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Ultrafast laser surface structuring is a promising technique for precisely controlling the surface functions of
materials. Nanoripples, the typical laser-induced periodic surface structures, are effective at regulating surface
colors, but only in one view direction. To overcome this issue, effective methods for fabricating other types of
structures are needed. In this study, we successfully form periodic nanobump structures using a simple double-
scan approach, in which the same surface is subjected to two consecutive laser scans with different polarization

directions. The formation behavior of these intriguing nanostructures is investigated in relation to laser pa-
rameters such as peak laser fluence, overlapping ratio, and polarization angle between two scans. The formation
mechanism is hypothesized and confirmed. The obtained nanobumps exhibit exceptional optical performance
compared to nanoripples by enhancing the visibility angle, hence expanding the possible applications of the
ultrafast laser surface structuring technique.

1. Introduction

Inspired by fancy surface features in nature, such as the color effect
of butterfly wings [1] and the self-cleaning function of lotus leaves [2],
researchers have committed huge amounts of effort to fabricating arti-
ficial surface structures that replicate these surface functions. In recent
decades, ultrafast laser surface structuring, also known as ultrafast laser
texturing, has been shown to be an effective technique for processing
solid surfaces with superior efficiency and precision [3-7]. Laser-
induced periodic surface structures (LIPSSs), typically nanoripple
structures, attract researchers' interest in exploring their promising
application potential for customizing surfaces with superior surface
wettability [8-10], optical [11-13], and mechanical [14,15] properties.
Nanoripples are unidirectional structures whose alignment in metals [5]
and dielectrics [10] is perpendicular and parallel to the laser polariza-
tion direction, respectively. Similar to nano-gratings, they are effective
at regulating surface colors. However, due to its one-dimensional peri-
odicity, the nanoripple-induced surface coloration has a restricted
viewing angle range. By viewing in the direction parallel to the ripples,
the color effect will disappear. To expand the view angle, surface
structures with multi-dimensional periodicities are strongly required.

So far, some experimental and numerical efforts have demonstrated

the attainability of two-dimensional periodic nanobumps with triangle
[16,17], hexagon [18,19], and square [20,21] geometries. One widely
studied method is the double-pulse method, in which two laser pulses
are delivered onto the same spot with a super-short (picosecond-nano-
second) interpulse time delay. The polarization direction of the second
pulse is rotated away from that of the first pulse. Through this method,
uniform formation of nanobumps can be achieved. Nevertheless, the
formation window by this method is very narrow. More importantly, the
double-pulse method requires high-precision control of the interpulse
time delay. This increases the complexity and cost of the optical system,
which hinders its industrial application potential. We proposed a simple
alternative approach, the double-scan method, to address those issues
[22]. This technique involves exposing the material to two consecutive
laser scans with orthogonal polarization orientations. Unlike the double-
pulse method, the time delay between two scans is flexible, making the
setup and implementation of this method significantly simpler. Some
other studies also adopted similar methods to create nanostructures on
different materials [23-27]. However, the formation mechanism of
nanobumps by this method is still in debate. Gregor¢i¢ et al. [23]
regarded these nanobumps as the results of a dynamic self-organization
process. Kobayashi et al. [24] attributed the formation behavior to laser-
induced surface reorganization/reconstruction (without material
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removal) rather than ablation. Liu et al. [26] claimed that high spatial
frequency LIPSSs (HSFLs) created by the second scan clipped the pre-
generated nanoripples and subsequently formed 2D dot-like structures.
Moreover, systematic study and analysis of the double-scan method are
still lacking.

In this study, the formation behavior of nanobumps is investigated
using the double-scan approach. The effects of peak laser fluence,
overlapping ratio, and polarization angle on nanobump formation are
investigated. The formation mechanism is proposed and verified with
experimental results. The applicable domain of the double-scan method
is discussed in depth.

