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Using pulsed femtosecond laser irradiation, we demonstrate the creation of an array of
microgrooves within a single laser spot on metals. The orientation of these grooves is not limited to
being parallel to the plane of the laser beam’s propagation but can orient at any angle up to 30°
from parallel. We control the orientation of the microgrooves by proportionally varying the laser’s
polarization. Polarization, angle of incidence, and structural evolution dynamics have been
thoroughly studied to help us understand this phenomenon. Our studies suggest that the formation
of angled microgroove arrays is due to a feedback effect occurring between defect-focused ablation
and polarization-dependent laser-induced periodic surface structures. © 2018 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5028197

I. INTRODUCTION

Laser-ablated microgrooves have long been studied due to
their numerous applications in fields such as microfluidics,'*
microelectromechanical applications,3 biomimicry,4 and other
biological systems.”® Femtosecond-pulsed lasers are particu-
larly useful for creating microgroove formation due to their rel-
atively small heat affected zone, which allows for more precise
drilling for materials’ surfaces when compared to longer pulsed
lasers.”® The precision of femtosecond laser systems, along
with their increased commercial availability, has made them
favored tools for microfabrication applications.’ ™"

In general, microgrooves formed via laser ablation are
created parallel to the plane of the laser beam propaga-
tion,'*'* as is the case in standard laser drilling.">~"” Using
pulsed-femtosecond laser irradiation, many different struc-
tures can be produced, such as laser-induced periodic surface
structures (LIPSSs).lg*21 In this work, using femtosecond
laser irradiation, we observe the formation of extensive
microgrooves covered by LIPSSs. Additionally, we find that
the orientation of these microgrooves can be controlled by
varying only the incident laser beam’s polarization.

Our technique is a single-step, non-scanning method for
the formation of microgroove arrays with variable orienta-
tion. The microgrooves studied form with LIPSSs on and
around the formed grooves but are significantly larger than
LIPSSs (Fig. 1). By irradiating copper (Cu) at large inci-
dence angles, we create an array of roughly 10 um wide
microgrooves within a single laser spot. By varying the inci-
dent laser beam’s polarization, the orientation of these
grooves is controllable between 0° and 30° relative to the
plane of the laser beam’s propagation. We find that LIPSSs
forming on and around the microgrooves can either enhance
or inhibit microgroove formation and that a feedback mecha-
nism between defect focused ablation and polarization
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dependent LIPSSs is the cause of the angled microgroove
formation.

Il. METHODS

All experiments were carried out using a pulsed Ti-
sapphire femtosecond laser system that generates 50 fs line-
arly polarized pulses operating at a repetition rate of 1 kHz at
a central wavelength of 800 nm. The laser beam polarization
was varied using a half wave plate. The sample materials
used in these experiments were 1 mm polished foils of Cu.
The number of pulses was selected using an electromechani-
cal shutter. All experiments were performed in air. The sur-
face structures of the irradiated samples were studied using a
scanning electron microscope (SEM) and a UV laser-
scanning confocal microscope (UV-LSCM). All images
shown were irradiated with the laser beam traveling towards
the right-hand side of the image.

lll. RESULTS AND DISCUSSION
A. Polarization dependence

Figure 2 is a representative image of the angled micro-
grooves we have studied. The figure shows a single laser
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FIG. 1. Illustration of (a) LIPSSs and (b) LIPSS covered microgroove for-
mation. The double headed arrow in (a) represents the laser beam’s polariza-
tion, while the single headed arrow represents the laser beam’s propagating
direction.
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FIG. 2. SEM images of typical grooves formed on the Cu surface with an incident polarization of 45°, irradiated at a 50° incident angle, with 15000 pulses at
an absorbed single pulse fluence of 5.48 mJ/cm?. (a) Image of the entire area irradiated by the laser beam; the arrow illustrates the polarization direction of the
laser. (b) Zoomed in image of microgrooves formed within the irradiated area; the inset figure in the top right is a height map of the image. (c) Surface profile

for the line shown in image (b).

spot on a Cu surface with an array of grooves drilled along
the material’s surface, oriented at an angle 20° from the
plane of the laser beam’s propagation. Grooves, for the pur-
pose of this paper, refer to any long and continuous ablated
region having a depth greater than the immediate surround-
ing area, which results in a trough-like structure with two
sidewalls defining its borders. We can see that these grooves
form with saw toothed profiles in Fig. 2(c). The structures
shown in Fig. 2 were formed by irradiating a Cu surface with
15000 pulses at a 50° incident angle. To form grooves with-
out translating or altering the orientation of the laser beam, a
large incident angle must be employed. When irradiating at a
steep incident angle, we observe that varying the laser’s
polarization biases the orientation of the grooves formed. To
study the dependence of polarization on the formation of the
microgroove arrays, we first varied the laser’s polarization
without changing the laser’s orientation.

