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H I G H L I G H T S

• A prototype device combining
a focused ion beam and a
femtosecond laser is presented.

• A case study of fabricating
cantilevers for
micro-mechanical tests into
cold rolled tungsten foils was
performed.

• No coarsening of the ultra-fine
grained microstructure was
found after femtosecond laser
ablation.

• A sample array consisting of
100 cantilevers with a
dimension of 420×60×25 lm3

was processed in only half an
hour.
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A B S T R A C T

The focused ion beam technique has become a standard tool for micro-mechanical sample preparation in
the last decade due to its high precision and general applicability in material removal. Besides disadvan-
tages such as possible ion damage and high operation costs especially the characteristically small removal
rates represent a bottleneck for this application. In contrast, femtosecond lasers provide material removal
rates orders of magnitude higher, with small or ideally without thermal impact on the surrounding mate-
rial. Hence, a combination of these two methods offers an ideal tool for time-efficient, micrometer-sized
sample preparation. A prototype implementing this idea is presented here in combination with a case study.
Cantilevers with a length of several hundred micrometers were machined into 25 lm, 50 lm and 100 lm
thick, cold rolled tungsten foils. Scanning electron microscopy analyses reveal the influence of laser param-
eters and different scanning routines on the resulting sample quality and the effect of the laser pulse length
(femtoseconds versus nanoseconds) on the ultra-fine grained microstructure. Finally, the performance for
unprecedented rapid sample preparation is demonstrated with a sample array consisting of 100 cantilevers
with a dimension of 420×60×25 lm3 processed in only half an hour, opening completely new testing
possibilities.
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1. Introduction

Mechanical experiments with specimens in the size regime
between several hundred nanometers and some hundred microm-
eters become more and more important in order to achieve a
better understanding of local mechanical properties and hence the
mechanisms determining the materials’ behaviour on these length
scales [1–3]. Furthermore, the development and usage of small med-
ical devices, micro-electro mechanical systems and nano-composites
increase the relevance of the knowledge of the materials’ proper-
ties at these small dimensions [4,5]. In addition, novel fundamental
research approaches conduct micro-experiments, in order to e.g.
validate multi-scale modelling approaches [6] or to determine the
controlling mechanism of the brittle-to-ductile transition [7].

The state-of-the-art fabrication technique for the preparation of
miniaturized mechanical samples is focused ion beam (FIB) machin-
ing. Up to a sample size of few tens of micrometers the FIB technique
offers an ideal tool in terms of variability and further provides
high precision down to the sub-micrometer domain [8–10]. Utiliz-
ing this technique for micro-mechanics provided the basis for the
development of various miniaturized testing concepts and sample
geometries [11]. For example, for the fabrication of specimens in
the micrometer range, starting from thin sheets [12] or bulk materi-
als [13], it presents nowadays a standard tool. Nevertheless, due to
the low removal rates it impedes the fabrication of an adequate num-
ber of samples when sufficient statistical information is required and
therefore becomes a costly and time-consuming method. Hence, the
sample preparation employing the FIB technique represents a bottle-
neck for micro-mechanical studies. A further disadvantage of the FIB
is the so-called ion-damage, which describes ion-induced defects in
the near-surface layer caused by ion implantation [14,15].

Especially the pre-preparation of samples usually requires the
removal of a large amount of material and therefore is a time criti-
cal step. Due to the depletion of the ion source, these time intensive
rough cuts make up a significant part of the operation expenses for a
FIB system. High currents further lead to a high ion beam dosage and
hence a strong influence on the material [16].

Wurster et al. [17] showed how the FIB cutting time can be con-
siderably reduced by employing the ion slicing technique for the
pre-preparation of test specimens. Additionally, this reduces the
ion-induced damage in comparison to pure FIB milling. This dam-
age reduction is based on a lower acceleration voltage and the use
of argon instead of gallium ions. However, there are still various
disadvantages of the ion slicing technique. An irradiation damage
may occur, the thickness of the specimen is limited to few microns
only, an adequate masking technique has to be applied and complex
geometries are difficult to fabricate [17].

