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ABSTRACT

We present a novel experimental apparatus that can be used for extensive systematic studies of (single- and multi-shot) ultra-short laser pulse
ablation. It is fully automated and generates a large number of ablation sites in a short time on a small sample surface area. For each site,
the apparatus takes four in situ images: an image of the incident ablation beam (to determine pulse energy), a white light reference image of
the pristine sample site, an image of the reflected ablation spot, and a white light image of the ablated sample site. The setup can perform
ablation experiments as a function of many parameters, including pulse energy, pulse duration, number of pulses, time between pulses, and
focus size. As a proof of concept, we present example results on single-shot ablation off crystalline silicon. Using only data acquired in situ
in the presented setup, we determine the single-shot ablation threshold as a function of pulse duration and verify the threshold value using
optical interferometric profilometry. The values we found agree well with literature values.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0095719

. INTRODUCTION

Femtosecond laser processing of materials is a powerful tool
that attracts great interest in both science' ’ and industry. As
the interaction time between the laser pulse and the material
is extremely short, femtosecond laser ablation is deterministic
and highly reproducible.”® However, quantitatively predicting the
modification threshold for a material under given illumination con-
ditions is currently not possible. Therefore, finding the illumination
parameters under which optimal modification results can be
achieved is currently mostly a matter of time-consuming experimen-
tal trial and error. A predictive model of laser modification is highly
sought after,’ but lacking such a model, finding the optical illumina-
tion parameters to achieve the desired modification result requires
an experimental apparatus that allows for the rapid and systematic
study of laser modification in large parameter space.'’”'* This para-
meter space obviously includes the fluence to which the sample is
exposed, but also the pulse duration,"”'” the number of pulses,'*'*"”
the pulse repetition frequency, ' laser wavelength,”’ ** and even
polarization.”’

In this work, we present a fully automated apparatus that
systematically produces a matrix of many ablation sites on a small
surface area. At each ablation site, the apparatus takes several in situ
images. The apparatus is designed to work well in conjunction with
an optical interferometric profilometer, to do a fast depth analysis of
the ablation sites after the experiment is carried out.

An important feature of the apparatus that we present in this
work is the high rate at which it can perform (single-shot) ablation
experiments. This high ablation and measurement rate enables abla-
tion experiments with a large resolution and statistical significance
for a parameter in a short time. For instance, in a single typical exper-
iment, the apparatus generates 4096 ablation sites and does four
separate measurements per site. Such an experiment typically takes
3 h to complete, during which no intervention is required from the
researcher. The large amount of data that the experiment produces
is saved automatically in a systematic manner.

To get a better understanding of laser ablation, it is desir-
able to be able to do single-shot and multi-shot experiments. The
combination of doing single-shot experiments and several in situ
measurements at each site brings with it some synchronization

Rev. Sci. Instrum. 93, 073003 (2022); doi: 10.1063/5.0095719
© Author(s) 2022

93, 073003-1


https://scitation.org/journal/rsi
https://doi.org/10.1063/5.0095719
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0095719
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0095719&domain=pdf&date_stamp=2022-July-18
https://doi.org/10.1063/5.0095719
https://orcid.org/0000-0003-4844-7584
http://orcid.org/0000-0002-1245-6318
mailto:m.c.w.vreugdenhil@uu.nl
mailto:D.vanOosten@uu.nl
https://doi.org/10.1063/5.0095719

Review of

Scientific Instruments

challenges. We present a detailed discussion of how the apparatus
deals with these challenges.

We start by explaining the design of the apparatus and the
structure of our experiments. We provide a description of how
we process each type of measurement and how we structure our
data analysis. To demonstrate the capabilities of the apparatus and
to illustrate our analysis workflow, we present the results of a
single-shot ultra-short pulse ablation experiment we carried out on
crystalline silicon. Finally, we determine the single-shot laser abla-
tion threshold as a function of pulse duration, by using only data
acquired in situ in the presented apparatus, and find excellent agree-
ment with literature values. All the data and analysis scripts used in
this work are available as a data publication released under a Creative
Commons 4.0 license.

