rarely considered.

2.1 Ablation Model for USP Machining of Metals

During USP laser material processing, there is a strong short-term and local temperature increase
in the material. Due to the inertia of the much heavier metal ions, the crystal lattice of the metal is
heated much more slowly than the surrounding electron system. This behavior is described by
the two-temperature model and was investigated in more detail by Luk’yanchuk et al.9 Only the
temperature of the crystal lattice after reaching the temperature equilibrium between the electron
system and crystal lattice is decisive for the material ablation behavior.10 Ablation only occurs
when a threshold fluence is exceeded. The necessary fluence to ablate material is described
according to Lambert’s law

EQ-TARGET;temp:intralink-;e001;116;457Fabs ¼ A � F0 � exp
�
−
z
δ

�
; (1)

EQ-TARGET;temp:intralink-;e002;116;400Fabs ≥ Fthr; (2)

δ corresponds to the effective penetration depth and can correspond to an optical or diffusive
penetration depth. The scientific basis for Eq. (1) has been derived by Chichkov.11 Here, F refers
to the fluence incorporated into the material and δ describes the optical penetration depth and
is a material constant. Here, A refers to the absorption coefficient. By converting to z, an
ablation depth per laser pulse Δz can be determined, which can be divided into two different
cases:10

EQ-TARGET;temp:intralink-;e003;116;317Δz ¼ l ln

�
F

Fthr;diff

�
; ðl ≫ δÞ; (3)

EQ-TARGET;temp:intralink-;e004;116;260Δz ¼ δ ln

�
F

Fthr;opt

�
; ðδ ≫ lÞ: (4)

Since the respective limiting cases rarely occur in reality it is useful to introduce an effective
penetration depth δeff , which can be determined from experiments. δeff is determined fluence-
dependently in the experiment by the test series because the electronic properties can also change
with the fluence. Here, the threshold fluence (Fthr) describes the tipping point from which
material removal is starting. Equations (3) and (4) can be summarized with the help of δeff
as follows:

EQ-TARGET;temp:intralink-;e005;116;162Δz ¼ δeff ln

�
F
Fthr

�
: (5)

2.2 Heat Accumulation

Although the heat generation when using USP laser radiation is low compared to SP laser
radiation, heat accumulation effects also occur when processing with USP lasers at medium
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powers >10 W.7 Heat accumulation effects lead to a medium-term temperature increase of the
workpiece and can negatively influence the quality of the ablation process. Due to the repeated
impingement of laser pulses at short time intervals on the same point on the workpiece, a sig-
nificant heating can occur. Strong temperature increases can lead to thermal stress, generate melt,
and finally to the destruction of the workpiece.12

3 Material Characterization for USP Machining of Metals

Based on the ablation model presented in Sec. 2.1, various methods have been developed over
time to determine material-specific properties of USP laser material processing of metals.
All methods presented in Sec. 3 follow a different approach and may lead to different results.
The material properties to be determined following this work are threshold fluence, effective
penetration depth, and absorption coefficient. The material properties will be derived from the
geometrical shapes of different structures fabricated with USP lasers.

3.1 Determination of the Threshold Fluence

The threshold fluence is determined for different materials taking into account the system
properties. The system properties are the beam guidance and shaping, as well as the wavelength
and pulse duration of the laser radiation. For pulse durations <8 ps, it has already been shown
that the threshold fluence is largely independent of the pulse duration.13 The USP laser
source used in this work has a pulse duration of 900 fs. By now three different methods are
known to determine the threshold fluence. B. Neuenschwander3–5 measures the ablated volume,
Liu2 the bore radius and J. Hermann et al.2,6 the ablation depth. For all approaches, the threshold
fluence is considered a material-specific constant. The three approaches are now briefly
presented.

3.2 Determination of the Threshold Fluence According to Neuenschwander

Neuenschwander’s modeling approach for determining the threshold fluence aims to determine
the threshold fluence computationally from an optimal ablation fluence. Neuenschwander
represents the optimal ablation fluence as the most efficient fluence in terms of time and energy
used. Neuenschwander establishes a relationship between the threshold fluence and the most
efficient ablation fluence.

