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Sub-wavelength ripple formation on various materials
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Abstract. Sub-wavelength ripples (<A/4) are obtained by scanning a tightly focused beam
(~1um) of femtosecond laser radiation (t,=100fs, A=800nm & 400nm) over the surface of
various materials. The ripple pattern extends coherently over many overlapping laser pulses
parallel and perpendicular to the polarisation. Investigated are the dependence of the ripple
spacing A on the material. New results concerning the dependence of the spacing on the
wavelength are presented. Some possible models for ripple growth are discussed and
conditions under which these phenomena occur are contained. In opposition to the classical
ripple theory, the observed ripple spacing is dependent on the material, giving indication to
understand the processes during the sub-wavelength ripple formation by femtosecond laser
radiation.

1. Introduction

Ripples or, named by the generic term, laser-induced periodic surface structures (LIPSS) have been
observed substantially near the ablation threshold by many authors since the beginning of
investigation of laser ablation four decades ago [1]. The great variety of experimental LIPSS was
subsumed into theoretical approaches [2, 3, 4]. In the most common type of surface topography, a
periodicity of about the wavelength A of the laser radiation is observed. This has been attributed to
interference between the incident laser radiation and scattered or excited surface waves [5]. Smaller
and bigger spacing A between the ripples occur if the laser radiation has an inclination 6 to the surface
normal. The dependence A=A /(1+sin 0) has been found, where the plus and the minus refer to the
downwards and upwards running surface wave on the inclined surface [2]. In most cases the ripples
orientation is found to be perpendicular to the incident polarisation. Because of the wide range of
LIPSS, many other explanations have been considered [2, 6, 7, 8, 9].

Efforts were made to avoid ripples in microstructuring as their formation limits the precision of
laser processing [10, 11, 4]. Otherwise it seems to be possible to utilize the ripples for micro and nano
structuring [4], e.g. for fabrication of gratings [12] or waveguides in thin films [13]. Ripple structures
created by femtosecond laser pulses have been reported [14, 15, 16]. Sub-wavelength ripple formation
in different variations has been observed increasingly [17-23], but not investigated in detail, yet.
Reproducible sub-wavelength ripples are presented with a structure size from A= 1/4*A to 3/4*)
depending on the irradiated material.
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2. Experimental setup

Bulk materials structured are fused silica (FS, a-Si0,), lithium fluoride (LiF), magnesium fluoride
(MgF,), sapphire (Al,O;), polytetrafluoroethlene (PTFE), silicon (Si) and ZBLAN, a multi-component
fluoride glass [23]. The surfaces are polished and cleaned in an ultrasonic bath of ethanol before
processing, so that no structures are detectable by light-optical microscopy.

Irradiation is carried out with a femtosecond CPA-laser system at a central wavelength of
A=800nm and using a pulse duration of t,=100fs (FWHM). The spatial profile of the beam is nearly
Gaussian. The laser is running at a repetition rate of f=1kHz. The polarised beam optionally passes a
SHG frequency conversion with a 500um thin BBO crystal. Afterwards the beam is transferred into a
NC controlled positioning stage with three perpendicular translational axes with an absolute accuracy
of 100nm and a repeatability of 250nm. The laser radiation is focused to a calculated spot size of about
Ium by a microscope objective, either with a magnification of 50x and a NA of 0.55 or a
magnification 63x and a NA of 0.7. The applied pulse energy is adjusted so that the fluence is at the
ablation threshold for each material. Ablation threshold is defined as the fluence where the first
changes of the surface are detectable by microscopy. The pulse energy is determined directly in front
of the microscope objective.

The samples are processed by scanning the focused laser radiation over the surface. For ripple
formation, a scanning speed is chosen in the way that the pulse spacing d (distance between two
successive pulses) is smaller or equal to 200nm for structures made with a wavelength of A=800nm,
resulting in an overlap of at least 80%. Due to a slightly smaller ablation diameter for structures made
with A=400nm the pulse spacing is chosen smaller or equal to 100nm. These limitations for the pulse
spacing are selected, because the ripple spacing A for fused silica does not depend on the pulse
spacing for more than two orders of magnitude (d=1-10"nm) [24]. But the spacing A rises linearly
when the pulse spacing exceeds about one third of the focus diameter, because then no more ripples
emerge, but the single successive pulses become visible [24].

All experiments were performed in ambient air at normal incidence.

After being cleaned in an ultrasonic bath of pure ethanol, the samples are sputter coated with a
thin film of gold and investigated by scanning electron microscopy (SEM) to determine lateral
dimensions on the surface. For each material numerous line scans are measured over contiguous ripple
patterns to determine the ripple spacing and its statistical error (standard deviation).

