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Femtosecond laser (fs-laser) milling has emerged as a promising technique for high-precision material process-
ing, offering significantly faster ablation rates compared to Ga* Focused Ion Beam (FIB) milling. While fs-laser
ablation is often considered to be athermal, its impact on surface features, such as redeposited material, raises
concerns about its influence on microstructure and residual stress fields. This study explores the mechanical
effects of fs-laser and FIB milling on a germanium single crystal, using synchrotron-based Laue microdiffraction
coupled with Digital Image Correlation to characterize induced residual stresses and their spatial distribution.
The further development of this technique allows to push the strain resolution to 1075, which enabled a clear

identification of the influence of the redeposition structure.

1. Introduction

Femtosecond laser (fs-laser) cutting has seen significant advance-
ments in material processing applications [1-3]. Offering ablation rates
several orders of magnitude higher than Focused Ion Beam (FIB) milling
[4,5], fs-lasers are often considered athermal due to their ultra-short
pulse durations, which minimize bulk thermal effects [6]. However,
fs-laser ablation introduces unique surface features, such as
laser-induced periodic surface structures (LIPSS) [7,8], and can lead to
the formation of redeposited material [5], which may obscure micro-
structural features or alter mechanical properties. This raises the critical
question of how fs-laser machining impacts the underlying material,
particularly in terms of thermal and mechanical effects.

The thermal impact of fs-laser ablation has been examined using
characterization methods like scanning electron microscopy (SEM)
[9-11] for surface defect analysis and transmission electron microscopy
(TEM) [9,12-16], which has revealed dislocation damage extending
from nanometer depths to as much as 5 ym. Mechanical property in-
vestigations, such as those by Gigax et al [17], demonstrated that
removing 5 um from the laser-affected surface can restore comparable
compression behavior between FIB-milled and fs-laser-milled micro-
pillars in copper. Additionally, Borowiec et al [14] employed
degree-of-polarization (DOP) analysis to detect residual stresses
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extending up to 20 um from the fs-laser cut in semiconductors, achieving
a strain resolution of 10~ and a spatial resolution of 1 um.

FIB milling remains a cornerstone for micromechanical sample
preparation due to its precision in shaping metallographic surfaces.
However, ion bombardment during FIB processing can introduce
microstructural defects, as reviewed by Borasi et al [18], motivating the
search for complementary or alternative methods such as plasma FIB or
fs-laser milling [4]. The integration of these techniques could enhance
sample preparation workflows by mitigating damage while maintaining
efficiency.

Several techniques exist to characterize residual stresses, including
X-ray diffraction (XRD), neutron diffraction, or Raman spectroscopy.
However, these methods often lack either for spatial resolution or
sensitivity to local variations at the micrometre scale. In this context,
synchrotron-based Laue microdiffraction (uLaue) has emerged as an
invaluable tool to measure the deviatoric strain tensor.

This non-destructive method offers strain resolution of 10~* and
spatial resolution of 1 um [19,20]. uLaue diffraction patterns, consisting
of shifted Laue peaks, are sensitive to lattice distortions and crystal ro-
tations, providing insight into the stress distribution within the material
[21,22].

In this study, we present an investigation into the effects of fs-laser
and FIB milling on residual stresses in a germanium single crystal,
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enabled by the unique combination of pLaue diffraction and digital
image correlation (DIC). To achieve this, we developed specific experi-
mental protocols to ensure precise stress characterization. We also
explored, for the first time in this context, the potential influence of a
redeposition structure with respect to different laser parameters. These
methodological advances provide new insights into stress evolution in
laser- and FIB-processed germanium, paving the way for improved
micromachining strategies.