Another technological advancement regarding the reduction of
the FIB processing time is the application of recently developed
xenon plasma sources for micro-machining [18]. It enables faster
material removal due to 1–2 orders of magnitude higher milling cur-
rents compared to the gallium FIB [19]. More recent studies also
suggest that the influence on the mechanical properties of the pro-
cessed material is less pronounced. Kwakman et al. noticed that
the extent of the damage layer is reduced by approx. 25% [20].
Micro-compression experiments on polycrystalline aluminium per-
formed by Xiao et al. [21] using pillars fabricated by a xenon
and a gallium FIB exhibited a lowered yield strength for the sam-
ples prepared by the gallium FIB. However, the size of structures
machinable with the xenon FIB is still limited to a few hundred
micrometers.

On the meso-scale, i.e. in the range of 100 to 10, 000lm a
precise and versatile method for sample preparation with limited
influence on the material is not available. Suitable methods for
these dimensions, such as micro-electrical discharge machining (l-
EDM) or micro-machining, influence the material either through

heat or through plastic deformation. Kawakami et al. observed the
generation of residual stresses in tungsten micro-beams due to the
thermal impact of the l-EDM cutting process [22]. The fabrication
of micro-mechanical samples with l-EDM has been conducted for
example by Schmitt et al., producing micro-cantilevers [23], or Uchic
et al., producing micro-compression samples [24]. For these speci-
mens an additional preparation step was required due to the rough
surface and the heat affected zone resulting from the l-EDM pro-
cessing. In [23] a FIB was employed to notch the cantilevers and to
polish the cutting edges nearby the notch. Additional disadvantages
of l-EDM are the required fabrication of the electrode (for sinking
l-EDM), the subsequent wear of the electrode during processing, as
well as the limitation of the technique to conductive materials [25].

Another widely used method for machining specimens on this
small scale are lasers. Investigations on the capability of the laser
for micro-machining started shortly after its invention [26]. How-
ever, the heat influence of continuous wave or short pulse (pulse
duration > 10 ps [27]) lasers impedes the processing of sharp,
well defined geometries [28] and therefore their applicability for
micro-machining has been limited to cases, where a possible mod-
ification of the material is not critical. In contrast, ultrashort pulsed
lasers (pulse duration < 10 ps) enable laser micro-machining of
well defined geometries with a very good reproducibility [28,29].
In recent investigations it has been shown that ultrashort pulsed
laser materials processing achieved a high reliable standard which
enables this technology to enter new and advanced industrial appli-
cations [30–32]. This is due to the fact that the laser pulse duration is
significantly below the heat diffusion time (>10–100 ps). The ultra-
short pulse duration and the high intensity on the material surface
lead to complete ionization of the irradiated material by non-linear
effects. The irradiated material volume is removed from the sur-
face before any heat diffusion or thermal damage and melting can
occur.

When the laser beam is guided in parallel incidence to the
ablated surface, the Gaussian intensity distribution of the laser
beam [29] ensures that the ablation of the material happens at
the threshold fluence, leading to optimal surface quality. On the
other hand when the beam is guided perpendicularly to the ablated
sample surface the resulting surface quality is lower and strongly
depends on the applied process parameters. Further, a perpendic-
ular incidence leads to an increased creation of dislocations and
their density scales with the peak fluence of the laser pulse. For
a parallel incidence the depth of the dislocation zone is signifi-
cantly reduced [27]. In this case a high dislocation density is found
within few 100 nm of the processed surface [33]. A similar depen-
dence on the incidence angle has been found for the ion damage
of FIB processing [14]. Femtosecond laser processed silicon exhib-
ited an amorphized layer near the surface, extending 50 nm in
depth [33].

With the advent of reliable ultrashort pulsed lasers their unique
properties found wide interest in science and industry, and several
applications have been developed since then. The various possibil-
ities to structure and modify surfaces [34] can be used e.g. to tune
optical properties of metal surfaces [35] or to reduce the reflectivity

Table 1
Specifications of the three laser sources which were used in this study.

