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In this work, copper surfaces were textured with sub-Terahertz bursts of femtosecond pulses. The wettability of
Cu textured surfaces was investigated by measuring the static water contact angle (WCA) as a function of the
number of sub-pulses and the intra-burst frequency. A superhydrophobic, antiadhesive response was observed
when using bursts with a high number of sub-pulses (equal to or higher than 16) or a high intra-burst frequency
(equal to or higher than 0.09 THz). Such trend was ascribed to the generation, under specific laser irradiation
conditions, of a double-scale hierarchical texture on the sample surface, formed by sub-micro patterns with fine

periodic ripples (LIPSS, Laser-Induced Periodic Surface Structures) and random nanoparticle decoration. Such
texture enhances the hydrophobic behavior given by inherent adsorption of adventitious hydrocarbons on laser-
processed and thermally-treated metal targets.

1. Introduction

Leveraging laser surface functionalization to control single-step
generation of bionic superhydrophobicity is expected to foster innova-
tion towards practical applications in various fields, including medicine,
sensing, mechanics, biotechnology [1-4].

Ultrafast laser structuring in the micro- and nanometer range is by far
the most sustainable fabrication method for producing surfaces with
morphology-sensitive wettability on common metals [5-10], as neither
specific chemicals nor waste are involved. It has been shown that pure
metallic surfaces exhibit tailored superhydrophobic and adhesion
properties when directly irradiated with nano- and femtosecond laser
pulses, and that optimal surface functionalization relies upon both the
topographic modification and the alteration of surface energy during/
after laser patterning.

Periodic 1D/2D sub-wavelength Laser-Induced Periodic Surface
Structures (LIPSS), self-generated on metals by trains and/or bursts of
GHz and THz ultrashort laser pulses [11-16], are known to provide
naive wetting response and special adhesion to the surface without any
additional treatment. Moreover, if superimposed to the riblet structures
in a multiscale morphology fashion, they can effectively induce
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superhydrophobic nature characterized by very low values of both
rolling-off angle and contact angle hysteresis [17].

The wetting response of rough solid targets is generally described
through Wenzel or Cassie-Baxter model [18] depending on whether
their surface protrusions are filled by the liquid or if they rather form
pockets where air can be trapped and sustain the liquid drops. However,
the final wettability of complex structured surfaces is often far from
being easy to predict. Nevertheless, thanks to its versatility, laser surface
structuring has the potential to unveil the correlations between surface
morphology and wettability, owing to its capability to generate a wide
range of surface structures on different size scale [3,11-15,19,20]. In
particular, while it is known that, right after the laser treatment,
textured samples are generally superhydrophilic, the wetting response
shifts to a stable hydrophobic or superhydrophobic character, depend-
ing on the surface morphologies induced by the laser irradiation con-
ditions [11].

In [3], direct laser writing was exploited to generate square, circular
and triangular patterns on aluminum alloy AA2024, showing that for
superhydrophobicity to be reached, it was generally necessary to in-
crease the textured area from ca 20% up to 60% (triangular and circular
lattice) or 80% (square lattice), which resulted in a detectable increase
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of the processing time.

In [21], 316L steel samples were textured with four different pat-
terns, i.e., nano-rippled, parabolic-pillared, elongated sinusoidal-
pillared and triple roughness nano-structures. Irrespective of the
pattern, the enhancement of the hydrophobic behavior was linked to the
increase of the accumulated fluence, due to a modulation of the struc-
tures depth and periodicity. A similar trend was also found in [17] on Ti-
6Al-4 V, where the authors also showed that hierarchical structures with
an even more pronounced hydrophobic character could be obtained by a
double step process consisting of generating LIPSS overlapped to
directly laser written microstructures.