2. Methods
2.1. Sample preparation

A Germanium wafer with [110] out of plane orientation was used to
mill two triangles using a fs-laser (Crossbeam 550 L, Zeiss). Scanning
Electron Microscope (SEM) images corresponding to the two triangles
were taken in the same microscope with an acceleration voltage of 5 kV
and are presented in Fig. 1. The laser parameters used to make the
patterns are summarized in Table 1. In both cases, the fluence was about
0.07 J/cm?, with a spot size of 14 um [4]. Rotation of the direction of
milling are done after each milling step in order to reduce directional
artifact, and distribute heat and energy more evenly. The two triangles
have similar geometry: each part is a rectangle with dimensions ~260
um x 65 um, and the angle between two rectangles is 60 ° Finally, the
distance between T1 and T2 is ~570 um, which ensure that there is no
mutual influence of the two triangles.

In addition to this first fs-laser based milling process, some parts at
the edges of the triangles (see arrows in Fig. 1) were further cut via Ga™
FIB, with three successive steps: (1) a current probe of 15 nA and a dose
of 1000 mC/cm?, (2) 3 nA and 200 mC/cm?, (3) 1.5 nA and 200 mC/cm?
in order to produce a sharp Ge edge. The two distinct parts (only fs-laser
and FIB-+fs-laser) will allow the comparison between the two triangle
processes presented in term of residual stresses for instance.

2.2. Laue microdiffraction

The diffraction experiment was carried out at the CRG-IF beamline
(BM32) of the European Synchrotron Radiation Facility (ESRF, France).
The exact experimental setup is described in Refs [22,23]. Samples were
scanned using a polychromatic beam (5-23 keV) of 0.7 x 0.8 um? full
width at half maximum (FWHM) in reflection geometry with a sample
tilt of 40°. The Laue diffraction patterns were collected using a Photonic
Sciences sCMOS detector located above the sample (20 = 90 °). The
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Table 1
Parameters used to mill the two triangles using the fs-laser. In both cases, the
fluence was about 0.07 J/cm?.

Name  Number of Speed Frequency Depth Rotation after
repeats (mm/s) (kHz) (um) repeat

T1 5 50 20 20 180 °

T2 100 10 10 50 37°

sample to detector distance was around ~77.1 mm. The exact detector
position and orientation with respect to sample position and incoming
beam orientation were calibrated directly on the sample using an un-
strained part of the sample (Ge wafer with [110] out of plane orienta-
tion) to increase accuracy. The sample was placed into the focused beam
using an optical microscope normal to the sample surface. With the
beam position being constant in space, diffraction Laue patterns are
obtained by simple translation motions of the sample in front of the
beam.

For each triangle, two scans were performed: a large mapping of the
sample covering an area of 280 x 300 um? with a 4 um resolution in both
directions, resulting in a total of 5 396 diffraction patterns; and a zoom
in the lower part of the triangle covering an area of 140 x 70 um? with a
resolution of 1 um in both directions, resulting in a total of 10 011 dif-
fractions patterns.

2.3. Analysis of Laue patterns with Laue-Dic

The standard procedure to estimate elastic strain from Laue patterns
is divided in two steps. First, the setup is calibrated (sample to detector
position and orientation of the beam) with a well-known and strain-free
sample. Then, using the same geometrical setup, the Laue pattern are
recorded for the sample of interest. Positions of Laue spots on the two-
dimensional detector are estimated by fitting individual diffraction
peaks with a standard analytical function (a Gaussian shape in the
present case). Diffraction spots are attributed to a specific orientation
based on the distance between the centre of the diffraction peaks. The
deviation from the theoretical unstrained configuration allows to
compute strain. Calibration and processing of data were then performed
using the LaueTools software [24] using the procedure described above.
The treatment performed on each image is independent. Doing so, the
obtained strain resolution is given with a precision of about 10~ [25].

