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Compared with traditional nanotexturing methods, an
ultrashort-pulsed laser is an efficient technology of
fabricating nanostructures called laser-induced peri-
odic surface structures (LIPSS) on material surfaces.
LIPSS are easily fabricated when the pulse duration
is shorter than collisional relaxation time (CRT). Ac-
cordingly, ultrashort-pulsed lasers have been mainly
used to study LIPSS, but they unstably irradiate while
requiring high costs. Although long-pulsed lasers have
low cost and high stability, the phenomena (such as
the effect of pulse duration, laser wavelength, and
heat) of the LIPSS fabricated using short-pulsed lasers
with the pulse duration close to the maximum CRT,
which is greater than femtosecond, have not been clar-
ified. However, the nanosecond pulse laser has been re-
ported to produce LIPSS, but those were unclear and
ununiform. In this study, the short-pulsed laser with
the pulse duration of 20 ps, which is close to the maxi-
mum CRT, was employed to clarify the effects of pulse
duration and heat on the fabrication of LIPSS and
to solve problems associated with ultrashort-pulsed
lasers. First, a finite-difference time-domain simu-
lation was developed at 20-ps pulse duration to in-
vestigate the effects of irradiation conditions on the
electric-field-intensity distribution. Subsequently, ex-
periments were conducted using the 20-ps pulse laser
by varying conditions. The aspect ratio of the LIPSS
obtained was greater than that of the LIPSS fabri-
cated using ultrashort-pulsed lasers, but LIPSS were
not fabricated at 355- and 266-nm laser wavelength.
In addition, the short-pulsed laser experienced ther-
mal influences and a cooling material was effective for
the fabrication of LIPSS with high-aspect-ratio. This
demonstrates the effects of pulse duration close to the
CRT and heat on the fabrication of LIPSS.

Keywords: short-pulsed laser, 20-ps pulse duration, elec-
tric field, laser wavelength, material temperature
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1. Introduction

Micro/nanostructures can be used to alter the material-
surface functionalities such as tribology [1, 2], wettabil-
ity [3], optical properties [4], and bioaffinity [5]. Com-
pared with traditional methods, the ultrashort-pulsed laser
is more appropriate method of fabricating fine structures,
and it is used to fabricate fine periodic structures called
laser-induced periodic surface structures (LIPSS). In ad-
dition, LIPSS offered functionalities such as the friction
reduction [6], water repellency [7], anti-reflection [8], and
bioaffinity [9]. Notably, LIPSS are easily fabricated when
the pulse duration is shorter than the collisional relax-
ation time (CRT) from a few ps to approximately 20 ps,
as thermal effects occur after CRT [10]. Accordingly,
an ultrashort-pulsed laser with the pulse duration of less
than 10 ps has been mainly used to study LIPSS, although
the lasers with longer pulse duration have lower cost and
higher stability [11-13].

Theoretically, it is difficult to fabricate LIPSS by us-
ing the nanosecond pulse laser with the wavelength of
1064 nm because of thermal effects and low intensity,
however, it produced unclear LIPSS partially [14]. In
addition, it has been unclear whether a short-pulsed
laser with short laser wavelength can be used to fabri-
cate LIPSS, while an ultrashort-pulsed laser with short
laser wavelength can be used to fabricate LIPSS [15-17].
Moreover, LIPSS fabricated at higher temperature had
low roughness and threshold. In addition, laser irradiation
at high material temperature facilitated the fabrication of
LIPSS depending on the material, owing to the increase
in the initial carrier density, laser absorption and electron
scattering [14, 18-21], although non-thermal processing
is effective for fabrication of LIPSS [10]. However, the
phenomena associated with the LIPSS fabricated using a
short-pulsed laser with pulse duration close to CRT have
not been clarified.

The objective of this study is to verify the effects of
the pulse duration that is close to CRT, and also analyze
the effects of heat on the fabrication of LIPSS, by using a
short-pulsed laser with the pulse duration of 20 ps, which
is close to the maximum CRT. We also aim to stably fabri-
cate uniform LIPSS on the entire irradiated surface at low
cost. First, a finite-difference time-domain (FDTD) simu-
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Fig. 1. Processing model of a short-pulsed laser.

lation was conducted with the pulse duration of 20 ps by
using a 304 stainless steel material (SUS304, classified
by Japanese Industrial Standards), which is a commonly
used industrial material, to investigate the effects of con-
ditions on the electric-field-intensity distribution and the
geometry of LIPSS when the pulse duration was 20 ps,
as laser fluence and wavelength change the electric-field-
intensity distribution and electron density related to the
pitch length and height of LIPSS [22,23]. Subsequently,
experiments were conducted using the short-pulsed laser
with the pulse duration of 20 ps by irradiating on SUS304
substrates while varying the laser energy density, pulse,
laser wavelength, and material temperature to investigate
the effects of the pulse duration of 20 ps and material
temperature on the fabrication and geometry (e.g., pitch
length and height) of LIPSS, compared with ultrashort
pulsed lasers.

