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Abstract

Analysis of surface structures formed due to femtosecond laser surface ablation is usually done
through subjective assessment of the surface images. Here, we analyze the evolution of femtosecond
laser-induced surface structures using multifractal analysis. We computed the singularity spectrum
to characterize the behavior of laser-induced herringbone patterns. The surface morphology of the
ablated surface shows a polarization dependent multifractal nature. The singularity spectrum
depicts three distinct morphological phases that sequentially form as a function of the laser pulse
number. We objectively characterize the laser-dependent morphological properties of herringbone
structures. Multifractal analysis was able to reflect the hierarchy, uniformity, and roughness of the
formed structures and their dependence on the pulse number and polarization.

Fractal geometry provides a mathematical description of how the complexity of a system scales with its size
[1]. Fractal patterns are ubiquitous; they appear in snowflakes, coastlines, clouds, the structure of the
nervous system, and even in the movements of global financial markets. Over the past decades, fractal
analysis has received great research interest for image compression, texture analysis, texture image
segmentation and surface roughness [2—6]. In particular, multifractal analysis is employed to characterize
objects with varying fractal properties over multiple scales.

On the other hand, ultrafast laser-matter interactions are complex [7, 8] and can exhibit several ablation
dynamics including phase explosions, fragmentation, and spallation [9]. The degree of uniformity,
periodicity, and complexity depend on the laser parameters and material properties [9-11]. Here, we
perform multifractal analyses on femtosecond laser-induced surface structures. As a case study, we analyze
the evolution of the so-called herringbone structures [12, 13] which undergoes a multitude of polarization
and pulse number dependent morphological phases. Our main goal is to introduce the study of multifractal
geometries to characterize unique laser ablated features which provides a deeper understanding of the physics
underlying their structural evolution. The multifractal analysis is particularly useful to analyze seemingly
random surface topographies. In addition, as we elucidate later, multifractal analysis captures the dependence
of surface characteristics on scale which is of major relevance to the study of hierarchical structures.

When the fractal dimension of a pattern changes within consecutive ranges of scale, one generally invokes
the notion of multifractality. Multifractal objects are expressed by several fractal dimension in different
regions i in contrast to a mono-fractal object which has a single fractal dimension. Fractal objects exhibit
details at arbitrarily small scales that are often too complex to be represented in a Euclidean space. Fractal
analysis gives insight into the distribution of these complex systems. In a homogeneous system, the
probability P of a measure scales with the size, or scale as P () ~ P, where D is the fractal dimension of the
system and is given by D = 6liir%)logN(e) /log(1/¢e) [14, 15], where N (¢) is the number of boxes required to
cover the system. Separating the system into boxes of side length ¢, we can count the number of boxes
required to cover a given geometry. Accordingly, the fractal dimension of an object is a measure of the
density of the fractal in the space it occupies. Note that other methods of calculating the fractal dimension
exist [16, 17]. The fractal dimension of Euclidean objects has an integer value, e.g. 1 for a line, 2 for a surface,
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Figure 1. Experimental setup showing how the laser beam is directed through a periscope assembly and subsequently through a
lens mounted on a rotation stage.

and 3 for a volume. For non-Euclidean objects, the fractal dimension exhibits non-integer values. In this
case, the probability in a certain region (P;) of a measure scales with the size (¢) of the system as P; (¢) ~ %,
where «; is the Liptschitz—Holder exponent known as the singularity strength of the ith region of the system
[14, 15, 18]. By separating the system into boxes of side length &, we can count the number of boxes with
similar singularity strengths. The number of boxes N (o) where the probability (P;) has a singularity strength
between oc and o 4 d ov scales as N'(ox) ~ e /(%) [14, 15, 18], where f () is the fractal dimension of the set
of boxes with a singularity strength & known as the singularity spectrum.

Experiments were done using an amplified Ti-sapphire laser system with pulse duration of 50 fs,
repetition rate of 1 kHz and central wavelength of 800 nm irradiating 1 mm foils of Cu (see figure 1). Laser
irradiation was incident at 50-degree and single pulse fluence of 5.48 mJ cm~2 [19]. Using a high incidence
angle is necessary to obtain herringbone laser-induced periodic surface structure (HLIPSS) [12]. Moreover,
as one can see from figure 1, to simultaneously obtain an image of a given position in the sample using a laser
scanning microscope and ablate the sample with a femtosecond pulsed laser, the incidence angle must be
sufficiently large to avoid beam clipping by the microscope setup. The surface was studied using a UV laser
scanning confocal microscope. Images were taken of the same irradiated focal area between bursts of
femtosecond pulses. An electromechanical shutter controlled the number of laser pulses (N). Multifractal
spectra where computed using the image analysis program image]’s box counting plugin FracLac [20, 21].
The images were initially binarized into black and white pixels using Make Binary command. The
two-dimensional grid position, by which these boxes are laid out, plays an important role in properly
measuring the fractal dimension of the image as the number of boxes containing information varies with
grid position. To eliminate this ambiguity, multifractal spectrum reported are given as the average over all
grid positions.