In addition, in the present case (see Fig. 2), the diffraction peaks
remain circular at every position. It is then possible to reach an even
higher strain resolution as the conservation of the global peak shape
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Fig. 1. Composite SEM images of the triangles cut in the Ge wafer. General overview of the triangle T1 (a) and T2 (b) cut with the parameters given in Table 1.
Additional FIB cut was performed on the edges of the inner triangle (see arrows and text for further information).
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Fig. 2. (a) Typical Laue pattern recorded on the Germanium wafer. The diffraction peaks have a circular shape. Inset: zoom on one diffraction peak with the
correlation window used for Laue-DIC. In yellow are highlighted the two triangles used to obtain peak displacements. (b) Schematic representation of the cor-
relation procedure. The correlation is based on the conservation of gray levels. Displacements in the plane (Uy, U,) are obtained at each node of the mesh.

allows for the implementation of the so-called Laue-DIC [25-28], based about 10~5. The implementation of Laue DIC and improvement in strain
directly on digital image correlation. According to previous studies [26, resolution were a requisite to be able to resolve completely the devia-
29], the strain resolution with Laue-DIC is given with a precision of toric strain evolution in the proposed experiment.
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Fig. 3. Comparison of the obtained resolution between the two methods. Colormaps for the strain component ¢,, obtained with (a) classical Laue treatment and
(b) Laue-DIC for the first triangle T1. More details of the strain evolution can be observed with Laue-DIC due to the lower noise. (c) & (d) Zoom at the location of the
red squares in (a) & (b) and the histogram of strain associated to this area.
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A second data processing was then performed with Laue-DIC. The
diffracted Laue pattern can directly be used here, no artificial pattern is
needed to perform the correlation. Instead, the correlation is performed
in boxes around each diffraction peak as described in [27] and sche-
matically represented in Fig. 2. The correlation is then performed be-
tween one configuration of reference (in that case unstrained Ge outside
of the cutting part) and every point of the scanned area. Displacements
in the detector plane are computed for each diffraction peak and
deviatoric strains are derived from these displacements [28].

The optical flow problem was solved with the UFreckles software
[30]. It relies on a global approach in which displacements are dis-
cretized on a finite element basis. A mesh of two linear triangle elements
was used for each diffraction peak. The size of correlation windows was
adapted to each diffraction peaks to avoid taking too much background
noise (variable due to synchrotron radiation) into account. Each part of
the mesh includes 8-10 pixels from the detector. The correlation routine
integrated a Tikhonov regularization, with a cut-off wavelength in the
same order as the mesh size. Around 50 diffraction peaks are considered
to increase accuracy (same order of magnitude as classic-Laue). The final
error was estimated with the value of deviatoric strain found in the 5
scanned points around the position of the calibration; all the points are
supposed to be part of unstrained Germanium. The strain component
values are then given with an estimated error of 4.8x107°.

In Fig. 3, a comparison of the two methods in analysing the strain in
€,y is shown for the first triangle. In particular, the histograms of strain
distribution in a homogeneous region have been plotted for both treat-
ments (Fig. 3-(c-d)). The spread is much lower with Laue-DIC compared
to classic Laue treatment, with a factor of 5 between the two calculated
standard deviations. Laue-DIC treatment also exhibits less scatter,
visible as reduced background noise (compare Fig. 3a and b).

2.4. Computation of stress

To study the possible impact of fs-laser and/or FIB on residual
stresses, the stress components were estimated from the measured strain
using the Hooke's law:

[o] = [C].[¢] (€3]

where C is the stiffness tensor of Ge with the elastic constant C;; = 129.8
GPa, C12 = 48.8 GPa, and C44 = 67.3 GPa [31] for a crystal with out of
plane direction [001]. To take into account the difference of out of plane
direction, a rotation of the stiffness tensor has been performed. Laue
diffraction experiments without measuring the energy of a Laue spot can
only be used to compute the deviatoric strain tensor. With the safe
assumption that the out-of-plane component o,, is zero at the surface,
the complete stress tensor can be computed. We think this assumption
holds for the top surface of the inner triangle, which has not been
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irradiated directly by the fs-laser. In the following, we will only discuss
the evolution of stresses and strains in the interior of the triangle.

3. Tilt correction

The Ge wafer was glued to the sample holder, which caused a slight
tilt. Given the large scan area exceeding 300 um, this tilt needs to be
taken into account for the calibration of the sample-detector distance.