Il. THE OPTICAL PATH

Figure 1 shows a schematic overview of our main setup. The
light source that we use for ablation experiments is a Light Con-
version Pharos PH2-SP-1 m]. This laser produces pulses at a center
wavelength of 1034 nm and a full width at half maximum bandwidth
of 12 nm, with a pulse repetition frequency between single-shot and
200 kHz and a maximum pulse energy of 1 m]J (at a repetition fre-
quency of 6 kHz or lower). The grating compressor in the laser has
been optimized to allow a pulse duration tunable from 170 fs up to
more than 20 ps. The light from the laser is first guided through
a A/2 plate on a motorized rotation stage, followed by a polarizing
beam splitter, to allow automatic scanning of the pulse energy dur-
ing experiments. The pulse energy is further reduced by a neutral
density filter (ND) chosen to yield a pulse energy range suitable for
the sample under study. After this, the optical path contains a zoom
telescope (consisting of two convex lenses and a concave lens) and

| PBS

ND

o

Block Computer

T

Shutter =

Aux. camera

o Ur, M
LED BPF
Pellicle BS O D .
Objective  Main camera
Sample //

FIG. 1. A schematic of the experimental setup. A/2: half-wave plate; PBS: polar-
izing beam splitter; ND: neutral density filters; Pellicle BS: pellicle beam splitters;
and BPF: bandpass filter.
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TABLE 1. The main opto-mechanical components used in the setup.

Label Experimental setup

daA1600-60um
Andor iXon3 885
Physik Instrumente M686 PILine

Aux. camera
Main camera
xy translation stage

z stage Zaber T-LSM025A
A/2 rotation Thorlabs ELL14K
Objective Nikon CFI60 100x

two further convex lenses. The lenses in the zoom telescope can be
moved such that the beam waist can be continuously altered between
~0.7 and 5 ym. The additional lenses are used to match the output of
the zoom telescope to the aperture of the objective lens. Two pellicle
beam splitters (Thorlabs BP145B2 with transmission and reflection
coefficients of 0.83 and 0.17, respectively, at 1034 nm) are placed in
the optical path at +45° and —45° with respect to the laser propaga-
tion direction, respectively. A small part of the light is reflected by
the first of these onto an auxiliary camera, which is used to deter-
mine the pulse energy (see the Appendix). A neutral density filter
can be placed in front of the auxiliary camera to prevent saturation.
Part of the light is transmitted by both pellicles and is focused onto
the sample by using a microscope objective. The microscope objec-
tive is mounted on a linear motorized stage to enable focusing. The
sample is mounted on a motorized xy-stage. Light reflected by the
sample is collected by the microscope objective. This reflected light
is then reflected by the second pellicle beam splitter and focused onto
the main camera using a lens. This allows us to image the reflected
ablation spot. A bandpass filter (BPF, Thorlabs FGS580) is used to
attenuate the reflected ablation light to prevent saturation. Further-
more, we use a white LED to illuminate the sample in order to be
able to take images of each ablation site before and after laser expo-
sure. The white light is coupled into the optical path by overlapping
it with the laser by using one of the pellicles. A lens is used to focus
the white light into the back focal plane of the microscope objec-
tive to ensure wide-field illumination. White light that is reflected
by the sample follows the same path as the reflected ablation light
onto the main camera. The main components mentioned above are
summarized in Table L.

Ill. DATA ACQUISITION AND SYNCHRONIZATION

We organize our experiments in runs, each consisting of several
illuminations. We refer to the illumination at a single site on the
sample as a shot. We refer to parameters that we vary in between
runs as slow parameters and parameters that we vary within a run as
fast parameters. Typically, the pulse energy will be a fast parameter,
meaning that it will be changed for every shot within a run. Slow
parameters might be the pulse duration, the laser wavelength, the
number of pulses per shot, etc.

For every shot, we take a white light image of the pristine
sample directly before the laser shot. Then, we take an image of abla-
tion light reflected by the sample, which we refer to as the during
image. Simultaneously, we take an image of the incident pulse by
using the auxiliary camera. Subsequently, we take a white light image
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of the illuminated position of the sample to record the aftermath,
which we refer to as the after image.

To ensure synchronization between the laser and the cameras,
we use the timing as illustrated in Fig. 2, in which time is given in
unit of 1/Rrep, where Ryrep is the pulse repetition frequency of the
regenerative amplifier (RA).