2. Experimental setup
2.1. Materials

All tested samples in this work are stainless steel (AISI 304, size of
each sample: 25.4 mm x 12.7 mm x 2.3 mm) with a polished mirror-like
surface. Before laser irradiation and characterization, all samples were
cleaned in an ultrasonic washer with pure isopropyl alcohol (99.9 %
purity) for 5 min.

2.2. Laser irradiation and characterization

A Yb: KGW femtosecond laser system (PHAROS by Light Conversion)
was utilized to generate linearly polarized laser pulses. The laser beam is
Gaussian-shaped, and its beam diameter w, (at 1/e2 of the peak in-
tensity) is 34 pm after focusing. The laser central wavelength is 1030
nm, the repetition rate (f) is 100 kHz, and the laser pulse duration is 165
fs. The experimental setup is displayed in Fig. 1. The two-dimensional
uniform scan in which the pulse distance (d,) and scan pitch (d;) were
set to be equal is achieved with a laser scan head (intelliSCAN by
SCANLAB). The size of each processed region was 8.0 mm x 8.0 mm.

In this work, a double-scan method (Fig. 2) was applied to fabricate
nanobumps. The scanning pattern remained identical between the first
and the second scans. In the second scan, the polarization direction was
rotated relative to the first scan by a certain angle, which is referred to as
polarization angle (0) in this study. The polarization direction was
controlled through a half-wave plate. The influence of polarization
angle, peak laser fluence, and overlapping ratio on surface morphology
variation were investigated, as listed in Table 1. The peak laser fluence is
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defined as:
E?M se

Fo= 8/_; 1
T

where Ep ;. represents the pulse energy. The overlapping ratio along the
scanning path, defining the ratio of the overlapping length of two
consecutive laser pulses to the laser beam diameter, is calculated as:

v
= (1 B @y X
where v is the scanning speed. All experiments were conducted in an
ambient environment.

After laser scanning, the scanning electron microscope (SEM, Hitachi
Regulus 8230) was used to characterize the obtained surface
morphology. The spatial periodicity of generated nanostructures were
measured by Gwyddion [28] over SEM images. A camera-based surface
color measurement system (Fig. 3) was developed to examine the sur-
face coloration effect on the processed samples. In this work, the surface
coloration effect is regarded as the nanoripples/nanobumps-induced
diffraction phenomenon, which could be described by the diffraction
equation [29]:

f) x 100% (2)

mA = d(sina x cosp + sinf), 3)

where 1 is the light wavelength, d is the spatial periodicity of generated
surface structures, and m is the order of diffraction, which is an integer
value. The illumination angle, viewing angle and nanoripple orientation
angle are represented by a, # and ¢, respectively. In this work, the
viewing angle § was maintained as 5° while illumination angle o and
nanoripple orientation angle ¢ were varied to check the color effect.

3. Results and discussions
3.1. Formation of nanobumps

The viability of creating nanobumps using the double-scan method
with a polarization angle is based on the hypotheses that (1) nanoripples
can superimpose with other existing structures; and (2) nanoripples'
orientation mainly depends on polarization direction (perpendicular for
metals) rather than initial surface roughness. If they are true, the first
and second scans will generate nanoripples with different orientations,
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Fig. 1. Experimental setup and uniform scan strategy.
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Fig. 2. Illustration of the double-scan method.

Table 1
Laser parameters.

Uniform scanning First scan Second scan
Repetition rate (kHz) 100 100

Laser fluence (J/cm?) 2 0.1-0.8
Overlapping ratio (%) 75 40-95
Polarization angle (°) - 0-90

which will interfere with each other and form nanobumps. Nanoripples
are primarily referred to as low spatial frequency LIPSSs (LSFLs) in this
work (Fig. 4(b)). By applying the double-scan method with carefully
selected laser parameters (laser fluence is 2 J/cm? and 0.25 J/cm? for
the first and second scan, respectively, and the overlapping ratio is kept
at 75 %), periodic quasi-square-shaped nanobumps were successfully
created, as shown in Fig. 4(c). These nanobumps structures align well in
the horizontal direction and vertical direction, exhibiting two-
dimensional periodicity as expected.