Figure 2 illustrates the removal behavior of stainless steel according to Neuenschwander. In
Fig. 2(a), the removal rate of stainless steel in mm3∕min is plotted against the repetition rate in
MHz regime for different laser powers used. Figure 2(b) shows the removal rate of stainless steel
per average power in mm3∕ðmin×WÞ plotted against the pulse peak fluence as a multiple of the

Fig. 2 (a) stainless steel removal rate for different repetition rates and (b) stainless steel removal
rate per average power.14
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threshold fluence. The removal rate per average power indicates the ratio of volume removed to
the average power and process time and can thus be regarded as the ablation or removal effi-
ciency. The fluence at the local maximum of the right graph is called the most efficient fluence
(Feff ). The fluence at which the removal efficiency intersects the X-axis is called the threshold
fluence (Fthr). Equation (6) represents the mathematical relationship for a Gaussian beam
between Fthr and Feff , which was determined by a working group led by Neuenschwander and
confirmed experimentally4,14

EQ-TARGET;temp:intralink-;e006;116;651Fthr ¼
Feff

e2
: (6)

This relationship allows to determine the threshold fluence without using fluences in the
order of Fthr. One advantage of the Neunschwander method is that it is not necessary to
determine an ablation threshold in the vicinity of the threshold fluence with optical measuring
systems. For this reason, different methods for determining the threshold fluence are analyzed
(Sec. 4.1) A similar relationship like Eq. (6) was previously described by Raciukatis15 with the
aim of increasing the ablation efficiency.

3.3 Determination of the Threshold Fluence According to Liu

Liu developed a method as early as 1982 that makes it possible to determine the threshold
fluence of Gaussian beam profiles. The threshold fluence is determined with knowledge of the
intensity or fluence distribution and the measured radius of the ablated circular shape by using
a Gaussian beam profile in the workpiece. Equation (7) shows the function of the fluence
distribution as a function of the ablation radius r2

EQ-TARGET;temp:intralink-;e007;116;440FðrÞ ¼ F0 � exp
�
−r2

R2

�
; (7)

where F0 denotes the pulse peak fluence and R is the radius of the focused laser beam of the laser
beam. To determine the threshold fluence with the aid of Eq. (7), the workpiece surface is struc-
tured in z-direction, comparable to a percussion drilling process, and then the ablation radius r is
measured. By inserting the ablation radius, the applied fluence and the previously determined
diameter of the size of the focused laser beam into Eq. (7), it is possible to determine the thresh-
old fluence mathematically.

3.4 Determination of the Threshold Fluence According to Hermann

Hermann establishes a linear relationship between the ablation depth per laser pulse and the
natural logarithm of the fluence. With the help of this linear relationship, the threshold fluence
can be determined. Figure 3 shows the averaged ablation depth over the logarithmically plotted
fluence using Hermann’s method.6

The logarithmic representation of the fluence on the x-axis results in a linear increase in the
average ablation depth. By extrapolating the regression lines to the x-axis, the threshold fluence
can be determined, which is in the range ≥0 J∕cm2 at the intersection of the regression lines with
the x-axis. By transforming Eq. (8) to δeff and using the slope of the regression line by means of
a gradient triangle, the effective penetration depth can be represented as follows:

EQ-TARGET;temp:intralink-;e008;116;177δeff ¼ ðΔz1 − Δz2Þ � ln
�
F1

F2

�
−1
: (8)

3.5 Angle Dependent Absorption Coefficient

The pulse energy deposited into the material and thus the ablation behavior is significantly de-
pendent on the absorption coefficient. A change in the angle of incidence of the laser beam also
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changes the absorption coefficient. Figure 4 shows the absorption coefficient as a function of
the angle of incidence qualitatively for iron.16

At an angle of incidence of zero degrees, all polarization types are absorbed equally. The
orange curve (squares) represents the absorption coefficient for parallel polarization as a function
of the angle of incidence. The blue curve (dots) represents the absorption coefficient for
perpendicular polarization as a function of the angle of incidence. The green curve describes
the absorption coefficient for circular polarization and is the superposition of the two curves
blue and red. Thus, during USP processing geometries with resulting tapers occur as a function
of the angle of incidence of the laser radiation and the ablated depths. The degree of absorption
depends on polarization and inclination angle. Even without taking multiple reflections into
account, this observation explains why drilled holes are not the best choice to determine ablation
thresholds. The determined ablation thresholds will depend on the geometrical shape of the
drilled hole. The perpendicular polarized laser radiation is better absorbed with an increasing
angle of incidence, as can be seen in Fig. 4, and the material is thus stronger ablated in the
direction of the perpendicular polarization.

Fig. 4 Angle of incidence dependent absorption coefficient of iron for parallel, perpendicular, and
circular polarization.

