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1. Objectives 
 

This deliverable involves the identification of the optimum processing parameters for the 
fabrication of moderate size (1 cm2), flat areas featuring nanostructured surfaces obtained by 
laser-induced self-organization processes. In particular, the main effort will be directed 
towards fabrication of surface structures consisting of parallel grooves and cone structures 
with controllable spacing and orientation. Optimum parameters will be identified by means of 
a systematic study on different inorganic materials, employing high-repetition rate pico- and 
femtosecond lasers and beam scanning. The parameter space explored will include 
substrate material, laser wavelength, pulse duration, repetition rate, polarization, pulse 
energy, spot size, scan velocity, line separation, and number of scans. The quality of the 
fabricated nanostructures in terms of arrangement, size, periodicity, lateral extension will be 
assessed by optical microscopy, scanning electron and atomic force microscopy. 
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2. Results 

 The table below illustrates the different irradiation parameters explored by the two 
partners with laser processing capabilities (CSIC and Fraunhofer IPT), covering a reasonably 
broad parameter space.  

 

 Wavelength pulse duration repetition rate polarization 

CSIC 1030 nm 350 fs 10 – 500 kHz linear/circular 

Fraunhofer IPT 532 nm 8 ps 80 - 1000 kHz linear 

Table 1:  Laser irradiation parameters used by CSIC and Fraunhofer IPT. 

  

 As for the substrate materials studied, it was decided to concentrate on selected 
inorganic material compositions of the two material classes considered in the proposal 
(metals and semiconductors), namely steel 1.7131 and p-doped silicon. 

 

 

2.1 Steel 
The steel type investigated was an alloyed carbon steel, the identification number being 
1.7131 and the grade 16MnCr5, with the following weight percentage of the main additives: 
C = 0.14 - 0.19 %, Mn = 1.0 – 1.3 % and Cr = 0.8 – 1.1 %. The samples were purchased 
from Miba Gleitlager Austria GmbH. The results for optimized nanostructures featuring 
groove and cone structures with a moderate size obtained are shown below for each partner. 

 

2.1.1 Steel: CSIC 

Two strategies to fabricate the desired structures were employed, using a laser with λ = 1030 
nm and τ = 350 fs. 

 

2.1.1.1 Homogeneous Nanostructures obtained by close line scanning 

 The results were obtained within a still-ongoing coordinated activity between WP3 
and WP4, consisting in three steps, as mentioned in the workplan of the project: In step 1, 
WP3 partners BAM and FORTH performed systematic irradiation studies on small areas, 
exploring the parameter space in order to identify three different regimes of surface 
structures, namely low-spatial frequency LIPSS (LSF-LIPSS), grooves and spikes. In step 2, 
WP4 partners Fraunhofer IPT and CSIC use the identified best parameters as starting 
parameters for producing moderate-size area (1 cm2) LSF-LIPSS, groove and spike 
structures with short fabrication times. In step 3 (not yet started), FORTH and HTC perform 
wettability / friction testing of the produced structures. Figure 1 shows the best results of the 
three structure types obtained by CSIC.  
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Figure 1: SEM images of three different surface structure types fabricated by scanning the fs 
laser focus (vertically polarized) over a polished 1.7131 steel sample surface. The scan 
speed was chosen for a given repetition rate such that the number of effective laser pulses 
Neff per unit area was the one given in the figure labels. 

Some conclusions can already be drawn from the above results:  

a) LSF-LIPSS structures are easily fabricated over a large parameter space at high 
processing speeds. 

b) Groove structures can be fabricated but are still not optimum, featuring a groove-like 
superstructure in the vertical direction but still being mainly dominated by LSF-LIPSS.  

c) Spikes can also be fabricated. Remarkably, they show a strongly hierarchical surface, 
whose influence on wettability and friction remains to be determined.  

 

 The appearance of the laser-structured samples corresponding to the above results 
can be appreciated in Fig. 2. 

 

Figure 2. Photographs of the surface structures shown in 
Fig.1. Each square measures 1 cm2. 
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The samples have been sent to FORTH for wettability characterization, after which they will 
be sent to HTC for characterization of the friction properties. Results are expected soon. 

 

2.1.1.2 Superstructure composed of grooves spaced by tens of micrometers combined with 
nanostructures 

This alternative strategy is based on an approach reported by another group [1], who 
performed laser scanning in steel along parallel lines or in form of a grid structure with line 
distances of several tens of μm, yielding nanostructured surfaces with high hydrophobicity. A 
systematic study of the irradiation parameters has been in order to obtain the optimum 
processing parameters. The best results over 1 cm2 structures, recorded with optical 
microscopy and surface topography measurements are shown in Figure 3, featuring a grid 
structure composed of micropillars with a height of about 10 μm, showing a nanostructured 
surface. 

 

Figure 3. (a-c) Optical micrographs of optimized grid structures written by scanning the fs 
laser focus over the 1.7131 steel sample surface with a line distance of a) 15 μm, b) 20 μm, 
c) 30 μm. (d-e) Topography maps of (a-b). The scale bar shown in (a) applies to (a)-(e). (f) 
Zoomed region of (c) showing horizontal LIPSS structures, superimposed to the larger grid 
structure.  

 A comparison of grid with line structures for different processing parameters was 
performed in order to evaluate if line structures might lead to anisotropy not only in surface 
morphology but also in wettability and friction behavior of the laser structured samples. 
Representative results recorded with optical microscopy and scanning electron 
microscopy,are shown in Fig. 4.  