The coloration effects of the nanobumps and nanoripples were tested
and compared in Fig. 4(d-g). The illumination angle a was set as 30° in
Fig. 4(d) and (e). The top triangle in Fig. 4(d) is covered with nano-
ripples aligned horizontally, while the bottom triangle is covered with

White light

A 4/
Nanoripple » t?’
orientation

nanobumps. At this viewing angle (# = 5°) and nanoripple orientation
angle (¢ = 0°), both structures exhibit superior and comparable color-
ing effects. However, when the sample is rotated by 90° counterclock-
wise, turning ¢ to 90°, as shown in Fig. 4(e), no color effect is displayed
in the nanoripple-covered triangle (left). This is because the view di-
rection becomes parallel to the nanoripple orientation, thereby inhib-
iting the nanoripples' diffraction function. In contrast, the nanobump-
covered triangle (right) retains its vivid color well, thanks to the two-
dimensional periodicity of nanobumps. This clearly demonstrates the
advantages of nanobump structures on broadening visible angles for
surface coloration or other optical properties, which significantly ex-
pands its application potential, such as for optical storage and display.
Fig. 4(f) and (g) depict the color effect of the same sample when illu-
minated from a different angle (¢« = 25°). It demonstrates that the color
can be altered depending on the direction of illumination and shows the
superior color angle resolution of these surface structures.

3.2. Effects of laser fluence and overlapping ratio
The second scan's energy deposition is crucial for obtaining nano-

bumps. Peak laser fluence and overlapping ratio are two common laser
parameters that influence the deposition of laser energy. It is essential to

Optical camera

Fig. 3. Surface color measurement system.
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Nanobumps

Fig. 4. SEM images of the raw surface (a), nanoripples obtained through one scan (b), and nanobumps generated by double-scan method (c), and their coloration
effects at different illumination angles and nanoripple orientation angles (d-g). Red and blue double arrows in (b) and (c) indicate the polarization directions of the
first and second scans, respectively. The scale bars are 3 ym (in (a—c)) and 3 mm (in (d-g)), respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

examine their impact on the formation behavior of nanobumps. The regular nanoripples on the tested sample, shown in Fig. 4(b). The po-
effect of peak laser fluence of the second scan is revealed in Fig. 5. The larization directions between the first and second scans were orthogonal
first scan laser fluence was set to 2 J/cm?, which is sufficient to produce (6 = 90°). After applying the second scan with 0.1 J/cm? laser fluence,

Fig. 5. Nanobump formation behavior with respect to laser fluence of the second scan. The laser fluences of the first (second) scan are marked in yellow (green). The
yellow (green) double arrow indicates the polarization direction of the first (second) scan. The overlapping ratios of both scans are set at 75 %. The scale bar is 5 pm.
(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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the nanoripples are identical to those created by the first scan alone,
indicating that 0.1 J/ em? is insufficient for nanoripple formation by the
second scan. When laser fluence is raised to 0.15 J/cm?, visible
discontinuity takes place on the nanoripples created by the first scan.
This means nanoripple formation by the second scan is now effective.
With 0.27 J/cmz, uniform formation of nanobumps are observed,
reflecting that the laser energy in the second scan is effective at forming
new nanoripples as well as sustaining pre-existing nanoripples. Once the
laser pulse energy becomes too strong, such as 0.6 J/cm?, however, the
structures revert to nanoripples but with an orientation orthogonal to
that of the first scan. This indicates that these nanoripples are mainly
formed by the second scan, which supersede those formed by the first
scan. Therefore, the laser fluence of the second scan must be prudently
selected for the generation of nanobumps. The correlation with the laser
fluence in the first scan should also be considered.