We analyze the structural evolution of femtosecond laser induced surface structures irradiated at an
incident angle of 50 degrees, for various laser polarizations at an absorbed fluence of 5.48 mJ cm™2. Several
representative surface structures produced on the Cu are shown in figure 1 for s-polarized, p-polarized, and
45°-polarized irradiation. For s-polarized irradiation, multiple channel formations gradually develop as the
pulse number N increases. For N = 100—1 k we observe LIPSSs, see figure 2(a) (inset). LIPSS are a 1D
periodic structures with a period close to the irradiation wavelength. LIPSSs form due to the interference
between scattered surface electromagnetic waves and the incident laser. For metals, LIPSS period is
orthogonal to the incident laser polarization [10, 11]. As N increases, several long channels form
(figure 2(b)). At 10 k laser pulses, HLIPSS forms within the channels. HLIPSS is a series of nested V-shaped
periodic structures which arises due to the formation of grooves which reflect and rotate the projected laser’s
polarization [12]. As the incident laser reflects from the grooves’ walls, the LIPSS orientation rotates and, due
to the mirror-symmetry between the grooves walls, create a v-shaped LIPSS (figure 2(c)) [12]. These
structures appear parallel to each other in the middle section of the ablated regime. Note that the grooves
from due to defect-focused ablation and the grooves direction depends on the laser propagation direction.
For p-polarized irradiation, LIPSSs are observed within the first 100 laser pulses (figure 2(d)). As the pulse
number increases, LIPSS become hazy and lack uniformity while grooves do not form (figure 2(e)). This is
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Figure 2. Laser scanning microscope images showing the evolution of laser ablated Cu surfaces after a sequential number of laser
pulses (N).

because the formed LIPSS is orthogonal to the laser propagation direction (from left to right for all images),
i.e. there exists a competition between the LIPSS formation and channel formation. Consequently, HLIPSS
do not appear. Although no structures are observed in the center of the ablated region for p-polarized
irradiation, material transport along the laser beam propagation form bow wave shaped sidewalls,

(figure 2(f)). Finally, for a 45° polarization irradiation, LIPSSs form with a 45° orientation (figure 2(g)). At
large N, nascent grooves are formed which alter their orientation towards the orientation of the LIPSSs that
form uniformly along the material surface, (figures 2(h) and (i)). Although channels form, HLIPSS does not
due to the changing orientation of the channels [12]. LIPSS created via p-polarized light lack uniformity in
our experiments, i.e. the formed LIPSS grating do not have a well-defined orientation across the direction
orthogonal to the LIPSS period. This is because the incident laser is at an angle, hence, p-polarized LIPSSs is
subject to more direct ablation and material transport which is dominant in the same direction as the LIPSS
period.

Figure 3 shows the singularity spectra f () as a function of singularity strength o for s, p, and 45° laser
polarization from N = 100-20 k. For all studied polarizations, the singularity spectra show a pulse number
dependent change in the spread of o, which denotes a pulse number dependent spread in the scaling present
in the ablated surface morphology. The shape of the multifractal spectrum sheds light on the homogeneity
and fractal nature of the analyzed surfaces. f () represents the strength of the contribution of each
singularity (o).

The width of the singularity spectra (Xmax — &min) indicates the variety of the scaling present in the
ablated samples. A system with a large spread in the singularity strength, , would be rougher or less
uniform, i.e. has a greater variation across the system, than a system with a narrow spread in o.. Here the
wider spread of the singularity spectrum statistically reveals the multifractal nature of the laser induced
surfaces. For monofractal images, the singularity spectrum shows no variation mostly a continuous line. As
opposed to subjective analysis of the images, multifractal analysis is an objective tool that highlighted the
polarization dependence of LIPSS and channel formation on Cu.

Figure 4 shows the difference between the maximum and the minimum values of « as a function of N,
i.e. A (N) for s, p and 45°-polarization. The singularity spectrum shows a pulse number dependent change
in the spread of o, which denotes a pulse number dependent spread in the scaling present in the ablated
surface morphology.

