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For laser ablation of aluminum, ultraviolet Nd:YAG lasers were used with wavelengths of 355 nm
and 266 nm (pulse durations of 5 ns and 6 ns, respectively, at repetition rate of 10 Hz). The melting
threshold of aluminum was measured to be Fy, 355 = 1.51 J/cm? for 355 nm and Fy, 266 = 0.76 J/cm? for
266 nm. Periodic nanostructures were successfully produced on aluminum surfaces in the vicinity of
laser-produced grooves. For the 355 nm laser, the structures formed at a fluence of 1.7 J/cm? to 2.2
J/em? with the number of pulses N =200 to 2000. The interspace of periodic nanostructures was 568
nm, as determined by 1D-fast Fourier transform on the average of 10 points. The depth of periodic
nanostructures measured by atomic forced microscopy was 90 nm to 160 nm. For the 266 nm laser,
the periodic nanostructures formed at a fluence of 1.0 J/cm? to 3.0 J/cm? with the number of pulses N
= 300 to 500. The interspace of periodic nanostructures was 474 nm on average. The periodic

nanostructures were oriented orthogonally to direction of laser polarization.

DOI: 10.2961/ilmn.2025.03.2007

Keywords: nanosecond pulsed laser, aluminum, melting threshold, periodic nanostructures, ultravi-

olet laser

1. Introduction

Aluminum, known for its light weight, high strength, and
good electrical and thermal conductivity, is widely used in
various industrial fields, including aerospace, automotive,
and electronics. However, conventional mechanical pro-
cessing methods involve significant challenges in accurately
forming complex micro-nanostructures on aluminum sur-
faces, limiting their potential in advanced manufacturing and
functional surface engineering. Ultraviolet (UV) nanosec-
ond lasers are increasingly gaining attention for their appli-
cations in material processing and surface modification, par-
ticularly in forming micro-nanostructures on metal surfaces.

One of the key advancements in this field is the laser-
induced periodic surface structuring (LIPSS). The LIPSS
technique is notable for its ability to produce highly control-
lable and repeatable periodic micro-nanostructures [1].
These structures can significantly enhance the surface prop-
erties of materials, providing aluminum surfaces with in-
creased hardness, wear resistance, and corrosion resistance
[2]. Additionally, LIPSS can impart unique optical, electri-
cal, and biocompatibility properties [3] [4] that are difficult
to achieve with conventional processing methods. The high
energy density and short pulse duration of UV lasers make
them particularly well suited to forming LIPSS [5], allowing
for excellent precision and control at the nanoscale.

A promising application of LIPSS on aluminum (anode
collector) is improving the performance of lithium-ion bat-
teries. By increasing the surface area of the anode collector
(V205/C composite), the capacity and overall performance
of the batteries can be significantly enhanced [6]. However,
due to aluminum's high reflectivity and thermal conductivity,
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creating clear periodic nanostructures on its surface is par-
ticularly challenging [7]. Although femtosecond lasers are
commonly used to create LIPSS, achieving large-area LIPSS
formation on aluminum remains difficult, and their high cost
and complexity limit practical applications [8]. Therefore,
this study explores the use of 355 nm and 266 nm UV
Nd:YAG lasers for LIPSS formation. We found that appro-
priate laser irradiation conditions successfully generated pe-
riodic nanostructures on the aluminum surface irradiated
with 355 nm or 266 nm UV Nd:Y AG laser pulses. Addition-
ally, microstructures on collector can further improve the
performance of lithium-ion batteries.[9]

In this paper, the formation of microstructures and peri-
odic nanostructures on aluminum with 355 nm and 266 nm
UV Nd:YAG lasers is reported.

2. Experimental

For measurement of the melting threshold and formation
of the surface structuring, ultraviolet laser pulses generated
from Nd:YAG laser systems were utilized. The wavelength
of 355 nm was derived from a Power Lite PL8000 system
(Lumibird, Co. Ltd.) with a pulse duration of 5 ns, a beam
diameter of 7.35 mm, and linear polarization in the horizon-
tal direction. The wavelength of 266 nm was generated from
a Sure lite ITI-10 (Lumibird, Co. Ltd.) with a pulse duration
of 6 ns and a beam diameter of 7.45 mm. The laser pulse was
focused onto the aluminum surface through a convex lens
with a focal length of /=200 mm to a spot size of 35 pm +
1 pum at full width at e intensity maximum (FWe'M) for
the 355 nm laser, and 40 um = 1 um for the 266 nm laser.
The laser had a Gaussian spatial distribution on aluminum
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surface as measured with a CMOS camera. The laser pulse
energy was measured with a pyroelectric detector (PE9C,
Ophir Optronics Solutions) and was adjusted from 9.4 pJ to
268 pJ using a half-wave plate and a polarizing prism (en-
ergy attenuator). The laser fluence, defined as the irradiated
laser energy per unit area, was controlled from 0.76 J/cm? to
20 J/em?.