2. Principle

The incident light is divided into plasma waves and
scattered lights via protrusions on a surface based on the
parametric decay [14,24-26]. The interference between
the incident light and plasma waves induced surface plas-
mons, resulted in periodic Coulomb explosions on the sur-
face, as depicted in Fig. 1 [27,28]. After varying the
CRT from a few ps to approximately 20 ps, thermal ef-
fects induced the ablation or inhibition of structures, and
LIPSS were fabricated. The pitch length of LIPSS on met-
als is approximately 0.5-0.85 times as long as the laser
wavelength and increases upon increasing the laser en-
ergy density. Because a laser with pulse duration shorter
than CRT can be used to fabricate LIPSS without thermal
effects [29], a short-pulsed laser with the pulse duration
of 20 ps was employed in this study, as 20 ps is close to
the maximum CRT and, therefore, it may induce thermal
effects to clarify the effects of 20-ps pulse duration and
heat on the fabrication of LIPSS and to stabilize laser ir-
radiation at low cost.

3. FDTD
The principle stated that the pitch length of LIPSS
mainly depends on the laser wavelength and that it ex-

pands upon increasing the energy density. The elec-
tromagnetic field analysis using the FDTD method was
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performed with various laser intensities and wavelengths
to investigate the effects of laser-irradiation conditions
(e.g., laser intensity and wavelength) on the electric-field-
intensity distribution related to the geometry of resultant
LIPSS in the case of the laser with the pulse duration of
20 ps. The 20-ps pulsed laser has thermal effects, which
results in the melting and oxidation of the irradiated ma-
terial surface because of the pulse duration being close
to CRT. Notably, CRT expands by lowering the material
temperature because the electron-phonon interactions are
suppressed. Therefore, laser irradiation with a cooling
material was proposed to suppress the thermal effects and
easily fabricate sharp LIPSS, which were similar to those
fabricated using the femtosecond laser. In addition, the
FDTD simulation was performed by varying the material
temperature to investigate the effects of material temper-
ature on the electric-field-intensity distribution and fabri-
cation of LIPSS.

3.1. Method

The FDTD simulation is used to indicate electric-field-
intensity distribution. The electromagnetic-field intensity
is calculated by solving the time-dependent Maxwell’s
equations, introduced by Yee in 1966 [30,31]. The time
arrangement is determined using Eqgs. (1) and (2) as fol-
lows:
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E denotes the electric field, H the magnetic field, u the
permeability, € the permittivity, ¢ the conductivity, su-
perscript n the time steps, and Ar the time increment.

3.2. Analytical Setup and Conditions

Electromagnetic-field analysis with an FDTD simu-
lation (nanophotonic FDTD simulation software from
Lumerical Inc.) was performed to investigate the changes
in the electric-field-intensity distribution by varying the
laser intensity, laser wavelength, and material tempera-
ture, depending on the refractive index and extinction co-
efficient of material, and also to investigate the effects of
20-ps pulse duration and heat on LIPSS fabrication. In
Fig. 2, we depict the analytical model: the analysis area
is the inside of the rectangle represented using the thick
line; the monitor area is the inside of a square represented
using the thin line; the direction of the incident light is
denoted by the arrow, and the direction of the laser polar-
ization is denoted by the double-headed arrow. The sur-
face with grooves was prepared to imitate the case of fab-
ricating LIPSS, as the electric field was homogeneously
distributed on the flat surface, meaning the entire surface
is removed. The analytical conditions are listed in Ta-
ble 1. The refractive index and extinction coefficient of
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Fig. 2. Analytical model.

Table 1. Analytical conditions.

