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ARTICLE INFO ABSTRACT

Keywords: We analyze in detail laser induced periodic surface structures (LIPSS) on steel and copper surfaces. The chosen
LIPSS metals exhibit extreme differences between their thermal conductivity values, which determines the rate of
Laser extinguishing of the laser-induced temperature modulation on the surface. Two wavelengths of femtosecond
Femtosecond laser radiation sources in IR and UV spectral range were used to inscribe low spatial frequency LIPSS. Regular
Es;s;;:t;mre LIPSS were successfully formed on steel samples for both wavelengths and it was observed that their regularity
Metals decreased with shorter wavelength used to induce the structures. For copper samples, LIPSS of considerably

lower regularity were formed and even absent for one of the used scanning method at UV wavelength.
Experimental results were analyzed in view of the numerical solution of the 2D heat diffusion equation for
induced temperature on the surface. It was found that the temperature modulation decreased considerably
faster (lasting tens of picoseconds) in copper, and (additionally) the decrease of the modulation is faster at

the higher modulation frequency.

1. Introduction

Femtosecond laser processing of solid-state materials often results
in the formation of laser-induced periodic surface structures (LIPSS).
These patterns (also known as ripples, firstly revealed by Birnbaum [1]
on semiconductor surface) become available on the surface of almost
any material [2] and were regarded just as a ‘side-effect’ for a long time.
However, studies of femtosecond LIPSS have received considerable
attention over the last two decades due to the progress in ultra-short
laser pulse generation and the plethora of technological applications
for surface functionalization to control their optical, mechanical and
chemical properties.

Owning to the exceptional large number of scientific papers on
the matter we refer here to recently published reviews [3-9], where
comprehensive state-of-the-art analysis is given. Nevertheless, it should
be emphasized that even though there has been a large amount of theo-
retical and experimental work aimed at understanding LIPSS formation
mechanisms and using this understanding to tailor surfaces for specific
applications, the explanation of the formation of these periodic micro-
and nano-structures is a more challenging task than the production of
them. Indeed, as a well established fact of LIPSS formation mechanism
the interference produced periodic distribution of laser energy during
the excitation of the material should be stressed. Both the interference
of the incoming and defect scattered light and the interference with
surface plasmon-polariton (SPP) waves are responsible for this periodic
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temperature modulation on the surface. The efficacy factor theory [10,
11], an electro-magnetic wave interference model to simulate the in-
homogeneous energy deposition produced by the laser impinging at a
rough surface, allows us to predict the formation of LIPSS depending on
surface roughness and optical properties of the processed materials. But
this and most of other existing models [12-18], as it was stressed by
Gurevich [19], discuss only the appearance of a periodic modulation of
the electron and ion temperatures and leaves unanswered the question:
how the inhomogeneous surface temperature distribution induces the
periodical structure on the surface.

Therefore, studies of the influence of specific material parameters on
processes occurring after the formation of temperature modulation on
the surface are extremely important. In recent papers [20] the context
of ripple formation during laser materials processing involving melting
of a surface by a laser beam was discussed hinting to the involvement
of hydrodynamic processes in their origin. It was shown, particularly,
that the ripple formation could be triggered by a periodical external
force, e.g. by appropriate repetition rate of an incident laser beam.

It is also worth noting the findings given in [21] on the physi-
cal mechanisms governing LIPSS regularity. Here the possibilities of
regular LIPSS formation were linked with the mean free path of the
excited surface electromagnetic waves (SEW) in the group of transition
metals. Owning to this parameter, high-regularity LIPSS (HR LIPSS)
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Fig. 1. Experimental setup for LIPSS formation.

were obtained on Ti, Mo and steel. Conversely, in the rest of studied
metals (Au, Cu and Al, possessing long mean free path values of the
SEW), HR LIPSS were not observed. It should be pointed out that latter
metals are characterized by exceptionally high thermal diffusivity,
contrary to the above mentioned titanium, molybdenum and steel.

In this work we aim to investigate HR LIPSS formation on surfaces
of steel and copper, possessing different (contrasting) heat conduc-
tion values. Specifically, we investigate LIPSS regularity dependencies
on scanning method, overlap of laser beams and fluence using laser
radiation in IR and UV spectral ranges.

2. Experimental setup and measurement methods

Laser induced periodic surface structure experiments were carried
out on thick steel and copper samples of various surface qualities using
femtosecond laser systems carrying IR and UV radiation at 1030 and
343 nm, respectively.