The aluminum was mounted on a motorized X-Y stage,

and the scanning speed was adjusted so that the number of
irradiated laser pulses was N =5, 10, or 20.
The aluminum (AL-013558, 99.999%, The Nilaco Corp.)
had dimensions of 15 mm x 15 mm with a thickness of 2
mm, and its surface was mechanically polished to an arith-
metic mean surface roughness of less than Ra < 0.8 nm on
the untreated aluminum.

The surface morphology of aluminum irradiated with la-
ser pulses was measured by using a laser scanning micro- Fig. 1 Laser-produced crater on the aluminum surface (F =
scope equipped with atomic forced microscopy (LEXT4500, 5.0 J/em?, N = 10 pulses).
Olympus), a desktop scanning electron microscope (SEM,;

TM4000Plusll, Hitachi High-Technologies), and a field 100 ——rrrr———rrr
emission SEM (FE-SEMJSM-7800F, JEOL Ltd.). The ele- (a)

mental composition of the aluminum surface was measured
by X-ray photoelectron spectroscopy (XPS; PHIQuanterall,
Ulvac-PHI).
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3. Results and discussion
3.1 Melting threshold measurement and calculation

Fig. 1(a) shows a laser-produced crater on the aluminum
surface at a laser fluence F = 5.0 J/cm? for N = 10 pulses.
Fig. 1(b) shows a cross-sectional view of the crater profile
in the vertical direction. The crater diameter, defined as the
distance from the rising edge of the upper side to that of the .
lower side, was measured to be 59.7 um. The craters on the \ \—0— Crater diameter [pm] |:
aluminum surface were produced in the laser fluence range
from 0.76 J/em? to 20 J/cm? as measured with a scanning 0
laser microscope. The diameters of craters were analyzed as 0.1

p Y
a function of laser fluence [10] [11] and are plotted in Fig. 2
as solid circles. The experimental data were fit well with a 100 .
Gaussian distribution at the irradiated spot on the aluminum
surface. Extrapolation of the curve showed a melting thresh- (b)
old of Fin3ss = 1.51 J/em? for the 355 nm laser and Fin 266 = [ A=266nm
0.76 J/cm? for the 266 nm laser. The experimental results T=6ns
show that as the laser wavelength becomes longer, the melt-
ing threshold of aluminum increases. For the formation of
grooves and periodic nanostructures, we used the laser flu-
ence about 1.5 times higher than Fy, 355 and 2.0 times higher
than F th, 266-

Experimentally observed melting thresholds of alumi-
num were compared with those calculated using a one-di-
mensional thermal diffusion model proposed by Sparks [12].
The theoretical calculation for the melting threshold fluence
(Fu) is given by:
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where T, is the melting temperature, Tp is the room temper- Laser fluence (chmz)
ature, C; is the heat capacity, K; is the thermal conductivity,

A is the laser pulse absorption, and 1. is the pulse duration. Fig. 2 Crater dependence on laser fluence.
The aluminum properties are summarized in Table 1. Using

these parameters, the calculated melting threshold of alumi-

num was 1.19 J/em? for the 355 nm laser and 1.39 J/cm? for

the 266 nm laser.
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Table 1 Material properties of aluminum for melting threshold

calculation.

Property Notation Value
Melting temperature T, 933.5K
Room temperature T, 297.15K
Heat capacity G, 2.43 J/em3/K
Thermal conductivity k, 2.37 W/cm/K

Absorption Asss 0.08 D)
Asgs 0.07527 [10]

The discrepancy between the experimental and theoretical
values might be attributable to low laser absorption (higher
reflection) at the laser spot. For such higher reflection, the
melting threshold of aluminum might be sensitive to surface
roughness for shorter laser wavelengths.

