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A B S T R A C T

The capability to control the surface morphology during ultrafast laser micromachining at different engraved
depths for transparent dielectric materials is of great importance in many applications, such as micromechanics,
free-form optics, medical implants. The precise surface roughness management during deep engraving in
most cases can be achieved by fine tuning of laser and scanning parameters utilizing material-dependent
optimization strategies. In this study, we have compared and investigated the influence of different laser
scanning algorithms for deep engraving of fused silica in order to establish the methods capable to provide a
flexible control on machined surface roughness. We show that control of surface roughness in a broad range
𝛥𝑆𝑎 ∼ 550 nm is possible with a resolution of 𝛿𝑆𝑎 = 20 nm, with the possibility to reduce surface roughness
down to ∼ 100 nm without any post-processing. While the achieved values demonstrated in this work are
wavelength-, algorithm- and material-dependant, we provide the general processing strategy that could nullify
discrete laser patterning artefacts, while the magnitude of laser-induced nanostructures dictates the lower limit
of resulting surface roughness in ultrafast laser processing.
1. Introduction

Surface machining for shape retrieval or changing its optical, chem-
ical, mechanical, and other physical properties has been in demand
for many applications. The biggest part of today’s industry is based
on conventional mechanical surface treatment methods such as CNC
(computer numerical control) milling, turning, and abrasive polish-
ing [1], although other more sophisticated methods like chemical
treatment, electro-polishing, or lithography have also found their place
for smaller scale unique applications [2–4]. In the past few decades,
the development of advanced and dependable lasers has made laser
radiation an increasingly popular surface treatment technique for a
wide range of materials. This method offers numerous advantages over
traditional approaches, including exceptional precision, versatility, and
more [5]. A conventional way to form any shape using laser radiation
is by selectively ablating the material layer by layer until the desired
shape is achieved. Such a way of removing material is known as laser
engraving.

During laser engraving, the topography of the surface and its rough-
ness changes due to interaction with the laser radiation. It is well
known that surface roughness is an important parameter that dramati-
cally influences various material properties. It was shown that for many
types of metals, the roughness determines the rate of corrosion [6] and
wettability properties [7]. In addition, the wear rate of aircraft engine
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parts is also directly related to the surface roughness [8]. Surface rough-
ness has an impact on fluid dynamics [9,10] and optical properties like
absorption, reflection, and transparency [11–13]. Surface topography
can act as an antibacterial coating under distinct surface morphology
and roughness configurations [14]. For these reasons, the ability to
control the surface roughness during the process of laser engraving is
highly desired.

A standard way to achieve the desired surface roughness after the
laser ablation is by conducting a parametric laser surface processing
study [15–17]. When working with metals, the optimization results
show that the smoothest surface is achieved by operating at fluencies
that produce the highest ablation efficiency while maintaining a high
pulse overlap of over 60% [17]. However, when ablating silicon, it
was shown that lower overlap of 20% results in minimum roughness
[18]. Yet, some studied utilizing different laser configuration reports
a higher overlap (60%) requirements for minimum roughness [19].
The contradicting results show that optimal processing parameters vary
for different materials and are not universal, also there is a lack of
systematic research on the application of ultrafast pulses for deep-
engraving of dielectrics, leaving the possibilities for roughness control
unanswered.

The approach of conducting parametric studies for surface rough-
ness optimization is not very convenient, as it is developed for a single
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material under a strict laser configuration. More sophisticated opti-
mization techniques can include the use of the ‘‘design of experiment’’
models for reducing parameter space (e.g. Taguchi method [20,21])
or machine learning models based on neural networks [22,23]. While
the former method holds promising potential for the future, its current
utility is limited by the absence of databases necessary for model train-
ing. Another, completely different, but promising way to control the
surface roughness is by implementing different scanning algorithms,
rather than changing laser parameters. Using this approach, the pulse
energy is fixed while laser scanning parameters are varied to achieve
diverse processing results [24,25].

In our recent work [26], we conducted an in-depth investigation on
how various scanning algorithms impact the resulting surface rough-
ness when the glass surface is subjected to a single scan, resulting
in removal of only a few micrometers of material. Dependencies of
resulting roughness on the overlap of craters, patterning strategies,
scanner-laser synchronization were established and discussed. In deep-
engraving, to achieve the desired depths, the surface must undergo
multiple scanning iterations. Only a few studies can be found in the
literature that explore the surface roughness changes regarding scan-
ning algorithms in repetitive processing in metallic [27,28] or dielectric
materials [29,30].