2.1. Radiation sources and experimental setup

The femtosecond (~ 300 fs) laser system (diode pumped femtosec-
ond laser with an integrated oscillator and amplifier) used in this
experiment was Pharos Yb:KGW laser (Light Conversion, Ltd. Lithua-
nia) operating at 1030 nm wavelength, with the output of up to 6 W of
the average power. Integrated pulse picker allowed pulse-on-demand
operation and a variable repetition rate from single shot pulses to
1 MHz. For forming laser induced periodic surface structures, the
repetition rate was fixed at 100 kHz, and the average output power was
fixed at 630 mW. An additional attenuator consisting of a half-wave
plate and a thin-film polarizer was used to vary the incident laser power
on the sample. The laser beam diameter at the lens was calculated
to be (7.5+ 0.8) mm using the scanning knife-edge method. Third
harmonic generation module was used to achieve UV laser radiation
at 343 nm with the maximum available average power of 200 mW. For
LIPSS formation experiments the average UV laser power not exceeding
50 mW was chosen.

This system also was equipped with a f-theta lens, installed in
the galvo-scanner assembly, which allows to focus the laser radiation
down to beam spots d;, = (7.5% 0.8) pm and d;z = (8.2+ 0.8) pm
for UV and IR radiation, respectively. Note that for the IR radiation
wavelength (4 = 1030 nm) focusing conditions satisfies one of the high
regularity LIPSS formation requirements d < 104 [21]. XY Z motion
stages were used for objective and beam positioning (see Fig. 1). For
the experiments stainless steel (304S) and copper (Cu-OFHC; 99.95%)
samples with the surface roughness Ra of (581+ 5) nm and (372+ 4)
nm respectively were chosen. The surface roughness Ra (the arithmetic
average of the absolute values of the roughness profile ordinates) was
measured using optical profilometer “Sensofar PLu 2300”. SEM images
of the untreated steel and copper samples are shown in Fig. 2.
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Fig. 2. SEM images of an untreated steel and copper samples.

2.2. LIPSS regularity assessments

According to [21] LIPSS regularity could be characterized by the
dispersion of LIPSS orientation angle (DLOA). If DLOA is less than 10
deg, the LIPSS is called highly regular (HR-LIPSS). A high-resolution
images of fabricated structure were taken using a scanning electron
microscope (SEM) as it is shown in Fig. 3. The image of the sur-
face structure then was digitally processed by applying 2D Fourier
transformation to extract the frequency and angle data. Distribution of
LIPSS orientation angle graph was generated from a SEM image using
freely available OrientationJ plugin [22] written for the ImageJ [23]
open-source software. From a graph depicting the structure orientation
distribution is then constructed in which a single peak can be seen if
the LIPSS was produced using linearly polarized laser radiation. The
peak width is evaluated at the half width at half maximum (HWHM),
which corresponds to the DLOA value, as it is shown in the sketch of
DLOA value evaluation (see Fig. 3). The regularity parameter R was
evaluated as reciprocal of the DLOA value. It should be mentioned
that such an evaluation method requires both surface imaging and
digital processing, which make this approach rather slow. Moreover,
the method does not take into consideration the depth of the ripples.
Nevertheless, the regularity assessment is rather accurate and the sur-
face structures can be further visually inspected. Further, to improve
analysis of the quality of the DLOA, the surface roughness was removed
from each LIPSS image. For this purpose, 2D-FFT was performed on
every image to acquire the spatial frequency domain representation on
which a mask was applied, followed by an inverse 2D-FFT to remove all
low-frequency components. An example of the LIPSS image corrected
by this procedure is shown in Fig. 4.

2.3. Experimental results of LIPSS formation on the metal surfaces

For each sample of copper and steel, at least two tables of arrays of
LIPSS formation results were built in our experiment, using mentioned
laser systems possessing wavelengths in IR and UV regions. Each array
consisted of a grid of laser-treated areas where each row had a constant
fluence while constant beam overlap was characteristic for columns.
All LIPSS have been formed using a constant polarization direction
perpendicular to the scanning direction. After forming some trial LIPSS
arrays on different samples it was noticed that higher quality LIPSS tend
to form on samples with a polished surface, therefore, copper and steel
samples were polished to increase the surface smoothness (RMS values
were 482 nm and 755 nm for copper and steel, respectively). For the
LIPSS formation on areas of metals two scanning methods were used:
(a) forming parallel lines from densely packed laser beams (scanning
direction overlap from 98.2-99.9%) and line overlap between lines
from 73 to 80% overlap); (b) keeping constant distance between beams
in the scanning direction and between each scanned line with constant
(from 30 to 80%) overlap, as illustrated in Fig. 5. Different scanning
methods were chosen in order to analyze their influence on the formed
LIPSS regularity.
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Fig. 3. Sketch of evaluation steps of the regularity parameter R from SEM image of LIPSS.

