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a  b  s  t  r  a  c  t

In  this  work,  submicro  and nanostructures  self-formed  on  the  surface  of  Platinum  thin  films  under  fem-
tosecond  laser-pulse  irradiation  are  investigated.  A Ti:Sapphire  laser  system  was  used to linearly  scan
15 mm  lines  with  100  fs  pulses  at a  central  wavelength  of  800  nm  with  a 1 kHz  repetition  rate.  The  result-
ing  structures  were  characterized  by  scanning  electron  microscopy  (SEM)  and  2D-Fast  Fourier  Transform
(2D-FFT)  analysis.  This  analysis  of  images  revealed  different  types  of  structures  depending  on  the  laser
irradiation  parameters:  random  nanostructures,  low  spatial  frequency  LIPSS  (LSFL)  with  a periodicity
from  about  450  to 600  nm,  and  high  spatial  frequency  LIPSS  (HSFL)  with  a  periodicity  from  about  80  to
200  nm.  Two  different  modifications  regimes  have  been  established  for  the  formation  of  nanostructures:
(a)  a high-fluence  regime  in which  random  nanostructures  and  LSFL  are  obtained  and  (b)  a  low-fluence
regime  in  which  HSFL  and  LSFL  are  obtained.

© 2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

In the last decade, Laser-Induced Periodic Surface Structures
(LIPSS) have attracted increased research attention because of
their applications in surface hydrophobic/hydrophilic properties
[1], friction reduction [2,3], control of the surface reflection [4], con-
trol of the cell growth direction [5], or Surface-Enhanced Raman
Spectroscopy [6]. LIPSS have been induced in a wide variety of
materials by pulsed lasers in the nanosecond (ns) to femtosec-
ond (fs) regimes [3,7–20]. Two distinct types of LIPSS have been
identified so far: Low Spatial Frequency LIPSS (LSFL) and High
Spatial Frequency LIPSS (HSFL). Their orientations can be either
parallel or perpendicular to the incident laser beam polarization,
depending both on laser irradiation parameters and material prop-
erties [12,19]. LSFL have a spatial period close to or slightly smaller
than the irradiation laser wavelength. Their formation is consid-
ered a result of the interference between the incident laser beam
and surface-scattered waves [21,22] or Surface Plasmon Polari-
tons (SPP) [15,23]. HSFL have a spatial period that is much smaller
than the laser wavelength. Several theories have been proposed for
HSFL formation mechanisms: second harmonic generation (SHG)
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[10,12,24], self-organization [25], or interference with modifica-
tion of the optical properties during laser processing [26]. However,
none of these theories gives a complete explanation of LIPSS for-
mation; their formation is still debated. Consequently, further
investigations on the resulting LIPSS on different materials and
under different irradiation conditions can help to better understand
their formation mechanism. LIPSS have generally been identified in
the femtosecond laser regime on bulk materials, semiconductors
[11,15], dielectrics [17,27] and metals [16,23,27–30]. Among metal-
lic materials, platinum is of particular interest due to its use as
contact electrode in microsensing applications or as chemical cat-
alyst, where high surface-to-volume ratio may lead to an increased
sensitivity and/or enhanced performance [23]. The formation of
LIPSS on bulk platinum has been already studied by other groups
[23,28–30]. These authors have reported LSFL perpendicularly ori-
ented to the laser beam polarization with periods varying from
0.55 to 0.69 �m depending on the irradiation conditions. Table 1
provides a summary of the obtained LIPSS on this material, which
includes the most relevant process parameters and the period and
orientation of the resulting structures.

LIPSS formation on thin metal films instead has been less
explored, although is getting increased interest in recent years
[20,31,32]. The work here presented is centered on the experi-
mental observation of LIPSS in Pt thin films under ultrafast laser
pulses.
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Table  1
Literature review of LIPSS reported on bulk platinum surfaces (�=790–800 nm,
�  = 95–160 fs, f = 1 kHz) at normal incidence in air. Orientation is indicated with
respect to laser beam polarization.

Period (nm) Type Orientation Fluence (J cm−2) Number pulses Reference

620–550 LSFL ⊥ 0.084 30–500 [23]
610–560 LSFL ⊥ 0.170 30–200 [28]
620–690 LSFL ⊥ 0.179–0.421 50 [29]
560 LSFL ⊥ 0.220 1000 [30]

Fig. 1. Schematic layout of the femtosecond laser micro/naomachining setup.

2. Experimental

2.1. Micro-nanomachining setup

A direct-write femtosecond laser micro-nanomachining tool
was used for LIPSS experiments. A laser system consisting of a
Ti:Sapphire mode-locked oscillator and a regenerative amplifier
was used to generate 100 fs pulses at a central wavelength of
800 nm with a 1 kHz repetition rate. The pulse energy was adjusted
with a two step setup: a constant attenuator consisting of several
neutral density filters and a variable attenuator formed by a half-
wave plate and a low dispersion polarizer. The 12 mm-diameter
laser beam was focused on the sample using a 10x microscope
objective with a NA of 0.3. This objective, together with a CCD cam-
era, was used for online monitoring of the structuring process. The
layout of the experimental setup is shown in Fig. 1.

