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The formation of laser-induced periodic surface structure (LIPSS) has been observed on various materials. As
LIPSS can be used for modifying various surface properties such as wettability, tribology and optical perfor-
mance, the control of the period and topography of LIPSS is an important issue. In this study, picosecond pulsed
laser irradiation was performed on a stainless tool steel in various types of media including the air, water, sugar
syrup (water and sucrose (C;2H»2011)), decane (CqoHa»), and ethanol (C,HsOH). Different surface morphologies
were observed on the steel surface after laser irradiation, depending on the types of media. A strong relationship

was identified between the period of LIPSS and the refractive index of liquid. In addition to the change of LIPSS
period, complicated mesh patterns were formed on the surface irradiated in decane and ethanol, indicating the
significant effect of thermal conductivity of the liquids on surface formation mechanisms. This study demon-
strated the possibility of controlling the period and topography of LIPSS by using different media.

1. Introduction

Laser-induced periodic surface structures (LIPSS) have been obtained on
various materials such as metals, semiconductors, and dielectrics [1-4].
LIPSS is formed when an ultrashort pulsed laser is irradiated near the ab-
lation threshold of a material [5,6]. It is well known that normally the
period of LIPSS induced by an ultrashort pulse laser is slightly shorter than
the wavelength of the laser [7]. The shape and orientation of LIPSS are
influenced by the polarization of the laser [8-10]. However, there is still
considerable ambiguity about the mechanism of LIPSS formation. One of
the possible mechanisms is the interference of the laser beam and a laser-
excited electric field called surface plasmon polariton (SPP) [11,12]. An
electrical charge distribution is immediately generated on the surface by
laser irradiation, and this electrical charge distribution induces SPP. LIPSS is
a result of ablation on the modulated energy deposition caused by the in-
terference of the incident laser and the SPP. Another proposed mechanism
for LIPSS formation is the laser-induced self-organization of materials
[5,13]. The emission of electrons caused by laser absorption induces in-
stability of the surface, and the lattice is perturbed. As a result, LIPSS is
assembled by surface relaxation due to the instability of the surface. It is
generally accepted that the dominant LIPSS formation mechanism depends
on the property of the workpiece material used.

As LIPSS can be utilized to generate various surface properties such
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as wettability [14-16], tribological [17] and optical performances
[18,19], the control of the period and topography of LIPSS is a critical
issue. It has been found that the period and topography of LIPSS are
related to various laser parameters such as wavelength [7,20], fluence
[11], number of pulses [21-23], incident angle [24,25] and polariza-
tion [8]. However, up to date, few studies have focused on controlling
the morphology of LIPSS by changing the surrounding media. Although
it was reported that the period of LIPSS formed in a liquid was shorter
than that in the air, the relationship between the morphology of LIPSS
and the medium properties is still unclear [26].

In this study, the authors attempted forming LIPSS with various
periods on a steel surface by irradiating a picosecond pulsed laser in
different types of surrounding media. The aim is to control the mor-
phology of LIPSS by utilizing the difference in the refractive index and
thermal conductivity of various types of media. The control of the
period of LIPSS is useful for enhancing the surface properties such as
hydrophobicity and friction reduction. LIPSS on a steel mold can im-
prove the mold releasing ability in plastic molding applications [4]. In
addition to the improvement in these surface properties, LIPSS can also
be used as diffraction gratings to generate structural colors [19]. Laser
processing of workpiece in liquids can prevent from surface oxidation,
impurity contamination and particle adhesion, as well as thermal de-
formation of the workpiece.
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Fig. 1. Schematic of the experimental setup.

Table 1
Properties of liquids used.

Density Refractive index Thermal conductivity
[g/cm?] [W/m K]
Water 0.997 1.33 0.609 (27 °C)
Sugar syrup (60%) 1.29 1.44 -
Decane 0.730 1.41 0.147 (27 °C)
Ethanol 0.789 1.36 0.163 (30°C)

Fig. 2. SEM image of LIPSS formed in the air.