Among metals, copper is the most widely used for electronics and
industrial devices and known to be highly reactive in air atmosphere.
Therefore, is is easily affected by environmental conditions (i.e. hu-
midity) leading to oxidation, fouling, and ice accretion. In agreement
with what was previously reported on other metals, laser texturing of
copper targets can result in changes of the wetting response ascribed to
surface roughness [22,23] induced by nanosecond laser pulses/treat-
ment(even though durable superhydrophobicity was subordinated to
organic-compound-assisted annealing at low temperature [24,25].) The
wetting response of copper surface was also correlated to the multi-scale
hierarchical morphology demonstrated by femtosecond laser texturing
in air, attributing the progressive increase of the superhydrophobic
character to the laser pulse fluence and to the consequent combined
effect of ripples and nanoparticles/nanobumps upon the textured sur-
face [8,26].

From the previous discussion, it is clear that multi-step processing,
higher fluence and/or longer processing times are required to obtain
superhydrophobicity and antiadhesiveness response. In this work, we
propose an alternative strategy, based on using burst mode (BM) pro-
cessing. While many works exploited bursts of THz ultrashort laser
pulses for studying the laser-matter interaction processes [27-30] and
surface structuring of metal targets [11], to the best of the authors’
knowledge, this is the first time that a systematic study has been carried
out to elucidate the effect of burst features on the wetting response of the
laser-treated materials in burst mode (BM), as well as to identify novel
strategies to finely tune the wettability from hydrophobicity to
superhydrophobicity.

Here, we report on an experimental investigation of the tailorability
and origin of copper wettability, by generating LIPSS with bursts of 200-
fs-pulses in the sub-THz intra-burst frequency regime, with no further
increase of the laser fluence nor use of chemical compounds to attribute
special wetting properties to the structured samples. The burst features
were varied to highlight the influence of the number of pulses (from 2 to
32) and the intra-burst frequency (from 0.02 THz up to 0.67 THz) on
surface morphology and chemistry. SEM and XPS analysis allowed
identifying the main factors that are responsible for the final wettability
of the processed samples.

2. Experimental set-up

2.1. Laser induced periodic surface structures (LIPSS) generation with
bursts

LIPSS were generated on copper targets by means of a Pharos 1.5-SP
laser from Light Conversion, emitting 200-fs (FWHM) horizontally
polarized pulses at 1030 nm of central wavelength. A burst generator
consisting of five birefringent (calcite) crystals was used to produce a
burst from each pulse exiting the laser source [28,31,32]. Depending on
the mutual orientation of the pulses and the optical axes of the calcite
crystals, it was possible to split the incoming laser pulse into n sub-pulses
(n from 2 to 32) having equal fractioned energy. The intra-burst fre-
quency also depends both on the crystal orientation and thickness, and it
was set to 0.67 THz, 0.34 THz, 0.22 THz, 0.17 THz, 0.09 THz, 0.03 THz
and 0.02 THz. The crossed polarized sub-pulses emerging form the burst
generator [16] were converted into vertical polarized with a polarizer
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oriented at + 45° to the emerging polarizations of the sub-pulses and
place right after the calcite crystals cascade. Therefore, in order to have
the polarization of all the sub-pulses aligned, half of the available power
was cut by the polarizer. The fluence of the whole bursts was set at 0.52
J/cm? by placing a half waveplate followed by a polarizer right before
the burst generator.

Laser surface structuring was carried out in ambient air by scanning,
on the copper targets, horizontal lines separated by a hatch h of 1 pm,
using a galvo-scanner (SCANLAB’s IntelliSCAN 14) equipped with a 56-
mm focal length F-Theta telecentric lens. The laser beam diameter
d focused on the sample surface was 24 pm =+ 1 pm (1/e? peak intensity),
as measured with a CCD camera (FireWire BeamPro Model 2523 by
Photon Inc.). The laser repetition rate was set at 200 kHz to ensure high
processing speed (0.9 m/s) over the 10 x 5 mm? scanned area.

Once the processing parameters and the total fluence were set, sur-
face structuring experiments were performed with different burst con-
figurations, in order to highlight the influence of the laser energy
distribution within the bursts and to study how it affected the suface
morphology and chemistry. In fact, varying the burst configuration does
not change the total energy load impinging on the targets, but rather the
way how such laser energy is delivered/provided to the samples. This
aspect is clearly shown in Table 1, where the burst configurations used
for the structuring experiments are summarized.