The polarization component in the surface of the sample
was varied from 0 degrees (p-polarized) to 90° (s-polarized),
in 5-degree increments. For each polarization, data were taken
at three pulse train values: 1000, 5000, and 15000, using an
absorbed single pulse fluence of 5.48 mJ/cm?, at a laser inci-
dent angle of 50°. Constant fluence was achieved in our exper-
imental sets, as polarization and incident angles are changed,
by varying the incident laser’s power in accordance with the
change in material absorption as governed by the Fresnel equa-
tions,>* and accounting for the laser beam’s change in the cross
sectional area upon the sample’s surface. Data are reported
using absorbed fluence values calculated with a refractive
index of 6.12 x 1072 and an extinction coefficient of 5.13.%

For all polarizations, irradiation with a pulse train of 1k
results in LIPSSs forming on the material’s surface [Figs.

3(a)-3(d)]. The generally accepted means by which these
structures are formed is by the interference of incident laser
light with surface scattered electromagnetic waves, causing
periodic modulation of the laser’s deposited energy, resulting
in inhomogeneous ablation of the material.>*~® Typically, at
normal incidence, these ripple-like formation are oriented
perpendicular to the incident laser’s polarization and have a
period proportional to the laser’s wavelength.?*~®

At 5000 and 15000 pulses, faint angled surface struc-
tures covered in LIPSSs are observed on the outer edges of
the irradiated area for polarizations between 0 and 20° [Fig.
3(e)]. As polarization is swept towards 90°, these structures
become more defined and grow in length. At 20° polariza-
tion, these surface structures become clearly defined and
form orderly straight lines, having an orientation 30° off
from the plane of the laser beam’s propagating direction.
When packed closely together, these ordered and LIPSS cov-
ered structures represent a series of hierarchical micro-
grooves running along the material’s surface. As polarization
is swept towards s-polarization, the orientation of these
grooves changes, becoming more parallel to the plane of the
laser beam’s propagation; the orientation of the grooves
trends in the same manner as the LIPSSs formed at lower
pulse numbers but does not match their orientation [Figs.
3(f)-3(h)]. Note that the orientation of the laser has not
changed.

LIPSSs forming on the microgroove structures also
change orientation. The change in orientation of these
LIPSSs is believed to be the result of a change in the
angle of effective polarization on the sidewalls of the
underlying ablated grooves due to an altered geometric
projection of the laser’s polarization. Interestingly, for
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FIG. 3. SEM images illustrating the changing orientation of both LIPSSs
and groove formation as the surface component of the laser’s polarization is
altered. (a)—(d) and (e)—(h) show the changing orientation of LIPSSs and
laser drilled grooves, respectively. For comparison, the solid lines in figure
(d) mark LIPSS, while the arrow in figure (h) identifies a microgroove.

polarizations between 55° and 90°, the LIPSSs forming
along the walls of grooves orient themselves so as to
resemble v-shaped structures.

The dependence of the groove’s orientation at 15000
pulses vs the surface component of the laser beam’s polari-
zation is plotted in Fig. 4, with reference to the orientation
of the LIPSSs formed with 1k pulses without groove for-
mation. Fitting these data presented in Fig. 4 to a linear
function, we find that 6 = =0 +87° and 0 = —0.476
+41°, where 8, 0, and ¢ represent the laser’s polarization,
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FIG. 4. Plot of LIPSSs and microgroove orientation with respect to the sur-
face component of the laser’s polarization.
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LIPSS orientation, and groove orientation, respectively. For
the same polarization, groove orientation is found to form
nearly at the bisectrix between LIPSS orientation and the
plane of the laser beam’s propagation. In addition to chang-
ing microgroove orientation, as polarization is traversed,
the grooves formed also become more defined and grow in
length as polarization approaches s-polarization. For pulse
trains of 15000, these grooves have widths of between
8 and 12 um and depths of between 2 and 6 um. The width
and depth of these structures vary little between the differ-
ing polarization conditions.

As we see from this study, grooves formed from large
incident angle ablation grow parallel to the plane of the laser
beam’s propagation direction for s-polarizations, but form at
polarization-dependent angles for mixed polarizations, and
interestingly do not form for p-polarizations. To understand
this phenomenon, we must first discuss the formation of
LIPSSs. First, defects present on the material’s surface cause
incident laser light to scatter electromagnetic waves along
the material’s surface. These scattered waves interfere with
yet further laser irradiation and cause inhomogeneous and
periodic absorption of the laser’s energy.”** In turn, this
causes inhomogeneous and periodic ablation of the material,
forming LIPSSs oriented perpendicular to the laser’s
polarization.