Fig. 3. Cross-sectional profile of LIPSS showing period measurement method.
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2. Experimental method

The laser used in the experiments was an Yb fiber laser, PFLA-
1030TP, produced by Optoquest Co., Ltd. The wavelength was 1030 nm
and the pulse width was 50 ps The energy density of the laser beam had
a Gaussian distribution. Fluence was changed between 0.15 and 0.76 J/
cm?, and the repetition frequency was set to 10 and 100 kHz. The laser
beam was focused into an elliptical spot with a size of 6 ym X 7 um, and
the focal length was 20 mm. A stage was used to move the workpiece in
the X-, Y- and Z-axis directions. The focal point of the laser beam was
adjusted by a lens, and a CCD camera was used to observe the laser spot
on the workpiece surface, as shown in Fig. 1. The laser scan speed was
set to 1 and 40 mm/s, and the overlap between two neighboring scan
lines was 2 um. A stainless steel consisting of C (0.38%), Si (0.9%), Mn
(0.5%), Cr (13.6%), V (0.3%) was used as workpiece. The sample size
was 20mm X 20mm X 5mm.

Refractive index and thermal conductivity are considered to be the
most important properties of a medium for laser irradiation: the former
affects the laser incident angle and focusing distance, while the latter
influences the heat absorption at the irradiated surface. To investigate
the effects of these factors on LIPSS formation, in this study, the
workpiece was irradiated in 4 kinds of media, namely the air, water,
sugar syrup (water and sucrose (C;5H25011)), decane (C;oHsp) and
ethanol (C,HsOH), respectively. The concentration of sugar syrup was
60%. The refractive index and thermal conductivity of all these liquids
are different. The properties of the liquids are shown in Table 1. The
thickness of the liquid layer over the workpiece was changed within
3-9 mm.

The obtained surface structure was observed by a scanning electron
microscope (SEM), INSPECT S50 produced by FEI Company. The profile
of the surface structure was measured by an atomic force microscope
(AFM), SPM-3 produced by Hitachi High-Technologies Corporation.

3. Results and discussion
3.1. LIPSS formation in the air

The laser was irradiated in the air with a fluence of 0.15J/cm? at a
repetition frequency of 100 kHz and a scanning speed of 40 mm/s. The
SEM image of the irradiated surface is shown in Fig. 2. The arrow in the
image shows the direction of laser polarization. LIPSS perpendicular to
the laser polarization was formed on the surface. The cross-sectional
profile of the LIPSS is shown in Fig. 3. The profile was plotted along the
dotted line in Fig. 2. The period of LIPSS was defined as the average
distance between the peaks of the LIPSS which can be measured from
the cross-sectional profile. The period of LIPSS was 726 nm, shorter
than the laser wavelength (1030 nm). This kind of LIPSS was defined as
low spatial frequency LIPSS (LSFL), the period of which is slightly
shorter than the laser wavelength [27].

3.2. Effect of refractive index of media

In order to investigate the effect of the refractive index of liquids,
the laser was irradiated in water and sugar syrup with a fluence of
0.76 J/cm? at a frequency of 10 kHz and a scanning speed of 1 mm/s. A
higher fluence was used than in the air because liquids absorb laser
more than the air. If the scanning speed of the stage is too fast, the
water surface will surge and cause the defocus of laser. To prevent
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Fig. 4. SEM images of surfaces irradiated in water and sugar syrup at various thicknesses of liquid layer.

Fig. 5. Cross-sectional profiles of LIPSS formed in the air, water and sugar
syrup.
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water surging, a slow scanning speed was used. Accordingly, the fre-
quency of laser pulse was also decreased.

The SEM images of the surface irradiated in water and sugar syrup
at different liquid thicknesses are shown in Fig. 4. When the laser was
irradiated in water, the surface morphology was changed depending on
the thickness of water layer. When the water layer was 3 mm thick, very
shallow LIPSS was observed only on a few areas of the surface; the
surface was roughened and covered with many particles. At 5mm
thickness of water, LIPSS was formed but partially interrupted. When
the thickness of water was over 7 mm, LIPSS was regularly formed on
the entire surface. This change of surface structures might be due to the
difference in laser absorption amount by water. If the water layer is
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Fig. 6. Periods of LIPSS formed in the air, water and sugar syrup.