The misalignment of the sample can be evidenced in Fig. 3-(a)-(b)
with the systematic variation of the computed strain. Indeed, one would
expect to be in an unstrained region of Ge outside the triangle, and
consequently have a uniform colour map, e.g. at the right border of
Fig. 3-(b). To check the misalignment hypothesis caused by gluing of the
sample to the stage, we compared two Laue-DIC analysis with the
reference image located respectively in the top part (Xpes = 70, Ypos =73)
and in the middle (xpos = 70, ypos =35). Fig. 4 displays the evolution of
strain components (exy, &y, and ;) along a vertical line at x,,s = 70 in
the two mentioned cases: reference image on top (a) and in the middle
(b). Observations are similar for the three other components. In all cases,
a linear evolution is found. The slopes are the same (—0.0344 for ¢, in
mid, and —0.0347 for ¢, in top for instance). Only a shift due to the
position where the reference image is taken is visible. This is in line with
the hypothesis of a tilt during mounting on the sample holder.

A tilt correction is then performed on each component so that a strain
free region is obtained around the triangle. The correction consists of a
linear shift of each component based on the slope obtained along the
vertical line at x,o; = 70 (see Fig. 4-(a)) for the vertical tilt. It corre-
sponds to a tilt misalignment of 4.6° during mounting of the sample. A
minor correction for the horizontal tilt is also performed with the same
procedure. The corresponding maps for all the 6 components before and
after correction for T1 are displayed in the Supplementary material. It
has to be noted that we used the same correction for the two triangles,
and that all results presented after are obtained with this correction on
Laue-DIC analysis and a configuration of reference located on top of the
sample.

4. Estimation of the area impacted by the fs-laser
4.1. Evolution of stress components inside the triangle

The changes of residual stress at the edge of the triangles caused by
the fs-laser were analysed based on the high-resolution scan of the lower
edge. For instance, the oy, in-plane component obtained for the triangle
T1 is displayed as colormap in Fig. 5, together with the evolution of
stress components along two distinct vertical lines: one across the part
only cut with the fs-laser (black line), and one with both fs-laser and FIB
(white line). Both lines start at the experimentally determined position
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Fig. 4. Evidence of a tilt during mounting on the sample holder. Evolution of the three strain components e, (blue), ¢y, (red), and ¢, (green) along a vertical line
obtained for two analyses with Laue-DIC with reference image taken (a) at the top, and (b) in the middle. The slopes are identical, only a shift due to the location of

reference image is observed, which is in line with existence of an artificial tilt.
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Fig. 5. Evolution of stress components inside the triangle T1. (a) colormap of the evolution of the in-plane component oy, in the centre part. The edges of the
triangles can be well determined. The black (resp. white) vertical line indicates the position taken for the stress components evolution displayed in (b), i.e. across the
part cut only with fs-laser (resp. (c), i.e. across the part cut with FIB+fs-laser). The top panel displays normal components. The bottom one displays shear com-
ponents. Evolutions start at the estimated position of the edge (see Supplementary B).

of the edge of the triangle, which is slightly inclined along x direction.
Apart from o6,,, which is equal to zero due to the current experiment’s
geometry, and oy, which is close to zero in the present case, the other
stress components present a similar evolution in both cases. No
distinction seems to appear between fs-laser and FIB for T1. The evo-
lution can be fitted with an exponential and a linear part as follow:
ypos

Oij =A exp(—F) + Cypm +D 2)

where A, B, C and D are constants to be fitted for each component. For an
exponential, 95 % of the decrease appears within 3xB. To evaluate the
impacted area, with non-zero residual stresses, the idea is consequently
to fit each component with a function as in Eq. (2) and then to define 3B
as the limit of the impacted area.

4.2. Results for the first triangle T1

The forementioned procedure was applied to the three sides of T1.
For left and right edges, we used horizontal lines with similar strain

evolution as presented in Fig. 5. Plots for these edges are reported in the
Supplementary material. In each case, a mean of 3 pixels (3 um) is used
to reduce noise from analysis. As o,; and oy, are almost zero, these
components have not been considered for fitting. We limited the study to
the region in the center of the triangle, i.e. at x5 ranging from 25-85
um. The remaining parts are too close to the corners and therefore would
be impacted by the second edge.