3. Results

Ripples structures with spacing significantly smaller than the irradiation wavelength are observed on
all the samples (fig. 1-3). The clarity of contour and edges of the linear structures depend on the
material (fig. 2). Ripple spacings from 139nm to 532nm are detected (tab. 1) depending on the
material and the wavelength. The direction of the resulting grooves is perpendicular to the polarisation
of the laser radiation. The ripples extend coherently regardless of the orientation of the scanning over
many partially overlapping laser pulses; hence a change of the scanning direction does not change the
orientation of the ripples (fig. 1). A scanning perpendicular to the polarisation results in long parallel
grooves (fig. 3).

The ripple spacing for one material does not distinctly differ for the two used microscope
objectives, but depends on the applied wavelength (tab. 1). In some cases the ripples are surrounded
by a small amount of deposit of ablated material (fig. 2).

The investigated materials include transparent dielectrics (SiO,, LiF, MgF,, Al,0;, ZBLAN), a
non transparent polymer (PTFE) and a non-transparent semiconductor (Si). All materials exhibit
ripples after processing. The ripple spacing A is increasing in the mentioned order of materials for an
applied wavelength of 800nm. The ripple spacing for the semiconductor silicon Asg; goonm=(532+£62)nm
is the highest among the measured. The values of the ZBLAN Azgp an.soonm=(312+£24)nm and polymer
AptrE 800nm=(338+21)nm are situated between the one for silicon and the other transparent dielectrics
that range from 189 to 276nm for A=800nm.
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For LiF a reduction of the applied wavelength from A=800nm to 400nm results in a decrease of
the ripple spacing by a factor of about 1.6, from Apir s00nm=(215337)nm to Apir 400nm=(13918)nm.
Scanning the focus once perpendicular to the polarisation results in long parallel grooves with a very
clear contour and sharp edges, a width of about 125nm and a spacing of about 240nm (fig. 3). For a
focus with a diameter of about 1pm on ZBLAN two grooves are formed, but in general the number of
grooves depends on the diameter of the focus. The edges of these structures are excellent with respect
to the applied wavelength, but are not expected to have a high aspect ratio depth over width.
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Figure 1. Ripples in Al,O5; with changing scanning direction (SEM), A=800nm, t,=100fs, f=1kHz,
dpulse=20nm.
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Figure 2. Ripples in SiO,, LiF, MgF,, PTFE & Si with scanning direction parallel to the polarization
(SEM), A=800nm (except as indicated), t,=100fs, f=1kHz. All pictures on the left hand side have a
1um scale, all on the right hand side show two times wider segments of the samples.
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Ielectric field polarisation lpm

Figure 3. Ripples in ZBLAN with scanning direction perpendicular to the polarization (SEM),
A=800nm, t,=100fs, f=1kHz.

Table 1. Ripples in various materials (SEM), t,=100fs, f=1kHz

material  wavelength (nm) ripple spacing (nm) error (nm)

SiO, 800 189 29
LiF 800 215 39
LiF 400 139 18

MgF, 800 235 27

Al,O5 800 276 38

ZBLAN 800 312 24

PTFE 800 338 21

Si 800 532 62

4. Discussion

All the measured ripple spacings are significantly below the wavelength of the laser radiation used.
The smallness of the ripple spacing in relation to the applied wavelength can not be explained in scope
of the classical theory [2] by an inclination of the beam, because of the perpendicular incidence during
the preparation of the presented ripples. The ripple spacing, however, depends on the irradiated
material, probably due to materials properties like refractive index or/and band gap. Thereby it has to
be paid regard that high-intensity femtosecond light pulses change the initial optical properties e.g. the
refractive index during and some time after the pulse, due to the generation of free electrons [25].

The classical theory of ripple formation [2, 3] has a good accuracy in forecasting ripple formation for
non ultra short pulsed laser radiation, so a first appropriate procedure is to supplement the theory with
characteristics of the interaction of femtosecond laser radiation with matter. Therefore, a preliminary
explanation for the formation of the material dependent sub-wavelength ripples formation is the
interaction of the incident wave with surface electromagnetic waves (SEW) [26] (e.g. plasmons [27,
28]) additionally taking into account multi-photon processes and the change of material properties due
to the high intensity during pulse. The free electrons density typically created by the fs-pulse is large
enough to make semiconductor or metal like behaviour possible, and thereby should allow plasmons
on the surface of dielectrics. The dependence of the ripple spacing on the materials properties indicates
that the involved SEW is travelling inside the material and not above.
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5. Conclusion

Formation of sub-wavelength ripples from A=x1/4*A to 3/4*A in a focus diameter of ~lum by
femtosecond laser radiation has been shown for two different wavelength on divers materials. The
ripples extend coherently regardless of the orientation of scanning.

In opposition to the classical ripple theory, the ripple spacing is clearly dependent on the materials
properties, giving indication to understand the processes during the sub-wavelength ripple formation
by femtosecond laser radiation.

Concerning possible applications the structuring with a scanning direction parallel to the ripple
orientation (fig. 3) proved to be beneficial for the production of waveguides in thin films [23] due to
the resulting smooth edges.
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