The overlapping ratio has a substantial effect on nanobump forma-
tion as well. Fig. 6 depicts nanobump evolution behavior with varying
overlapping ratios in the second scan. Here laser fluences of the first and
second scans were 2 J/cm? and 0.6 J/cm?, respectively. The overlapping
ratio in the first scan was kept at 75 %. Polarization directions in these
two consecutive scans remained orthogonal (0 = 90°). Even with a high
laser pulse fluence, a low overlapping ratio (50 % in this instance) is
insufficient to activate the production of nanobumps, as shown in Fig. 6
(a). Nanoripples created by the first scan still cover the processed area.
When the overlapping ratio increases to 55 %, deposited laser energy
becomes strong enough, and nanobumps begin to develop evenly. And
they keep forming well with laser pulses more confined along the
scanning direction, such as a 70 % overlapping ratio. When the over-
lapping ratio becomes too high, representing very severe laser energy
deposition, pre-generated nanoripples would be taken over by the
nanoripples induced through the second scan. Thus, even with a suffi-
cient laser fluence, the overlapping ratio of the second scan must be
carefully considered to produce nanobumps.

The structures formed at various laser fluences and overlapping
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ratios of the second scan are summarized in Fig. 7 with the first scan
fluence of 2 J/cm?, the first scan overlapping ratio of 75 % and the
polarization angle of 90°. A broad formation window for nanobumps can
be identified (the green square zone). A second scan with laser fluence
varying from 0.1 J/cm? to 0.8 J/cm? is suitable to induce the formation
of nanobumps. In general, there is an inverse correlation between laser
fluence and overlapping ratio effects over nanobumps formation: a
smaller overlapping ratio is preferable when a greater laser fluence is
used. This behavior mainly relies on the growth of the second scan-
induced nanoripples. The key to achieving nanobumps is creating

100
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m Nanoripples governed by 15t scan
m Nanobumps
m Nanoripples governed by 2" scan

Overlapping Ratio of 2" Scan (%)
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Laser Fluence of 2" Scan (J/cm?)

Fig. 7. Nanobump formation window with respect to laser fluence and over-
lapping ratio of the second scan.

Fig. 6. Nanobump formation behavior with respect to overlapping ratio of the second scan. The overlapping ratios of the first (second) scan are marked in yellow
(green). The yellow (green) double arrow indicates the polarization direction of the first (second) scan. The laser fluence of the first (second) scan is set as 2 J/cm?
(0.6 J/cm?). The scale bar is 5 pm. (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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nanoripples by the second scan while preserving the ones generated by
the first scan. A high laser fluence paired with a high overlapping ratio
will strengthen the formation of the second scan-induced nanoripples
and subsequently completely eradicate the nanoripples generated by the
first scan. A balance between laser fluence and overlapping ratio is
required to keep the second scan-induced nanoripples milder than the
first scan-induced nanoripples.

3.3. Effect of the polarization angle

For this double-scan method, the polarization angle between two
scans is critical for in-depth analysis and precise control in industrial
applications. The effect of different polarization angles (¢) on formation
behavior was investigated. The laser fluences of the first and second
scans were 2 J/cm? and 0.25 J/cm?, respectively. The overlapping ratio
was set at 75 % for both scans. Fig. 8 illustrates the nanobumps for-
mation at different regions affected by various polarization angles. As
seen in Fig. 8(a-1), nanoripples are created successfully in certain places
and are designated as “normal nanoripples” because they are exactly
perpendicular to the polarization direction of the initial scan. In some
regions, however, owing to localized instability in the laser absorption
process and thermal re-equilibrium process, the production of nano-
ripples deviates from ideal circumstances and cannot extend precisely
along vertical directions, as seen in Fig. 8(a-2); these regions referred to
as “abnormal nanoripples.” Depending on the polarization angle,
nanobumps behave differently in these two locations. A relatively
modest polarization angle, such as 50° (Fig. 8(b-1)), is sufficient to
initiate the production of nanobumps in regions covered by normal
nanoripples. With increasing 6, the second scan is capable of generating
uniform nanobumps (Fig. 8(c-1-d-1)). Nonetheless, for the regions
covered by abnormal nanoripples, 50° (Fig. 8(b-2)) is too small to
initiate the formation of nanobumps. When 6 exceeds 60° (Fig. 8(c-2-d-
2)), universal nanobumps formation could be observed. Such an
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interesting phenomenon can actually be understood by checking the
local polarization angle. For abnormal nanoripples, the virtual polari-
zation direction of the first scan is already at an angle of tilt. Due to the
existence of a slanted angle, the local polarization angle in these places
becomes lower when the second scan is performed. Therefore, a greater
apparent polarization angle is necessary to compensate for the slanted
angle and initiate the creation of nanobumps.