If the natural tendency of grooves is to form parallel to
the laser beam’s propagating direction, then periodic abla-
tion, in the form of LIPSSs, occurs parallel to the forming
grooves for s-polarized irradiation and perpendicular for
p-polarization. In this way, mechanical groove growth is
accentuated for s-polarized irradiation, forming a positive
feedback effect between standard laser ablation and periodic
ablation from LIPSSs, while being hindered for p-polarized
irradiation due to negative feedback forming from LIPSSs
occurring perpendicular to the direction of laser ablation.
This formation mechanism—the positive (s-polarization)
and negative (p-polarization) feedback effects of standard
laser drilling and polarization-dependent periodic ablation
due to scattered electromagnetic waves—explains why
grooves are observed forming for s-polarizations but not for
p-polarizations. We further hypothesize that these positive
and negative feedback mechanisms are the root cause of the
angled microgroove formation observed for mixed polariza-
tions (Fig. 5).

B. Incident angle dependence

We propose that the angled microgroove structures we
observe are formed primarily due to the large incident angle
ablation and that LIPSS formation bias the forward ablation
of grooves through either positive feedback (LIPSSs and
laser ablation in parallel) or negative feedback (LIPSSs and
laser ablation occurring orthogonally). To verify that large
incident angle ablation is the cause of the long and shallow
microgrooves observed, a study was conducted where the
incident angle with respect to the target surface was varied
in 10-degree steps from 0° to 60°. This study was performed
using a pulse train of 15000 pulses and repeated for three
polarizations: s-polarization, 45-degree polarization, and
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FIG. 5. Ilustration of the proposed formation mechanism for observed
microgroove formation. Polarization dependent LIPSS formation, forming
simultaneously with ablation in the plane of the laser beam’s propagation,
cause formed microgrooves to orient at various angles or can inhibit micro-
groove growth entirely. The double headed arrow represents the laser
beam’s incident polarization, while the single headed arrow represents the
laser beam’s propagating direction.

p-polarization. Absorbed material fluence for this study was
4.99 mJ/cm?. Careful attention was paid to maintaining con-
sistent fluence due to polarization and incident-dependent
absorptance and cross sectional area change.

10° Incident

30° Incident
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From this study, it is clear that microgroove formation
become elongated with a greater incident angle (Fig. 6). For
normal and near-normal incident angle ablation, instead of
forming microgrooves, a hole is drilled down into the Cu
surface as is the case for standard laser drilling. For all inci-
dence angles, no grooves were observed for p-polarized irra-
diation, instead axially symmetric wall markings are
observed which congregate at, and fold in towards, the inten-
sity maxima of the laser ablated area [Figs. 6(a)-6(c)].
Similar structures to Fig. 6(a) have previously been observed
and are thought to be the result of self-organized structure
formation.?**° For both 45-degree and s-polarized laser irra-
diation, structures formed with less than a 40° incident angle
are non-uniform and without order [Figs. 6(d)-6(i)]. At inci-
dent angles above 40°, these structures grow in length, form-
ing uniformly and with a singular orientation [Figs. 6(f) and
6(1)]. This study confirms that large incidence angle ablation
is paramount to the formation of microgroove arrays.
Without ablation of more than a 40° incident angle, grooves
either do not form or form shallowly and non-uniformly. As
the laser beam’s incident angle increases, microgrooves
formed grow in both length and uniformity.

C. Pulse number dependence

To validate our proposed formation mechanism—micro-
grooves formed from large incident angle ablation are biased
by either positive feedback (LIPSSs and laser ablation in par-
allel) or negative feedback (LIPSSs and laser ablation

50° Incident §%

50° Incident

] S i

FIG. 6. SEM images of Cu irradiated by a femtosecond laser beam propagating towards the images right-hand side, with 15000 pulses and at varied polariza-

tions and incident angles.
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occurring orthogonally) mechanisms—we investigate the
dynamics of microgroove growth by studying the shot-to-
shot evolution that leads to the angled microgroove forma-
tion. To study the progression of these structures, images
were taken of the same irradiated focal area between bursts
of femtosecond pulses. This was accomplished by irradiating
directly onto the stage of a confocal scanning laser micro-
scope at a 50° incident angle. Figure 7 shows images taken
after 2000, 6000, and 15 000 accumulated pulses; the full set
of images taken for this study can be seen in the multimedia
view of Fig. 7. An absorbed fluence value of 2.60 mJ/cm?
was used for this experiment and, again, careful attention
was paid to maintaining this fluence consistently across all
polarizations.

