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We report on investigations of fine cross-sectional cuts performed by focused ion beam on periodic high
spatial frequency ripples generated on large areas of silicon in air under ultrashort low energy pulses
irradiation at high repetition rate. The morphology, depth profile, and aspect ratio which was found to
be of 1:1 are quite independent from the energy and number of pulses applied even if a slight decrease
of the aspect ratio was found at high energies and high number of applied pulses. Furthermore, even if
the orientation of the HSFL is perpendicular to the polarization the profile and aspect ratio of the cross

ﬁi{]vgt_)rrid;;l es sections are not influenced by the rotation of the polarization.

HSFL © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-SA
Femtosecond laser license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Introduction

High spatial frequency laser-induced periodic surface structures
(HSF-LIPSS or HSFL) have been observed on a variety of sample sur-
faces following irradiation of ultrashort laser pulses [1-13]. HSFL
have typical spatial periods in a range of A/4-A/6 and are solely
generated for multiple pulse irradiation with low energy. The ori-
gin of these nano-ripples is still quite controversially discussed in
the current literature. Proposed mechanisms for HSFL generation
include surface instability and self-organization [2], second har-
monic generation (SHG) [1,3,13,14], excitation of surface plasmon
polaritons [10,15] or Coulomb explosion [16]. If several studies
have been performed on the influence of parameters such as the
energy per pulse, the number of applied pulses, the polarization,
the wavelength, etc. on the morphology and the periodicity of the
ripples on the surface of Silicon (Si), much less information is avail-
able about the cross-sectional structure of the nano-patterns. Some
studies on cross-sectional cuts of ripples with periods closed to
the wavelength, known as low spatial frequency LIPSS (LSFL), have
been performed in Si [17-20]. Cross-sectional investigations on
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HSFL generated in Si under water confinement have been presented
[21]. These cross-sectional studies give essentially information on
the nature and structural phase of the ripples. In this work we
focus on the influence of illumination parameters on the cross sec-
tion profile. We study the influence of the pulse energy and the
number of applied pulses as well as the polarization on the mor-
phology, depth profile, and aspect ratio of the HSFL generated on
Si in air. For this purpose, cross-sectional cuts of structured fields
entirely filled with HSFL were performed by Focused lon Beam (FIB)
under low fluence pulses (n]) at high repetition rate (MHz). Scan-
ning electron microscopy (SEM) observations on cross-sectional
cuts reveal a quite homogeneous sinusoidal-like depth profile of
the HSFL with a relative constant aspect ratio until a certain level
of energy and pulse number. The orientation of the HSFL is depend-
ent on the direction of the polarization and perpendicular to this
latter but no influence of the direction of the polarization has been
observed on the profile and aspect ratio of the cross sections of
HSFL.

Material and methods

HSFL have been generated in air on standard one-side-polished,
boron-doped p-type Si wafers with a thickness of 525 um and
a crystallographic orientation 100 using a compact ultrafast
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FIB cutting

Fig. 1. (a) SEM image of HSFL generated in Si at 800 nm, 2.5 nJ/pulse and 160000 applied pulses after etching. The double arrow represents the polarization of the laser
irradiation. (b) SEM image of the corresponding FIB section.

Ti:Sapphire tuneable laser system (80MHz, Emax ~40n]/pulse, in order to yield representative numbers of ripples per profile. The
t=140fs (FWHM), A=800nm) coupled to a laser workstation low energy femtosecond laser pulses were focused by the use of a
specially designed and developed for accurate micro- and nano- 20x focusing objective with a relatively high numerical aperture
processing. Details on the experimental setup can be found in a pre- (NA) of 0.75 to reach the fluence threshold of HSFL generation. The
vious work [22]. Large areas were processed by scanning the sample focus diameter is about 1.3 wm at the surface of the sample.
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Fig. 2. SEM images of cross sectional profile of HSFL in Si. (a) FIB section overview (refer to Fig. 1(b)). (b) Cross sectional profile overview of the HSFL. (c) Details of the cross
sectional morphology and profile of the HSFL. (d) and (e) High magnification of HSFL profiles.
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