In this study, we have investigated different scanning algorithms
and their effectiveness in controlling the surface roughness when sur-
face is scanned multiple times. Our findings indicate that certain scan-
ning algorithms with added layer positioning uncertainties and the
rotations of the scanning patterns allow for achieving the roughness
saturation within the first several tens of scans. Moreover, the satura-
tion level can be varied in a broad range by controlling the overlap and
the depth of the craters. Finally, we demonstrate that the combined
use of these algorithms enables the comprehensive control of surface
roughness during deep engraving.

2. Materials and methods

In this study, a femtosecond Yb:KGW laser (‘‘Carbide’’, manufac-
tured by Light Conversion Ltd.) with an average power of 40 W and
pulse duration of 211 fs at full width half maximum (FWHM) was
used as a light source. The laser was operating at a 100 kHz repetition
rate, generating 1030 nm center wavelength (1H) laser radiation. In
some experiments, the UV laser radiation (343 nm) generated with an
external third harmonic (3H) generation module was used. The pulse
energy was varied using an external attenuator that consisted of 𝜆∕2
waveplate and a brewster-type polarizer (see Fig. 1). The laser beam
was guided to a galvanometer scanner (‘‘IntelliSCAN10se’’, SCANLAB
Ltd.) via high-reflectivity dielectric mirrors. The laser beam was focused
on the top of the sample using a 100 mm focal length f-theta lens. For
the UV wavelength, the beam path was identical just the attenuation,
dielectric mirrors, and f-theta lens were chosen to suit this wavelength.
The beam diameter at the lens focus was measured to be 21 μm (1H),
nd 12.6 μm (3H). Measurements were done by the well known Liu
ethod [31].

The scanner was mounted on the nanopositioning stage
‘‘ABL1500’’, AEROTECH) that allowed movement in the 𝑧 direction,
.e. perpendicular to the sample surface. This allowed us to adjust the
istance from the lens to the surface of the sample during the deep-
ngraving procedure to ensure that processing is maintained in the
ocal plane of the lens. For convenience, the sample was additionally
laced on the nanopositioning stages (‘‘ABL1500WB’’, AEROTECH)
nabling the precise positioning in 𝑥 and 𝑦 directions.

The experiments were carried out on 1 mm-thick fused silica glass
amples. Laser engraving and surface microstructuring was done with
he first harmonic (1030 nm) and third harmonic (343 nm) wave-
engths. The third harmonic was used only when smaller diameter
2
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raters were needed to benchmark the lowest achievable surface rough-
ess. Using the previously mentioned Liu method, the ablation thresh-
ld of fused silica samples for the fundamental wavelength was deter-
ined to be 𝐹𝑡ℎ = 3.1 J/cm2 (for a single pulse). The initial sample

urface roughness was measured to be 𝑆𝑎 = 5 nm. The measured value
alls within the range of the device’s measurement noise, indicating that
he real initial roughness value is 𝑆𝑎 ≤ 5 nm.

The experiments consisted of scanning a surface area of 1 × 1 mm2

multiple times with the scanner by a chosen scanning algorithm. After
each experiment, the sample was repositioned at the center of the lens
field with the assistance of the 𝑥 and 𝑦 translation stage. In our setup,
the laser pulse triggering and scanner position were electronically
synchronized (using the functionality of scanner control board ‘‘RTC5’’
(SCANLAB Ltd.)), meaning that the positioning uncertainty of the first
pulse position in a line is removed. Without the synchronization, the
positioning uncertainty arises which eventually leads to the variations
in surface roughness according to surface orientation as was observed
in our previous work [26].

It was established that the overlap of the craters in 𝑥 and 𝑦 directions
(see Fig. 2(A)) during the engraving is an important factor that greatly
impacts final roughness [26]. The overlap in 𝑥 direction (along laser
scanning path) was realized by tailoring the scanning speed and the
gating frequency. While overlap in the 𝑦 direction (perpendicular to
the scanning) was acquired by setting the distance between adjacent
lines. We have chosen the overlap in the longitudinal and transverse
directions to be identical. The overlap of craters was defined as [32]

𝛺 = (1 − 𝑑𝑥
𝐷

) × 100%, (1)

here 𝛺 - the overlap of craters in percents, 𝑑𝑥 - the distance between
adjacent craters, 𝐷 - the diameter of a single crater.