Laser I Laser II Laser III

tp 0.35–10 ps 4–20 ns 318 fs
Pmax [W] 20 2.2 4
Rmax [MHz] 2 0.12 1
k [nm] 1030, 515, 343 355 1030, 515, 343
d0 [lm] 35 27 25
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Fig. 1. System setup with main FIB/SEM chamber (a), laser processing chamber (b),
scan unit (c), optical unit (d) and femtosecond laser unit (e).

of silicon photovoltaic cells [36]. Furthermore, due to the feasib-
lity of ablating various materials, the capability for micro-machining
of ultrashort pulsed laser ablation has been investigated for e.g.
metals [37–39], biomaterials [40,41], dielectrics [42], semiconduc-
tors [43,44] or polymers [45].

Comparing the laser ablation to the standard gallium FIB tech-
nique, its ablation rate is 4–6 orders of magnitude higher. Also the
ablation rate of a xenon FIB is still 2–3 orders of magnitude below the
achievable rates of an ultrashort pulsed laser [27]. However, com-
pared to the FIB the laser exhibits a reduced precision. One reason
for this is the large spot diameter of approximately 25 lm, which
is due to the scan optics setup used in this study. It is approx. 3
orders of magnitude larger than the spot size of a gallium FIB at
1 nA [19]. By using fixed optics and a positioning stage the preci-
sion can be improved. A main challenge that arises when samples
are prepared with the ultrashort pulsed laser is the creation of so-
called laser induced periodic surface structures (LIPSS). These LIPSS
are an inherent feature of ultrashort pulsed laser processing. An
overview of the size and orientation of the ripple-like structures for
different materials is given in [46]. For linear polarized light the rip-
ples are mostly oriented perpendicularly to the polarization of the
laser [46]. For circular polarization the surface features exhibit a
dot-like structure [47].

Due to the high precision of the FIB technique and the high
ablation rates of the ultrashort pulsed laser technique, a combina-
tion of both methods yields a powerful device for machining from
the micro- to the meso-scale. The addition of a scanning electron
microscope (SEM) allows for an immediate analysis of the processed
specimens. Such a combination has already been realised by Echlin et
al. [27,48]. They built a setup for femtosecond laser ablation in-situ
in a SEM to perform rapid 3D material analysis. A further assess-
ment of combining the nano- or femtosecond laser technique with
either a xenon or a gallium FIB has been conducted by Kwakman et
al. [20].

As outlined before, the properties of ultrashort pulsed lasers are
appealing for the fabrication of micro-mechanical test samples. To
date, this application has been rarely investigated. Lim et al. stud-
ied the fabrication of micro-pillars on bovine cortical bone [41]. Very

Fig. 2. Detailed view of the beam path starting from the laser unit (a) along the beam
expander (c), the mirrors of the scanning unit (d) and the objective lens (e). The exit
windows for the wavelengths of 515 nm and 1030 nm are located on different heights.
The periscope (b) optionally guides the beam with a wavelength of 1030 nm into the
beam expander (shown in inset).

recently, in macroscopic mechanical tests femtosecond lasers have
been successfully employed for introducing notches into single edge
notched beam samples [49,50].

The aim of this paper is to establish and to assess femtosecond
(ultrashort) pulsed laser processing as a novel technique for the fab-
rication of micro-mechanical samples. In the following an overview
of the combined SEM/FIB - femtosecond laser system is given. Then

Fig. 3. Working principle of the beam expander. Changing the distance between the
dispersal and the subsequent collecting lens, varies the position of the focal plane.
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Fig. 4. Cantilevers cut with a femtosecond laser (KIT-KNMF) in foils with (a) 25 lm,
(b) 50 lm and (c) 100 lm thickness. The used scan pattern is shown in Fig. 5a. The
number of scan passes are listed in Table 2. For these samples also the notch was laser
processed.

the performance of the femtosecond laser for the fabrication of
micro-cantilevers is assessed and process parameters are optimized
in terms of redeposition and surface quality. In addition, the qual-
ity and the microstructure of samples processed by nanosecond and
femtosecond laser radiation is compared. Finally, the question if
femtosecond laser micro-machining allows the mass-production of
micro-mechanical samples is answered.