Fig. 4. An example of a LIPSS SEM image before and after surface roughness removal using 2D-FFT (shown on the left for each image) masking. White arrow indicates the

polarization of laser light.

Ay

Fig. 5. Illustrations for scanning methods used in experiments: (a) - dense lines scanning; (b) - scanning using constant beam overlap.

2.3.1. LIPSS formation with dense lines scanning method

Here we present results of LIPSS arrays experimentally formed using
dense lines scanning method on the steel and copper samples, irradiated
by IR and UV laser pulses. The chosen polarization was perpendicular
to the scanning direction and controlled using a half-wave plate. The
fluences used in this system were varied between 0.11 J/cm? and 0.21
J/cm? for steel and between 0.45 J/cm? and 0.61 J/cm? for copper,
while the scanning speed was varied between 0.5 mm/s to 3 mm/s
for both materials. SEM images of the LIPSS areas were taken and
from those images the LIPSS regularity parameter R was evaluated. The
LIPSS images of the highest regularity on each of the metals are shown
in Fig. 6 (top) .

LIPSS were successfully formed in the most of the arrays cells on
the steel samples using IR laser pulses. A trend of increasing LIPSS
regularity with increasing both scan speed and fluence was observed
from the values. The highest LIPSS regularities were achieved on a
polished steel sample at 3.0 mm/s scan speed in a wide range (from
0.13 to 0.19 J/cm?) of fluences. For copper the regularity in this case
was lower and it was achieved at lower scan speeds and higher fluence.
The same trend (increased LIPSS regularity with increasing both the
scan speed and the fluence) as for steel samples should be noticed.
Images of these surface structures as well as the combined colormap
of R values can be seen in Fig. 6 (bottom row).

LIPSS formation results using UV radiation differ from the described
above. Considerably increased fluences for regular LIPSS formation on
the steel and copper samples are required for UV radiation, compared to

IR. The highest LIPSS regularity in this case (R = 0.12) was achieved
both on steel and copper samples at 3.0 mm/s scan speed, using 0.7
J/cm? and 2.4 J/cm? fluences, respectively. Images of formed surface
structures as well as color-maps of R values for this case are shown in
Fig. 7.

2.3.2. LIPSS formation with constant beam overlap

As for the LIPSS formation method keeping the constant distance
in both scan directions, the significantly lower beam overlap and as
a result, the higher radiation fluence required to form a regular LIPSS
should be emphasized. As it is seen from Fig. 8 in this scanning configu-
ration the best regularity (overall in our experiments) result (R = 0.25)
was obtained in steel using IR laser at fluence as high as 3.0J/cm? and
beam overlap of 70%. To form highly regular LIPSS in copper using the
same scanning configuration was rather challenging task and the result
was considerable worse (R = 0.075), obtained for the same fluence and
slightly higher overlap (80%). Finally, using UV laser irradiation we do
not succeed to form any LIPSS in copper, and rather pure regularity was
achieved for steel samples at extremely high 30 J/cm? fluence and the
highest 80% overlap, used in our experiments (see Fig. 9). The periods
of the formed LIPSS by using IR laser irradiation were a bit smaller than
used laser wavelength and equal to 0.85 pm and 0.95 pm for steel and
copper respectively. LIPSS formed using UV laser irradiation had the
periodicity of 0.18 pm and 0.22 pum for steel and copper respectively.

In summarizing the experimental results, two things should be high-
lighted. First, in both scanning configurations, higher values of LIPS
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Fig. 6. LIPSS images (top row) and colormaps of R values (bottom row) for steel and copper obtained using IR laser radiation. White arrows indicate the polarization of laser
light. (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. 7. LIPSS images (top) and color-maps of R values with combined color-bar (bottom) for steel and copper obtained using UV laser radiation. White arrows indicate the
polarization of laser light. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