Laser wavelength 900, 532, 355, 266 nm

Pulse duration 20 ps
Material SUS304
Pitch length P, 100-900 nm
Depth 50 nm
Relative intensity 1.0, 2.0, 3.0, 4.0
Material temperature 293,373 K
4 — - 6
""" Extinction coefficientat 293 K
_ |~ — Extinction coefficientat 373K . “q 5
3 F et °®
o* % 4 4
2 13
12
1 Refractive indexat 293K | 1
Refractive index at 373 K
0 . . . 0
200 400 600 800 1000

Fig. 3. Refractive index and extinction coefficient of SUS304.

SUS304 were preliminarily measured using an ellipsome-
ter from the wavelength of 200 to 1000 nm at 293 K and
373 K, as depicted in Fig. 3. First, the laser wavelength
and laser-pulse duration were set to 900 nm and 20 ps, re-
spectively. The depth and pitch length of the grooves were
set to 50 and 850 nm, respectively, as the pitch length of
LIPSS was close to the laser wavelength. The relative
intensities were set to 1.0, 2.0, 3.0, and 4.0. Next, the
laser wavelengths were set to 900, 532, 355, and 266 nm,
and the pitch lengths of the grooves were set to 700-900,
400-500, 250-350, and 150-250 nm, respectively. Sub-
sequently, the pitch lengths of the grooves were set to 850,
400, 300, and 150 nm for the cases of 900, 532, 355, and
266 nm laser wavelength, respectively. The material tem-
peratures were set to 293 K and 373 K, and the changes in
the electric-field intensity were investigated by decreasing
the temperature.
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Fig. 5. Relationship between relative intensity and electric
field intensity (the number in the figure is the ratio of the
electric-field intensity at the bottom of the groove to that at
the top of the groove).

3.3. Analytical Results
3.3.1. Simulation with Various Intensities

In Fig. 4, we depict the analytical results of electric-
field distribution at different intensity with the same scale
of electric-field intensity. The upper and lower regions
divided using the dotted lines represent the atmosphere
and material, respectively. Ablation might occur at the
region with large electric-field intensity because of the
Coulomb explosion. In the case wherein the penetration
depth of the electric field is higher at the bottoms of the
grooves than that at the tops of grooves, the bottoms of the
grooves might be removed, thereby resulting in LIPSS.
The penetration becomes deeper upon increasing the rela-
tive intensity, and the electric-field distribution was homo-
geneously observed on the entire surface at high relative
intensity, removing the entire surface. In Fig. 5, we de-
pict the changes in the electric-field intensity of top and
bottom of the grooves and the ratio of the electric-field in-
tensity at the bottom of groove to that at the top of groove
for each relative intensity. The electric-field intensity at
the bottoms of grooves slightly increased upon increas-
ing the relative intensity without change in the ratio of the
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Fig. 6. Relationship between laser wavelength and electric
field intensity (the number in the figure is the ratio of the
electric-field intensity at the bottom of the groove to that at
the top of the groove).

electric-field intensity. The pitch length of the grooves
with high ratio was extended with increase in the relative
intensity; i.e., the increase in the energy density extends
the pitch length of LIPSS, in accordance with the prin-
ciple of extending the pitch length upon increasing the
energy density related to the electric field.

3.3.2. Simulation with Various Laser Wavelengths

In Fig. 6, we depict the changes in the electric-field in-
tensity for each laser wavelength. The ratio of the electric-
field intensity at the top of the grooves to that at the bot-
toms of the grooves for the pitch lengths of 850, 400, 300,
and 150 nm were large for the laser wavelengths of 900,
532, 355, and 266 nm, respectively, indicating that the
laser wavelength mainly determines the pitch length of
LIPSS. Moreover, the electric-field intensity increased at
both the top and the bottom of the groove upon decreasing
the laser wavelength, indicating that shorter-wavelength
lasers require lower energy density to fabricate LIPSS,
owing to the removal of the entire irradiated surface be-
cause of high intensity.

3.3.3. Simulation with Various Material
Temperatures

In Fig. 7, we depict the changes in the electric-field
intensity for each laser wavelength and material temper-
ature. High electric-field intensity was observed on the
workpiece surface, especially at the top of the groove, at
high material temperature. This indicates that although
the threshold decreases, yet the fabrication of LIPSS is
difficult at high temperatures because of the removal of
the entire irradiated surface. However, the ratio of the
electric-field intensity at the bottom of the groove to that
at the top of the groove increased for lower material tem-
peratures, indicating that it is easy to fabricate LIPSS with
higher aspect ratio (i.e., the height of LIPSS divided by
the pitch length thereof) at lower temperatures.
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Fig. 8. Processing model of a short-pulsed laser.