2. Experimental

In this study three different pulsed laser sources were used. The
specifications of these lasers are summarized in Table 1. The speci-
fications include the maximum average power Pmax, the wavelength
k, the maximum pulse repetition rate Rmax and the pulse duration tp.

Initial investigations have been performed at the Karlsruhe Insti-
tute of Technology at the Karlsruhe Nano Micro Facility (KNMF)
by employing a micro-machining workstation (PS450-TO, Optec,
Frameries, Belgium). This workstation is equipped with an ultrashort
pulsed laser (Tangerine, Amplitude Systèmes, Pessac, France - Laser

Table 2
Parameters for the cantilevers cut in foils with different thicknesses using a femtosec-
ond laser with a wavelength of 1030 nm and a laser pulse duration of 380 fs (Laser I in
Table 1). The resulting samples are shown in Fig. 4.

Foil thickness 25 lm 50 lm 100 lm

Fluence [J/cm2] 0.7 1.0 1.6
Repetition rate [kHz] 20 20 40
Scan speed [mm/s] 100 100 50
Scan repetitions 150 300 400

I in Table 1). The laser beam is scanned across the sample surface
employing a scan head (RhotorTM Laser Deflection Systems, New-
son Engineering BV, Dendermonde, Belgium) and finally focused by
a f-theta lens with 100 mm focal length.

Further tests and analyses have been conducted using a femtosec-
ond laser system at the Erich Schmid Institute of Materials Science
and the Materials Physics Department of the University of Leoben.

2.1. System design

The basis of the new femtosecond laser system is the Auriga Laser
platform (Zeiss, Oberkochen, Germany - concept of the platform
see [51]). The modified setup is displayed in Fig. 1. It consists of two
vacuum chambers separated via an airlock. The main chamber (Fig. 1
- a) contains the FIB and the SEM gun in a standard cross beam imple-
mentation. The laser processing is conducted in the separated second
chamber (Fig. 1 - b). Both chambers as well as the laser unit (Fig. 1
- e) and all optical components are mounted on the same active air
suspension for damping. The separation of the two chambers has the
advantage that the high amount of ablated material during the laser
processing does not contaminate the main chamber. Nevertheless,
this setup allows femtosecond laser processing and successive SEM
analysis or FIB cutting without leaving the vacuum state. An addi-
tional advantage is the possibility to use the laser in air or under inert
gas conditions. This is especially of great interest, when working on
bio-materials.

The nanosecond laser (Laser II in Table 1) originally used in the
commercial Zeiss system is replaced by a femtosecond laser (Origami
10 XP, Onefive GmbH, Regensdorf, Switzerland - Laser III in Table 1).

A look into the optical unit (Fig. 1 - d) and the scan unit
(Fig. 1 - c) provides details on the beam path (Fig. 2). The orientation
of the laser unit causes that the separate exit windows of the three
wavelengths are located on different height levels. By employing a
periscope (Fig. 2 - b) equipped with mirrors, designed for femtosec-
ond laser pulses, all beams are guided along the same path through
the beam expander (Fig. 2 - c). The lower mirror of the periscope
can be moved into and out of the beam path by a flip mount. The
mirror positioned in the beam path is shown in the inset in Fig. 2.
After passing the beam expander, the laser beam is guided into the
processing chamber via a scan unit (intelliscan III 10, SCANLAB AG,
Puchheim, Germany), employing two perpendicularly oriented fem-
tosecond mirrors (Fig. 2 - d), which are driven by galvanometers. This
scan unit allows for a scanning area of 50 × 50 mm2 and a relative
positioning accuracy of about 0.3lm at the sample surface. The scan-
ning principle enables the fabrication of arbitrary geometries, which
are defined using a computer-aided design programme. The objec-
tive lens which finally focuses the laser beam onto the sample is a
f-theta lens (Sill Optics GmbH, Wendelstein, Germany) ensuring a flat
image plane and therefore a constant focal width across the scan area
(Fig. 2 - e, f). The used objective has a working distance of 145.7 mm.
The focal diameter on the sample is adjusted by the beam expander,
consisting of an uncoated dispersing lens and an uncoated collecting
lens, located between the periscope and the scan unit. The position of
the minimal focal diameter is defined by the distance between these
two lenses (Fig. 3). The position of the dispersal lens can be varied
and is controlled by a stepper motor actuator. This setup allows a
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Fig. 5. The scan routines for the fabrication of cantilevers. The U-shape can either be cut out by a single contour cut (a) or by removing the whole material by scanning across the
respective area (b). The narrow arrows indicate the lines of the laser cuts and the broad arrows indicate the scan direction.

shift of the position of the minimal focal diameter of approximately
30 mm and therefore allows the same variance in sample height.