regularity R were observed for steel. Secondly, reducing the focusing for copper. On the other hand, in the mentioned above paper [21],
beam spot area using UV radiation failed to improve the value of the owning to the shorter mean free path of SEW excited by blue or near-UV
LIPSS regularity R for steel and LIPSS was not observed in this region laser light, was predicted dramatically improved the possibility of the
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Fig. 8. LIPSS images inscribed on steel and copper surfaces by constant overlap of IR laser beams (top). Colormaps of LIPSS regularity values R are shown in the bottom for steel
and copper samples, respectively. White arrows indicate the polarization of laser light. (For interpretation of the references to color in this figure legend, the reader is referred to
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Fig. 9. Highest regularity LIPSS image inscribed on steel surface using UV laser pulses and constant overlap scanning method (left). Colormap of the regularity values for this
case (right). White arrow indicates the polarization of laser light. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

regular LIPSS for many metals, including copper. However, it should be
stressed that this statement is true at a fixed temperature modulation
rate.

3. Discussions

An ultrafast photoexcited metal on the time scale of several picosec-
onds evolves towards an electronic thermalized system, heating initially
cold lattice. As it was mentioned in the introduction, it is well estab-
lished that material, namely the electron system, is excited periodically
due to the interference of the incoming and SEW waves. This excitation
results in the spatial temperature modulation of the surface and due

to the electron—phonon interaction energy is transferred to the lattice,
giving rise to a number of complex physical processes (e.g. melting,
evaporation, and resolidification) to develop in the overheated lattice.

During surface resolidification, depending on the excitation con-
ditions, the instantaneous temperature-induced morphology can be
preserved in the form of LIPSS. Note that compared to lattice heating
the reorganization of matter takes place on a significantly longer,
typically tens of picoseconds (and even longer) time scale [24]. The
general trends of the initial stages of the lattice heating dynamics were
carefully analyzed using a two-temperature model (TTM) [25] in many
papers, where the significant impact of electron-phonon coupling was
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stressed. To be mentioned here is the numerical study of periodic sur-
face structure formation on noble metals (Cu, Al, and Au) [26], where
a greater electron-lattice coupling coefficient was found beneficial for
more pronounced LIPSS structure formation in metals possessing sim-
ilar thermal and transport parameters. The spatiotemporal evolution
of modulation of laser energy coupling with two different materials,
a metal (Ti) and a semiconductor (Si) was investigated in paper [27].
The simulation results show that even for moderate laser fluence (when
the minimum of induced temperature appears close to the melting
point) modulation of the lattice temperature is not smoothened be-
fore thermalization between the electron and lattice subsystems. The
thermal modulation can exist at about 10 ps after the pulse action
for titanium and more than 50 ps for silicon. Regarding the formation
of LIPSS on steel and copper surfaces, two more works [28,29] are
noteworthy. However, theoretical investigations here are conducted
under the assumption of strong excitation conditions, sufficient to
induce mass removal (ablation), melting, and evaporation of a portion
of the material.

As temperature modulation plays a crucial role in the formation of
LIPSS, it makes sense to evaluate the influence of heat diffusion on
changes in the depth of spatial temperature modulation in steel and
copper, since the rate of heat diffusion in these metals differs dozens of
times.

3.1. Numerical analysis of the ultrashort pulse induced temperature modu-
lation dynamics on the overheated surface

In this subsection we provide results of numerical analysis of the
temperature modulation changes, dominated due to heat diffusion in
the steel and copper samples, using Python package py — pde [30].
Our analysis is focused on the time scale starting with the end of
the laser pulse and lattice heating, so that both source and electron—
phonon interaction terms vanishes in two-temperature equations [25].
In fact, we start with the third step in recently proposed [31,32] three-
step LIPSS formation description, which constitute of: (I) modulation
of the electron temperature, (II) imprinting periodic modulation on
the lattice, and (III) temperature modulation induced relocation of the
material. Specifically, we consider time dependency of the temperature
distribution T'(x, z,7) in the steel and copper samples by solving 2D
diffusion equation of the following form:

0T (x, z,t)
ot
We assume that upon femtosecond laser irradiation both metals expe-
rience modulated spatial melting on their surface, and near melting-
threshold fluences will be applied. According to evaluation made
in [17,18,27] lattice temperature modulation depth T, , approaches
1000 ° C in metals. Therefore, it is reasonable to write the initial

condition for temperature distribution in the following form:

= DV3T(x,z1). €]

k
T(x,y9,0)=Ty+ T, |1 +exp(-az) cos? <7’1x>] . 2

Here T,) = 300 K is taken for the sample at room temperature and 7,,;, =
800 K, noting that for used 7, and T,,,, values the sample becomes
overheated initially to 1900K at oscillation maxima and exceeds that
melting temperatures, which are 1510K and 1084K for stainless steel and
copper, respectively. Wavenumber k, = 2z /4 specifies the modulation
frequency created due to interference of laser radiation and SEW for the
wavelengths of the IR and UV lasers and absorption constant a = 10/
um~! was taken as an approximation value for the ballistic electron
movement distance in metals. Note that we have reduced the 3D
problem into 2D by taking into account that the laser spot size was
much larger compared to the period of temperature modulation.