After the laser surface treatment, the processed samples were kept at
120 °C for 3 h. The low temperature annealing was performed to
accelerate the transition from hydrophilicity to hydrophobicity [33] and
to settle the wetting response [11]. In fact, an aging period (whose
duration depends on the material) is usually necessary to stabilize the
wettability of a laser treated surface. During the aging period in ambient
air, the surface chemistry changes and usually enriches with hydrocar-
bons and oxides. In order to speed up this process, we carried out the
thermal treatment, as suggested also in [2]. This procedure allowed
exploiting the samples almost immediately after the laser treatment,
with no need to wait for the aging period (tens of days) to stabilize their
wettability [34].

2.2. Surface characterization

The morphology of the laser structured samples was investigated
using a Yigma scanning electron microscope (SEM) from Zeiss. The SEM
images were analyzed by means of a free source software (Gwyddion)
for performing the Fast Fourier Transform and retrieving the LIPSS
period.

Surface chemistry was investigated by X-ray photoelectron spec-
troscopy (XPS) using a PHI 5000 Versa Probe II Scanning XPS

Table 1

Burst configurations exploited in the structuring experiments. The configura-
tions used for the analysis of the surface morphology discussed in section 3.1 and
3.2 are explicitly pointed out in bold and sketched in Fig. 1. Here, n is the
number of sub-pulses in the bursts, fi, is the intra-burst frequency and the burst
duration is defined as the total time duration of a burst, given by (n-1)*1/fy.

Burst Burst Duration Total Sub-pulse fluence Fsp (J/
Configuration (ps) Fluence cm?)
- . Fp, (J/cm?)
n fb

(THz)
2 0.67 1.5 0.52 0.26

0.34 3

0.22 4.5

0.17 6

0.09 10.5

0.03 36

0.02 46.5
4 0.67 4.5 0.52 0.13

10.5 0.065

16 22.5 0.0325
32 46.5 0.01625
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Microprobe spectrometer (ULVAC-PHI Inc., Kanagawa, Japan). Mea-
surements were carried out with a monochromatised Al Ko source
(source energy = 1486.6 eV, spot size = 100 pm) at a power of 24.8 W.
Overall and high-resolution spectra were acquired in fixed analyzer
transmission (FAT) mode with a pass energy of 117.40 eV and 23.50 eV,
respectively, at a take-off angle of 45° with respect to the sample normal.
Dual-beam charge neutralization was used during the analysis for
charge compensation. The binding energy (BE) scale was corrected
taking the hydrocarbon component of the C 1 s spectrum at 284.8 + 0.1
eV as reference. Data processing was performed by using the MultiPak
software v. 9.5.0.8 (ULVAC-PHI Inc.).

The influence of the different burst configurations on the surface
properties was evaluated by characterizing the surface wetting response,
measuring the static water contact angle (WCA) on the laser-structured
samples (after the thermal treatment). For this purpose, a digital goni-
ometer was used, which consisted of a Dino-lite portable microscope
combined with a lamp for back-lighting of the drop (5 pl bidistilled
water). The unprocessed, thermally-treated sample was also character-
ized for comparison.
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Fig. 1. Sketch of the main three burst configurations exploited in the pre-
sent work.
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3. Results and discussion
3.1. LIPSS morphology with different burst configurations

In Fig. 2, the different morphologies obtained by using bursts with
three different features (n = 2 and fy, = 0.67 THz, n = 32 and f;, = 0.67
THz, and n = 2 and f;, = 0.02 THz) but equal total fluence (0.52 J/cm?)
are shown. As mentioned in section 2.1, the processing parameters, i.e.,
scan speed, hatch distance, and repetition rate, were set to be the same
for all the structuring experiments. Therefore, using different bursts
configurations resulted in a different distribution of the total laser pulse
energy among the sub-pulses of the bursts but the total energy delivered
per unit surface does not change.