In our study, several different scanning strategies were investigated
for multilayered processing. The first one included the rotation of
every next layer at a fixed angle relative to the previous one. The
axis of rotation was set to be at the center of the machined area. By
utilizing different angles of rotation, various patterns could be gener-
ated that produce different values of surface roughness (see Fig. 2(B)).
The second scanning strategy was the introduction of the randomized
displacement of the rotation axis within each layer (see Fig. 2(C)). The
use of this strategy assisted in preventing the formation of patterning
artefacts that are formed otherwise, and led to the reduction of final
surface roughness. Finally, the last strategy involved adjusting the
laser (pulse energy) and scanning (overlap of the craters, see Fig. 2(A))
parameters for the control of the resulting surface morphology. For
the realization of the scanning algorithms and laser processing automa-
tion, the commercial laser processing software DMC (Direct Machining
Control, Ltd.) was used.

The laser-processed areas were subjected to the surface roughness
measurements after the machining. The laser scanning microscope
(‘‘LEXT OLS5100’’, Olympus) equipped with a 100x (0.8 NA) objec-
tive was used for the acquisition of the surface topographies. The
samples were centered on proceesed region and the surface region of
256 μm × 256 μm (comprising 2048 × 2048 measuring points) was
captured. A surface roughness parameter - arithmetical mean height
(𝑆𝑎) - was computed for each surface as per ISO 25178 standard, with
the mathematical expression provided in the equation:

𝑆𝑎 =
1
𝐴 ∬𝐴

|𝑧(𝑥, 𝑦)|𝑑𝑥𝑑𝑦. (2)

ere 𝐴 is the value of the evaluation area and 𝑧(𝑥, 𝑦) is the absolute
eight deviation from an average value at 𝑥 and 𝑦 coordinates. The
cope of this study is to showcase the ability to control the sur-
ace roughness using different scanning algorithms, therefore assessing
nly the average roughness values proved to sufficient. Fallowing
SO standard procedure, we applied S (surface small-scale) and F
form removal) filters, while L (surface large-scale) filter was excluded.
herefore, the surface roughness parameter 𝑆 constitutes the average
𝑎
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Fig. 1. Experimental setup used for deep engraving of fused silica.

Fig. 2. The visual representation of different scanning algorithms used throughout the study. The investigated algorithms were: (A) the changing of the overlap of the craters, (B)
the rotation of the subsequent layers around the common axis o by angle 𝛼, and (C) introducing the displacement of the layers with each rotation. Here, the letters 𝑜𝑛 represent
the centers of each layer. Different colors stand for different layers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 3. (A) The surface roughness dependence on the angle (𝛼) of layer rotation, when surface is scanned 30 times. Two distinctive angle categories are depicted: arbitrary angles
and factors of 90◦. Due to truncation operation, certain angles of rotation are represented by multiple roughness values (see text for details). (B) The dependence of the surface
roughness on the factors of 90◦. The fit is presented as a red dashed line, whereas the base level formed of arbitrary angles is presented as a green dashed line with a standard
deviation (1𝜎) shown as a green area. Processing parameters: fluence F = 52 J/cm2, overlap of the craters 𝛺 = 20%, wavelength 𝜆 = 1030 nm. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. Extended color images of surface structures induced by scanning the surface 30 times with different angles of rotation (𝛼). Fluence F = 52 J/cm2, overlap of the craters
𝛺 = 20 %, wavelength 𝜆 = 1030 nm. (Note: images are acquired with optical profilometer by combining the stack of images made at different focus position to achieve a single
all-in-focus image, for this reason reflected light intensity is not homogeneous and brighter regions appear at deeper pits).
roughness of a scale-limited SF surface. For the removal of the small-
scale lateral components that denote measurement noise, the nesting
index of 0.5 μm was applied. To remove the tilt induced by inaccurate
positioning of the sample, a best-fit least squared F operation was
executed. The measurement noise was determined using the subtrac-
tion technique [33]: from a set of 10 measurements, the noise value,
expressed as the root mean square of roughness was estimated to be
6.5 nm.

Microscope images presented in the study were acquired using the
same laser scanning microscope ‘‘LEXT OLS5100’’, while SEM inspec-
tion was carried out with Thermo Scientific ‘‘Prisma E’’ microscope.
Finally, the energy-dispersive X-ray spectroscopy of the samples was
carried out using the ‘‘INCA Energy 350 X-Max 20 EDX’’ spectrometer
(Oxford Instruments).

3. Results and discussion

In previous work [26], we have investigated the surface roughness
dependencies on different scanning algorithms when the surface is
scanned only one time. It was shown that minimum surface roughness
is achieved when the overlap of ablated craters (𝛺) is in the range of
10%–25%. Under such conditions only steep crater edges are repeatedly
ablated while relatively flat bottoms remain underexposed, resulting in
a smooth surface. Therefore in initial experiments of this study a fixed
overlap of 20% was used.

