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Abstract

Laser micromachining/microstructuring is a promising technique to create micro-patterns on material surface with
very low distortion to peripheral area and high precision. Thin sheets of stainless steel, aluminum and silicon were
micromachined with ultraviolet laser pulses of around 30 ns full width half maximum (FWHM) in order to create
micron scale features, namely micro-channels. Laser pulses with different pulse periodicities ranging from 5-40 ps
time spacing with the same pulse energy, fluence and number of pulses per unit area were applied to study the
impact of the pulse repetition rate on the achieved micro features. The micro-channels fabricated with different
pulse periodicities on stainless steel (SS), aluminum (Al) and silicon (Si) with ns laser exhibited significant
variations in terms of depth and cleanliness of the surface (i.e. considering the aggregation of molten material).
Stainless steel and aluminum showed an enhancement of 30% in the depth of the generation micro-channels
when comparing long time spacing to high pulse repetition rates, while Si has recorded an increase of 100%. The
experimental results show that the pulse period/time interval between successive pulses is significant in
determining the geometry and surface cleanliness of the laser machined micro channels, a fact that, however, has
also revealed a technologically relevant way for the generation of surface micro/nanostructures with modified

wettability.
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1. Introduction

Laser micromachining of metals with pulse
durations in the range of ns and higher results, as it is
well known, in relatively larger heat affected zone and
melting effect, with associate dross and recast [1-3],
what largely limits the applications field where the
precision and surface quality are in demand.

However, despite these undesirable effects,
these laser sources are widely preferred in industry
due to large pulse energies and high pulse repetition
rates, what provides a desirable capability for high
process throughput.

The ablation process, and thus the micron
scale features created, depend primarily on the laser
properties such as laser pulse width, pulse energy,
repetition rate, fluence and, of course, of the nature of
the processed material, the effect of repetition rate or
pulse-to-pulse spacing period on the geometry and
surface finish of the laser machined microstructure /
pattern in the nanosecond regime being one of the
least explored aspects in laser micromachining
applications, especially with laser sources emitting in
the UV range [2]

In this paper, a particular study of the effect
of the repetition rate of ns laser pulses applied on flat
substrates of stainless steel (SS), aluminum (Al) and
silicon (Si) in order to fabricate micro-channel surface
features is presented. The same amount of energy
and number of pulses are applied with variable
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repetition rates for the machining process, the
resulting structures being were analyzed with
scanning electron microscope (SEM) and confocal
laser scanning microscope (CLSM) to evaluate the
geometrical parameters of the generated structures.

The influence of pulse repetition rate on the
geometry (especially depth to width aspect ratio) and
cleanliness of the laser machined micro-channels
were investigated, but also the potential effect of
generation of hierarchical microstructures (combined
um/nm features) able to result in modified wettability
properties of the surface will be regarded, as surface
micro-patterning with nano-scale features can
transform the wetting properties of the metals from
hydrophilic to superhydrophobic [4-5].

2. Experimental

Flat aluminum (Al), stainless steel (SS) and
silicon (Si) sheets were machined by ultraviolet laser
pulses. A laser source (Spectra Physics, Model
VGT25) with a fundamental wavelength of 1064 nm
tripled up to 355 nm wavelength was used. The
average maximal power of 20 W at 100 kHz was
used for the surface patterning. The experiments
were performed at fixed pulse duration of about 30
ns. The vertically polarized laser beam was guided
over the samples surface by an optical system
including six mirrors, a beam expander, a digital
scanner and a lens with 250 mm focal length, with
scanning speeds up to 200 mm/s and 8 mm/s
respectively.
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The laser beam had a Gaussian power
density profile. Laser machining was performed in
atmospheric conditions with an apparent spot size of
10 um. Five set of samples were produced with 200,
150, 100, 50, 25 kHz repetition rates with 40
pulses/unit area (very low pulse energy, 2.56 pJ) by
carefully varying the translation speed in proportion to
the repetition rate. The micro-channels were
fabricated on SS, Al and Si samples to study the
influence of the repetition rate or time interval
between successive pulse on the rate of machining
and the surface finish quality. The micro channels
were machined with a pulse-to-pulse overlap of more
than 98%. The successive lines were laid with a
separation of 20 ym. The detailed laser processing
conditions are listed in Table 1.