4. Experiments

From the FDTD simulation results, we predicted the
geometry of LIPSS at 20-ps pulse duration depending
on the laser energy density and wavelength, and the
low-temperature environment facilitated the fabrication of
LIPSS with high aspect ratio. The experiments were then
conducted to confirm the effects of both the pulse duration
close to CRT and heat on the fabrication and geometry of
LIPSS with the 20-ps pulsed laser while varying the laser-
irradiation conditions.

4.1. Experimental Conditions

SUS304 substrates with mirror surfaces were pre-
pared. Laser irradiation-experiments on the mirror sur-
faces were conducted using a picosecond-pulse laser os-
cillator (Ekspla, PL2250-50P20) with 20-ps pulse dura-
tion. The experimental setup is depicted in Fig. 8, includ-
ing a polarizer, beam splitter, and collecting lens with the
focusing range of 150 mm.
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Table 2. Experimental conditions.

Wavelength 1064, 532, 355, 266 nm
Pulse duration 20 ps
Frequency 50 Hz
Pulse n 1-1000 pulse(s)
Energy density E, 0.0034—4.47 J/cm?
Temperature 223,293 K
Workpiece SUS304
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g. 10. Pitch length of LIPSS at 1064-nm wavelength.

The laser-irradiation conditions are listed in Table 2.
The laser with the Gaussian beam profile was irradiated
on the substrate without scanning. The pulses and en-
ergy density were varied, and the laser wavelengths were
set to 1064, 532, 355, and 266 nm. The material tem-
peratures were set to 223 K and 293 K using a thermal
controller for microscopy (Collet Kogyo Co., Ltd.). The
workpiece was refrigerated on the holder in the controller,
where liquid nitrogen flowed, and the laser was irradiated
through a window in the vacuum. The central parts of the
laser-irradiated regions were observed using a scanning
electron microscope (SEM), a transmission electron mi-
croscope (TEM), and an atomic force microscope (AFM).

4.2. Experimental Results

4.2.1. Experiments with Various Energy Densities and
Pulses at 1064-nm Laser Wavelength

In Fig. 9, we depict an example of the AFM image of
LIPSS. In Fig. 10, we depict changes in the pitch length
of LIPSS for various pulses and energy densities. The
pitch length was approximately 700-900 nm and slightly
increased upon increasing the energy density irrespective
of pulses, as attributed to the parametric decay. In Fig. 11,
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Fig. 11. Height of LIPSS at 1064-nm wavelength.
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Fig. 12. SEM images of irradiated regions at different laser
wavelength.

we depict the changes in the height of LIPSS. The height
of LIPSS was approximately 350-550 nm and slightly in-
creased upon increasing the pulses and energy density.
Overall, the pitch length and height of the LIPSS fab-
ricated on SUS304 using the short-pulsed laser are ap-
proximately 700-900 and 350-550 nm, respectively. The
aspect ratio of LIPSS (i.e., the height of LIPSS divided
by the pitch length thereof) with the 20-ps pulsed laser
is greater than that of LIPSS with ultrashort-pulsed lasers
that, in the case of with the wavelength of 800 nm, fabri-
cated LIPSS with approximately pitch length of 600 nm,
height of 150-250 nm and aspect ratio of 0.25-0.42 on
stainless steel surfaces [32—-35] due to removal of convex
parts with high intensity [13].

4.2.2. Experiments with Various Laser Wavelengths

In Fig. 12, we depict the SEM images of the laser-
irradiated regions by using various laser wavelengths.
The 1064- and 532-nm-wavelength lasers fabricated
LIPSS, but the 355- and 266-nm-wavelength lasers did
not fabricate LIPSS, while the ultrashort-pulsed laser with
370-fs pulse duration at 257-nm wavelength fabricated
LIPSS [17]. It is considered that significant nonperiodic
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wavelength.

absorption, as mentioned in Section 3.3.2, occurs deeper
in the case of 355- and 266-nm-wavelength lasers com-
pared with the ultrashort pulsed laser, and the entire ir-
radiated surface is removed. Additionally, the 532-nm-
wavelength laser required lower energy density to fabri-
cate LIPSS compared with the 1064-nm-wavelength laser,
as the short-wavelength laser is absorbed deeper into the
substrate.