As expected, being the polarization of all the sub-pulses within the
bursts vertical, the obtained morphologies consist of horizontal Low
Spatial Frequency LIPSS (LSFL). Performing the Fast Fourier Transform
(FFT) of the SEM images revealed that they were characterized by a
slightly different spatial period. In fact, using bursts of two sub-pulses at
0.67 THz, LSFLs with a period of 891 + 3 nm were generated, while,
increasing the duration of the whole bursts, i.e.,n = 32 @ 0.67 THz or n
=2 @ 0.02 THz, the spatial period settled on 912 + 4 nm and 928 + 10
nm, respectively, in good agreement with the results that had been
previously reported on steel [16]. In one of our previous work [16], we
observed a similar increasing trend of the period of the LIPSS as a
function of the time delay and the number of pulses within the burst and
a concomitant reduction of the LSFL depth. This depth reduction could
explain, in agreement with [35], the concurrent increase of the LIPSS
period. In fact, reducing the LIPSS depth could influence the coupling of
the laser radiation with the surface plasmon polariton, leading to a shift
in the LSFL period. However, we believe that for the physical mechanism
behind this effect to be unveiled, some further investigations are needed.

Besides the different spatial periodicity of the LSFL, the zoomed
images presented in Fig. 2 allow highlighting other significant pecu-
liarities which arise with different burst features. In fact, while all of the
three surfaces shown in Fig. 2 displayed some nanoparticles and/or
nanoformations decorating the LIPSS, their presence was much more
significant for structures generated by bursts with a duration of 46.5 ps.
The formation of such nanoparticles is commonly ascribed to the
interplay between thermal effects and redeposition of laser ablated
particles [36]. In the present case, since the lattice thermalization after
the absorption of the laser energy occurs after several picoseconds (the
electron—-phonon coupling 7, in copper is 1-4 ps [37]), it is possible to
assume that no initiation of the lattice decomposition occurs during 1.5
ps-long bursts (2-sub-pulses at 0.67 THz). Conversely, in case of longer
bursts (n = 32 @ 0.67 THz or n = 2 @ 0.02 THz) the lattice expansion
already occurs within the burst itself [11,38,39], causing the substrate to
melt and making the formation of nanoparticles/nanocluster more
likely.

In Fig. 3, the SEM images of an 8 x 11 um2 area further highlight this
behavior, also through the analysis of the Fast Fourier Transform (FFT).
In the figure, it is clearly visible that bursts of two sub-pulses at an intra-
burst frequency of 0.67 THz generated LIPSS with sparse nanoparticles/
clusters decoration. The FFT of the corresponding SEM image shown in
Fig. 3 a) presents two peaks in quite a dark background, which indicates
that the regular and periodic structures prevail on other superimposed
formations. Conversely, the FFT of the morphologies obtained with
bursts configurations of 32 sub-pulses @ 0.67 THz and 2 sub-pulses @ 20
THz displayed a brigh cloud around the two peaks indicating the spatial
frequencies of the LSFL. This confirms the presence of finer irregular
nanoformations superimposed to the LSFL, with neither a clear period-
icity nor a specific orientation. Such additional structures provided a
double-scale (hierarchical) morphology to the surface topography. A
further analysis of these three SEM images allowed evaluating the per-
centage of the surface covered by such finer nanoformations in the three
main burst configurations. In particular, we found that for the surface in
Fig. 3 a),i.e.,n =2 @ 0.67 THz, the surface coverage was approximately
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n=2 f,= 20 GHz;
burst duration= 46.5 ps []

Fig. 2. Exemplary LIPSS morphologies obtained with bursts of a) 2 sub-pulses at an intra-burst frequency of 0.67 THz, b) 32 sub-pulses at an intra-burst frequency of

0.67 THz, and c) 2 sub-pulses at an intra-burst frequency of 0.02 THz.

Fig. 3. SEM and corresponding FFT images of the morphologies obtained with bursts of a) 2 sub-pulses @ 0.67 THz, b) 32 sub-pulses @ 0.67 THz, and 2 sub-pulses @

0.02 THz.

equal to 10%, while it was around 24% and 23% for the other two burst
configurations, i.e, n = 32 @ 0.67 THz and n = 2 @ 0.02 THz,
respectively.