Before the ablation shot, the main camera image is acquired
without triggering the laser. While taking this before image, the beam
shutter is kept closed. The timing of the ablation shot is triggered by
the acquisition of the during image on the main camera. A digital
output from the camera (the exp. main signal) indicates that the
camera is exposed. This signal is used to arm a single pulse gener-
ator (implemented by using the counter of a National Instruments
USB-6211 card). This single pulse generator is then ready to receive
a trigger. As a trigger, we use a signal from the laser that indicates
when the regenerative amplifier (RA) in the laser fires (the RA sync
signal). The pulse generator then gives a pulse that will signal the
laser to open the pulse picker in time to capture the next RA pulse.
The exp. main signal is also used to trigger the auxiliary camera, to
ensure that it captures the same RA pulse. After the ablation shot,
another main camera image is acquired of the same sample location,
again without triggering the laser and with the beam shutter closed.
This is the after image.

We control all hardware by using a graphical user interface
written in Python and based on the QuDi framework.”* With this
configuration, each ablation shot takes 3 s, which is mainly limited
by the acquisition, transfer, and saving of the main camera images.
The experiment described in this work took 3 h, during which
the apparatus ran completely automatically. We expect that the
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FIG. 2. Diagram describing the timing of each single shot of the experiment. RA
sync is a signal indicating that the regenerative amplifier of the laser just fired. Exp.
main/aux refers to the exposure of the main and auxiliary camera. NI arm indicates
that the pulse generator implemented in the National Instruments card is armed.
PP on/off is the output of the pulse generator, which is sent to the pulse picker to
enable the input of the laser. PP open is the output window during which the laser
opens the pulse picker.
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acquisition rate can be significantly improved; the technical limit of
the current hardware is around 10 shots/s.

After all runs are finished, the sample is removed from the setup
and placed in a Filmetrics Profilm3D optical profilometer with a
50x Nikon objective and a 4x digital zoom. The sample holder is
designed to be placed reproducibly in both the ablation setup and
the profilometer. Using the profilometer, we acquire height maps for
all ablation sites.

IV. DATA MANAGEMENT AND PRE-PROCESSING
A. Processing in situ images

For every individual ablation shot, we record full frame micro-
scopy images on the Andor iXoN 885 camera, before, during, and
after the ablation laser pulse, with a 54 x 54 um’ field of view.
These images are taken in situ in the ablation setup. To prevent
saturation of the camera, a bandpass filter is used to significantly
reduce the intensity of the reflected ablation laser pulse. The filter
does not significantly reduce the intensity of the white light used to
image the sample surface before and after the ablation has occurred.
The before and after images are taken with an exposure time of
200 ms, whereas the exposure time of the during image is 60 ys. This
short exposure time ensures that the white light illumination does
not significantly contribute to the during image. The image of the
sample surface taken before the ablation has occurred can be used
to check whether debris was present on the ablation site prior to
ablation.

The image of the reflected ablation light can be used to estimate
the waist of the laser spot on the sample and measure the reflectivity
of the sample under ablation conditions.””** For non-transparent
materials such as silicon, the amount of light that is reflected also
gives a direct and model independent measure of the amount of
light that has been absorbed. Figure 3(a) shows typical images of
the reflected ablation spot, organized in the meandering pattern in
which they also physically appear on the sample. The sample in this
case is a piece of intrinsic [111] + 0.5° crystalline silicon wafer. The
color scale of these images is left dynamic; in other words, the same
gray scale in different sub-images can correspond to different inten-
sities. Furthermore, in this figure and in the subsequent ones, we
leave out scale bars and the axis labeling to enable the simultaneous
visualization of a large subset of the data. The scale of each sub-image
in this figure is 11.2 x 11.2 ym?>.

To determine the waist of the reflected ablation spot, we fit a
Gaussian beam profile,

I(x,y) = Ipe (G- + =0 ],

to the image. To determine the total reflected signal, we first subtract
the background from the images and subsequently carry out a pixel
sum. This background is determined by computing the mean from
an image in which the reflected spot is masked out.