In Fig. 13, we depict the TEM images of the cross sec-
tions of the LIPSS fabricated using the 1064- and 532-nm-
wavelength lasers, respectively. The LIPSS with 10-um
thick oxide films were larger at 1064-nm laser wavelength
than that at 532-nm laser wavelength. In Fig. 14, we de-
pict the changes in the pitch length and height of LIPSS
for each laser-irradiation condition, respectively. The
pitch length and height of the 532-nm-wavelength laser
fabricated LIPSS were initially approximately 400 nm
and 200 nm, respectively. Both of them slightly increased
upon increasing the energy density, as is the case of the
LIPSS fabricated using the 1064-nm-wavelength laser.

4.2.3. Experiments with Various Material
Temperatures

In Fig. 15, we depict the SEM images of the irradi-
ated regions for low material temperature. The 1064-
and 532-nm-wavelength lasers fabricated LIPSS, but 355-
and 266-nm-wavelength lasers could not fabricate LIPSS
even if the material temperature decreased. In Fig. 16,
we depict the TEM images of LIPSS at 1064-nm wave-
length and various temperatures. The LIPSS were sharp
at 223 K, while they were roundish at 293 K. In Fig. 17,
we depict the element mappings detected via energy dis-
persive X-ray spectrometry of the TEM images. The
laser irradiation at low material temperature suppressed
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Fig. 15. SEM images of irradiated regions at 223 K.
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Fig. 16. TEM images of LIPSS at 1064-nm laser wave-
length and various temperatures.
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Fig. 17.  Element mappings of TEM images LIPSS at
1064-nm laser wavelength and various temperatures.

the growth of an oxide film without changing the other
elements such as chromium, nickel, and iron, namely,
the short-pulsed laser with 20-ps pulse duration exerted
thermal influence for the fabrication of LIPSS, melting
and producing roundish LIPSS. In Fig. 18, we depict the
changes in the pitch length of LIPSS at 223 K. Similar
to the case at 293 K, the pitch length of LIPSS at 223 K
was approximately 800—-1000 and 400 nm with the 1064-
and 532-nm-wavelength lasers, respectively, while the
LIPSS fabricated at higher temperature had longer pitch
length [19,21], as the change of 50 K was insufficiently
small to change the pitch length of LIPSS. In Fig. 19,
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we depict the changes in the height of LIPSS for each
material temperature. The height of LIPSS at 223 K
was greater than that at 293 K, as cooling material eas-
ily propagated surface plasmons and increased the ratio of
the electric-field intensity at the bottom of groove to that
at the top of groove. Accordingly, these results demon-
strated the effects of pulse duration close to CRT and heat
on the fabrication and geometry of LIPSS using the 20-ps
pulsed laser. In addition, the results verified the efficiency
of the short-pulsed laser and low-temperature environ-
ment to fabricate stably uniform LIPSS with high aspect
ratio on the entire irradiated surface at low cost compared
with the ultrashort pulsed laser, owing to the prevention of
the removal of the convex parts of LIPSS because of low
intensity of the 20-ps pulsed laser and to the extension of
the CRT and the reduction of thermal effects by cooling
material, causing dominant optical behavior.

5. Conclusions

We studied the effects of 20-ps pulse duration and heat
on the electric-field-intensity distribution and resultant
LIPSS to stably and effectively fabricate LIPSS on the
entire irradiated surface. The following are the results of
simulations and experiments performed using the 20-ps
pulsed laser.

1. The pitch length and the height of the LIPSS fab-
ricated on SUS304 using the short-pulsed laser at
1064-nm wavelength are 700-900 and 350-550 nm,
respectively. The aspect ratio of LIPSS is approxi-
mately 0.5, which is greater than 0.2-0.4 of LIPSS
fabricated using ultrashort-pulsed lasers.

2. The 355- and 266-nm-wavelength lasers could not
fabricate LIPSS, as the electric-field intensity was
high at both the top and bottom of the groove, fol-
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lowing which significant nonperiodic absorption oc-
curred deeper compared with the ultrashort pulsed
laser, and, therefore, the entire irradiated surface was
removed.

3. Compared with the ultrashort pulsed laser, the short
pulsed laser experienced thermal influences, thereby
producing roundish LIPSS with thick oxide films.
The low-temperature environment suppressed the
growth of oxide films and promoted the fabrication
of LIPSS with high aspect-ratio because of the resul-
tant extension of CRT, thereby facilitating the prop-
agation of surface plasma waves and increasing the
ratio of the electric-field intensity at the bottom of
groove to that at the top of groove.
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