We observe three distinct dynamical regimes for each of the polarizations studied. In the first regime for
the s-polarization ablated surface (figure 4(a)) corresponds to the highest Ax, which occurs between 100
and 2.5 k laser pulses where the surface is largely covered by LIPSSs. This reveals that the surface complexity
is high as the multifractal spectrum shows wider spread. In the second regime, when laser pulses increase
from 2.5 to 8 k pulses, channels form which slightly reduces the multifractal scaling on the surface and
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Figure 3. Results of multifractal analyses for s-polarized, p-polarized, and 45° -polarized irradiation. Plots show the multifractal
singularity spectrum (f(c)) as a function of singularity strength (), for various number of laser pulses (N).

reflects the smoothened surface morphology compared to the previous regime. Beyond 8 k pulses, in the
third region, these channels grow longer and more uniform, and HLIPSS for higher N which consistently
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Figure 4. Difference of the singularity spectrum at various laser shot numbers for (a) s-polarized (b) p-polarized and (c)
45°-polarized laser irradiated Cu.

reduces the spread of scaling on the Cu surface. From these it can be conjectured that the laser induced
surface dynamics is controlled by the size of the channels. Larger channels decrease the value of A in the
third regime. Hence, we observe a dynamical transition from disordered to a more ordered state.

For p-polarized laser irradiation (figure 4(b)) A« changes incrementally from 100 to 20 k pulses which
highlights that no significant change to the surface’s morphology is occurring. However, the three distinct
regimes of interest remain clearly observed. In the first region, between 100 and 3 k pulses, LIPSS structures
cover more surface area with increasing N, making the surface more uniform and reducing the multifractal
scaling found on the surface. Between 3 and 8 k pulses, LIPSSs lack uniformity which increases the
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multifractal scaling. After 8 k pulses, material transport along the laser beam propagation forms bow wave
shaped sidewalls which begins to increase the randomness of the surface which increases A«x. Figure 4(c)
shows the A« for 45°-polarized laser irradiated Cu. Similar to the s-polarized irradiated Cu, between 100
and 1.5 k pulses, LIPSS formations yield a high A« where then, between 1.5 and 8 k pulses, channels begin to
form and reorient, which causes an initial decrease in A« followed by a sudden increase as the nascent
channels begin to reorient. After 8k pulses, with increasing pulse number, the formed channels achieve their
preferred direction and elongate. In this phase, as the direction of the channels changes, A« remains
relatively static while the eventual elongation of the channels reduces Aw. The reduction in A« for 45° is
much less than that computed for s-polarized irradiation. This difference in A after 20 k pulses is likely due
to the periodic nature of the HLIPSS formed only for s-polarized irradiation. Channel formations
consistently correlate with a decrease in Acx. A decreased A« indicates that the surface is more uniform, i.e.
having less spread in the multifractal scaling. Conversely, LIPSS structures are more repetitive than channel
formations, thus, exhibit a larger spread in the multifractal scaling and gives the evidence of multifractlity.
Higher multifractal behavior was shown to correlate with a greater surface roughness when studied in
relation to surfaces [22]. The performed Multifractal analyses elucidates not only the polarization dependent
nature of the structures studied, but also that LIPSSs impart a greater surface roughness than channels. A key
insight from the multifractal analyses is that LIPSS formed under s-polarized irradiation, for lower pulse
numbers (100-1 k), but a higher spread in multifractal scaling, than does 45° or p-polarized irradiation. This
indicates that high incident angle, low pulse number, irradiation from an s-polarized irradiation creates a
more uniformly rough surface, i.e. uniform LIPSS, than 45° or p-polarized irradiation. Such insights are not
apparent by simply observing images of the surface. This insight may assist future studies on the
laser-induced surface functionalization that require uniformly rough surfaces, e.g. for superhydrophobic
surfaces [23].

Multifractal analysis enabled us to objectively characterize the laser-dependent morphological properties
of HLIPSS. Although Fourier transform analysis of surface structures provides information on the periodicity
and dimensionality of the formed periodic surface structures [24], it is difficult to use Fourier transform
analysis to analyze randomly formed structures or hierarchical structures. The Multifractal analysis, however,
enabled us to assess the hierarchy, uniformity, and roughness of the formed structures and their dependence
on the pulse number, polarization and laser pulse properties [25-28]. Objective characterization of laser
ablated surfaces allows gaining a deeper understanding of the physics underlying their structural evolution.
Future works employing an integrated SEM or AFM microscopy setup with femtosecond laser ablation setup
can open the door for investigating the fractal and multifractal analysis of nanoscale structures as well as
allowing for quantitative analysis of the physical dimensions of the formed surfaces.
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