The distance from the estimated edge of the triangle to the unaf-
fected region (equals 3B) are displayed in Fig. 6-(a). For fitting, we
considered only the part without the plateau mentioned earlier. The
edge position itself was determined using the number of indexed spots,
which drastically increases once the beam is landing on the inner tri-
angle. The corresponding maps and equation for the bottom edge are
displayed in the Supplementary material. In every case, the four com-
ponents show the same tendency with similar values, documenting that
the affected zone is independent of the analysed stress component. Er-
rors in the fit were also computed and are below 1 um and global error
range is determined from the mean dispersion of the four stress com-
ponents. Within errors bars, no distinction between fs-laser only and FIB
+ fs-laser is detected. The unaffected region’s start lies between 2 and 4
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Fig. 6. Determination of the impacted area for T1 and T2. (a) & (c) Results for the individual fitting of the 4 stress components for respectively T1 and T2. The
value plotted is the distance to the bottom edge. All 4 components present similar results and almost a constant value can be determined. (b) & (d) Colormap of the
evolution of oy in the centre part of the triangle, together with the determined of impacted area for respectively T1 and T2. Above the white pentagon lines, it is

reasonable to assume a stress-free sample.

um from the edge, i.e. residual stresses can be seen up to 4 ym above the
edge. The boundary is highlighted in Fig. 6-(b) as white dots.

4.3. Results for the second triangle T2

A similar analysis was performed on the second triangle, but only on
the bottom edge, limited to the positions in the center with X, ranging
from 25-85 pm. Note that between 25 and 30 um, the stress field may be
already impacted by the left edge. This was kept here as an indication to
compare qualitatively with the 68-80 um part. We used the same four
stress components for the analysis. Results of fits are displayed in Fig. 6-
(c), in the same way as for the first triangle. For a few points, it was not
possible to fit the one or two stress components (due to the noise). These
points have been removed leading to some discontinuity in Fig. 6-(c).
The corresponding maps and equation for the bottom edge are displayed
in the Supplementary material. Once again, one can notice that stress
components present the same tendency with similar values. For this
triangle, a clear distinction between the fs-laser only and FIB + fs-laser
parts can be evidenced, as presented in Fig. 6-(d). FIB seems to have a
"cleaning" effect to reduce residual stresses. Apart from the border be-
tween the two parts, two behaviours are observed: for the part with only
fs-laser, unaffected region’s start lies between 8 and 13 um, while it lies
at maximum 2 um for the part further milled with FIB. A strong border
effect between the two mentioned parts has to be noted: we observe a
discrete jump in the impacted area at x,, of 25, 40, 68. These three
locations correspond to the edge between FIB and non-FIB parts (see
Fig. 1-(d)).

5. Discussion

There are at least two possible origins of residual stresses. First, the
stresses could be attributed to the formation of dislocations inside the
sample during the fs-laser milling process. pLaue diffraction can resolve
geometrically necessary dislocation through the diffraction peak shape
(elongation in one or multiple direction) [32,33]. However, in the pre-
sent case, and as presented in the Fig. 2, the diffraction peaks remained
completely circular with no detectable elongation due to dislocation
storage.

A second possibility is the existence of a redeposition structure
produced during fs-laser milling. This redeposition structure can build-
up stresses during growth as it is well-known from thin film growth
processes [34,35], causing the substrate to be strained as well.

Consequently, residual stresses are formed in the bulk material close to
the redeposition structure. Fig. 7 displays SEM images of the two tri-
angles. Along the border of the fs-laser cut, a clear redeposition structure
is observed. Two main differences from the two triangles are evident: (1)
the redeposition structure appears denser and thicker for T2 compared
to T1; (2) the FIB cut removed apparently all the redeposition structure
in T2, while there is still some remaining for T1.