The aftermath image offers information on the lateral size
of the modified area. Figure 3(b) shows the optical image of the
ablation aftermath. These images have been divided by the corre-
sponding before images, to compensate for slight inhomogeneities
in the illumination.
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FIG. 3. (a) Camera images of the ablation pulses reflected by the sample, acquired on the main camera. (b) Optical aftermath of the corresponding ablation craters acquired
on the main camera. In both (a) and (b), images of 64 individual shots have been arranged in a grid. The scale of each sub-image is 11.2 x 11.2 um?.

Analysis of the aftermath images is challenging, mainly for two
reasons. First, as can be seen in Fig. 3(b), the central feature in the
image qualitatively changes depending on the incident pulse energy.
For low fluences, a bright disk is visible in the center. As the fluence is
increased, a dark spot appears in the center, which means the central
feature has transitioned into a bright ring. For even higher fluences,

the most pronounced feature is a dark ring. It should be noted that
this behavior may be specific to the material and/or the illumina-
tion conditions of the after image. Second, the contrast of the images
is quite low, making the analysis very sensitive to image noise. We
use a combination of numerical filters to smooth the images suffi-
ciently such that we can (with some reliability) automatically locate

1.1
1.0
o
«<
09 <
0.8
g 10 0.7
£
1 T > 0
048 0 510
r[um] x [um]

(a)

(b)

FIG. 4. (a) Radial profiles of the optical aftermath, i.e., the azimuthal average of the images in Fig. 3(b) as a function of the distance to the center of the circular feature.
Some subplots are empty, as in these cases, the algorithm failed to identify the center around which to compute the azimuthal average. (b) Optical aftermath of the ablation
craters. The circles indicate the outer edge that was found by establishing the outer edge of the peak/dip in the radial profile.
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FIG. 5. False-color image, where each pixel represents the height of the silicon
surface ablation in run 007 of the experiment. Note that in the raw data, there are
invalid data points, which the profilometer stores as 3.4 x 10% (the largest value
that can be stored as a 32 bit float). These invalid points are masked out and
appear as white pixels in the image.

the center of the crater. All the details of the analysis can be found
in Ref. 27. After this, we compute azimuthal averages around these
centers, which results in Fig. 4(a), and fit the peak/dip in the radial
profile with a Gaussian function. This allows us to automatically
distinguish between the bright and dark rings. We then define the
edge by finding the outer radius where the radial profile is halfway
between the maximum and the background. The resulting radius is
plotted as a red circle in Fig. 4(b). We see that the method, in general,
works very well, except in the transition between the bright and dark
rings.
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B. Processing profilometer data

As mentioned earlier, the depth profile of all craters is measured
by using a commercial optical profilometer. The profilometer’s field
of view is 100 x 85 ym®. The size of the fields generated during the
ablation runs was chosen to fit the field of view such that all craters
in a single run could be scanned in a single profilometer scan. An
example of scan is shown in Fig. 5. The first step in the analysis is
to separate the height data into separate arrays for each crater. We
do this by manually choosing the position of the lower left crater
and the angle that the array has with respect to the x-axis. This
angle is caused by a slight rotation of the camera in the profilome-
ter. Each sub-array has a size of 64 x 64 pixels, which corresponds
to 11.2 x 11.2 ym®. The lateral scale of the images is the same as
that of the images in Subsection I'V A. For craters near the edge of
the scan field, the corresponding sub-array is zero padded to reach
this size.

The result of the separation is shown in Fig. 6(a). We clearly
see that, in the bottom two rows and individual sub-images else-
where in the figure, the images are effectively black and white. This
is due to the fact that there are (patches of) pixels in the images that
have a much larger depth than the surrounding pixels. We attribute
these to artifacts of the profilometer software algorithm. We remove
these artifacts by the following procedure. We first compute the
gradient of each image by using the numpy.gradient’® function. Sub-
sequently, we compute the norm of the gradient. We then identify
all pixels for which this norm is larger than 100 nm, meaning that
the height makes a sudden step of >100 nm. Finally, we dilate the
resulting image and apply the scipy.ndimage.fill_holes”’ algorithm
to generate a patch within which we will mask the data. After we
have removed these patches, we remove individual hot/cold pixels
by removing pixels that are more than ten standard deviations away
from the average. As before, for more details, we point to the scripts,

S
Height [um]

-0.2
-0.3
-g 10 -04
3 5
> 0
0 510
X [um]

(b)

FIG. 6. (a) Separated false-color images, where each pixel represents the height of the silicon surface ablation in run 007 of the experiment. The dimensions of each of the
micrographs are 11.2 x 11.2 ym?, thus matching the dimensions of the in situ images presented in Figs. 3 and 4(b). (b) Separated false-color images with outliers masked.
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which are available in the data publication. The resulting images are
shown in Fig. 6(b).