The dimensions of nanobumps were also studied. Based on our hy-
pothesis that nanobumps are achieved through superimposition of two
sets of nanoripples, an equation (Eq. (4)) has been proposed to reveal the
relationship between periodicity of nanobumps (dnanobumps) and nano-

ripples (dnanonpples)’

dmznari
ipples
dnam)bumps = (4)

sin@

where dyanobumps is the distance between two consecutive nanobumps
along the orientations of nanoripples induced by the first and second
scans, and dnanoripples represents the distance between two adjacent
nanoripples, as shown in Fig. 9(a). Based on our proposed explanation,
dnanobumps Should be identical along these two directions. Fig. 9(b) dis-
closes the nanobump spatial feature variation with varying polarization
angles. The values predicted by Eq. (4) are plotted as well for compar-
ison. When 0 exceeds 60°, well-defined nanobumps could be formed,
and the periodicities in both directions are identical as expected. The
prediction by Eq. (4) agrees well with the experimental measurements,
confirming our theory. When @ is smaller than 50°, only nanoripples are
formed within the processed area. Consequently, Eq. (4) is not appli-
cable, and a constant periodicity of around 850 nm, which is the ge-
ometry size of LSFLs induced by one scan, is measured for all cases. It is
interesting to observe that no nanobump can form at low polarization
angles (below 50°). This phenomenon is attributed to nanobump size
limit induced by the laser spot size. Theoretically, if nanobumps could
be formed at small angles, their size (dnanobumps) would be very large, over

Fig. 8. Nanobump formation at different regions. (a-1), (b-1), (c-1) and (d-1): normal nanoripples region with = 0°, 50°, 60° and 90°; (a-2), (b-2), (c-2) and (d-2):
abnormal nanoripples region with = 0°, 50°, 60° and 90°. The red (blue) double arrow indicates the polarization direction of the first (second) scan. The laser
fluence of the first (second) scan is 2 J/cm? (0.25 J/cm?). The overlapping ratios of both scans are 75 %. The scale bar is 3 pm. (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. 9. (a): Correlation between spatial periodicity of nanobumps and nanoripples. Red (blue) lines represent virtual nanoripples induced by the first (second) scan.
(b): Spatial periodicity of nanobumps with varying polarization angles. (c): tilted view of nanobumps (6 = 90°). Laser fluence of first (second) scan is 2 J/em? (0.25 J/
cm?). The overlapping ratio is 75 %. The scale bar is 3 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

tens of micrometers, according to Eq. (4) (Fig. 9(b)). This dimension is
already beyond the size of the effective laser spot, where the local in-
tensity exceeds the ablation threshold. Therefore, nanobump formation
will not occur because it lies outside of the ablation region. In addition,
such periods that are too great are more susceptible to local thermal
instability and will be overwritten by local fluctuations in the flow of
molten material. As a result, when @ is small, no formation of nano-
bumps could be observed. When 6 gets close to 50°, dngnopumps is reduced
to an adequate level that the superimposition behavior of the second
scan-induced nanoripples becomes observable and the formation of
nanobumps takes place. Moreover, the tilted view of nanobumps in
Fig. 9(c) discloses that each generated nanobump is surrounded by
HSFLs with orthogonal directions. Such isotropic HSFLs represent the
effects of the superposition of nanoripples in the double-scan method,
which further supports our hypothesis.

