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Linearly, Radially and Azimuthally Polarized Femtosecond Laser
Induced Periodic Surface Structures on Amorphous Alloy
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Abstract; The formation mechanism of Laser Induced Periodic Surface Structures (LIPSS) on the
amorphous alloy Zr,, Ti,, Cu,, Ni,, Be,; (at%) was investigated. In experiment, LIPSS on the amorphous
alloy were produced by ultrashort laser pulses of 120 fs duration at 800 nm wavelength in three types of
laser polarizations (linear, radial and azimuthal polarization). These LIPSS are comprised of Low-Spatial-
Frequency LIPSS (LLSFL) with the periodicity of 652~ 723 nm and macro-ripples with the periodicity of
1 304~1 765 nm. By Finite-Difference Time-Domain (FDTD) simulations, formation mechanism of
macro-ripples can be explained by the interference between laser and modulated scattered electromagnetic
wave induced by rough surface. In the condition of three types of laser polarizations (linear, radial and
azimuthal polarization), FDTD simulation results agree with experimental results, proving the
effectiveness of the macro-ripple formation mechanism.
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0 Introduction

Femtosecond (fs) laser has been an excellent and
universal tool for micro/nano-fabrication recently. A
variety of micro-scale and nano-scale structures can be
fabricated in one-step procedure, for example, hole,
groove and Laser Induced Periodic Surface Structure
(LIPSS)t1,

LIPSS is the grating-like damage on the material

surface irradiated by laser'*.

Due to its potential
application in micro/nano-fabrication, LIPSS has been
extensively studied in many kinds of solid materials,
such as metals™’, semiconductors™ and dielectrics'’’.
Under the irradiation with multiple linearly polarized fs
laser pulses, three types of LIPSS have been observed,
such as Low Spatial Frequency LIPSS (LSFL), High
Spatial Frequency LIPSS ( HSFL )

ripples”**’. LSFL has a spatial period close to the

and macro-

laser wavelength and LSFL formation mechanism is
generally accepted to be the interference of the incident
laser with a surface-scattered electromagnetic wave
YO HSFL has the spatial periods
Macro-

(Sipe theory
smaller than the half of laser wavelength™’.
ripples (or grooves) exhibit the spatial periods in the
range of several microns, significantly bigger than laser
However, the formation mechanisms of

HSFL and macro-ripples are still under debate™*'*’. In

wavelength™/.

this work, only LSFL and macro-ripples on amorphous
alloy are discussed.
LIPSS has

periodicity and orientation.

some characteristics, for example,
These characteristics can be
affected by material properties and fs laser parameters,
such as laser polarization, wavelength, fluence, incident
angle, pulse duration and pulse number. In particular,
complex LIPPS can be made by designed modes of laser
polarization, such as radial, azimuthal and other complex

vectorial polarizations. Recently, lots of methods have

been developed to  produce these modes of
polarization’”"’.  Among the methods, dynamic
programmable liquid-crystal devices are {flexible and

convenient tools, for example, Spatial Light Modulator
(SLMD,

convert a linearly polarized fs laser beam to radially or

In this work, a liquid-crystal SLM is used to

azimuthally polarized vortex beams.

In this work, LIPSS formation mechanism on an
amorphous alloy is studied. An amorphous alloy is a
with a disordered atomic-scale

the lack

boundaries and dislocations in amorphous structure,

solid metallic alloy,

structure. Due to of crystallites, grain

amorphous alloy has regular and continuous

characteristics in LIPSS and it is helpful to measure the
appearance of the LIPSS™.

alloy is a new functional material

Moreover, amorphous

and has some

advantages of low plastic deformation, low thermal
conductivity, high electrical resistance and no defects,
so it is useful to research the fs laser micro/nano-
fabrication in amorphous alloy. Zr,, Ti;; Cuy Nij, Beys
(at%) is a famous type of amorphous alloys and it has
been widely investigated and applied in the industry™'*.
So we focus on the LIPSS formation on amorphous

alloys Zr,, Ti;; Cuy, Nij, Be,s .

1 Experiment

The single-side polished Zr-based BMG Zr,, Ti,
Cuy, Ni,, Be,, (at%)

10 mm X6 mm>X3 mm is used in the experiment. The

sample with dimensions of
sample surface is polished by 0.1 pm polishing fluid.
The averaged roughness R, of the local region on
polished surface is about 10 nm, measured by Atomic
Force Microscope ( AFM).

machining, the samples are cleaned ultrasonically in

Before and after laser
ethanol for 5 min.

A commercial chirped-pulse Ti sapphire
regenerative laser amplifier system (Spitfire, Spectra
Physics) is used to generate linearly polarized laser
pulses of 120 fs duration at 800 nm wavelength at a
The laser

fluence is adjusted by the combination of a wave-plate

pulse repetition frequency of 1 000 Hz.

and a polarizer. Laser pulse energies are measured by
an optical power detector. The numbers of pulses are
controlled by mechanical shutter. The laser beam is
focused by a convex lens with a focus length of 120
mm. The sample is mounted on a computer-controlled
translation stage with a spatial resolution of 125 nm
and it is observed in the real time by a CCD monitor.
In order to obtain a radial or azimuthal polarized
laser beam, the linearly polarized beam is incident
through the radial polarization converter ( Arcopix
Inc. ), which is a liquid crystal spatial light modulator.
Radially or azimuthally polarized laser emerges on the
The

polarization is

other side of the radial polarization converter.

switch from radial to azimuthal
controlled by software LC driver (Arcopix Inc.).

the the LIPPS

formation little, all experiments were carried out in

Because ambient air affects

19201 - The surface

ambient air under normal incidence"
morphology after fs laser ablation is analyzed with

Scanning Electron Microscopy (SEM).