For all polarizations, irradiating the Cu surface with
100400 laser pulses produces an ablated area covered
mostly in LIPSSs oriented perpendicular to the laser’s polar-
izing direction. For p-polarized irradiation, as the pulse num-
ber is increased, LIPSS formation become hazy and no
groove growth is observed [Figs. 7(a)-7(c)].

For s-polarized irradiation, microgrooves originate from
defect spots on the Cu surface [Fig. 7(g)]. As the pulse num-
ber increases, these defects grow out in the direction of the
laser beam’s propagation [Figs. 7(h) and 7(i)]. This observa-
tion explains why instead of a single uniform laser ablated
area, many grooves are formed. Defects upon the metal’s
surface ablate more readily than the surrounding area due to
enhanced local absorption of the laser’s energy, resulting in

J. Appl. Phys. 123, 213103 (2018)

15K Pulses

FIG. 7. Evolution of images of the
same irradiated focal area for three
polarizations, taken after successive
pulse train bursts. Images were irradi-
ated at a 50° incident angle, with the
laser propagating towards the right-hand
side of the image. The full set of images
taken for this study can be seen in
the multimedia view. Multimedia view:
https://doi.org/10.1063/1.5028197.1

a multitude of microgroove formation. As the pulse number
increases, formed microgrooves grow in length and unifor-
mity, resulting in long parallel microgrooves.

For a polarization of 45-degrees, pulses up to 1k also
create parallel ablation focused on defects. With continued
laser pulses, these nascent microgrooves are observed alter-
ing their orientation towards the orientation of the LIPSSs
that form uniformly along the material surface [Figs.
7(d)-7(f)]. This ablation does not occur at an angle but con-
tinuously parallel to the plane of the laser beam’s propaga-
tion. This continuous parallel ablation is inhibited by LIPSS
formation and shifts the focus of locally enhanced defect-
focused ablation downwards; the result is an angled micro-
groove formation. This change in orientation stops around
10000 pulses. A further increase in pulse trains no longer
alters the forming groove’s orientation and instead lengthens
the grooves and shifts their overall position towards the laser
beam’s propagation direction.

The bow wave shaped sidewalls seen forming in Figs.
7(a)-7(c) are suggestive of material transport along the laser
beam’s propagation. Such structures indicate that hydrody-
namics may play a role in the formation of the angled micro-
grooves we produce. Self-organizational models of structure
formation have been shown to explain microgroove forma-
tion through hydrodynamic melt and resolidification pro-
cesses,”’* and may explain the LIPSS mediated
enhancement or inhibition of microgroove formation we
observe.
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LIPSSs are observed both inhibiting and accentuating
the growth of microgrooves. For p-polarizations, LIPSSs
form perpendicular to the plane of the laser beam’s propaga-
tion, creating negative feedback and inhibiting microgroove
growth [Fig. 7(c)]. For s-polarizations, LIPSSs form parallel
to the plane of the laser beam’s propagation, creating posi-
tive feedback and accentuating microgroove growth [Fig.
7(1)]. For 45-degree polarizations, LIPSSs forming at an
angle to the laser beam’s propagation exhibit both negative
and positive feedback, inhibiting forward growth while
enhancing growth in a particular direction [Fig. 7(f)]. These
competing positive and negative feedback mechanisms result
in grooves forming at a fixed bias angle roughly half that of
the LIPSSs that bias their growth, as shown in Fig. 4.

IV. CONCLUSION

In conclusion, we have demonstrated the ability to form
microgrooves with controllable orientation without translat-
ing or rotating the laser beam or sample. These microgrooves
arise from femtosecond-pulsed irradiation and form as an
array of grooves within a single laser spot. Microgrooves can
be controlled between 0° and 30° with respect to the plane of
the laser beam’s propagation on the metal’s surface and
require an irradiating incident angle of at least 40°. A large
incident angle is required to form the long and shallow
microgrooves we wish to achieve, while the orientation of
the microgrooves is due to feedback between continuous
defect-focused laser ablation in the direction of the laser
beam’s propagation and polarization-dependent periodic
ablation in the form of LIPSSs. LIPSSs forming perpendicu-
lar to the surface projection of the laser beam’s propagation
inhibit microgroove growth (negative feedback), while
LIPSSs forming parallel to the surface projection of the laser
beam’s propagation accentuate microgroove growth (posi-
tive feedback). For mixed-polarizations, or off-angled
LIPSSs, the combination of these two feedback mechanisms
results in microgrooves forming at a fixed bias orientation.
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