The laser machined micro-channels were
analyzed with scanning electron microscope (SEM)
attached with energy dispersive X-ray spectroscope
(HITACHI, Model S-3000N) and confocal laser
scanning microscope (CLSM) to evaluate the
geometry of the micro-holes (LEICA, Model DCM3D).
The depth and width of the generated micro-channels
(all processed with the same identical parameters to
reduce systematic errors) were performed at different
locations along their longitudinal dimension.

Table I. Laser Processing Parameters

Repetition Time Apparent Fluence Energy No. of
rate interval spot / pulse pulses
between diameter / spot
pulses
kHz ns nm J/em? nJ
25 40.0
50 20.0
100 10.0 10.0 3.25 2.56 40
150 6.7
200 5.0
3. Results

Figure 1 represents the SEM picture of
microchannels fabricated on SS, Al and Si with the
same pulse energy and with different repetition rates
or time interval between the successive pulses. There
is direct correlation between these two values, i.e., for
a repetition rate of 200 kHz, the time interval between
the successive pulses is about 5 ps.
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Fig.1.: SEM pictures of the micro-channels
fabricated with different repetition rates for the three
considered materials.

In all cases, even though the machining
process is dominated by evaporation, melt formation
is visible at the edges of the micro-channels. The
melt formation is supported by two factors: a) longer
pulse duration; b) very narrow time interval between
the successive pulses. Therefore, the laser fabricated
micro-channels has undergone excessive melting
due to the successive pulses striking the target
surface in very narrow time interval. According to this,
the melting effect can been reduced by increasing the
time interval between the pulses. The channels seem
to be not continuous, caused by the refilling of debris
and recast material. As the repetition rate decreases
from 200 kHz, going successively to 150, 100, 50 and
25 kHz, the period of the pulse will increase, what
provides sufficient time for the ablated volume to
dissipate the heat before the next laser pulse strikes
the target. The influence of the time interval is very
apparent from the micro-channels at different pulse
periods, as observed in the SEM pictures.

In all the cases, the micro-channels
fabricated with a pulse period of 40 ps (50 kHz
repetition rate) already show relatively clean and
higher width compared to the micro-channels
fabricated with relatively high periods such as 20, 10,
6.7 and 5 ps. The observation of SEM image for SS,
clearly suggests that the micro-channels fabricated
with low repetition rate (or long pulse-to-pulse period)
resulted in excessive melting compared to the
channels fabricated with low period of pulses.
Moreover, the edges of the micro-channels have
piled recast materials for high repetition rates,
whereas, it was less pronounced for the low repetition
rates. This effect is shown in Figure 2 comparing the
two extreme cases studied in this experiment.

200 kHz e

Fig.2.: SEM pictures of the microchannels
fabricated with extreme pulse frequencies of 200 kHz
and 25 kHz for SS, Al and Si

The SEM pictures recorded for different
pulse periods show an increase in height and width of
the micro-channels edges caused by the recast
materials. The molten material is splashed in radial
direction due to the recoiling pressure of the



vapouring material. This effect results in irregular
width along the microchannel. The microchannel
fabricated with a pulse period of 40 ps has submicron
structure at the bottom of the micro-channels. This
kind of submicron structures disappear as the pulse
period reaches 5 ps. This could be attributed to the
excessive melting of the substrate during laser
interaction. The microchannel fabricated on Si
surface shows irregularities in width throughout the
length of the channel even at higher pulse periods.
The density and the shape of the solidified molten
droplets do not show any dependence on the pulse
period. Compared to the SS surface, the Al surface
has splashed melt droplets around the micro-
channels. The density as well as the size of the melt
droplets are relatively large for the micro-channels
fabricated with pulse period of 5 us.

Relatively high rate of fluctuations in the
width of the micro-channels have been observed for
the micro-channels fabricated with high pulse period.
For high pulse periods, the recast layers tend to grow
towards the inner side of the micro-channels and it
has a larger presence of splashed melt droplets in
and around the micro-channels. The density as well
as the size of the melt droplets is relatively higher for
the micro-channels fabricated with pulse period of 5
us. The density and the size of the resolidified melt
droplets is observed to decrease as the pulse period
decreases, thus exhibiting a clean surface. This effect
can be attributed to the time interval between the
successive pulses. In the case of the longer pulse
intervals, the localized molten pool gets enough time
to dissipate the heat induced on the surface and
minimize the melt ejection.