Eq. (1) was solved numerically considering periodic boundary con-
ditions along surface coordinate x, as well as the Neumann boundary
condition along the beam propagation coordinate z, taking zero deriva-
tives for temperature function on the end face of the sample. Heat flux
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through the front face (heat convection on the metal-air interface) was
disregarded and diffusion constant D was set to 111 and 3 (nm? ps~1)
for steel and copper, respectively.

Results of the modeling for IR and UV laser initiated temperature
modulation in the material under investigation taking dimensions of
the samples as large as 5 pm x 0.5 pm are shown in Figs. 10 and 11. As it
is seen from modeling results at 50ps after excitation steel samples still
preserve deep temperature modulation. Even if the melting point was
exceeded initially for both (1030 nm and 343 nm) laser wavelengths,
the copper samples’ situation differs to a very great degree. Here,
considerably less modulation can be seen preserved for the excitation
at 1030 nm, but for the excitation using UV laser at 343 nm wavelength
temperature modulation in copper becomes vanishing after 50ps.

3.2. The influence of heat diffusion on the LIPSS formation possibility

Let us note that the model used above is simplified in that it did
not include any of the processes that occur after instantaneous raising
temperature above the melting point, such as melting, vaporization
(ablation), and resolidification. Even more, we understand the ongoing
processes start in the absence of thermodynamic equilibrium when
the state cannot be characterized by the temperature. Nevertheless,
provided above comparative LIPSS formation study on copper and
steel surfaces allows one to assume that metals possessing lower heat
diffusion rates are advantageous for formation of LIPSS with higher
regularity. Indeed, looking at the above-presented experimental results
and taking into account the modeling of thermal diffusion in steel
and copper, the following things could be noticed. Firstly, the higher
diffusion rate requires considerably higher field fluence to form a high
regularity LIPSS for the same scanning conditions. And considerably
better results (higher regularity of LIPSS) are obtained in the steel,
characterized by a lower rate of heat diffusion. Secondly, thermal diffu-
sion has a more significant influence on the formation of regular LIPSS
in the region of shorter wavelengths, since its transverse component
(along the lateral coordinate x) has a greater influence in suppressing
the temperature modulation depth for higher spatial frequencies.

Need to emphasize that this observation in the case of forming
structures using the dense scanning method (see Figs. 6 and 7) is not
of great significance and could be explained by the better feedback
and accumulation effects from the previous sequence of shots in this
scanning configuration. On the other hand, it can be seen from the
results obtained using constant overlap scanning (see Fig. 8) that the
structures formed in the IR region are of significantly lower quality in
copper than those in steel. And what is more, using the UV radiation
and the constant overlap scanning method we did not succeed in
forming HR LIPSS for UV wavelength at all.

4. Conclusions

In this study we investigated low spatial frequency LIPSS induced on
copper and steel by femtosecond laser beams in UV and IR wavelength
ranges. Due to the shorter free path of the excited SEW, LIPSS formation
using shorter laser wavelengths hints at higher regularity for some
metals (like copper, gold, silver, aluminum, etc.) [21]. Nevertheless,
there are more conditions that need to be tuned in order for HR LIPSS to
be obtained. One of such parameter is heat conductivity, which allows
forming LIPSS of higher regularity in steel as compared to copper,
characterized by considerably greater heat conductivity. The scanning
method also greatly affects LIPSS formation, hinting that there might
be some accumulative effects that allow LIPSS to form on metals like
copper. Higher LIPSS regularity was observed at fluences near the LIPSS
formation threshold for IR wavelengths.
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Fig. 10. Images of temperature profiles at 50 ps after the IR radiation (1 = 1030 nm) induced modulated thermal load for steel and copper (top rows), and slices of temperature
modulation along the x and z coordinates (bottom row). (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. 11. Images of temperature profiles at 50ps after the initially UV laser (A = 343 nm) induced modulated thermal load (top rows), and slices of temperature modulation along
the x and z coordinates (bottom row). (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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