In first stage, an investigation of surface roughness evolution when
every consecutive layer is rotated by a particular angle was carried out
(see Fig. 2(B)). The angle at which the 𝑛th layer was rotated can be
expressed with the following equation:

𝛼 = (𝑛 − 1) × 𝛼, (3)
4

𝑛

here, 𝛼𝑛 - the angle at which the 𝑛th layer is rotated, 𝑛 - the layer
number, 𝛼 - the angle of rotation.

Each processed area was scanned 30 times with a fixed angle of
rotation (𝛼) and the resulting surface roughness was measured. The
resultant dependence is presented in Fig. 3, while microscope images
of selected surfaces are shown in Fig. 4. The full range of angles
from 0◦ to 360◦ were investigated. After examining the results, it was
observed that two categories of angles can be identified: the category
1 comprises arbitrary angles (depicted as green circles in Fig. 3) and
include primary numbers such as 3◦, 29◦, 73◦; while the category 2
include particular angles that are factors of 360◦ (shown as red stars).
With category 1 angles, the initial crater pattern seldom matches with
successive pattern, while for angles of category 2 partial alignment with
the preceding layer takes place, producing distinctive laser patterning
artefacts on the surface. Given the directional symmetry of the layer
rotation, where both clockwise and anti-clockwise rotations have an
identical effect on the quadratic pattern, the complete angular range
can be truncated to [0◦; 45◦] interval using triangular function:

𝛼∗ = 1
4
cos−1[cos(4𝛼)], (4)

here 𝛼∗ is a truncated angle. Using such conversion, the category 2
angles become factors of 90◦.

The surface roughness dependence on the compressed domain of
angles is shown in Fig. 3(A). Bigger arbitrary angles produce almost
constant surface roughness (in this example 𝑆𝑎 ∼ 0.65 μm), while
category 2 angles exhibit rise in roughness. This is expected result, as
the laser beam in the former case is repositioned in the same locations
as in the previous layers, resulting in the formation of deeper localized
valleys. This generates high-contrast periodic structures (see Fig. 4, 𝛼 =
0◦, 90◦) that yield high surface roughness (𝑆 > 0.8 μm). Results show
𝑎
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Fig. 5. (A) Surface roughness (𝑆𝑎) dependence on the number of layers, when layer positioning uncertainty is introduced. Symbols represent raw data, dashed lines — linear fits
of the data within the region III (see text for details). (B) A surface roughness dependence on the magnitude of layer positioning uncertainty divided by a pulse-to-pulse pitch
after 200 layer processing. Symbols represent raw data, whereas the dashed lines show a decaying exponential fit. Processing parameters: overlap of the craters 𝛺 = 22%, fluence
𝐹 = 20.8 J∕cm2, wavelength 𝜆 = 1030 nm, diameter of a single crater 𝐷 = 32 μm, pulse-to-pulse pitch - 25 μm.
Fig. 6. 3D views of engraved regions after 200 layers of processing with different layer positioning uncertainties. Dimensions of a single window 250 × 250 μm. Processing
parameters: overlap of the craters 𝛺 = 22%, fluence 𝐹 = 20.8 J∕cm2, wavelength 𝜆 = 1030 nm, diameter of a single crater 𝐷 = 32 μm, pulse-to-pulse pitch - 25 μm.
that the increase in the factor order linearly reduces surface roughness
(Fig. 3(B)). Rotation of layer by 90◦, yield the same pattern at each
scan (for the quadratic pattern with rotational axis fixed on the center);
however, if a 30◦ angle is used, the scanning pattern coincides only
with every 3rd layer, and so on. When category 2 angle exceeds the
6th factor, surface roughness approaches the values achievable with
arbitrary angles. Hence, when aiming to minimize surface roughness,
it is crucial to stay away from category 2 angles.

Despite the minimal roughness, the distinctive periodic artefacts
having circular symmetry with dip in the center is present in all cat-
egory 1 angle cases as seen in the microscope pictures (Fig. 4). Again,
this effect is expected, as rotational axis remains constant through-
out processing, and attributes to continuous growth of the roughness.
Such patterning structures in multiscan processing can be avoided by
implementing the ‘‘shifting axis of rotation’’ technique. This method
involves moving the axis of rotation to a different position during each
scanning iteration. In practice, this can be realized by introducing the
uncertainty in layer positioning defined by the equations:

𝑋𝑝𝑜𝑧 = 𝑋𝑜𝑟𝑔 + (ℜ − 0.5) × 𝛥, (5)

𝑌𝑝𝑜𝑧 = 𝑌𝑜𝑟𝑔 + (ℜ − 0.5) × 𝛥. (6)