The next step in the analysis is the leveling of the background,
which we achieve by removing the crater from the data using a disk-
shaped mask and subsequently fitting a tilted plane to the remaining
data. The crater is then unmasked and the tilted plane is subtracted
from the data. After this, we estimate the positions of the center of
each crater by finding the minimum pixel of a numerically smoothed
version of the data. As the last step in the analysis of the image, we
fit the generalized Gaussian function,

Z(X,)/) =20+ de—[(|x—x0\/w)2+(\y—y0|/w)2]")

to each image, where 2 is a residual offset, d is the depth of the
crater, (xo, yo) is the crater center, and w is the crater width. The
exponent & would be 1 for a regular Gaussian function.

In Fig. 7(a), we show cross sections through the craters (blue,
solid lines) together with the fit (orange, dashed lines). Note
that, although we show cross sections, the fits were carried out
on the two-dimensional images. We see that the fits capture the
(x,y)-position of the crater excellently but do not fully describe the
shape. Therefore, we do not use this fit to determine the ablation
depth, but rather the average depth in a small square around the fit-
ted (x, y)-position of the bottom of the crater. The resulting depth
is indicated with the gray dashed-dotted lines in Fig. 7(a). Wher-
ever we use the width, we do use the fitted value directly, which
means care should be taken when interpreting those results for deep
craters.

W

~ -\,l-a J\h-‘\‘ k-\‘r '§10
IJJIII‘\}_‘IrI'\}\j =
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Finally, to create a convenient overview of all craters in this run,
we replot the masked and leveled height data previously shown in
Fig. 6(b) on a color scale determined by the crater depth as mea-
sured by the procedure described above. Specifically, the white pixels
correspond to a height of 0.1 - d and black pixels correspond to
-1.1 - d, with d being the depth of the crater. The resulting images
are shown in Fig. 7(b).

C. Data management

All of the Python scripts used to generate the images in this
manuscript can be found in the data publication, in the folder
RSI_2022_ManuscriptFigures/. These plotting scripts make use of
data that have been pre-processed by the Python scripts that can
be found in the folder 20210729/PreProcessing. The intermediate
results can be verified in pdf files with figures similar to the images
presented above, for all (64) ablation runs used in this work. These
files can be found in the subfolder 20210729/OverviewFigures/.

The calibration of the auxiliary camera with respect to the
thermopile detector (see the Appendix) can be found in the folder
20210915/. The calibration of the thermopile detector with respect
to the $314C powermeter can be found in the folder 20210916/.

Data generated during ablation runs on July 29, 2021, are
stored in subfolders named 20210729/Data/RawData/run_xyz/,
where xyz is the run number. These subfolders contain the images
from the auxiliary camera (abc_fluence.npy) and from the main
camera (abc_bda.npy) for each shot abc. Furthermore, the folder
contains a file xyz_opr.txt, which contains the data from the optical
profilometer.

All of the above are stored in a DOI minted vault.

<)
Height [um]

0 510
x [um]

(b)

FIG. 7. (a) Cross sections of the height through the bottom of the craters (blue, solid lines), together with a generalized Gaussian fit (orange, dashed lines). The x-dimension
of each subplot is 11.2 yum. The scale of the depth for each subplot is adapted to the maximum depth. (b) Separated false-color images; the color scale for each image is

set according to the measured depth of the crater.
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FIG. 8. (a) Ablation depth in nm and (b) crater radius in um, as determined from the optical profilometry data, as a function of incident pulse energy, for several pulse
durations. In both graphs, the error bars indicate the standard deviation over (up to) four craters produced with the same parameters.

V. RESULTS

To demonstrate the strength of our novel apparatus, we now
present an analysis of the data preprocessed as described above.
As mentioned before, the experiments presented in this work were
carried out on a piece of intrinsic crystalline silicon wafer.