The difference between the density of redeposition structures is
attributed to the different laser parameters used during this experiment
(see Table 1). In particular, scan speed, repetition rate and the number of
repeats may have a crucial role in controlling material redeposition. At
low scanning speeds combined with deep passes and a high number of
repetitions, the laser repeatedly interacts with the same area generating
substantial material in a confined zone and increasing debris redeposi-
tion on the surface [36-40]. These observations are in line with the
current experiment as more redeposition is observed for the triangle T2
milled with lower speed, higher number of repeat and with deeper
passes compared to triangle T1. However, since also the depth of the
trench in T2 is significantly deeper than in T1, which is increasing the
likelihood of redeposition for geometric reasons in T2, a fair comparison
of the two laser parameters is neither possible, nor was it the scope of
this work. Nevertheless, a comparison between impacted area in both
triangles (see Fig. 6) suggests that the impacted area depends on the
amount of redeposition structure produced during the cutting process.

As mentioned earlier, in Fig. 7-(a), a redeposition structure is still
visible even after a FIB cut, whereas it is not the case in Fig. 7-(b). All
along the edge of the triangle, a constant size of redeposition structure is
observed. This is in line with the impacted area determined through
pLaue analysis. In the second case, the complete absence of redeposition
structure after FIB cut create the so-called “FIB cleaning” effect visible in
Fig. 6-(d). In addition, a certain periodicity (around 7 ym for T1 and 9
um for T2) in the mentioned redeposition is observed. While the precise
origin of this structure remains unknown from a laser’s parameter
perspective, the period would align well (within margin errors) with the
oscillations in Fig. 6-(a) and (c), respectively 9 ym for T1 and 12 um for
T2.

These observations point to a clear impact of the redeposition
structure. To further check, we compared the experimental stress evo-
lution with theoretical simulation deviated from literature [36]. The
exponential decay model has proven effective in describing stress depth
distributions in the context of residual stress analysis. Meixner et al [41]
demonstrated the validity of this model using diffraction analysis of
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Fig. 7. Redeposition structure due to fs-laser milling, for triangle T1 (a), and T2 (b). The orange boxes (resp. blue boxes) display zooms on the part further cut
with FIB (resp. fs-laser only). A clear redeposition structure is evidenced with red arrows. The milled area correspond to the are not taken into account dur-

ing analysis.

strongly inhomogeneous residual stress depth distributions. By modi-
fying the stress scanning method, they provided experimental evidence
aligning with the exponential stress decay observed. Similarly, Stefenelli
et al [42] explored the distribution of residual stresses in thin films.
Their results showed that stress profiles closely followed an exponential
decay, further confirming the model's applicability due to the analogy
made between thin films and a redeposition structure. These studies
support the hypothesis made of an exponential decay model to describe
the evolution of residual stresses due to a redeposition structure.

Consequently, while we do not see any evidence of a modification of
the defect structure of germanium by fs-laser ablation within the reso-
lution limits of Laue microdiffraction, we do see the formation of a
redeposition structure which causes residual stress also in the region not
touched by the fs-laser. Thus, care should be taken when using ablation
processes with high sputter yield, because — dependent on the geometry
— they might result in redeposition structures and the build-up of re-
sidual stress changing materials mechanical and functional properties. It
has to be noted, that the parameters used here were not optimized for
the material and that an optimization procedure could reduce the
amount of redeposition structure created during ablation.

6. Conclusion

We presented here a pLaue-DIC experiment coupled with DIC to
study the possible impact of fs-laser and FIB on residual stresses during
machining of a germanium sample. The use of DIC improves the strain
resolution obtained by an order of magnitude compared to the classical
treatment, which is key to perform an in-depth analysis of residual
stresses caused by fs-laser ablation.

Two triangles were cut in a Ge foil with different fs-laser parameters.
Redeposition structures are visible on the cutting edges, creating resid-
ual stresses inside the bulk material. Removing the redeposition struc-
ture with a secondary cut using FIB is possible and provides a stress-free
state above the edge. To be efficiently used for machining of micro-
samples, laser parameters as well as the geometry need to be optimized
to avoid redeposition structures or at least to reduce their thickness.
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