Here 𝑋org, 𝑌 org are the initial coordinates of the central point of
the micro-machined area, which also serves as the axis of rotation,
whereas 𝑋poz, 𝑌 poz are the coordinates of the axis of rotation after the
introduction of layer positioning uncertainty. ℜ is a function that gen-
erates a random number from a continuous uniform distribution within
the boundaries of [0 1], while 𝛥 defines the maximum magnitude of
the uncertainty. In order to examine the impact of layer positioning
uncertainty on the surface roughness, the position of the center point of
each layer was recalculated according to Eqs. (5), (6), while, the layer
rotation was maintained at a category 1 angle (𝛼 = 73◦). The results
are depicted in Fig. 5. It can be seen that introducing the uncertainty
of the layer positioning has a great impact on the evolution of surface
roughness.
5

The surface roughness evolution during multilayer processing
mainly consists of 3 stages (depicted as I, II, and III regions in Fig. 5(A)):
initiation (I), transition (II), and saturation (III). In the first stage, which
typically happens within the first 10 layers, the roughness increases
very rapidly with each successive layer. This growth is expected,
as certain amount of layers is required for the establishment of the
shape of the ablated surface with selected laser patterning. When the
shape is achieved each subsequent layer is used to further engrave the
surface, while maintaining the shape. Subsequently, during multipulse
irradiation, the laser-induced nanoripples start to form. The forma-
tion of self-organized nanostructures in multipulse laser treatment of
metals and dielectrics is a widely known and intensely studied phe-
nomenon [34–36]. Stage II typically spans across 15 to 30 layers and
represents the surface morphology transition from semi-clean to fully
covered by nanoripples. It was observed that nanoripple islands close
to ripple-free regions have irregular height changes, thus increasing
roughness. As a result, when the surface is only partly covered by
nanoripples, the surface roughness value peaks (this can be seen by
the outliers in region II). However, when the formation of nanoripples
across the entire surface is completed, the elevations become more
uniform, resulting in a slight reduction in surface roughness. After
the transition stage, the subsequent phase, denoted as the final satu-
ration stage (III), commences. When the entire surface is covered by
nanoripples, the only variables influencing the final roughness are the
crater’s shape and its depth. It can be seen that when the rotation
axis is fixed, the linear growth of the surface roughness is evident,
which is attributed to the growth of the patterning artefacts and their
magnitude. However, when the positioning uncertainty is introduced,
these artefacts can be prevented (see Fig. 6). By shifting the rotation
axis to a slightly different location for each layer and maintaining
layer rotation, the likelihood of positioning the laser beam to the same
location as in the previous layers significantly decreases, rendering the
occurrence of such events negligible. Consequently, the introduction
of layer position uncertainty prevents the formation of patterning
artefacts, resulting in a randomly patterned structure at the bottom of
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Fig. 7. (A) Surface roughness evolution when different overlaps of the craters are
used. (B) Surface roughness dependence on the overlap value in single and multi-scan
(40) cases. Processing parameters: Fluence F = 26.1 J/cm2, angle of rotation 𝛼 = 73◦,
wavelength 𝜆 = 1030 nm. The uncertainty of layer positioning of a maximum magnitude
𝛥 ≥ 𝑑𝑥 was maintained. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

the cavity. Therefore, the roughness value saturates at the beginning
of the III stage and remains constant with the increasing number of
layers. This results in the reduction of the final roughness compared to
the fixed axis case.

The maximum reduction of the surface roughness (from 600 μm
down to 460 μm (𝑆𝑎)) is achieved after 200 layers when the uncertainty
parameter 𝛥 ≥ 25 μm is used. Since the absolute value of the 𝛥 parame-
ter depends on the chosen patterning algorithm, a more appropriate
way is to link it to the pulse-to-pulse pitch (distance between two
craters). Since the pitch was fixed to 𝑑𝑥 = 25 μm, the surface rough-
ness after 200 layers dependence on the pitch-normalized uncertainty
magnitude can be derived (Fig. 5(B)). We see that the condition for the
saturation and the minimization of the roughness can be expressed as
𝛥 ≥ 𝑑𝑥.