The laser system offers five parameters to be adjusted: The aver-
age laser pulse power and the laser pulse repetition rate. Further, a
shutter allows to adjust the number of transmitted pulses. In addi-
tion, the laser scanning speed across the sample surface and the
number of repetitions of each laser scan line are variable.

A spot size evaluation on the modified system was performed
according to [52]. The determined spot diameter was 24.5 ± 0.3lm.
The ablation threshold fluence yielded 0.20 ± 0.01 J/cm2 for the
tungsten foils. This is in good agreement with Byskov-Nielsen et
al. [53], considering the linear dependence of the threshold fluence
on the wavelength for sub-picosecond pulses [54]. Byskov-Nielsen
et al. [53] found for tungsten a single pulse threshold of 0.44 ± 0.02
J/cm2 for femtosecond laser ablation with a wavelength of 800 nm.
The same analysis for the nanosecond laser operating with a wave-
length of 355 nm provided a spot diameter of 27.4 ± 1.9 lm and
a fluence threshold of 5.8 ± 1.0 J/cm2. This threshold value agrees
well with the values listed in [55], where thresholds of 8.32 J/cm2

and 4.28 J/cm2 were found for wavelengths of 266 nm and 532 nm
respectively.

2.2. Material and methods

In this study cold rolled tungsten foils with a thickness of either
25lm, 50lm or 100lm were used as sample material. These foils
exhibit an ultra-fine grained microstructure and excellent ductil-
ity. Therefore, they are promising for the use as structural material
in high temperature applications [56]. The enhanced mechanical
properties are governed by the microstructure of the foil. It is of
great importance to prevent the material from being damaged by

Fig. 6. The scan pattern for the parameter tests. The horizontal arrows indicate the
lines of the laser cuts and the broad arrow the scan direction. The white rectangle
marks the area of interest shown in Fig. 7. The pattern was located on the edge of the
foil.

melting, recrystallization or by crack formation during prepara-
tion [56]. Therefore, the use of a femtosecond laser seems to be an
appropriate tool in order to avoid a thermal impact on the material
during the ablation process. Tungsten additionally represents a chal-
lenging material for FIB processing due to its low sputter yield [57]
and is therefore an ideal example for the investigation of the abla-
tion capability and efficiency of a femtosecond laser. Cantilevers are
a widely used specimen type for micro-mechanical testing, hence,
this geometry has been selected to study the performance of the new
system.

For the electron backscatter diffraction (EBSD) data acquisition
a scanning electron microscope (LEO 1525, Zeiss, Oberkochen, Ger-
many) with an EBSD detector (EDAX Inc., New Jersey, USA) was used.
The data was analysed with the EDAX OIM Data Analysis software.
For the scans a step size of 50 nm and an acceleration voltage of 20
kV was chosen.

3. Results and discussion

3.1. Scanning routine and parameter optimization

The initial tests at KIT-KNMF demonstrated the feasibility of fem-
tosecond laser processing for the production of micro cantilevers
made of tungsten. Samples were cut into foils, fabricated by cold
rolling, with thicknesses of 25lm, 50lm or 100lm. Fig. 4 shows can-
tilevers cut through the thickness of these foils. The laser parameters
used for these samples are listed in Table 2. The respective scan pat-
tern is displayed in Fig. 5a. The same pattern was scanned multiple
times to ensure full penetration. The number of scan repetitions is
given in Table 2. In these samples also a notch was introduced using
the femtosecond laser. Because of the significantly larger tip radius
compared to a FIB notch, the laser processing of notches has not been
further investigated in this study.