Table 2
Experimental and calculation result of the period of LIPSS formed in liquids.
Water Sugar syrup
Experiment 526 nm 482nm
Calculation 546 nm 504 nm

thin, the laser absorption is small, and the laser fluence remains high
when reaching the surface. Thus, thermal effect occurs and causes
material melting [28]. On the other hand, if the water layer becomes
thicker, the laser fluence decreases to be near the ablation threshold,
thus LIPSS is formed on the surface.

When the laser was irradiated in sugar syrup, fine LIPSS was formed
on the surface at each liquid thickness from 3 to 7 mm. However, when
the sugar syrup layer was further thicker (9 mm), LIPSS becomes very
shallow and formed partially on the surface while unaffected surface
regions remained. This indicates that the laser absorption in sugar syrup
is more significant than that in water, and laser fluence is too low to
induce LIPSS due to the excessive laser absorption by the thick sugar
syrup layer.

Another noteworthy phenomenon was that laser-induced bubble
generation was more significant in sugar syrup than in water. Laser-
induced plasma in liquid changes into bubbles after cooling [29], which
block the subsequent laser pulses and make the irradiation process
unstable. As a result, the LIPSS generation becomes non-uniform and
the surface area with LIPSS formation is decreased. It is known that
sugar syrup has a higher viscosity than water, thus is easier to induce
bubbles [30]. In Fig. 4, surface regions without LIPSS formation can be
clearly identified for laser irradiation in sugar syrup. At liquid layer
thicknesses of 5 and 9 mm, the unaffected surface areas were especially
bigger, indicating more significant bubble formation and process in-
stability.

The cross-sectional profiles of the LIPSS formed in water (thickness:
9mm) and sugar syrup (thickness: 3mm) are shown in Fig. 5. The
profiles were plotted along the dotted lines in Fig. 4. To compare the
period of LIPSS, the cross-sectional profile of LIPSS formed in the air
(Fig. 3) is replotted in Fig. 5. In Fig. 5, it can be seen that the period of
LIPSS formed in a liquid is shorter than that in the air. The average
period of LIPSS for each medium was shown in Fig. 6. The period was
726 nm in the air, while decreased to 526 nm in water, and 482 nm in
sugar syrup. From Fig. 5, it can be seen that not only the LIPSS period,
but also the LIPSS height was decreased for laser irradiation in liquids
compared to laser irradiation in the air.

It is assumable that the refractive index of the liquids caused the
changes of the period of LIPSS. When the light passes through the
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boundary of media with different refractive index, the wavelength of
light is changed according to the Snell's equation:

@

where n; is the refractive index of material 1, A; the wavelength of light
in material 1, n, the refractive index of material 2, and A, the wave-
length of light in material 2. When the laser travels from the air to a
liquid, the wavelength of laser becomes shorter because of the change
in the refractive index. As a result, the period of LIPSS formed in the
liquid becomes shorter because the LIPSS period is related to the wa-
velength of laser [7]. Then, the period of LIPSS formed in a liquid can
be calculated by the following equation:

51 = 5a/n1

m 'A] = nz'ﬂ.z

(2)

where §; is the period of LIPSS formed in the liquid, &, the period of
LIPSS formed in the air, and n; the refractive index of the liquid. The
calculated and experimental results of the period of LIPSS formed in
liquids are shown in Table 2. The experimental result and the calcula-
tion result are very close, which strongly demonstrates the relationship
between the period of LIPSS and the refractive index of a liquid.

3.3. Effect of thermal conductivity of media

In order to investigate the effect of thermal conductivity of a liquid,
the laser was irradiated in decane and ethanol with an fluence of
0.76 J/cm? at a pulse frequency of 10 kHz, and a scan speed of 1 mm/s.
The SEM images of the surface irradiated at different thicknesses of
liquid layer are shown in Fig. 7. Unlike in water, complicated patterns
were formed in decane and ethanol. When the layer of liquids was thin
(~5mm), a mesh structure was formed on the entire surface. However,
when the liquid layer thickness was over 7 mm, a periodic straight
nanoscale grooves were formed on the surface in addition to the mesh
patterns.