Fig. 3 Ablation depth plotted against fluence according to Hermann. Measurement data points are
shown in blue, regression line in red; USP laser with 100 kHz and 900 fs; 19-μm focus diameter.
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4 Procedure to Determine Laser and Material Characteristic Properties

ATruMicro 5280 Femto edition laser at 515 nm with an output power of 75W, repetition rates up
to 600 kHz, and a maximum pulse energy of 125 μJwas used. The laser delivers pulses at a pulse
duration of 900 fs. A conventional galvo scanner is used for USP processing. In combination
with an F-Theta, a focus diameter of 19 μm is generated. To precisely evaluate the ablation
geometries required for the investigation, cavities with an edge length of 200 × 200 μm are used.
The minimum ablation depth is about 3 μm and the maximum ablation depth is about 40 μm.
The material used for the investigation is a 200-μm-thick stainless steel sheet made of 1.4301.
Due to the pulse overlap, each location on the squared ablation area is exposed to a multiple of
100 to 1000 pulses during the ablation process. The ablation rate was calculated after measuring
the ablation depth with a digital microscope (VHX-5000 from Keyence) using only the central
square section of the ablated cavity. In particular, this means that the ablation depth is measured
at a distance of at least 50 μm from the sides of the 200 × 200 μm cavity. The pulse and line
overlap of 75% was chosen. The investigation was carried out for a repetition rate of 100 kHz.
To robustly derive the mean depth the final depth of a cavity is measured from six identical
structured geometries. This way the mean ablation depth including a standard deviation can be
derived. The fluence will be investigated in a range from 0 to 25 J∕cm2.

To determine the material properties relevant for USP laser material processing four different
test series are carried out. The test series are intended to analyze different physical effects in the
determination process of the material properties separately from one another. The material-
specific properties depend on pulse duration, wavelength, and fluence. These parameters have
to be determined for the system technology used since they depend on the type of the laser
system used. The series of experiments presented in this work are intended to serve as a model
procedure for efficiently characterizing material properties of metallic materials. The material
characterization procedure also supports the characterization of the influence of different laser
beam sources using other metallic material for processing. With regard to the implementation,
the required scope of experiments and the necessary statistical scope of analysis shall be derived.
Figure 5 shows the classification of four fluence regions, which define the fluence ranges for
four-test series (T1 to T4). The four fluence regions are chosen with respect to the characteristic
behavior of the efficiency graph.

The plot illustrated in Fig. 5 represents the characteristic behavior of the ablation efficiency of
a USP laser process for stainless steels.4 On the y-axis the ablation efficiency is plotted against
the pulse peak fluence as a multiple of the threshold fluence on the x-axis. Depending on the

Fig. 5 Qualitative removal efficiency plotted against fluence according to Neuenschwander.
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material and USP laser used the specific course of the ablation efficiency may deviate from the
idealized course shown here. Based on this generally valid behavior, a division into four test
series is made, which differ in their fluence range or their orientation of the polarization.
In detail region T1 is used to determine the threshold fluence by using a visual approach by
SEM, regions T2 and T3 are used to analyze the threshold fluence by the methods of
Neuenschwander and Hermann (Secs. 3.2 and 3.4) and region T4 is used to determine the
absorption properties (Sec. 3.5). For the first three test series the polarization is chosen circularly
and for the fourth test series linearly to investigate the impact of p- and s-polarization. In addi-
tion to the 200 × 200 μm cavity approach, point ablation and line ablation have also been
investigated.

In the following as the “focal area” is defined as π × w0
2 with w0 ¼ 9.5 μm. The three cross

sections shown in Fig. 6 have been patterned with a fluence of 0.243 J∕cm2. The single hole has

Fig. 6 Arrangement of the structured geometries on the workpiece surface by means of USP laser
(top) and exemplary representation of the pulse overlap for lines and squares with focus area
highlighted in green (middle). Exemplary representation of a geometry cross-section of holes,
lines, and square structures (bottom).
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been patterned with 500, the line geometry with 570, and the square geometry with 566 laser
pulses per focal area (LpF). At the fluence and number of laser pulses per focal area used, the
hole has an average ablation depth of 4.246 μm, the line of 3.829 μm, and the square of
4.744 μm. From this, the ablation depth per laser pulse Δz can be derived, which varies between
the different geometries. The ablation depth for a hole and line geometry structured into the
workpiece is determined using the deepest measuring point in relation to the workpiece surface
(see red dashed horizontal line). To neglect the depressions at the taper (edges) of the structured
workpiece, the ablated depth for a square geometry structured into the workpiece is determined
using the mean plateau height (shown in Fig. 6 with a red dashed line). The depressions are
neglected when calculating the average ablation depth, since influences occurring there due
to the taper, such as edge reflections or different angle-dependent absorption, should not be
considered. By averaging the ablation depth over the entire width of the plateau height of the
square cross section, the ablation depth can be measured and reproduced more accurately in
contrast to that of the bore and line cross section.

The ablation depth is measured centrally with reference to the width of the geometry
in the x-direction to avoid the influence of edge reflections on the ablation depth during
laser material processing. Edge reflections create depressions (deepening) at the taper of the
structured workpiece surface. Please note that the scaling of the microstructure size is not
identical in its width and depth in Fig. 7. The tapers and generated depressions are dark-
colored, as seen in the microscope image in Fig. 7 (top). Outside the limits of the measured
profile cross-section marked with red lines in Fig. 7 (bottom), convex elevations of the work-
piece surface can be seen. These convex elevations are caused by recondensed material
residues (debris) of the removed workpiece, which are deposited in the surroundings of the
geometry and on the edges of the square structuring. To avoid the influence of the debris on
the measurement result, the workpiece is cleaned with ethanol in an ultrasonic bath before
measurement.