In general, the depth of the laser ablated
volume would be same for a material when the
fluence, pulse energy and the number of the pulses
per unit area are kept constant. However, in this
experiment, the ablated depth has been observed to
change according to the period of the laser pulses
with all the other parameter kept constant. The
dependence of the ablated depth as a function of the
pulse period for the three considered materials is
shown in figure 3. The measurements reported are
an average of five measurements at different points
on the micro-channels in order to minimize the
possible measurement errors.
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Fig.3.: Depth of microchannels as function of
repetition rate.
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The micro-channels fabricated on Al and SS
have maximum depth of about 4.3 pym. The depth
recorded for the micro-channels machined with pulse
period 40 ps shows an enhancement up to 30%
compared to the depth of the microchannel fabricated
with pulse period of 5 ps. The silicon has exhibited a
maximum depth of 4.5 ym for the pulse period of 40
ps and minimum depth of 2.1 um for the pulse period
of 5 ps. In summary, the trend in the depth of the
micro-channels is similar for the Al, SS and Si, apart
from the difference in the depth magnitude for Si

(about an increase of 100%).

Figure 4 represents the 3D CLSM images
recorded for the micro-channels fabricated with pulse
periods of 5 and 40 ys on SS, Al and Si. From the 3D
images, it is very apparent that the micro-channels
fabricated at low repetition rate or large pulse periods
(40 ps) produce relatively clean and regular edges.
The bottom as well as the top edge of the micro-
relatively smooth for the channels
These structural
changes were observed in all the three considered

channels is

fabricated in these conditions.

materials.
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Fig.4.:

25 kHz for SS, Al and Si.

4. Wetting properties

Despite the observed difficulties (whose
main dependencies have been shown in the previous
section) for the generation of clean micro-channels in
metals and semiconductors, the appearance of a
recast and debris dominated surface morphology
accompanying the principal laser ablated surface
to be a
convenient feature from the point of view of the
generation of a hierarchical (combined micro / nano-
structure) useful for the development of modified
wettability properties of the resulting surface [6], a
feature that provides ns laser sources with an
the

microstructuring has been proposed

unsuspected predominant capability for
systematic generation of these kind of surfaces.

3D CLSM image of the micro-channels
fabricated with extreme repetition rates of 200 and
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In order to experimentally demonstrate the
possibility of obtaining favourable transformations of
the wettability properties of metallic materials with the
systematic application of the described ns laser
structuring procedures (i.e. in the sense of obtaining
high contact angles, CA, leading to superhydrophobic
behavior), a series of validation experiments have
been performed by the authors.

Concretely, the ns laser treatment of thin Al
samples at selected laser parameters with different
hatch distances has been accomplished. The
common laser parameters for such testing have been
15 um spot size, 2.8 J/icm? fluence, 100 kHz
repetition rate, 500 mJ laser average power and 40
mm/s, the different hatch distances having been
selected to be 10, 15, 20 and 25 um.

In figure 5, respective SEM images of the
treated Al samples with these parameters are shown
and, in figure 6, obtained by similar procedure to
those described in [6], the variation of SCA as a
function of the hatch distance is shown.

Fig.5.: SEM images of p-channels fabricated with,
respective hatch distances of 10 ym, 15 ym, 20 ym
and 25 ym.
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Fig.6.: Variation of contact angle as a function of
the hatch distance in linear channel microstructures
produced by ns laser pulses working in the UV range.

As it is clearly evident, the association of the
complex surface morphology generated by the laser
interaction while fabricating micro-channel
microstructures with the appropriate piling up of

successive channels according to pre-established
distances has been found to be a reliable, systematic
method for the generation of hierarchical surface
microstructures showing modified wetting properties
directly profitable from the point of view of
superhydrophobicity and associated functional
properties.

5. Conclusions

In view of their desirable properties related
to their comparatively high pulse energies and
process throughput capabilities, the capability of ns
laser sources to generate hierarchical surface
microstructures has been analyzed. In a first study,
the effect of pulse energy accumulation and thermal
effects due to high repetition rates on the
microstructure definition and cleanliness in channel
microstructures has been analyzed for three typical
materials, Stainless Steel, Aluminum and Si, the
existence of optimized pulse repetition rates and fully
repeatable patterning strategies having been clearly
established. On a second study, however, the
relevant point of the capability of these laser sources
to generate hierarchical microstructures potentially
leading to modified wettability surfaces profiting by
the complex mixed micro/nano structures generated
has been analyzed with successful results,
demonstrating their interest as energy sources for the
fast, repeatable and reliable fabrication of large
microstructured superhydrophobic surfaces.
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