Figure 8(a) shows the depth of the craters as a function of inci-
dent pulse energies for several pulse durations ranging from 200 fs
to 20 ps. In this graph, and the others in this section, each data
point is the mean of the result from (up to) four ablated craters
with the same setting of the half-wave plate and the error bar is
the standard deviation. We see that the depth increases as a func-
tion of the incident pulse energy in two stages; until an incident
energy of 0.35 yJ, the depth increases rapidly with pulse energy, after

7 4.0
35
6
3.0

Reflectivity [a.u.]
'S

which the slope suddenly becomes (much) smaller. The change in
slope is subtle for the shortest pulses, but for longer pulses, the effect
is much stronger; the initial slope is steeper and the final slope is
more moderate than for shorter pulses. It is clear from the graph
that for higher pulse energies, the ablation depth is larger for shorter
pulses. In Fig. 8(b), we plot the radius of the ablated crater, again
obtained by using optical profilometry. We again note a different
behavior for short vs long pulses. For long pulses, the radius seems
to initially show a slight decrease, followed by a sharp increase, and
then a more gentle increase. Short pulses show a large initial radius
and a much more gentle initial increase. The final gentle increase
in radius (for pulse energies above 0.5 yJ) shows the same slope for
all pulse durations used in the experiment, but the shorter pulses
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FIG. 9. (a) Self-reflectivity and (b) beam waist of the reflected ablation spot as a function of incident pulse energy for several pulse durations. In both graphs, the error bars
indicate the standard deviation over (up to) four shots taken with the same parameters.
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FIG. 10. (a) Optical modification radius, as determined using in situ aftermath imaging, as a function of incident pulse energy, for several pulse durations. (b) Comparison
between the normalized topographical crater radius (as determined using optical profilometry, indicated with triangles) and the normalized optical modification radius
(as determined using in situ imaging, indicated with dots) for 200 fs (blue symbols) and 20 ps (orange symbols) pulse duration. In both graphs, the error bars indicate the
standard deviation over (up to) four shots taken with the same parameters.

result in a radius that lies consistently below that of the longer
pulses.

In Fig. 9(a), we plot the normalized self-reflectivity, i.e., the
reflectivity of the material as it is being excited by the ablation
spot, as measured from the images of the reflected ablation spot.””*°
We note that the self-reflectivity is initially constant, after which it
sharply increases for increasing pulse energy. This can be attributed

7
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to the generation of a dense electron plasma.” If the self-reflectivity
increases for higher pulse energy, this effect will be stronger in the
center of the ablation spot, where the fluence is highest. This means
that the incident Gaussian spot will become slightly more sharply
peaked upon reflection, which would lead to a smaller effective beam
waist of the reflected ablation spot. In Fig. 9(b), we therefore plot the
fitted Gaussian waist of the ablation spot as imaged on the sample
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FIG. 11. (a) Liu plots of the modification radius for several pulse durations. The vertical axis shows the square of the modification radius, and the horizontal axis shows the
natural logarithm of the incident energy. The lines represent linear fits, which yield both the incident beam waist and the threshold energy. (b) Threshold obtained from the
Liu analysis of the modification radius (blue symbols) and the drop in reflected beam waist (orange symbols) as a function of pulse duration. The gray line is a second-order
polynomial simultaneously fitted to both thresholds. For reference, we add experimental values from Thorstensen and Erik Foss®? and Wang et al.'* The left y-axis shows
the threshold energy (in 1J), and the right y-axis shows the threshold fluence (in J/cm?).
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surface. We see that for low pulse energies, the fitted waist is roughly
constant. For increasing pulse energy, the fitted waist suddenly drops
as expected from the above discussion.