3.2 Surface structuring experiment

For surface structuring on the aluminum surface, the laser
pulse was focused through a cylindrical lens with a focal
length of 300 mm to a spot size of 27 um (vertical) x 7.35
mm (horizontal) for the 355 nm laser, and 14 pm (vertical)
% 7.45 mm (horizontal) for the 266 nm laser. The laser pulse
energy was adjusted from 0.9 mJ to 8.2 mJ using a half-wave
plate and a polarizing prism. A pyroelectric detector (PE25C,
Ophir Optronics Solutions) was employed to measure the la-
ser pulse energy. The laser fluence was controlled from 0.8
J/em? to 4.2 J/em?. The irradiated spot with the cylindrical
lens was also measured using the CMOS camera. At the la-
ser spot, the spatial distribution was a Gaussian distribution
in the vertical direction and a top hat distribution in the hor-
izontal direction. The aluminum was mounted on a motor-

ized X-Y stage, and the scanning speed was adjusted so that TM4000 5KV 7.0mm x5.00k BSE H 2023/05/17 13:09

the number of irradiated pulses ranged from N = 50 to 4000.

To fabricate the groove on the surface, the aluminum was Fig. 4 SEM images of the aluminum surface in a 110 um
scanned in the horizontal direction. The laser polarization x 110 pm with the 266 nm laser. (¢) Surface of pristine
direction was parallel to the scanning direction. To fabricate aluminum. The arrows labeled E show the laser polariza-
the lattice structure, the horizontal grooves were first formed tion direction.

at a hatching distance of 160 um, and then the sample was
rotated 90° to create vertical grooves, thereby forming the
lattice structure.

Fig. 3 shows the lattice structure, which consists of mi-
cro-groove structure (black) with a hatching distance of 160
pm in the vertical and horizontal directions. With the 355
nm laser, the groove was produced at a laser fluence of
1.5F 355 for N = 500 pulses. The groove is 50 um + 2 pm
wide and 20 um + 2 pm deep. With the 266 nm laser, the
groove was 52 um + 2 pm wide and 21 um * 2 pm deep,
which are comparable to the results obtained with the 355
nm laser. The 110 pm % 110 pum area located outside of

grooves showed uniform formation of periodic nanostruc-
{ Vertical

110 um

LIPSS
Hatching

distance

160 um}
H tures.

Fig. 4(a) and (b) are FE-SEM images near the grooves.
Horizontal  Although the 110 pm x 110 um area in Fig. 3 seems to be a
x smooth surface, periodic nanostructures were formed uni-
formly as shown in Fig. 4(a) and (b); for comparison, Fig.
(TR R RINRIRY — 4(c) shows the pristine surface of aluminum.
Fig. 3 Micro-groove structure formed with a 355 nm laser at a
laser fluence of 1.5Fw 355 for N =500 pulses.
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3.3 Formation of periodic structures

Fig. 4(a) shows periodic nanostructures formed with 355
nm pulses at a laser fluence of 1.5F 355 for N = 500 pulses.
With the 355 nm laser, the structures formed at fluence rang-
ing from 1.13F 355 (= 1.7 J/em?) to1.5F 355 (= 2.2 J/em?) for
N =200 to 2000 pulses. Fig. 4(b) shows periodic nanostruc-
tures formed with 266 nm pulses at a laser fluence of
2.0F 266 for N =300 pulses. With the 266 nm laser, the pe-
riodic nanostructures formed at fluence of 1.3F 66 (= 1.0
J/em?) to 3.9F 266 (= 3.0 J/cm?) for N = 300 to 500 pulses.
The periodic nanostructures were always oriented orthogo-
nally to the direction of laser electric field.

3.4 FFT analysis of LIPSS periodicity

To analyze the periodicity of the nanostructures, 1D-fast
Fourier transform (1D-FFT) [15] was applied to SEM im-
ages. FFT spectrum on the average of 10 points is shown in
Fig. 5(a) for 355 nm and in Fig. 5 (b) for 266 nm. The results
show that the periodicity A of the structure was about 568
nm for the 355 nm laser and about 474 nm for the 266 nm.
Though the periodicity A is a few times larger than the laser
wavelength, it might be related to the laser wavelength.
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Fig. 5 One-dimensional FFT spectra (a) at 1.5F 355 for N =
500 pulses with the 355 nm laser and (b) at 2.0Fh,266 for N =
300 pulses with the 266 nm laser.