2.2. Fabrication process

The substrate material for all the samples was  a 200 nm-thick
Pt thin layer deposited by magnetron sputtering onto thermally
oxidized 3′′ silicon wafers.

Microstripes of 15 mm  long were written on the surface of the
Pt thin film with a fixed pulse energy of 70 nJ in order to gener-
ate the LIPSS. The sample was placed in a motorized XYZ stage,
which allowed controlling (1) the number of laser shots applied by
varying the scan speed, and (2) the laser fluence by changing the
distance between the objective and the sample surface (defocus-
ing distance). This way, samples were irradiated with pulses with
Gaussian beam radius of 2.23, 2.49, 3.15, 4.02, 4.99 and 6.01 �m,
resulting in laser fluences of 24, 38, 142, 231, 370 and 463 mJ  cm−2,
respectively.

The number of effective pulses was calculated using Eq. (1) for
the range of scanning speeds tested (0.02–0.60 mm s−1),

Neff = D · f

v
(1)

being D the Gaussian beam diameter, f the repetition rate of the
laser source and v the scanning speed. Table 2 summarizes the
number of effective pulses applied for each processing condition.

Platinum surface nanostructuring took place in air for all exper-
iments. After laser processing, all the samples were ultrasonically

Table 2
Number of effective pulses for the whole range of scan speeds tested, calculated
using Eq. (1).

Beam radius (�m) Scan speed (mm  s−1)

0.60 0.30 0.20 0.10 0.06 0.03 0.02

2.23 7 15 22 45 74 149 223
2.49 8 17 25 50 83 166 249
3.15  11 21 32 63 105 210 315
4.02  13 27 40 80 134 268 402
4.99  17 33 50 100 166 333 499
6.01  20 40 60 120 200 401 601

cleaned in ethanol for 10 min  and subsequently rinsed off in de-
ionized water.

2.3. Characterization

The resulting surface topographies were characterized by field
emission scanning electron microscopy (FESEM) and Atomic Force
Microscopy (AFM). A free and open source software (Gwyddion)
was used to perform the two dimensional Fast Fourier Transform
(2D-FFT) of the micrographs. The 2D-FFT provides an effective way
to analyze the entire images and gives therefore, more represen-
tative values for LIPSS periods than singular values deduced from
FE-SEM micrographs.

3. Results

3.1. Effect of laser fluence and number of applied pulses

The most representative topographies obtained with this exper-
imental set-up are shown in Fig. 2. These patterns are characterized
by the shape, period (�) and orientation with respect to the inci-
dent laser beam polarization. Perpendicular LSFL, parallel HSFL and
non-periodic nanostructures are found for the range of laser fluence
and scan speeds tested.

At fluences of 38 mJ  cm−2, a scan speed of 0.1 mm s−1 (100
pulses) was  required to start surface texturing (Fig. 2a); no evidence
of material modification was  find for higher speeds. This fluence
and scan speed resulted in a set of shallow grooves formed par-
allel to the incident laser beam polarization (parallel HSFL). These
nanostructures are better defined as the scan speed decreases or
the number of pulses applied increases, as can be seen in Fig. 2b
and in the AFM micrograph in Fig. 3, where the depth of the result-
ing HSFL approaches the thickness of the Pt film. Further increasing
the number of applied pulses gave rise to LSFL with orientation per-
pendicular to the laser beam polarization (Fig. 2c). Both HSFL and
LSFL coexist for a certain range of applied pulses, although LSFL pre-
dominance is more pronounced as the number of pulses increases.
The structuring process followed this trend until Pt ablation started
to be observed (Fig. 2d), which corresponds to 500 pulses.

At higher fluences instead, 370 mJ  cm−2 for example, first evi-
dences of surface modification occurred for very low number of
applied pulses (N = 8) although the obtained structures were not
nanoscale periodic structures but randomly distributed nanostruc-
tures (Fig. 2e). These nanostructures get also better defined as the
number of pulses applied increases (Fig. 2f), similarly to the pre-
vious case. Moreover, subwavelength structures with orientation
perpendicular to the laser beam polarization (Fig. 2g) are also gen-
erated as the number of applied pulses is further increased until
complete ablation of the Pt thin film occurs (Fig. 2h).

The rest of the obtained structures follow the trend of these
two last modification regimes, as can be seen in Fig. 4. This fig-
ure illustrates the type of resulting structures as a function of the
laser fluence and the number of applied pulses for the full range of
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