In the used configuration the laser beam is oriented perpendic-
ularly to the foil. Therefore, the incidence of the laser beam with
respect to the ablated material is normal at the beginning of the
process. After the penetration of the foil a glancing incidence is
achieved.

The cutting edges exhibited a wavy structure towards the bot-
tom. Particularly for the 100 lm thick sample an array of cavities is
observed. This is on the one hand due to a non-optimal overlap of
successive laser pulses, because of the high scanning speeds used for
the 25 lm and 50 lm samples. On the other hand, cutting only the
contour of the desired shape, as shown in Fig. 5a, is unfavourable
for an increasing foil thickness because the redeposited material
from preceding scanning steps increasingly hinders material trans-
port away from the processing region and therefore impedes an even
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Fig. 7. Samples cut in a 25 lm thick foil using the scan pattern in Fig. 6 with a different number of repetitions per scan line in a single pass. Increasing the number of repetitions
leads to a smoother cut edge and a reduced taper angle (a)–(c), but also to the occurrence of LIPSS on the top face of the sample for higher repetition numbers (e), (f).

Fig. 8. The scan pattern displayed in Fig. 6 is cut into a foil with a thickness of 25 lm. (a) Single pass scanning with 20 repetitions per line leads to an extensive redeposit of
ablated material. (b) Multiple pass scanning (5 repetitions per line and 4 passes) minimizes redeposition.

ablation. Further, the U-shaped remnant piece will move or fall out
during the last scan repetitions and thus change the conditions for
the interaction of the laser with the material. The remnant piece can
remain stuck, especially in thicker foils, and has to be removed via
a follow-up treatment. Though, the scan pattern in Fig. 5a yields the
lowest scan time for the intended cantilever geometry. The genera-
tion of debris on the surface lowers the surface quality as displayed
in Fig. 4. Shaheen et al. found for an increasing fluence an increase in
the amount of generated debris. Further re-solidified molten mate-
rial occurs at high fluences, though, none was observed in the low
fluence regime [58]. For an increasing foil thickness, more ablated
material and therefore more debris on the top face of the cantilever
was found. The generated debris leads to a change of colour around
the processed area. However, it can be removed nearly completely
by cleaning the sample in a ultrasonic bath filled with soap water.

To further enhance the surface quality of the cutting edge a sec-
ond scan pattern has been applied. It is displayed in Fig. 5b. Using this
scan pattern also avoids any remnant piece of getting stuck, because
here the whole U-shape is removed during processing. Nevertheless,
due to the ablation of a larger amount of material more debris is
generated.

With the modified prototype multiple scanning routines and
parameter tests were performed to identify their influence on the
resulting sample. The 25 lm thick foils served as samples for these
experiments. Fig. 6 shows the rectangular scan pattern employed for
these experiments. The pattern has been chosen with the goal to
remove a certain area of the sample to successively enable the fab-
rication of free-standing specimens. Starting from the lower right
corner each line is scanned from right to left. After a certain number
of repetitions per line the beam moves to the next upper line. In total
10 lines with a distance of 8lm in between were cut. A distance of
8lm ensures sufficient overlap between the lines. This pattern was

Table 3
Parameters of the lasers used for the fabrication of the cantilevers displayed in Fig. 9
and Fig. 10.

Laser II (ns-laser) Laser III (fs-laser)

Fluence [J/cm2] 15.3 1.1
Repetition rate [kHz] 25 100
Scan speed [mm/s] 60 10
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Fig. 9. A cantilever fabricated by a nanosecond laser in a foil with a thickness of 25 lm is displayed in (a). The scan pattern in Fig. 5a was scanned in 2 passes. The magnified top
view (b) shows rough debris. The magnification of the cut edge shows a melted surface and a distinct burr (c). An EBSD analysis of the cross-section A-A indicated in (a) reveals
coarsened and equiaxed grains in the heat influenced zone (d). The inset triangle shows the colour coding of the crystal orientation with respect to an external reference.

used to create the cuts shown in Fig. 7 and Fig. 8. For these tests a
laser fluence of 1.1 J/cm2, a scan speed of 1 mm/s and a laser pulse
repetition rate of 100 kHz have been used.