3.5 Measurement of surface area of lattice structure
and nanostructures

The surface area was measured with a laser scanning mi-
croscope for the lattice structure and with an atomic forced
microscopy for the nanostructures. The increase in surface
area with laser irradiation was 4.6 times for the lattice struc-
ture and 2.2 times for the nanostructures. The total increase
of surface area was 6.8-fold. To estimate the surface area
after laser irradiation, the experimentally observed struc-
tures characterized to have a width/depth ratio of 3.5 were
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used. These were shown to have a 1.49-fold increase in sur-
face area for lattice structures and a 2.07-fold increase in sur-
face area for nanostructures, for a total of 3.56-fold. The rea-
son for the difference between the experimental and calcu-
lated values might be the higher roughness of the grooves.

3.6 Elemental composition

XPS was used to investigate the chemical changes on the
aluminum surface. The pristine aluminum surface and the
laser-induced nanostructure (LIPSS region) and lattice
structure inside the groove were analyzed. Table 2 presents
the results for aluminum [16]-[18] and oxygen [19][20] con-
tent, showing an increase in oxygen after laser processing.
This suggests that the laser processing caused an oxidation
reaction on the aluminum surface.

Table 2 Surface chemical changes on aluminum.

Ele- Al Al with Pristine Al
ment groove, LIPSS, 355
355 nm nm
Al 16.2% 11.4% 35.9%
0 83.8% 88.6% 64.1%

3.7 Discussion

To discuss why periodic structures were produced in
the vicinity of grooves, we considered a previous report [21]
that estimated the propagation of a surface plasma wave
(SPW) as shown in Fig. 6. When a laser pulse is irradiated
on aluminum above the threshold fluence, the surface is
heated above the melting temperature. At the same time, the
laser pulse might induce a SPW [22][23] that propagates to
the outer side as shown in Fig. 6. The propagation area of
the SPW was irradiated with low laser fluence since the laser
beam has a Gaussian spatial distribution. The propagating
SPW might interact with low laser fluence components and
produce periodic nanostructures. The SPW propagation
length Ly, was calculated using the following equation [21]:

L= 7 @)
=42 IM 3

B T C Al Eairt€aisss ’ ( )

w 27

Y @

Here, w is the laser frequency, c is the speed of light, £is the
permittivity of air or aluminum, and A is the laser wave-
length. Table 3 summarizes the permittivity for calculating
the propagation length in equation (2).

The propagation length was 7.23 um for 355 nm and
only 0.74 um for 266 nm. The nanostructures formed with
the 355 nm laser had higher uniformity than those formed
with the 355 nm laser as shown by the FFT spectrum and

Table 3 Permittivity of materials.

Material Notation Permittivity Ref.
Air Eir 1
Aluminum for 355nm E4l 355 —50.36+23.561 [25]
Aluminum for 266nm €41 266 —8.66+12.36i [25]
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Laser beam

Propagation of
surface plasmon wave

Heat diffusion

Target
aluminum

Fig. 6 Propagation of an SPW induced by a laser pulse.

SEM images, because the propagation length for 355 nm
was 10-fold that for 266 nm. Further investigation is needed
to determine why the period of nanostructures was wider
than the laser wavelength.

4. Conclusions

The melting threshold of aluminum was measured ex-
perimentally with the crater diameter dependence on laser
fluence for 355 nm and 266 nm UV lasers. The melting
threshold was Fin3ss = 1.51 J/cm? for 355 nm and Finz66 =
0.76 J/cm? for 266 nm. A lattice structure consisting of mi-
cro-grooves with a hatching distance of 160 um in the verti-
cal and horizontal directions was produced. The grooves
were produced at a laser fluence of 1.5F 355 for N = 500
pulses with the 355 nm laser. The periodic nanostructures
were produced ina 110 pm % 110 pm area in the vicinity of
grooves. The periodicity of the structure was about 568 nm
for the 355 nm laser and about 474 nm for the 266 nm laser.
We found that the surface area increased 6.8-fold compared
with the pristine surface when the lattice structure and
nanostructures formed on the aluminum surface.

For formation mechanism of periodic nanostructures, the
propagation of an SPW was considered. The propagating
SPW might interact with low-fluence components of the la-
ser to produce the periodic nanostructures.

The increased surface area and hierarchical mi-
cro/nanostructures are expected to enhance the performance
of lithium-ion batteries by improving the adhesion between
active materials and the current collector, facilitating elec-
trolyte wetting, and reducing interfacial resistance. Offer-
mann et al. reported [25] that surface-structured aluminum
current collectors significantly improved mechanical inter-

locking and battery performance compared with flat surfaces.

Although electrochemical performance measurements were
not conducted in this study, the fabricated structures are an-
ticipated to provide similar benefits, and future work will
evaluate their impact on actual battery performance.
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