2 Results and analysis

Firstly, linearly polarized {s laser pulses are used
to produce LIPSS on amorphous metal. Because LIPSS
evolves with the number of laser pulses, the pulse-

The
morphology of LIPSS on amorphous metal is observed

dependent experiment sare carried out.

by SEM and the periodicity of ripples is analyzed by

0832001~ 2
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two dimensional Fast Fourier Transform (2D-FFT).
The results are analyzed as follows.

Fig. 1 shows the SEM images of the LIPSS formed
on the amorphous alloy with increasing pulse number

( N ) by linearly polarized laser at a fixed fluence @ =

—
10um

(a) N=1 (b) N=5

10pm

i
10pum

(e) N=50 (f) 2D-FFT of the image (d)

Fig.1 SEM images of the amorphous metal surface
60 mJ *cm *. For N = 1,
damages and a circle of slight vestige in the irradiated
spot, however, LIPSS is not observed [ Fig. 1(a)]. For
N=15, Fig. 1(b) shows that clear LSFL ripples with

the orientation perpendicular to the laser polarization

there are nano-scale

are observed in the irradiated spot, which have a quasi-
constant periodicity centered at 723 nm. Moreover,
faint ripples with direction perpendicular to the laser
polarization are also observed, which have a quasi-
constant periodicity centered at 1 304 nm, called
macro-ripples.  Especially, every macro-ripple is
comprised of LSFL ripples. After 10 pulses, macro-
ripples become clearer with the central periodicity of
1 500 nm, however, LSFL ripples have a smaller
central periodicity of 698 nm [ Fig. 1 (c¢)]. After
20 pulses, LSFL ripples become weak with the central
periodicity of 652 nm and macro-ripples have a central

periodicity of 1 765 nm [ Fig. 1(d) ], which is shown in

the space frequency domain by 2D-FFT in Fig. 1({).
As N became 50, the central smooth region without
ripples is observed and macro-ripples are only in the
annular region, implying that melt and re-solidification
took place in the center region [ Fig. 1 (e)]. This is
because that laser beam has Gaussian distribution of
fluence in the cross section, the center region in the
spot gets the highest energy and firstly starts to melt.

Next, radially and azimuthally polarized fs laser
pulses are used to produce LIPSS on amorphous metal.
Fig. 2 shows the SEM images of the amorphous metal
surface after irradiation by radially and azimuthally
polarized laser at 100 pulses at fluence ¢ =22. 5 m] -«
em . In Fig. 2 (a), under radially polarized irradiation,
macro-ripples are produced radially and LSFL ripples
appear azimuthally around the spot center. In contrast,
Fig. 2 (b)
azimuthally and LSFL ripples appear radially around the

shows that macro-ripples are produced

spot center, under azimuthally polarized irradiation.

10um 10um

(a) Radial polarization

(b) Azimuthal polarization

Fig. 2 SEM images of the amorphous metal surface

The initial formation mechanism of LSFL ripples
has been investigated in author’ s early research
work™!, LIPSS formation is determined by non-
homogeneous energy on the surface. After surface
nanostructures appear after first laser pulse, the
interference between the scattered light and incident
laser causes the periodic energy modulation on the
surface and contributes to the formation of LSFL
ripples. In order to research the formation of macro-
ripples, energy modulations on the rough surface
induced by linearly, radially and azimuthally polarized

laser are investigated by FDTD simulations.

3 FDTD simulations

LIPSS formation is determined by the non-
homogeneous absorbed energy on the surface. Non-
homogeneous energy modulation is mainly from the
interference between incident laser and scattered
electromagnetic wave induced by nano-structures on
surface. In this article, Finite-Difference Time-Domain
(FDTD) method is used to compute the energy
FDTD

method can simulate light propagation, scattering and

distribution of electric field on the surface.