The micrographs in Fig. 7 display the cut edges on the top side of
the scan pattern as indicated by the white rectangle in Fig. 6. These

cuts were fabricated with a repetition number of 1, 2, 3, 10, 100, 250
for each line. It was found that for this parameter set with 10 line
repetitions the surface quality of the cut edge does not significantly
increase any more. For higher repetition numbers periodic structures
also start to form on the top face of the sample (Fig. 7 (e), (f)).

Fig. 10. A cantilever fabricated by a femtosecond laser in a foil with a thickness of 25 lm is shown in (a). The scan pattern in Fig. 5b was scanned in 2 passes with 5 repetitions
per line. In the magnified top view (b) less debris is found than for the nanosecond laser processing. The magnification of the cut edge exhibits the characteristic laser induced
periodic structures (c). An EBSD analysis of the cross-section B-B indicated in (a) reveals no grain coarsening near the cut edge (d). The inset triangle shows the colour coding of
the crystal orientation with respect to an external reference.
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Besides enhancing the surface quality of the cut edges, also the
amount of redeposited material needs to be reduced. In Fig. 8 the
processed areas are viewed in total. For the cut in Fig. 8a each line
of the scan pattern was repeated 20 times. It exhibits a significant
redeposition of ablated material on the lower edge. For the sample
in Fig. 8b each line of the scan pattern was repeated 5 times and
additionally the whole scan pattern (Fig. 6) was repeated in 4 passes.
These tests exhibited that multiple passes significantly reduce the
amount of redeposited material. This strategy is well known for the
FIB technique, where multiple pass scanning is applied to minimize
material redeposition [57].

A variation of the average laser power showed that after the
power suffices to penetrate the foil a further increase leads initially
to a decrease of the taper angle at the cut edges. Finally, a saturation
of the taper angle is observed with increasing laser power.

The findings in this section were considered when designing the
scanning routine and choosing the parameters for the cantilever fab-
rication. For larger samples a combination of the patterns in Fig. 5a
and Fig. 5b can be favourable, using first a contour shape for a
rough cut followed by few parallel cuts to enhance surface quality
of desired edges. This way the processing time required, when using
the principle of the pattern in Fig. 5b, can be reduced.

3.2. Comparison of nanosecond and femtosecond laser processing

In this section the results of processing with a nanosecond (Laser
II in Table 1) and a femtosecond laser (Laser III) are compared. The
surface quality of the cut edges as well as the influence of the laser
pulse duration on the microstructure were investigated. The process
parameters are displayed in Table 3. Although the average power of
the nanosecond laser is higher, the peak power of the femtosecond
laser pulses, due to the much smaller pulse duration, is approx. 3
orders of magnitude higher. For the nanosecond laser processing the
scan pattern in Fig. 5a was scanned in 2 passes. For the femtosecond
laser processing the pattern in Fig. 5b was scanned in 2 passes with
5 repetitions per line.

Fig. 9a shows a cantilever processed with the nanosecond laser.
Machining with the nanosecond laser leads to extensive debris for-
mation on the top face (Fig. 9b). This redeposition is produced by
the ejection of molten material [58]. The surface of the cut edge
shows melted structures and a distinct burr as displayed in Fig. 9c.
Fig. 10a shows a cantilever processed with the femtosecond laser.
Compared to the nanosecond laser machining less and smaller debris
is generated on the top face (Fig. 10b). Further, the cut edge of
the femtosecond laser cut is smoother and no burr can be found
(Fig. 10a and c). Although the surface quality is improved employing
femtosecond laser pulses, a completely structure free surface can-
not be obtained due to the occurrence of the characteristic LIPSS
(Fig. 10c).