Therefore, introduction of the uncertainty of the layer positioning
results in the saturation of the surface roughness, meaning that the
number of scans conducted on the surface, whether it be 50, 100, or
200 times, becomes inconsequential as the resulting roughness remains
constant. This capability allows for the prediction of the resulting
roughness following the machining process for deep engraving ap-
plications. Nevertheless, in order to attain complete control over the
roughness, it is necessary to possess the ability to change the level at
which the roughness saturates.
6

Fig. 8. (A) Cross-sections of the craters produced using different pulse energies and
wavelengths. (B) Surface roughness evolution after subsequent laser scanning with
different crater dimensions. (C) Surface roughness dependence on the depth of a single
crater after 100 scans when the stabilization of surface roughness is reached. Dots
represent experiment data, dashed line — fit of the data. The scanning speed was
adjusted to maintain the optimal overlap (𝛺 = 20%) in all the cases. In addition, each
layer was rotated by 73◦. The uncertainty of layer positioning of a maximum magnitude
𝛥 ≥ 𝑑𝑥 was maintained. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

We identified two distinct methods that enable the control at which
value roughness can be stabilized. The first one includes tailoring the
overlap of the craters. By realizing different overlaps of the craters, sur-
face morphology that yields different roughness values develops [26].
The results on roughness evolution versus crater overlap after multi-
layer scanning are shown in Fig. 7(A), while Fig. 7(B) depicts results
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Fig. 9. SEM images of the ablated regions produced after different numbers of scans. Processing parameters: fluence F = 2 J/cm2, overlap of the craters 𝛺 = 20%, angle of rotation
𝛼 = 73◦, wavelength 𝜆 = 343 nm. The uncertainty of layer positioning of a maximum magnitude 𝛥 ≥ 𝑑𝑥 was maintained.
Fig. 10. (A) Microscope image of the sample with partly treated area. The ablated
area was achieved using processing parameters: fluence F = 2 J/cm2, overlap 𝛺 = 20%,
angle of rotation 𝛼 = 73◦, wavelength 𝜆 = 343 nm. The uncertainty of layer positioning
of a maximum magnitude 𝛥 ≥ 𝑑𝑥 was maintained. The surface was scanned 𝑛 = 200
times. The (1) and (2) regions indicate the locations where EDS analysis was performed.
The corresponding results are shown in (B).

for the initial and final layers. It is clear, that the optimal overlap of the
craters (𝛺 = 10−25%) for the lowest roughness is maintained even when
the surface is scanned multiple times (up to 40 times). Other values of
overlaps increase surface roughness.

When dense crater overlap (𝛺 ≥ 60%) is used, the accumulated
fluence may increase to a point where stress-induced cracking be-
comes present. Such a situation is unique for the glass-type substrates,
specifically fused silica, and could differ for other materials. On the
other hand, the rise in surface roughness observed at lower values
(𝛺 ≤ −10%) results from sporadic ablation. From Fig. 7(A), we can
see that with the introduction of positioning uncertainty and layer
rotation at category 1 angle, roughness stabilization can be achieved
over multiple scans. This shows that roughness control and stabilization
can be achieved using a single technique. However, in special cases,
roughness sensitivity to the overlap of the craters is quite severe (i.e. in
the range from 𝛺 = 60 − 80%), implying that the fine-tuning of the
roughness has to be done differently.
7

The engraved surface morphology can be perceived as a superpo-
sition of many individual craters. We have already seen that once the
roughness stabilization is achieved, the roughness value is determined
by the overlap of the craters. However, the peak-to-valley height of
the surface corresponds to the depth of a single crater, which can be
fine tuned using different pulse energies and change in wavelengths.
Profiles of the ablated craters produced with a single pulse using dif-
ferent pulse energies and wavelengths are depicted in Fig. 8(A). Since
the ablated cavities were symmetrical, only profiles were investigated.
Based on the visual representation, the crater sidewalls exhibit a small
level of roughness (𝑅𝑎 was measured to be < 10 nm), akin to the
presence of background noise.

When using lower pulse energies or shorter wavelengths, the shape
of the crater reduces not only in a longitudinal direction but also
in a depth. To maintain the necessary overlap of the craters, the
reduction of the crater’s width has to be compensated by decreasing
the scanning speed. If all conditions are satisfied, the induced (defined
by the overlap) surface shape is maintained and only the peak-to-
valley distance is varied. The measured surface roughness evolution
of such a case is depicted in Fig. 8(B). As seen from the figure,
when lower pulse energies are used, the resulting surface roughness
can be further reduced. This allows for further tuning of the surface
roughness stabilization level. However, the available range of fluence
values between the non-ablation regime and the maximum achievable
depth, restricted by optical penetration depth, is narrow. Moreover,
when using IR laser radiation, ablation with lower fluence values near
the ablation threshold results in the inconsistency of crater geometry
with low repeatability of crater shape. The aforementioned factors
establish the boundaries for the variety of crater depths attainable by
manipulating the pulse energy using IR (𝜆 = 1030 nm) laser radiation.
It has been demonstrated that the optical penetration depth, as well as
ablation threshold of the dielectrics, can be reduced by using shorter
wavelength radiation, allowing for the generation of smaller scale
craters in a controlled manner [37]. By utilizing these findings we were
able to produce even smaller craters (with depths down to 20 nm)
using UV (𝜆 = 343 nm) radiation, thus extending the boundaries for the
tunability of the surface roughness stabilization level. The determined
relation between surface roughness and the depth of a single crater is
depicted in Fig. 8(C). As can be seen from the figure, there is a 1-to-1
correlation between surface roughness and the depth of a single crater:
a nearly linear increase is observed at intermediate crater depth values
with a tendency to saturate at deeper values. However, the minimum
roughness (𝑆𝑎 ∼ 130 nm) is reached when the depth of the crater
matches 𝐻 ∼ 130 nm, and any further reduction in the crater’s depth
no longer results in decreased roughness, setting the lower boundary
for the attainable minimum roughness using the presented methods.