Mesh structures have been reported in previous research of laser
irradiation on metal surfaces, where thermal effect due to high laser
fluence is dominant [31]. In this research, the mesh structures might
have been formed by the heat of plasma generated inside the liquid. The
spread of laser-induced plasma is suppressed by the surrounding liquid;
thus the high-temperature plasma is kept near the surface for a long
time [32]. The suppressed plasma generates a strong thermal effect on
the irradiated surface, leading to formation of mesh structures, as
schematically shown in Fig. 8. In this process, the thermal conductivity
of the liquid might take an important role on surface morphology for-
mation. As shown in Table 1, the thermal conductivity of decane and
ethanol was distinctly lower than that of water. The low thermal con-
ductivity prevents the heat of plasma from escaping to the surrounding
media. As a result, the thermal effect becomes stronger and mesh
structure is formed.

3.4. Effect of media on LIPSS reassembly

In the previous sections, we have examined the LIPSS formation on
a flat surface and confirmed the period and morphology changes of the
LIPSS depending on the media. Then we have the question: what will
happen if laser irradiation is performed on a surface with existing
LIPSS? In the following experiment, the laser was irradiated on the
surface where LIPSS was already formed. In other words, two-step ir-
radiation was performed in different combinations of media; the effect
of media type on LIPSS reassembly in the second irradiation were in-
vestigated. In this paper, results for two-step irradiation in 3 media



T. Kobayashi, et al.

Precision Engineering 57 (2019) 244-252

Fig. 7. SEM images of surfaces irradiated in decane and ethanol at various thicknesses of liquid layer.

combinations (air-air, water-air, and air-water) are presented. The laser
irradiation conditions are: laser fluence 0.15J/cm?, pulse frequency
100 kHz, and laser scan speed 40 mm/s in the air; laser fluence 0.76 J/
cm?, pulse frequency 10kHz, and laser scan speed 1 mm/s in water
(thickness: 9 mm).

First, the laser was irradiated in the air on a flat surface, and then
irradiated again in the air on the same area. The SEM images of the
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irradiated surface are shown in Fig. 9. LIPSS was formed on the surface
by the first irradiation (Fig. 9 (a)). After the second irradiation, LIPSS
with the same period was formed (Fig. 9 (b)). LIPSS was continuously
formed even at the boundary without period difference and phase shift
of LIPSS observed (Fig. 9 (c), (d)).

Next, the laser was irradiated in water on a flat surface and then
irradiated in the air on the same area. The SEM images of the irradiated
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Fig. 8. Thermal effect caused by suppressed plasma expansion inside a liquid.

surface are shown in Fig. 10. LIPSS with a shorter period than that in
Fig. 9 (a) was formed by first irradiation in water (Fig. 10 (a)). After the
second irradiation in the air, similar LIPSS remained on the surface
(Fig. 10 (b)). At the boundary of (a) and (b), LIPSS was continuously
formed without phase shift or period change (Fig. 10 (c), (d)).

Fig. 11 shows the cross-sectional profiles of LIPSS shown in Figs. 9
(b) and 10 (b) plotted along the dotted lines. Although both the two
kinds of LIPSS were finally formed in the air, the period of LIPSS formed
in air after water was shorter than that formed in air after air. This
result indicated that the period of LIPSS formed in the air was depen-
dent on the period of the former LIPSS.

As the next experiment, the laser was irradiated in the air on a flat
surface and then irradiated in water on the same area. The SEM images
of the irradiated surface are shown in Fig. 12. Compared to the LIPSS
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formed in the first irradiation in air (Fig. 12 (a)), the LIPSS formed by
the second irradiation in water has a distinctly shorter period (Fig. 12
(b)). Due to the period difference, there is an apparent phase mismatch
at the boundary (Fig. 12 (c)), where LIPSS was bifurcated after the
second irradiation (Fig. 12 (d)). This result showed that the period of
LIPSS formed in water was independent of that generated in the first
laser irradiation.