Fig. 7 Measurement result of a structured cavity square section with the VHX-5000 digital
microscope.
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4.1 Test Series 1: Identifying the Threshold Fluence

The objective of the first test series (T1) is to determine the threshold fluence by a purely visual
evaluation of qualitative ablation phenomena of the structured workpiece. Literature indicates
that the threshold fluence of stainless steels for processing with USP lasers is in the range of 60 to
100 mJ∕cm2.4 To determine the threshold fluence within the scope of this research the fluence is
varied both above and below the known 60 to 100 mJ∕cm2. The measured average power is used
to determine reasonable intervals over which the fluence can be varied in small steps. During the
examination, attention is paid to when there is no ablation of the workpiece while the average
power or the laser pulse energy is increased between two successive reference positions. In case
there is visually recognizable ablation, the fluence at which ablation phenomena can be detected
is subsequently referred to as the threshold fluence or ablation threshold.

To detect the threshold fluence, the workpiece is first machined by point geometries with
multiple laser pulses. It is comparable to a percussion drilling process and Liu’s approach to
determine the threshold fluence (Sec. 3.3). When analyzing the experimental variation of the
point geometries, it becomes apparent that a change in appearance hereinafter referred to as
“modification” of the material surface can already be seen at a fluence of 25 mJ∕cm2. In addi-
tion, it can be shown that the occurrence of the modification is dependent on the number of laser
pulses applied to the workpiece. Figure 8 shows an example of a digital microscope and SEM
image of the variation of fluence and number of laser pulses using point structures. A test matrix
for 102 to 105 applied laser pulses at different fluences at a repetition rate of 100 kHz is illustrated
in Fig. 8(a). Each combination of fluence and number of laser pulses is patterned and framed five
times side by side on the workpiece to highlight the homogeneity of its appearance for visual
evaluation. The green line subsequently inserted in Fig. 8(a) marks the limit from which combi-
nation of fluence and number of laser pulses lead to a modification of the surface. It is obvious
that with different numbers of laser pulses, a modification occurs at different fluence. This pro-
cedure, as shown in Fig. 8(a), is similar to Liu’s method of elevation the threshold fluence.
According to Liu’s approach, a modification can apparently be mistaken for an ablation.
The difference between a modification and an ablation can only be inadequately assessed by
a digital microscope. Therefore, the authors assume at this point that this behavior can be attrib-
uted to the incubation effect described in literature. SEM images are able to provide a clear
distinction and distinguish a first ablation result from a ripple-based modification.

The ablation threshold for a fixed combination of material and USP laser can be assumed as a
constant value in J∕cm2. The present findings suggest to define a “modification threshold,”
which is the fluence threshold where modifications but no ablation of the material can be
observed, see Fig. 8(a). When the fluence in combination with the number of applied laser pulses
is sufficient to produce a visible modification of the workpiece surface, as shown in Fig. 8(b), the

Fig. 8 Variation of fluence and laser pulse number for detection of Fmod at f rep ¼ 100 kHz (a) and
point structuring of the workpiece surface at 56 mJ∕cm2 and f rep ¼ 100 kHz (b). Comparison of
Fmod at different repetition rates with varying fluence and number of applied laser pulses (c).
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fluence leading to this first-ever modification will be referred to as the modification threshold
(Fmod) in the rest of this paper. Figure 8(c) compares the modification thresholds of structured
point geometries at different repetition rates. It can be seen that the modification threshold for
point geometries is dependent on the number of laser pulses applied and not on the used rep-
etition rate. Thus, the incubation effect is not related to the ablation threshold, but to the changing
modification threshold. We observe a change in the modification threshold with the number of
pulses but the ablation threshold does not change with the number of pulses. The conclusion that
the modification threshold is independent of the repetition rate in a frequency range from 0.6 to
600 kHz can thus be drawn, whereby the fluctuations shown between the different repetition
rates are probably due to surface contamination or material defects. At this point, however, the
behavior of the modification threshold is not investigated further, since the objective is to
determine the ablation threshold.