From the previous morphological analysis it is clear that the burst
duration strongly affects the final topography of the structured samples,
especially when it is much longer than the electron-phonon coupling
time 7¢ (e.g., for bursts with a duration of 46.5 ps, ten times longer than
Te)). Nonetheless, also the sub-pulse fluence has a role. In fact, Fig. 4,
where the surface morphologies obtained with bursts of 8 sub-pulses @
0.67 THz (see Fig. 4 a)) and 2 @ 0.09 THz (see Fig. 4 b)) are shown,
highlights how the nanoparticles/clusters generation was more inhibi-
ted when the sub-pulses in the burst are less energetic, though such
bursts have the same time duration (10.5 ps) and total fluence. A more
fractioned sub-pulse fluence (when n = 8@0.67 THz), i.e., four times

less than for 2-sub-pulses@0.09 THz, reduces the melting within the
duration of the burst (longer but still comparable with the t¢)). There-
fore, the consequent formation of nanoparticles was mitigated by the
much smaller temperature increase due to each sub-pulse of the burst.
Later on, (Fig. 7 a) and b), section 3.3) it will be shown that this also
resulted in a different wetting response.

3.2. Surface chemistry of copper targets structured with different laser
burst configurations

The surface chemical composition of the laser-processed copper
targets was investigated by XPS and compared with that of an unpro-
cessed sample. The overall XPS spectra in Fig. 5 confirm the presence of
carbon, oxygen and copper on both a thermally-treated unprocessed Cu
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Fig. 4. SEM image of LSFL generated with bursts of a) 8 sub-pulses @ 0.67 THz and b) 2 sub-pulses @ 0.09 THz.
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Fig. 5. Overall XPS spectra of a) a thermal-treated unprocessed Cu sample and
b) a representative thermal-treated laser-processed Cu target (burst configura-
tion with 2 sub-pulses at an intra-burst frequency of 0.67 THz).

sample and a representative thermally-treated laser-processed target (n
= 2 and fy, = 0.67 THz). Table 2 reports the surface atomic concentra-
tions of an unprocessed and three different laser-structured targets (after
thermal treatment) determined from the high-resolution XPS spectra of
C1s,01s,and Cu 2ps/; core levels. All samples present similar surface
composition. In particular, Table 2 shows that the thermally-treated
unprocessed sample is characterized by XPS atomic concentrations of
C, O and Cu of 47%, 28% and 25%, respectively. In addition, results for
the laser-processed targets evidence that the use of three different burst-

Table 2

XPS surface composition of a thermally-treated unprocessed Cu sample and
three different thermally-treated laser-processed Cu targets obtained with bursts
of 2 sub-pulses @ 0.67 THz, 32 sub-pulses @ 0.67 THz, 2 sub-pulses @ 0.02 THz.

Sample C (at %) O (at %) Cu (at %)
Unprocessed 47 +£3 28 +2 25+ 2
Processed — n = 2, fi, = 0.67 THz 43 +2 30+ 2 27 +2
Processed — n = 2, f, = 0.02 THz 41 +£2 33+2 26 +2
Processed — n = 32, f, = 0.67 THz 43 +2 31+2 26 +2

configurations (n = 2 at f, = 0.67 THz, n = 32 at f, = 0.67 THz, and n =2
at f, = 0.02 THz) only induces a very slight decrease of the C atomic
percentage (41-43%) and a concomitant increase of the O (30-33%) and
Cu (26-27%) concentrations.