3.5. Effect of media on LIPSS reassembling mechanism

Based on the experimental results in the previous sections and the
findings from previous studies, the mechanism of LIPSS formation are
discussed as follows. In general, two mechanisms of LIPSS formation are
possible in laser irradiation on metals, as shown in Fig. 13. One is based
on the interference of laser and SPP (Fig. 13 (a)), and the other is based
on the self-organization of material surface (Fig. 13 (b)).

As shown in Fig. 13 (a), the initial stage of LIPSS formation is caused
by the ablation on the modulated energy deposition due to the inter-
ference of incident laser and SPP [11,12]. Then, the electric field is
modulated along the initially formed structures. As a result, the electric
field is strengthened inside the grooves to make them deeper. As the
number of pulses increases, the groove depth is further amplified
through the ablation effect and LIPSS is finally formed on the surface. In
this case, LIPSS formation depends strongly on the initial surface
structure [11]. If there are existing grooves before irradiation, the
electric field will be strengthened inside those grooves to make them
deeper without changing their period.

On the other hand, LIPSS formation can be induced by surface

Fig. 9. SEM images of the surface (a) after the first irradiation and (b) after the second irradiation in the air; (c) boundary region of (a) and (b); (d) close-up of the

square in (c).
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Fig. 10. SEM images of the surface (a) after first irradiation in water and (b) after second irradiation in the air; (c) boundary of (a) and (b); (d) close-up of the square

in (c).

Fig. 11. Cross-sectional profiles of LIPSS in Figs. 9 (b) and 10 (b), showing
different periods.

relaxation as a results of material self-organization, as shown in Fig. 13
(b). Laser irradiation causes emission of electrons, which makes the
surface unstable [5,13]. As a result, LIPSS is assembled from the un-
stable surface through the perturbation effect. In this case, the near-
surface layer of material will be reorganized and restructured during
the laser pulse. Hence, even there are existing grooves or other struc-
tures on the surface, they will have little effect on the final LIPSS for-
mation [5].

In this study, when the second laser irradiation was performed in
the air, the resulting period of LIPSS was strongly dependent on the
period of the previously formed LIPSS (Figs. 9 and 10). Therefore, LIPSS
formation in the air is more likely due to the interference of incident
laser and SPP. In contrast, the period of LIPSS formed by the second
laser irradiation in water was distinctly different from the previously

formed LIPSS (Fig. 12). From this result, it might be presumable that
self-organization is the dominant mechanism for LIPSS formation in
water. Due to the thermal effect caused by the suppressed plasma inside
a liquid (Fig. 8), the unstable state of surface material facilitates lattice
perturbation, and LIPSS is reassembled by surface restructuring.

To summarize, this study has demonstrated that the LIPSS formation
mechanism of steels not only depends on material properties and laser
parameters, but also strongly depends on the surrounding environ-
ments. It is possible to control the period and morphology of the LIPSS
by utilizing the differences in the refractive index and thermal con-
ductivity of various types of media. This might be technologically useful
for surface functionalization of steel materials and provide added-value
for future mechanical and/or optical products.

4. Conclusions

Picosecond pulsed laser was irradiated on a stainless tool steel
surface in different kinds of media. It was found that the period of laser-
induced periodic surface structure (LIPSS) formed in liquids was shorter
than that formed in the air, and a strong relationship was identified
between the period of LIPSS and the refractive index of the liquids.
LIPSS formation was also affected by the thermal property of the liquid;
in a liquid with low thermal conductivity, a mesh structure was formed
on the irradiated surface rather than nanoscale grooves. The phenom-
enon of LIPSS reassembly in the laser irradiation of a surface with ex-
isting LIPSS indicated that the interference of incident laser and surface
plasmon polariton might be dominant for LIPSS formation in the air;
whereas the self-organization of surface material was the major
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Fig. 12. SEM images of the surface (a) after first irradiation in the air, (b) after second irradiation in water; (c) boundary of (a) and (b); (d) close-up of the square in

(c).

Fig. 13. Schematic of possible mechanisms of LIPSS formation: (a) interference of laser with surface plasmon, (b) self-organization of material surface.

mechanism for LIPSS formation in liquids. The findings from this study
demonstrated the possibility of controlling the period and topography
of LIPSS by using various media.
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