To better illustrate the difference between modification and ablation, the point geometries are
replaced by squares, since a clear differentiation of the modification and ablation areas is pos-
sible due to the larger machinable area on the workpiece surface. For this purpose, 432 × 106

laser pulses were applied over the entire square with an edge length of 200 μm. To reduce the
time required for the number of laser pulses applied the line spacing is set to 1 μm, the repetition
rate to 600 kHz and the feed rate to 100 mm∕s. This results in a pulse overlap of 90%. For square
structuring, ablation first occurs at a fluence of 65.5 mJ∕cm2 in combination with 3 × 106

applied laser pulses per focal area. For USP processing of the workpiece with a fluence of
49.4 mJ∕cm2, no ablation can be demonstrated [Fig. 9(a)], which is why the ablation threshold
must be in the range 49.4 < Fthr ≤ 65.6 mJ∕cm2. The comparison of the ablation with point and
square texturing illustrates that both surface textures exhibit ripples [Figs. 9(c) and 9(d)] and that
a modification region forms around the area of ablation [Figs. 9(c) and 9(d)]. The ripples seen in
the square texturing are more concise than those in the point texturing and can be more clearly
interpreted as ablation due to the larger textured area. Accordingly, only appearances of larger
structures like square structures should be used to determine the threshold fluence. The smallest
fluence leading to ablation is observed for point structuring in Fig. 9(c) at 56 mJ∕cm2, which
lies in the previously determined interval [Figs. 9(a) and 9(b)] of the threshold fluence of
49.4 < Fthr ≤ 65.6 mJ∕cm2. It is shown that the ablation threshold is independent of the number
of laser pulses.

4.2 Test Series 2: Identifying the Most Efficient Fluence

From literature, it is known that an efficiency maximum occurs at the pulse peak fluence (Feff )
which can be simply described by the product of the threshold fluence (Fthr) and Euler’s
number.4 The experiments are varied in the interval from 3 × Fthr to 13 × Fthr to map the theo-
retical efficiency maximum at a factor of e2 ≈ 7.39 in the center of the fluence interval to be
investigated. An important material and model property for laser material processing is the effec-
tive penetration depth of the laser radiation into the workpiece. The effective penetration depth
can be determined from the values of Fthr, the fluence used and the ablation depth per pulse,
e.g. Eq. (5).

Fig. 9 Differentiation of (a) modification and (b) ablation for structuring the workpiece surface with
squares at f rep ¼ 600 kHz and differentiation of ablation between point and square structuring of
the workpiece surface for (c) f rep ¼ 100 kHz, and (d) f rep ¼ 600 kHz.
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In Fig. 10 the mean value of the ablation volume per pulse and pulse energy per fluence
(according to Neuenschwander) and the mean value of the ablation depth per fluence are plotted
for the structured squares with 566 LpF. The average ablation depth increases almost linearly
with increasing fluence (red). The ablation efficiency increases with increasing fluence (blue) in
the range from 0 to 0.5 J∕cm2. The efficiency maximum can be confirmed at a factor of e2 × Fthr

if the ablation threshold is determined visually. The effective penetration depth is calculated
using the measurement points shown in Fig. 10 and the previously mentioned simulation of
the USP machining process.1 The effective penetration depth can be determined by the known
ablation depth and the threshold fluence by using the simulation model1 or the virtual volume
method. The virtual volume method will be described in Sec. 4.3. Using the determined ablation
threshold the simulation calculates the ablation structure for different penetration depths. By
comparison with the experimental results, the penetration depth can be determined as function
of the fluence. The resulting effective penetration depth in fluence range (0 to 0.5 J∕cm2) lies in
the interval of 5.7 nm < δeff < 11.2 nm (Fig. 10).

4.3 Test Series 3: Identifying the Impact of Higher Fluences

The objective is to conduct the characterization of the material properties of stainless steel at
higher fluences. Therefore, fluences from 1.76 to 24.8 J∕cm2 are investigated. It is intended to
generate an understanding of the influence of comparatively high fluences for high-precision
micro and nano structuring. To obtain meaningful microscopy images, the number of laser pulses
used will be reduced, since measuring ablation depths >30 μm for 200 × 200 μm cavities with
the VHX-5000 digital microscope can lead to under-exposure of the ablated area and thus to
measurement inaccuracies. Squares are structured with an applied number of laser pulses per
focal area (LpF) in an interval of 20 to 200.

The average ablation depth increases almost linearly with increasing fluence (red). In con-
trast, the ablation efficiency decreases exponentially with increasing fluence (blue). This sug-
gests that the efficiency maximum is between 0.5 and 1.76 J∕cm2. The ablation for higher
fluences drops nearly by a factor of 3.

In the following, the surface roughness of the manufactured cavities is investigated and pre-
sented as a function of fluence. At this point, it can also be seen that from about 12 J∕cm2

(Fig. 11), the surface roughness due to USP processing becomes worse than the initial surface

Fig. 10 Hermann and Neuenschwander graphs for different laser structured square cross section
(like shown in Fig. 7) with 566 laser pulses per focal area. For the statistical purposes, six squares
each with the same process parameters have been produced and measured.
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roughness of the stainless steel foil. Measurement point 4, shown in Fig. 12(a), is the first meas-
urement point in Fig. 12(b) to show the noticeable trend where the determined standard deviation
significantly exceeds the waviness of the original material.