The reason for this limit is the appearance of nanostructure as can
be seen in electronic microscope pictures in Fig. 9. The islands of
nanoripples appear after the initial few layers of engraving, reducing
the homogeneity of the surface. However, with continuous processing,
these islands tend to grow towards nonregular nanostructure patern
which saturates the total roughness. In addition, the energy dispersive
X-ray spectroscopy (EDS) comparison of deep-ablated and non-treated
surfaces shows the composition changes in the material (Fig. 10).
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Fig. 11. Surface roughness dependence on the number of scans when different scanning algorithms are used. Graph (A) shows engraving with different overlaps of the craters,
while graph (B) shows when different pulse energies are used. In both cases, scanning with different algorithm parameters was performed on previously engraved surfaces in
continuous succession (see text for clarification). Dots represent raw data, while dashed lines — average values. The extent of the colored area surrounding the average values
stands for a range equivalent to one standard deviation. Other processing parameters: 𝛼 = 73◦, 𝜆 = 1030 nm. The uncertainty of layer positioning of a maximum magnitude 𝛥 ≥ 𝑑𝑥
was maintained.
Fig. 12. (A) A photo of the sample after deep-engraving. In the 𝑦 direction, cavities of different depths can be seen, whereas in the 𝑥 direction, cavities ablated using identical
parameter sets are shown. In part (B) of the figure, surface roughness and depth of the cavity dependencies on the number of scans are presented. Dots represent raw data,
while dashed lines — averaged values. The extent of the colored area surrounding the average values stands for a range equivalent to one standard deviation. Other processing
parameters: 𝛼 = 73◦, 𝜆 = 1030 nm. The uncertainty of layer positioning of a maximum magnitude 𝛥 ≥ 𝑑𝑥 was maintained. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
Mainly the decrease in oxygen content on the glass surfaces is observed,
indicating the increased presence of oxygen-deficient centers, which are
known to appear in self-organized nanostructures in fused silica [38].

Finally, the established methods to control the surface roughness
were put to the test while deep engraving fused silica glass. In this
experiment, to determine the repeatability of the process, ten regions
underwent deep engraving using identical scanning parameters and the
roughness was subsequently measured as shown in Fig. 11. To illustrate
the ability to control surface roughness the previously ablated surface
was additionally processed with a different set of scanning parameters
in a continuous fashion.

In Fig. 11(A), a case is shown where the surface is repeatedly
engraved using different crater’s overlaps. A typical number of layers
necessary for the attainment of the surface roughness stabilization
is up to 30, depending on the laser and scanning parameters used.
Nevertheless, to ensure the complete stabilization each scanning algo-
rithm was repeated for 100 layers. The only exception was for 70%
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overlap case because due to efficient ablation a 1 mm thick sample is
thoroughly ablated within 100 layers, therefore only 30 layers were
used. Before applying every next scanning algorithm, the lens was
repositioned by moving the 𝑧-axis to ensure that the surface stays in
the focal plane of the lens. The experiment was conducted in such a
way that initially the scanning parameter set that produces the highest
roughness was used first (in this case 30 layers of 𝛺 = 70%). The results
were measured, a new set of scanning parameters was selected and an
additional 100 layers were ablated on top of the previously processed
surface (100 more layers with 𝛺 = 50%). The procedure was repeated
for another 100 layers at 𝛺 = 20%. From the results, it is clear that
by using different scanning algorithms (i.e. different overlap values)
roughness stabilization at different values can be achieved. Moreover,
using an optimized scanning algorithm, the reduction of roughness
can be achieved producing polishing effect. This observation implies
that determined scanning methods achieve success in their operation,
regardless of whether the starting surface is flat or rough.
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A similar experiment was done where different scanning algorithms
included the change of crater depth by reducing the pulse energy
(Fig. 11(B)). As before, the initial parameter set was selected to yield
the maximum surface roughness and the first 100 layers were ablated.
Proceeding that, the pulse energy was reduced, and additional scans
were conducted on the already processed surface. The engraving in-
volved 3 steps comprising different values of pulse energies, resulting in
the stabilization of the roughness at different levels. In this case, we can
see that the difference between the stabilization levels is significantly
smaller. Showcasing that by varying the pulse energy, the fine-tuning
of the roughness stabilization level can be achieved, while changing
the overlap of the craters results in a more coarse adjustment of the
roughness stabilization value. These observations agree well with the
previous discussion. The findings suggest that by utilizing different
scanning algorithms, namely inducing different roughness via control of
the overlap of the craters and tuning crater depth by adjusting pulse en-
ergy, the fine (𝛿𝑆𝑎 = 20 nm) control of the roughness stabilization level
within a wide range of roughness values (300 ÷ 900 nm) is achievable.