3.4. Discussion on the formation mechanism

As mentioned previously, several groups reported the successful
creation of periodic nanobumps through either the double-pulse method
or the double-scan method. But the formation mechanism is still under
debate.

First, it is worth mentioning that the formation mechanism of
nanobumps in the double-scan method is different from that in the
double-pulse method. In the latter method, the interpulse delay is pri-
marily set around the picosecond or nanosecond level where the mate-
rial surface is still out of the thermal equilibrium state. Under such
conditions, strong material excitation induced by the second pulse and
regulated molten material flow on the surface are considered the driving
force of triangular nanostructure formation. In contrast, the double-scan
method uses a pulse interval greater than microseconds, and the mate-
rial has already returned to a condition of thermal equilibrium. There-
fore, from the perspective of the excitation state of the material, laser
pulses from the second scan in the double-scan method are delivered to
unexcited material, while (the second) laser pulses are fired on a highly
excited material surface in the double-pulse method.

Secondly, for the double-scan method, different mechanisms were
proposed for nanobump formation, including dynamic self-organization
[23], surface reconstruction [24], and the cutting effect of HSFLs
induced by the second scan [26]. However, we observed experimental
results contradicting these proposed hypotheses. The observation that
nanobump formation is dependent on polarization angles demonstrates
the predominance of laser polarization and diminishes the plausibility of
the dynamic self-organization explanation. The spatial periodicities of
nanobumps in both directions are found close to those of LSFLs,
excluding the cutting effect from HSFLs induced by the second scan. In
addition, HSFLs induced by the second scan, as illustrated in Fig. 9(c),

97

are mainly generated below the nanobumps as opposed to above them,
further confirming this conclusion. Physically, after being subjected to
the first scan, the reflectivity of the treated region would drop signifi-
cantly, lowering the effective ablation threshold for the second scan.
Consequently, even with a much weaker laser fluence, the second scan is
still strong enough to initiate the formation of LSFLs rather than only
HSFLs. Moreover, the presence of nanoparticles within the processed
area (Figs. 4(c) and 9(c)) clearly shows the occurrence of laser ablation,
which contradicts the non-ablative surface reconstruction theory.

We propose, based on our experimental findings, that nanobumps
are generated by the superposition of two sets of nanoripples with
different orientations that are generated by two consecutive scans. First,
the orientation of laser-induced nanoripples is determined solely by the
polarization direction and not by the surface morphology. The orienta-
tion of the nanoripples generated by the second scan is therefore
controllable. Second, the nanoripple formation is the result of ablation,
and hence the structures are capable of superposition. Under proper
conditions, the nanoripples generated by the second scan will partially
etch the first scan-induced nanoripples, forming discrete nanobump
structures.

4. Conclusion

In this paper, the formation of periodic nanobumps using a double-
scan method is investigated. It is confirmed that the formation of
nanobumps is caused by the superposition of two sets of nanoripples
(LSFLs) induced by two successive scans. The key to the fabrication of
these periodic nanostructures is the careful selection of the second scan
parameters. When the laser fluence or overlapping ratio is insufficient,
the obtained structures will be the nanoripples formed by the first scan.
At excessive fluences or overlapping ratios, the structures will be
dominated by the nanoripples created by the second scan. Nanobumps
can only be obtained with moderate fluences and overlapping ratios.
Also crucial is the polarization angle between two scans. The formation
of nanobumps can be induced by polarization angles ranging from 50° to
90°. With a significantly larger effective viewing angle, the obtained
nanobumps exhibits much better surface coloration effects compared to
commonly employed nanoripples. This simple double-scan method
greatly expands the potential applications of ultrafast laser surface
structuring for surface color regulation. In addition, the capability on
regulating isotropic spatial periodicity brought from this method could
be beneficial for developing hydrophobic/hydrophilic surfaces for sur-
face wettability-related applications such as anti-fouling, anti-fogging
and anti-icing.
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