Figure 12(a) shows the course of the ablated depth-averaged from six square patternings with
113 LpF over the fluence. Figure 12(b) shows that the standard deviations of these measured
average ablation depths are greater than the determined line roughness of 325 nm (�160 nm)
shown in Fig. 12(c). Due to the use of high fluences, temperature-related influences during
machining cannot be excluded. The formation of CLPs is made possible by high fluences.
CLPs are demonstrably caused by excessive thermal stress on the component during

Fig. 12 (a) Mean ablation depth for 113 applied laser pulses per focal area in relation to the
applied fluence. (b) Standard deviation of the ablation depth of six structured squares each with
113 applied laser pulses per focal area in relation to the line roughness of 320 nm (�160 nm). LSM
measurement of the line roughness of the initial surface of the workpiece used. (c) The absolute
difference is 0.325 μm and can be specified as þ∕ − 0.160 μm.

Fig. 11 Ablation depth and Neuenschwander plots for squares with 45 laser pulses per focal area
at f rep 100 kHz.
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machining.8 Due to temperature-related influences, the theoretically determined effective pen-
etration depth may deviate from the one obtained from test series 2.

Using the ablation cross-sections of the machined squares, the effective penetration depth is
determined mathematically based on the depth present at the center of the structure. For a fluence
of up to 1 J∕cm2, the effective penetration depth is circa 5.7 nm < δeff < 11.2 nm and for a
fluence of about 2 to 25 J∕cm2 it is 8 nm < δeff < 19.4 nm. The ablation efficiency maximum
is approximately located at a fluence of 0.5 J∕cm2 [Fig. 13(b)]. The relationship between the
fluence and the threshold fluence, known from the literature, is described by Eq. (6). With the
determined threshold fluence of 65.6 mJ∕cm2, the ablation efficiency maximum is calculated to
be 0.485 J∕cm2. This almost agrees with the result from test series 2 for a fluence of 0.5 J∕cm2.
The asymptotic course of the ablation efficiency for a fluence of up to 25 J∕cm2 is shown in
Fig. 13(b). The mean depth of the cross section can be used to define a virtual volume of
material ablation [Fig. 13(a)]. Multiplying the mean ablation depth by a virtual two-dimensional
area of any size gives a virtual ablation volume of the square structuring. The number of laser
pulses applied to the total virtual ablation volume can be calculated from the feed rate, repetition
rate, track spacing, and edge lengths of the virtual area under consideration. Subsequently, the
required virtual ablation volume per laser pulse and pulse energy can be determined. In addition,
the mean value of the virtual ablation volume and its standard deviation are computed. In this
work, the collected mean values and standard deviations were composed of the measurement
data of six structured squares each with processing parameters kept constant

Fig. 13 Graphical approach to illustrate the procedure used to determine the ablation efficiency.
(a) The approach is newly introduced and will be named as a “model of the virtual volumes” based
on the presented procedure of this work. (b) Cumulative course of the ablation efficiency over the
investigated fluence interval from 0 to 25 J∕cm2.

Fig. 14 (a) Influence of the angle of rotation of the λ∕2-plate on the degree of ablation of the work-
piece with a square structure. (b) and (c) Two different 3D model of square structure and SEM
images to prove the influence of the polarization direction.
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4.4 Test Series 4: Determination of the Absorption Coefficient

In test series 4, the absorption coefficient of the stainless steel workpiece will be determined. The
optical properties can be determined by comparison with simulation using Fresnel’s equations to
describe angle-dependent absorption. Here, structured squares with a specified edge length of
50 μm are machined and measured. A linearly polarized laser beam is now used to determine the
absorption dependence. Figure 14(a) shows how a λ∕2 plate varies the polarization by rotation
and how this affects the resulting geometry of the ablated structure. Figure 14(b) and 14(c) show
an SEM image and a simulated 3D model of the ablation of a square structure. On the workpiece
surface, the machining strategy is identical in both cases only the linear polarization direction is
changed by ∼45 deg perpendicular to the incident laser beam. In the SEM and simulation
images, it can be seen that the perpendicular edges of the “square” have different lengths.
Since perpendicular and parallel polarization produce different degrees of absorption at incident
angles between 0 deg and 90 deg and the edges of the squares show a taper, the length and width
of the squares change. They change with the set angle of rotation of the λ∕2 plate which affects
the orientation of the linear polarization [compare Fig. 14(a)]. The workpiece is more ablated in
the direction of the p-polarization (compare Fig. 4). This is shown in Figs. 14(b) and 14(c) for
two different orientations of the polarization.