Investigations of the microstructure underneath the edge of the
laser cut yield a significant difference between the samples pro-
cessed with the nanosecond and the femtosecond laser, respectively.
Inverse pole figure maps were obtained from EBSD analyses of FIB
polished surfaces which were oriented perpendicular to the laser cut.
The results are presented in Fig. 9d and Fig. 10d. The inset shows the
colour coding of the EBSD pattern, which describes the crystal ori-
entation with respect to an external reference. The greyscale of the
maps has been coded with the image quality. Due to the rolling fab-
rication of the tungsten foils the grains initially feature an elongated
structure with a grain thickness of approximately 300–500 nm and
a high defect density giving rise to a low grey value. The microstruc-
ture of the nanosecond laser processed samples exhibits coarsened,
nearly equiaxed grains in the vicinity of the cut edge (Fig. 9d). The
coarsening can be explained by a recrystallisation process, which
followed after the heat influence exerted by the nanosecond laser
pulses. For the employed parameter set coarsening is found up to

approximately 4 lm underneath the cut surface. Furthermore, due
to the recrystallisation the defect density is reduced, resulting in
a brighter image. On the contrary the femtosecond laser processed
samples show no change in the grain shape and in the EBSD pattern
quality due to recovery as shown in Fig. 10d.

To evaluate the extent of the periodic surface structures a FIB
cross-section located on the cut edge was analysed as shown in
Fig. 11. The LIPSS show a periodicity of about 250 nm and a depth of
about 100 nm. This is in good agreement with the LIPSS dimensions
Echlin et al. [33] found for various materials. Furthermore, the
microstructure a few tens of nm underneath the LIPSS reveals no
change. While representing no impediment for example for tensile
testing of ductile materials, this surface roughness will inhibit such
tests for brittle materials. Nevertheless, for fracture experiments the
LIPSS will be of no relevance, because the required notch depth
exceeds their dimension by far.

Fig. 12 emphasizes the efficiency of the femtosecond laser system
for sample preparation. The cantilever shown in Fig. 12a was fabri-
cated using the laser, while the notch was introduced employing the
FIB. The laser processing step takes approximately 20 s. A set con-
sisting of 100 cantilevers with a dimension of 420×60×25 lm3, as
shown in Fig. 12b, takes therefore only about half an hour. The com-
plete machining by FIB would require about 1 year of continuous
milling, assuming a high ablation rate of 10 lm3/s.

4. Conclusions

In this study, the feasibility of employing a femtosecond laser
for the rapid fabrication of micro-mechanical test structures, in the
particular case cantilevers in tungsten foils, with lengths up to sev-
eral hundred micrometers has been demonstrated. For this purpose
a device combining a FIB and a SEM in a standard crossbeam imple-
mentation and a nanosecond laser was modified to be operated with
a femtosecond laser. The system enables fast material removal by a
femtosecond laser and precise FIB end-processing as well as scan-
ning electron analyses without any need of interrupting the vacuum
conditions. Furthermore, the system design with a separated laser
chamber allows processing in air or under certain inert gas condi-
tions, which is of interest when e.g. working on bio-materials. The
femtosecond laser processing enables a material independent abla-
tion without significant heat impact on the surrounding material.
Employing a scan unit to move the beam across the sample offers fast
processing and a high variability in sample geometries, for example
round pillars or tensile specimens.

The authors believe that this novel method will find wide appli-
cation for unprecedented fast pre-preparation and preparation of

Fig. 11. A FIB cross-section through the LIPSS on the cut edge shows a periodicity
of the undulating structures of approximately 250 nm. The depth is about 100 nm.
The elongated grains due to the rolling fabrication are visible and reveal no change in
structure underneath the LIPSS.
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Fig. 12. (a) Femtosecond laser cut cantilever with a notch introduced by a FIB (indicated by white arrow). (b) The micrograph shows 100 cantilevers with a length of 420 lm and
a width of 60 lm prepared in only half an hour in a tungsten foil with 25lm thickness.

samples on the micro-scale. Furthermore, it represents a unique
and versatile tool for producing samples in the meso-scale up to
few 10 mm dimensions. The rapid processing can be regarded as a
mass production technique for micro samples and therefore helps
to facilitate the acquisition of sufficient statistical information for
micro-mechanical experiments. It will contribute to relieve the bot-
tleneck posed by the established FIB technique for micro-mechanical
sample preparation and testing.
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