Fig. 6 reports the high-resolution XPS spectra of the C1s, 0 1s, Cu
2p3/2 core levels and of the Cu LgM4 5My 5 (hereafter, referred to as Cu
LMM) Auger transition of three different laser-structured targets and the
unprocessed one after thermal treatment. The high-resolution C 1 s
spectra of all samples are very similar and present the typical lineshape
reported for adventitious carbon surface contamination [11,40]. They
can be curve-fitted with the dominant hydrocarbon component (C — C,
C — H; 284.8 + 0.1 eV; ~85%) and two weak peaks due to C-O (286.3 +
0.2 eV) and COO (288.7 + 0.3 eV) groups (as a whole, ~15%). It is
worth mentioning that the formation of an adventitious hydrocarbon-
rich layer naturally occurs on freshly laser-irradiated metal surfaces
upon long-term sample exposure to ambient atmosphere, and can be
accelerated by low-temperature annealing as reported in prior studies
and in this work [11,41].

The careful examination of the Cu 2p3,2 and Cu LMM spectra in Fig. 6
provides indications on the chemical state of copper on the samples’
surface. First of all, the main peak of the Cu 2p3,, spectra of all analysed
samples can be curve-fitted with three components. In particular, the
component at 932.3 & 0.2 could be due to both Cu(0) and Cu(I) oxide
(Cuy0), while the two peaks centered at 933.6 + 0.2 eV and 935.0 + 0.2
eV can be assigned to Cu(Il) species, such as Cu(Il) oxide (CuO) and Cu
(ID) hydroxide Cu(OH), (Fig. 5) [42-44]. The well-detectable shake-up
peaks (938-947 eV) confirm the presence of Cu(Il) species [42-44]. For
all samples, the position of the Cu LMM Auger signal (binding energy,
BE = 569.7 + 0.2 eV; kinetic energy, KE = 916.9 + 0.2 eV) and the
modified Auger parameter (1849.2 + 0.2 eV, determined as the sum of
the Cu 2p3/» signal BE and the Cu LMM signal KE) suggest that Cu(0) is
not present in appreciable amount on the targets’ surface and allow
assigning the Cu 2ps,2 component at 932.3 + 0.2 eV predominantly to
Cu0 [42-44]. It can be therefore concluded that copper is mainly
present on the surface of the thermally-treated unprocessed and pro-
cessed targets as CupO, CuO and Cu(OH),. As for the laser-processed
samples, Fig. 6 shows that the relative contribution of the components
due to Cu(Il) species in the Cu 2p3,» signal tends to increase either with
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a) Unprocessed sample
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Fig. 6. High-resolution XPSC 1s, O 1 s, Cu 2p3/2 and Cu LMM spectra of a) a thermal-treated unprocessed Cu sample and three thermal-treated laser-processed
targets obtained with bursts of b) 2 sub-pulses @ 0.67 THz, c¢) 32 sub-pulses @ 0.67 THz, d) 2 sub-pulses @ 0.02 THz.

increasing the number of sub-pulses (Fig. 5c) or with decreasing the
intra-burst frequency (Fig. 6d). In particular, curve-fitting results of the
Cu 2p3, signal indicate that the XPS Cu(Il)/Cu(l) ratio is ca. 45/55 for
both the unprocessed and the 2sub-pulses@0.67THz processed samples,
and increases to about 55/45 and 66/34 when bursts of 32 sub-
pulses@0.67 THz and 2 sub-pulses@0.02 THz are used, respectively.
This could be due to the increased presence of nanoparticles/nano-
formations superimposed to LIPSS (Fig. 1), being richer in more oxidized
Cu species, as also found in [45]. Moreover, longer bursts, i.e., bursts of
32 sub-pulses@0.67 THz and 2 sub-pulses@0.02 THz, also caused a

detectable rise in the O 1 s spectrum, mainly consisting of an increase of
the relative contribution of the component at 531.5 + 0.2 eV (OH in Cu
(OH),, defective oxygen, C = O groups) with respect to that of the peak
at 530.3 £ 0.2 eV (lattice oxygen in CuyO and CuO) [42-44]. Indeed,
due to the the lattice expansion occurring within the burst itself
[11,38,39], a different reactivity of these surfaces could be exhibited,
resulting in a favored formation on the targets of defective copper oxides
and Cu(OH)-, after the thermal treatment.
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Fig. 7. Variation of water contact angle with a) the number of sub-pulses within the bursts (@ an intra-burst frequency of 0.67 THz) and b) the intra-burst frequency
(with n = 2). The dotted line in a) and b) indicates the WCA of an unprocessed (thermallly treated) surface. The total fluence is set to 0.52 J/em?.