From the aforementioned change in length and width, the angle-dependent absorption coef-
ficient of the stainless steel workpiece can be determined for a given rotation angle of the λ∕2
plate. The green dashed areas in Fig. 14(a) represent the geometries that are scanned on the
workpiece surface with the scanning system. The black areas represent the geometries that are
generated due to different degrees of absorption on the workpiece surface. As the angle of rota-
tion of the λ∕2 plate changes and thus the orientation of the linear polarization of the laser beam
the structured geometry changes in width and length. Previously used material thickness of
200 μm proves to be unsuitable for the next step of this test series. So a workpiece with a thick-
ness of 25 μm of the same material is used. To prevent measurement inaccuracies, several
squares with the same polarization orientation are patterned through a 25 μm stainless steel foil.
A rotation of the λ∕2 plate by 10 deg corresponds to an optical rotation of 20 deg. To realize an
optical rotation of 180 deg, the polarization orientations of the λ∕2 plate are divided by steps of
10 deg per step in a range from 0 deg to 90 deg. Diffraction effects can occur during micro-
scoping, which are manifested by blurring at the edges of the surface patterning to be measured.
To avoid diffraction effects during microscoping, the square tapers on the back of the specimen
are measured with incident top light. The taper angle of the square edges depends on the fluence
used, therefore, two different fluences of 1.8 and 4.2 J∕cm2 will be investigated.

For the purpose of this study, taper is only of secondary importance. In the following, the
length and width differences are evaluated. Figure 15 shows the length and width variation at
different rotation angles of the λ∕2 plate and the maximum length and width difference in each
case. In Fig. 15(a), the course of the length and width change for 1.8 J∕cm2 and Fig. 15(a) for
4.2 J∕cm2. From the amplitudes of the respective plots, conclusions can be drawn about the

Fig. 15 Influence of the rotation angle of the λ∕2-plate on the length and width of a structured
square at a fluence of (a) 1.8 J∕cm2 and (b) 4.2 J∕cm2.
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absorption coefficient of the combination of workpiece and USP laser used. In addition, it can be
observed that the squares are more strongly ablated in length (blue line) than in width (red line)
by about 1.5 μm. This may be due to an elliptical raw beam or an alignment error of the laser
beam. The half-length or half-width differences are defined as amplitudes. Taking into account
the standard deviation for both plots the amplitudes are ∼2.7� 0.2 μm big.

With the amplitude of the width or length change depending on the angle of rotation of the
λ∕2 plate the absorption coefficient at perpendicular angle of incidence (0 deg) can be calculated
to ∼0.7. This is shown in Fig. 16. From the aforementioned change in length and width (compare
Fig. 15), the angle-dependent absorption coefficient of the stainless steel workpiece can be deter-
mined for a given rotation angle of the λ∕2 plate.

4.5 Optimization of the Ultrashort Pulsed Ablation Process Using
a Simulation Model

This chapter is brief, as it is already described in more detail in the previous paper.17 The pre-
sented procedure can be used to determine the material properties of metals such as stainless steel
(material number: 1.4301) for application in USP laser surface structuring. The results from test
series 1 to 4 can be used to calibrate a simulation model.1

Thus, a time-efficient machining process can be determined in advance by presimulation.
With the help of the three material properties determined in this work (threshold fluence, effec-
tive penetration depth, and absorption coefficient), the ablation behavior of metallic workpieces
during USP machining can be simulated. The machining parameters relevant for the material
ablation behavior (repetition rate, feed rate, path planning, pulse energy, focus diameter, and

Fig. 16 Angle of incidence-dependent absorption coefficient of stainless steel.

Fig. 17 Comparison of an ablation result in USP machining with a simulation.
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wavelength) depend on the combination of the workpiece, machining system, and USP laser
used and are transferred to the simulation. So the USP machining process can be simulated and
the simulated material ablation result can be visualized. Figure 17 shows an exemplary com-
parison of the real USP machining process with those from the calibrated simulation. The abla-
tion result by USP machining of the workpiece is shown in the left image of Fig. 17 by means of
a microscope image with a colored height scale. The right image of Fig. 17 shows the simulated
result.