Figure 10(a) shows the optical modification radius as measured
from the in situ optical aftermath, i.e., the radius of the red circles
in Fig. 4(b). For low pulse energies, the optical modification radius
increases sharply, whereas for larger pulse energies, the optical
modification increases more gently at a similar slope for all pulse
durations studied. Note that for intermediate pulse energies, the
optical modification radius is hard to identify. This is caused by
the ring-shaped feature in the aftermath image transitioning from
bright to dark. As can be seen by comparison of Figs. 10(a) and 8(b),
the optical modification radius is mostly larger than the fitted crater
radius. To more easily compare these radii, we combine a subset
of the curves in Fig. 10(b). Here, the optical modification radius is
indicated with triangles, and the topographical crater radius
obtained from optical profilometry is indicated with dots. For clarity,
we show only the results for 200 fs (blue symbols) and 20 ps (orange
symbols) pulses. We clearly see that the normalized optical modifi-
cation and topographical crater radii behave very similarly for large
incident energies. As in situ data are much easier to acquire than
optical profilometry data, it is favorable to use the in situ modifica-
tion radius as a measure in experiments where the number of shots
taken is so large that acquiring optical profiles for all is unfeasible.
As a demonstration, we determine the ablation threshold as a func-
tion of pulse duration by using the Liu method.”’ In Fig. 11(a), we
show examples of this analysis for various pulse durations. The ver-
tical axis shows the square of the optical modification radius, and
the horizontal axis shows the natural logarithm of the pulse energy.
The slope of the curve gives the square of the waist of the ablation
spot, and the intercept with the horizontal axis yields the thresh-
old. When fitting, the same slope (and thus the same beam waist)
is used, whereas the threshold is fitted individually for each pulse
duration. We find a beam waist of wo = 3.6 £ 0.3 ym. In Fig. 11(b),
we plot (in blue) the resulting threshold as a function of pulse dura-
tion. The left y-axis shows the threshold energy, whereas the right
y-axis shows the threshold fluence. To make the conversion between
pulse energy and pulse fluence, we used the beam waist determined
above.

Alternatively, we can identify the pulse energy at which the
sharp drop in fitted waist of the reflected ablation spot occurs, as
can be seen in Fig. 9(b). It is reasonable to assume that this drop
occurs at the point of dielectric breakdown, which is known to cor-
relate with the ablation threshold.”” The threshold associated with
this drop is also plotted in Fig. 11(b) and we, indeed, see an excellent
agreement between both methods of obtaining the threshold. The
gray line is a second-order polynomial simultaneously fitted to both
thresholds, used as a guide to the eye. Also presented in this plot are
values obtained from the literature, specifically those by Thorstensen
and Erik Foss** and Wang et al.,'* where it should be noted that
the latter is the threshold at a center wavelength of 1064 nm
(as opposed to ~1030 nm used by Thorstensen and Erik Foss and in
our work).

Finally, to verify that the ablation threshold obtained from these
in situ measurements agrees with the result from the optical profiles,
we re-plot the depth as previously shown in Fig. 8(a), with the inci-
dent energy scaled to the threshold energy for each pulse duration.
As we can clearly see in Fig. 12, the ablation depth, indeed, drops
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to the threshold energy. Note that for all pulse durations, the depth, indeed, drops
to zero with the normalized pulse energy approaches unity.

to zero at a normalized incident energy of 1. This is a non-trivial
result, as the ablation threshold was obtained without making use of
the depth data. This further proves that using in situ data in ablation
studies can offer quantitative results.

VI. CONCLUSION

In summary, we presented a novel experimental apparatus that
enables rapid and systematic ablation studies. The highly automated
operation of the setup allows the exploration of large parameter
space, for instance, systematically moving from single pulse, dou-
ble pulse, and even pulse train experiments. A smaller, portable
version of the apparatus is also under development. This ver-
sion can conveniently be transported to facilities with other light
sources.

We have shown that in situ images of the sample surface after
the ablation and in situ images of the reflected ablation spot both
yield measures that can be used to draw quantitative conclusions
about the ablation threshold. This is crucial for large, systematic
studies, as it means that time-consuming and potentially expensive
characterization measurements, such as optical profilometry, scan-
ning electron microscopy, and atomic force microscopy, do not have
to be routinely obtained for all craters.