3.3. Wettability of laser-bursts-processed copper targets

The wetting response of the surfaces obtained with different burst
configurations (at fixed total fluence) and followed by a thermal treat-
ment was investigated by static contact angle (CA) measurements. The
results are shown in Fig. 7.

In Fig. 7 a), it is clearly visible that the laser treatment with bursts,
followed by low temperature annealing, caused the copper targets to
acquire a hydrophobic behavior, although it is known that the thermal
treatment is followed by the formation of chemical compounds (e.g.,
oxides) which rather would promote a higher wettability. In particular,
the WCA goes from a value of 76° for an unprocessed thermally-treated
sample to values between 119° (samples structured with 2-sub-pulses
bursts with intra-burst frequency of 0.67 THz) and 127° (samples
structured with 8-sub-pulses bursts with intra-burst frequency of 0.67
THz). In conventional normal pulse mode (NPM) irradiation [6,8], it
was reported that a significant increase of the applied fluence (above 5
J/cm2) was necessary to inhibit wettability of copper and reach WCA
above 150°. Conversely, Fig. 7 shows that, as long as the number of sub-
pulses within the bursts was further increased to 16 and 32, BM pro-
cessing in a low fluence regime (0.52 J/cm2) resulted in the samples
displaying a superhydrophobic performance, the so-called fakir condi-
tions, which is characterized by water droplets that do not adhere to the

Table 3

surface but rather roll off [46,47]. In this case, the conventional sessile
drop method for the WCA measurement [46] cannot be exploited, since
the droplet does not lay on the target surface. In such cases, a WCA value
of 180° [3,46,48] is commonly assumed. These instances are pointed out
as asterisks in Fig. 7 a) and b), in the region labelled as “Super-
hydrophobic”. However, the roll-off angle was evaluated in this case,
and a value lower than 10° was found, which further supported the
description of the wetting response falling under a Cassie-Baxter regime.

A similar behavior can be observed in Fig. 7 b), where the WCA of
copper surfaces structured with 2-sub-pulses bursts increases when the
intra-burst frequency decreases. In particular, the water contact angle
goes from 119° (samples structured with 2-sub-pulses bursts with intra-
burst frequency of 0.67 THz) to 147° (samples structured with 2-sub-
pulses bursts with intra-burst frequency of 0.017 THz). Also in this
case, a further decrease of the intra-burst frequency within the 2 sub-
pulses bursts gave the surfaces a fakir-like character.

Experiments performed at higher total fluences (up to 0.72 J/cm?),
confirmed such trends, with a general increase of the WCA (at a set burst
configuration) due a to higher formation of nanofeatures, in perfect
agreement with [8].

In Table 3, the influence of the burst configurations on the
morphology, the surface chemistry and the wettability of the laser-
treated surfaces are summarized.

Summary of the evolution of morphological, compositional and wetting properties of the surfaces as related to the employed burst configuration.

Burst Configuration Morphology

Composition Wettability

n=2
f=0.67 THz
Burst Duration = 1.5 ps

n=2
f=0.02 THz
Burst Duration = 46.5 ps

n=32
f=0.67 THz
Burst Duration = 46.5 ps

C (at %) = 43 + 20
(at %) = 30 £ 2Cu
(at %) =27 £ 2

WCA =119° +11°

C (at %) = 41 £+ 20 WCA = 180°
(at %) = 33 £ 2Cu

(at %) =26 + 2

C (at %) = 43 + 20 WCA = 180°

(at %) = 31 £+ 2Cu
(at %) =26 + 2
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Though the increase of the CuO and Cu(OH); relative contributions
in the high-resolution XPS Cu 2p3/3 signal (Fig. 6) could suggest an in-
crease of the wettability of the surfaces processed with n = 2@ 0.02 THz
and n = 32 @ 0.67 THz, a shift from hydrophobic to superhydrophobic
behavior is rather observed in Fig. 7.