5 Conclusion

The aim of this work is to develop a procedure for the efficient determination of material-specific
properties of USP laser material processing. For this purpose, a division into four test series has
been done. The division enables an independent determination of the three material-specific
properties considered in this work: threshold fluence, effective penetration depth at low and high
fluences, and absorption coefficient. It is possible to determine the threshold fluence by visual
examination with the help of a scanning electron microscope. Modification and ablation thresh-
old can be distinguished. The visible ripples of the square structure are more concise than those
of the point structure and can be interpreted more clearly as ablation due to the larger structured
area. The visually determined threshold fluence for point structures is 56 mJ∕cm2 and that for
quadratic structures 65.5 mJ∕cm2. The difference between the two threshold fluence values is
negligibly small, which is why the square structures are used due to their unambiguous evalu-
ability. So the difference between ablation and modification on the workpiece surface can only
be determined with the use of an SEM. If modification is misinterpreted as ablation, this can lead
to incorrect conclusions about the threshold fluence. This can be an alternative explanation for
the incubation effect. The threshold fluence can be determined most easily with ablated squares
than with points or lines. The observed threshold fluence for ablated squares ranges from 49.4 to
65.6 mJ∕cm2 for stainless steel (1.4301) and a USP laser with a wavelength of 515 nm and pulse
duration of 900 fs. The influence of wavelength and pulse duration has already been studied and
it has been shown that a USP laser with a wavelength of 515 nm and a pulse duration of approx-
imately 800 to 1500 fs is most efficient for processing steel.13 Since the analysis is based on
discrete sequential steps with regard to the used pulse energy of the USP laser, it is recommended
to use the upper interval limit of the threshold fluence range. As an estimate to the safe side by
using the upper interval limit Fthr is 65.6 mJ∕cm2. The visual determination of the ablation
threshold is more precise than the mathematical approach via the ablation efficiency and the
back calculation via the factor e2. If the exact determination of the ablation threshold is required,
it should always be determined visually with SEM images.

In summary, the following can be stated for the different methods used to determine the
ablation threshold (Table 1).

Table 1 Summary of the three methods investigated for determining the ablation threshold with
description and respective value of the ablation threshold.

Method Description
Ablation threshold value

(@ 515 nm, 900 fs, 100 kHz)

1 Hermann This method is not suitable, since the threshold
fluence determined deviates too much from
the other two approaches

0.088 J∕cm2

2 Neuenschwander This method is recommended for a quick
determination of the threshold fluence.
Deriving the ablation threshold based
on the most efficient fluence works.

0.062 J∕cm2

3 Visual by SEM If a precise determination of the ablation threshold
is necessary, it must be obtained by visual
inspection. SEM images must then be used to
clearly distinguish a modification from an ablation

0.066 J∕cm2
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The second objective is to determine the effective penetration depth for low (<1 J∕cm2) and
high fluences (>1 J∕cm2). The virual volume approach is newly introduced to define the abla-
tion efficiency and the threshold fluence without taking into consideration special processing
effects like multiple reflections and angle-dependent absorption at the taper edges. By knowing
the threshold fluence and calculating a virtual volume, the effective penetration depth can be
determined mathematically with the depth values from the ablated cross sections. The model
of the virtual volumes can be used to represent the course of the ablation efficiency more pre-
cisely, due to the fact that the impact of multiple reflections at the edges of the cavitiy is not
taking into consideration. By using the virtual volume method the ablation threshold and the
penetration depth can be determined.

The investigation to determine the angle-dependent absorption coefficient has been
determined by varying the polarization direction when structuring the workpiece with
50 × 50 μm2 geometries. The experimental output is the amplitudes of length and width of the
patterned squares with varying orientation of the linear polarization. Subsequently, the degree of
absorption can be determined in a simulation by means of design-of-experiment as a function of
the angle of incidence. The angle-dependent absorption coefficient is important for the ablation
model used in the simulation and can now be included based on the evaluation shown.

The calibration of a simulation of the USP machining process using the determined geomet-
ric data is to enable the digitization of feasibility studies. The threshold fluence can be used to
calculate the effective penetration depth. Furthermore, this is not considered as a constant but as a
function of the fluence. This is an important difference from the work of Liu, Neuenschwander,
and Hermann. The threshold fluence together with the ablation model is used to determine the
ablation depths in the simulation. Depending on the threshold fluence and the fluence used for
processing, the measured and simulated ablation depths are compared iteratively. By adjusting
the penetration depth used for this purpose, the comparison is made until the real and the simu-
lated ablation depth match. The model limit has been determined to a maximum of 12 J∕cm2

while using a repetition rate of 100 kHz by the simulation in comparison with the experiments.1

The functional properties of the material as well as the necessary process times for process
development are to be determined. The aim is to enable the series production of products using
USP laser radiation in the field of micro and nano structuring as efficient as possible. One ad-
vantage of dividing the test series into four parts (Fig. 5) is that the material-specific properties
can be determined independently of one another. By ablation of square structures, we achieve to
avoid angle-dependent absorption and reflections, and by using different polarization directions
we are able to determine the optical properties, too. Without the additional experiments with
ablation structures generated with different polarization directions, the threshold fluence cannot
be determined independently from the absorption properties. This means that subsequent errors
during the analysis of the material properties can be avoided in future research. For all four test
series, six geometries structured with the same parameters have been sufficient to obtain a mean
value of the ablation depth with a sufficiently precise standard deviation. Therefore, six test
structures are sufficient.
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