To demonstrate the apparatus, we have used the (publicly
available) dataset presented in this paper to determine the pulse
duration dependence of the ablation threshold in crystalline silicon.
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APPENDIX: PULSE ENERGY CALIBRATION

To determine the pulse energy on a single-shot basis, we cal-
ibrate the signal on the auxiliary camera with respect to a power
meter placed underneath the microscope objective. During calibra-
tion, we run the laser at a relatively low repetition rate of 500 Hz
(by setting the pulse picker division ratio at 100), in order to keep
the average intensity on optical components low enough to prevent
thermal damage. This low repetition rate has the downside that it
makes use of a sensitive photodiode-based power meter unpractical,
yet the low average power (on the order of a few hundred microwatt)
underneath the objective is challenging to measure using a com-
mercial thermal power head. We therefore employ the following
strategy. We mount a thermopile sensor (Thorlabs TD10XP) on a
sample holder that reproducibly fits in the ablation setup on the posi-
tion where the sample is mounted during experiments (see Fig. 1 of
the main text). The thermopile signal is amplified by using a Stan-
ford Research preamplifier (SR650) set to an amplification of 1000
x and with the input filter configured as a 3 Hz, 12 dB/oct. low-pass
filter. The output from the SR650 is connected to an analog input
on a National Instrument USB-6211. The analog input is configured

ARTICLE scitation.orgljournal/rsi

as a differential input, with the other input connected to an analog
output; this arrangement allows us to zero the amplified thermopile
signal.

As the TD10XP is supplied without a calibration certificate, we
have to measure the sensitivity of the sensor by ourselves. We do
this by measuring the power directly after the polarizing beam split-
ter with the arrangement discussed above and with a Thorlabs S314C
thermal head connected to a Thorlabs PM100D readout unit. With
the Thorlabs power meter, we measure a power of 79 + 0.5 mW. The
amplified signal from the TD10XP as measurement by the national
instruments card is 7.98 + 0.08 V. Dividing these numbers, we find
a sensitivity of S = (101 £ 1) mV/mW, which agrees well with the
typical sensitivity of 100 mV /W stated by the supplier (in combina-
tion with the 1000x amplification).

It is important to note that the average power we measured
here does not correspond to 1/100th of the laser power, as one
might naively expect. This is because the pulse picker does not fully
block light when it is closed, and at high pulse picker division ratios,
this leakage can lead to a substantial contribution. Specifically, the
average power will behave like

1 1
Pavg(fx) = (1 - ;)Pleak + EPavg(1)>

where « is the pulse picker divider ratio, and Pje, is the power that is
transmitted through the closed pulse picker. To determine Pje,x, we
measure the laser power (with the S314C thermal head) for division
ratios of 1, 10, 20, . . ., 100 and fit to the above function. We find that
Pleak = 16.8 £ 0.14 mW. The fraction of energy in the picked pulses
is therefore F = (Pavg — Pieak ) /Pavg = 0.787 £ 0.002.

The final step in calibrating the auxiliary camera is to simulta-
neously acquire a camera signal and the amplified thermopile signal.
For a given angle of the 1/2 plate, we first take 50 images with the
beam shutter closed, then 125 images with the beam shutter opened,
followed by 125 images with the beam shutter closed. The location
of the waveplate and the beam shutter can be found in Fig. 1 of the
main text. We take these calibration data at a rate of ~20 fps, which
means we do not capture all laser pulses. The exposure time of the
camera is chosen such that we capture exactly one laser pulse per
frame and avoid signal from leakage in the pulse picker.

To process the camera images, we sum over the image after sub-
tracting a background level. We subsequently compute the mean and
standard deviation of the images taken with the beam shutter open
and those taken with the beam shutter closed. Although subtracting
these numbers, we arrive at the mean number N of camera counts
per pulse.

To process the thermopile signal, we compute the mean of the
first 50 data points, which should contain only a small offset. We
subtract this mean from 125 data points taken with the shutter open.
To account for the rise time of the sensor, we fit to the following
function:

V()= Vo(1-e").

Both the number of camera counts per pulse and V follow a
sinusoidal pattern as a function of the angle ¢ of the wave plate,
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f(®) = fimax sin(¢ - o).

By fitting N(¢) and Vo(¢) to the above function and averaging
the results of several calibration runs, we find Npax = 6.60 - 10°
£3-10°, Vomax = (52.3£0.9) mV, and ¢, = (6.13 = 0.08)°. This
leads to a conversion factor of A =7.9 - 107> + 1 - 10™° xV/count.
The final calibration factor then becomes

_FA
SR

>

with R being the repetition frequency. Evaluating this expression and
propagating the uncertainties leads to C = 1.24 + 0.03 pJ/count.
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