0832001-3
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diffraction by solving Maxwell's equations numerically,
61", This

method has been a powerful engineering tool for

which was introduced by Yee in 196

integrated and diffractive optics device simulations.
In FDTD

irradiated at normal in air with a laser pulse of 120 fs

simulation, amorphous metal is

duration at 800 nm wavelength. The refractive index of

amorphous metal is 7= 2. 274 4 3. 337i, measured by
spectroscopic phase modulated ellipsometer ( Uvisel,
Horiba Jobin Yvon). Perfect Match Layer (PML) is

used as boundary conditions.

surface, the flat surface with 1000 cubic nano-particles
in random distribution is built as FDTD model. Single
cubic particle size is 40 nm X 40 nm X 40 nm. The
surface size is 25 pm X 25 um and 20% of the area is
filled with the cubic particles. The incident plane wave
propagates along the Z axis, representing the incident
laser. The plane wave has the 800 nm wavelength and
its polarization is along X axis with the electric field
amplitude of 1 V/m. Because the polarization of
incident plane wave is defined along E,, new developed
electric field E. components only include the scattered

field. FDTD simulation is carried out and results are

3.1 LIPSS formation on rough surface induced by
linearly polarized laser shown in Fig. 3.
In order to research LIPSS formation on rough
1
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Fig. 3 Time-averaged distribution on the rough surface and the corresponding FFT image

Fig. 3(a) is the time-averaged E° for one pulse
duration on rough surface, which shows a stationary
spatially modulated energy pattern like LSFL ripples.
Fig. 3(b) is the 2D-FFT of Fig. 3(a), showing that
energy modulation pattern has the center space period
of 769. 2 nm with the direction perpendicular to the
laser polarization. This energy modulation pattern is

mainly from the interference between incident plane

wave and scattered electromagnetic wave induced by
the nano-particles on surface. So the formation of
LSFL ripples can be explained by the interference
the

incident laser™"

between scattered electromagnetic wave and

The orientation of LSFL is determined by laser
The
spatial periods of LSFL are affected a little by surface

polarization, not affected by surface roughness.

0832001~ 4
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roughness, because LIPSS formations are determined
by the interference between incident laser and surface
scattered wave, and the periods of surface scattered
wave are affected a little by the nanoparticle size and
the number of particles in the rough surface ™.

Fig. 3(c) is the electric field E. nearly on the same
rough surface in one moment, which shows that the
directed scattered electromagnetic wave along X axis
induced by multiple nano-particles propagates almost
directed  scattered

along the polarization. The

electromagnetic  wave interferes with  incident
planewave, contributing to the macro-ripple formation.

Fig. 3 (d) is the time-averaged E’ for one pulse
duration on same rough surface, which shows a
stationary spatially modulated energy pattern almost
along the polarization, related to the macro-ripple
formation. So the formation of macro-ripples on rough
surface can be explained by the interference between
laser and directed scattered electromagnetic wave
induced by rough surface.

3.2 LIPSS formation on rough surface induced by
radially and azimuthally polarized laser

In order to research LIPSS formation on rough
surface induced by radially and azimuthally polarized
laser, the same rough surface model in Fig. 3 is used in
this simulation. The incident 6-order Gaussian laser
beam with radial or azimuthal polarization propagates in
the Z axis. In the same simulation condition in Fig. 3,
FDTD simulations are carried out and results are
shown in Fig. 4.

Fig. 4 (a) is the electric field E. nearly on the
rough surface induced by radially polarized laser in one
moment, which shows that the radially modulated
scattered electromagnetic wave induced by rough
surface propagates almost along the polarization.
According to the conclusion in Fig. 3, the radially

modulated scattered electromagnetic wave interferes

10 = 0.05

y/um
[l

-0.05

LIS FEE N WSS ST S AR RS

,10 Bl
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(a) E, distribution induced by radially polarized laser

10
= 0.05
£
=
-10 | 1 1 1 1 1 -0.05
-10 0 10

x/pum
(b) E, distribution induced by azimuthally polarized laser

Fig. 4 Electric field distribution on the surface

with incident laser, contributing to the macro-ripple
formation in radial direction, which is consistent with
experiment result in Fig. 2(a). In comparison, Fig. 4
(b) is the electric field E. nearly on the rough surface
induced by azimuthally polarized laser in one moment,
which shows the azimuthally modulated scattered
electromagnetic wave. Moreover, the azimuthally
modulated scattered electromagnetic wave interferes
with incident laser, contributing to the macro-ripple
formation in azimuthal direction, which is consistent
with experiment result in Fig. 2(b).

In total, LIPSS formation on rough surface
induced by linearly, radially and azimuthally polarized
laser can be explained by the interference between laser
and modulated scattered electromagnetic wave induced

by rough surface.

4 Conclusion

The fs-LIPSS formations on amorphous alloy Zr,,
Ti,, Cuy, Niy, Be,s Cat%) upon normal irradiation with
linearly, radially and azimuthally polarized laser pulses
of 120 fs

investigated in the experiments. Two distinct types of

duration at 800 nm wavelength are

fs-LIPSS: LSFL ripple and macro-ripple are observed
in experimental results. LSFL ripples perpendicular to
the laser polarization have the periodicity of 652 nm~
723 nm. Macro-ripples parallel to the laser polarization
have the periodicity of 1 304 nm ~ 1 765 nm,
especially, every macro-ripple is comprised of LSFL
ripples. The laser polarization is controlled by spatial
Under the irradiation of radial or
LIPSS shows the complex

light modulator.
azimuthal polarization,
structures. LIPSS formations on rough surface induced
by linearly, radially and azimuthally polarized laser are
investigated by FDTD simulations. LIPSS formation

can be explained by the interference between laser and

0832001~ 5
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modulated scattered electromagnetic wave induced by

rough surface.

FDTD simulation results agree with

experimental results.
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