The different wettability observed in this work can be ascribed to the
different surface morphologies obtained wih the employed burst con-
figurations. In fact, in section 3.1 we mentioned that the duration of the
longest bursts, i.e., 32 sub-pulses@0.67 THz or 2 sub-pulses@0.02 THz,
equal to 46.5 ps, is much longer than the electron-phonon coupling time
in copper, i.e., 1-4 ps [37]. This causes the laser energy to be absorbed
by the lattice already during the burst, thus leading to melting and,
consequently, boosting the formation of nanoparticles/formations on
top of the LSFL. In this way, it was possible to create a dual, hierarchical
scale nanostructure, providing the surfaces with a highly water-repellent
character [17].

Interestingly, in the present work the creation of such hierarchical
topographies needed neither a double pass scanning strategy [49] or the
use of high accumulated laser fluences [8,13,14,26]. Rather, it simply
relied on a different distribution of the laser energy within the bursts,
which has the potential to scale up laser-based fabrication speed through
parallel processing, by fully exploiting the high repetition rates and high
pulse energies of the laser sources.

4. Conclusions

In this work, surface structuring of copper targets was carried out
with bursts of linearly polarized femtosecond laser pulses. Different
burst features (number of sub-pulses within the bursts and intra-burst
frequency) were explored, keeping the other processing parameters
fixed, i.e., laser repetition rate, scan speed, hatch distance, total fluence,
to highlight how the final surface properties are affected by the laser
energy distribution within the bursts, in relation to the electron—phonon
coupling time of copper, i.e., 1 — 4 ps. To this aim, the number of sub-
pulses in the bursts was varied between 2 and 32, and their intra-burst
frequency was set at 0.067 THz, thus generating bursts with different
time duration, between 1.5 ps and 46.5 ps. Moreover, also bursts with
only 2 sub-pulses with discrete variable intra-burst frequency (between
0.02 THz and 0.67 THz) were employed.

First of all, we found that the spatial periodicity of LSFL increased
both as a function of the number of sub-pulses in the burst and of their
time delay, in perfect agreement with one of our previous works [16],
performed on steel. Moreover, it was also observed that LSFL were
decorated by nanoparticles/nanoclusters whose appereance is generally
related to thermal effects (melting) and was more likely when the the
total burst duration was increased. Comparing the burst time duration
with the electron—-phonon coupling time, 7, it is possible to infer that
for bursts with a duration comparable to or lower than 7|, no lattice
thermalization occurs within the burst itself, and the formation of such
nanoparticles due to melting is less plausible. Conversely, when the
burst duration is much longer than 7.}, lattice decomposition starts
already during the bursts, causing lattice expansion and melting, thus
making the generation of the nanoparticles/nanoclusters more likely
[38].

An increase of the CuO and Cu(OH); relative contributions in the
high-resolution XPS Cu 2ps,» signal (Fig. 6) was observed, which would
suggest an increase of the wettability when n = 2@ 0.02 THz and n = 32
@ 0.67 THz. Instead, the wettability performances of some exemplary
surfaces, evaluated by static water contact angle measurements,
revealed that the presence of nanoparticles/nanoclusters superimposed
to LSFL caused a shift towards superhydrophobic, antiadhesive
behavior. Therefore, the transition from hydrophobic to super-
hydrohobic character, which we observed when increasing the burst
duration, was mainly ascribed to the presence of the aforementioned
nanoparticles decorating the LFL. In turn, this provided a double hier-
archical scale to the surfaces, which therefore exhibited a highly water-
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repellent response [50].

In contrast with some previous works [8,49], our findings evidence
that, in order to finely tune the copper wettability and render it super-
hydrophobic, increasing the laser fluence or using chemical compounds
is not necessary, as long as the laser processing is carried out in burst
mode. This suggests that low-fluence, high-speed parallel processing can
be performed for structuring samples with large areas, thus efficiently
exploiting the high repetition rates and high pulse energies of the cur-
rent laser sources.
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