Such roughness stabilization is possible at various depths in deep-
engraving applications. To demonstrate that, the samples were en-
graved up to 750 μm in depth while controlling the surface roughness
via a change of scanning algorithm. The results are shown in Fig. 12.
Each experiment was repeated 10 times to investigate its reproducibil-
ity. While engraving the material, the surface roughness was varied
between two stable roughness levels of our choice. The combination of
𝐸p = 181 μJ (F = 26 J/cm2) and 𝛺 = 60% resulted in the roughness of
𝑆𝑎 ∼ 700 nm, whereas the combination of 𝐸p = 72.5 μJ (F = 10.4 J/cm2)
and 𝛺 = 20% produced roughness of 𝑆𝑎 ∼ 420 nm. Before changing the
scanning algorithm, the bottom part of the micromachined area was
repositioned back to the focal plane of the lens to compensate for the
divergence of the beam. Each successive scanning step was performed
on a surface processed by the previous scanning algorithm. A photo
of a deeply engraved sample is shown in Fig. 12(A), while Fig. 12(B)
shows how the surface roughness was varied during engraving. It can
be seen that throughout the engraving process, the roughness was
changed 6 times. In addition, the roughness was not only reduced but
also enlarged in a controlled manner via a change in the scanning
algorithm. By the end of the deep-engraving experiment, the roughness
of 𝑆𝑎 = 420 nm at the depth of 750 μm was achieved. Demonstrated
results show that full control (reduction as well as enlargement) of
surface roughness while engraving can be achieved by applying the
strategies presented in this paper.

During the study, the methods for the control of the surface rough-
ness for laser engraving were presented. The methods include the
combination of rotation of the layers, the introduction of the uncer-
tainty of layer positioning, the varying overlap of the craters as well as
pulse energy and wavelength of the laser radiation. While the presented
methods allow for the control of surface roughness, a few things have
to be noted. The primary condition for these methods to work is that
the sidewalls and the overall geometry of a single crater have to be of
high quality and repeatability. This is usually the case when ablating
dielectrics like glass and crystals with femtosecond laser radiation.
However, when ablating metals, the quality tends to be worse [39],
making it challenging for the application of the presented methods.
In addition, when arbitrary shape regions have to be ablated the
scanning pattern has to be rotated and cropped to the designated shape:
it could be easily realized using CAD shape hatching functionality
available in many commercial laser scanning software. Lastly, we have
demonstrated that the lowest attainable roughness is constrained by
the development of the nanoripples, which subsequently give rise to
a consistent nanostructure across the entire surface, whose roughness
serves as a determining factor in defining the overall roughness of the
surface in the investigated case of fused silica. While the solution for the
prevention of nanoripple formation is not yet available, the challenge
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will serve as a goal for future research endeavors.
4. Conclusions

In conclusion, methods for the control of the surface roughness
while deep engraving were developed. The stabilization of the sur-
face roughness can be achieved by selecting a scanning algorithm
that includes the rotation of every subsequent layer at an angle of
category 1 (example being a primary number), with the addition of
the introduction of layer positioning uncertainty with a magnitude of
𝛥 ≥ 𝑑𝑥. Under such conditions, the formation of periodic patterning
artefacts is prevented and the stabilization of the roughness is achieved
within the first 30 layers. The level at which the roughness will stabilize
is determined by the initial overlap of the craters and their depths.
The former can be scaled by tailoring pulse energy or adjusting the
wavelength to smaller values, reducing the light penetration depth. The
broad range of different roughness values (𝛥𝑆𝑎 ∼ 550 nm) was attained
with a resolution of 𝛿𝑆𝑎 = 20 nm under deep-engraving conditions. The
appearance of self-organized nanostructures after multipulse ablation
remains the limiting factor for the minimum attainable roughness (𝑆𝑎 =
130 nm).
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