                                                      
1. M. Martínez-Calderon, A. Rodríguez, A. Dias-Ponte, M.C. Morant-Miñana, M. Gómez-Aranzadi, 
S.M. Olaizola, “Femtosecond laser fabrication of highly hydrophobic stainless steelsurface with 
hierarchical structures fabricated by combining orderedmicrostructures and LIPSS”, Applied Surface 
Science, in press (2015). 
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Figure 4. Optical micrographs and SEM images of grid and line structures written by 
scanning the fs laser focus (vertically polarized) over a 1.7131 steel sample surface with a 
line distance of 50 μm.  

The conclusions that can be drawn from these results are: 

a) A similar morphology of the horizontal lines is observed for line and grid structures, 
except the presence of deep hole formation at the intersection of grid lines. 

b) Step-like structures appear in the vertical lines, probably caused by the fact that in 
this case the polarization is parallel to the scan direction. 

Another parameter studied was the laser polarization and its influence on the surface 
structure. Figure 5 shows representative results of an equivalent experiment as shown in 
Figure 4, but using circular polarization.  

 

Figure 5. Results as those shown in Figure 4 but obtained using circular polarized laser light. 

a) It can be seen that the difference in morphology between horizontal and vertical lines 
can be avoided with circular polarization.  

b) The deep hole formation at the grid intersection observed for linear polarization 
disappears, which highlights the importance of polarization not only to control 
subwavelength structures, but also features of the micron-sized superstructure.  
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c) A quasi-periodic hole formation is observed in the line structures for circular 
polarization, featuring an approximate period of 5 μm. As before, it highlights the 
potential of the laser polarization in fine-tuning the superstructure and modifying the 
degree of hierarchy.  

The laser-structured samples corresponding to the above results have been sent to FORTH 
for wettability characterization, yielding very promising results in terms of the final application 
pursued, combining high hydrophobicity with high olephilicity, and indeed featuring certain 
anisotropy in wettability for certain structures (for detailed results see internal Year 1 report). 
Equivalent samples have been fabricated and sent to HTC for characterization of the friction 
properties and the results are shown below. 

 

2.1.2 Steel: HTC 
HTC has performed tribological tests on the superstructures composed of parallel grooves 
and grids laser-fabricated by CSIC, using oil as lubricant. The test parameters were chosen 
to simulate high load conditions in order to investigate also the wear resistance of the 
structured surfaces (High wear resistance is considered as main criteria next to a low 
coefficient of friction (COF) in order to prove technical feasibility for the application in bearing 
functions: since the structures cause a reduction of the contact surface, the effective 
pressure on the contacted surface is increased and therefore wear resistance maybe 
reduced). Even though similar COF’s were obtained for the structured and unstructured 
surfaces, the superstructures showed excellent wear resistance under the investigated 
conditions. There was almost no wear visible after several hours of testing and most of the 
structure remaining with a similar wear depth as the unprocessed surface. 

 

2.1.3 Steel: Fraunhofer IPT 
Self-organized nanostructures (LIPSS) were produced in a similar way as already described 
by CSIC. The structures were fabricated using a laser with λ = 532 nm and τ = 8 ps. 
Line scan experiments were carried out to identify parameters for different structure 
topographies. Based on these results, larger nanostructured areas (1 cm2) consisting of 
many parallel lines were fabricated to obtain areas with uniform topographies. To achieve 
this aim, systematic studies regarding the optimum line separation were performed on case-
16MnCr5 (1.7131).  

In the following figures (Figure 6, 7, 8), some of the best results of the up-scaling 
investigations are presented. Three different structure types are shown here: LSF-LIPSS 
which show a half-porous substructure (Figure 6), even finer ripples (HSF-LIPSS, Figure 7) 
and LSF-LIPSS which show a smoother substructure (Figure 8). For all three structure types 
the up-scaling from line to area scans has been successfully performed. The structures look 
similar to the line scan experiments. Spike and groove structures could not be found in the 
investigated parameter range so far, but will be subject of further investigations. 
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Area Reference Line-Scan

Fraunhofer IPT Fraunhofer IPT

 

Figure 6. „Half-porous“ LSF-LIPSS perpendicular to the polarization direction 

 

Area Reference Line-Scan

Fraunhofer IPT Fraunhofer IPT

 

Figure 7. HSF-LIPSS parallel to the polarization direction. The inset shows a magnification. 

 

 

Area Reference Line-Scan

Fraunhofer IPT Fraunhofer IPT

 

Figure 8. Smooth LSF-LIPSS perpendicular to the polarization direction. 

 

The photograph of a steel sample (Figure 9) with 1 x 1 cm2 fields of the nanostructures 
described above emphasises the large-area homogeneity. 
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Fraunhofer IPT

 

 
Figure 9. Photograph of a sample with 1 x 1 cm2 fields consisting of laser-induced 

nanostructures. 

 

2.2 Silicon 
The samples were commercial <100> oriented crystalline silicon wafers with p-doping 
(boron, resistivity 1-5 Ohm-cm). The samples were purchased from Siegert Wafer GmbH 
(Germany). The results for optimized nanostructures over a moderate size (1 cm2) obtained 
are shown below. 

2.2.1 Silicon: CSIC 

The structures were fabricated using a laser with λ = 1030 nm and τ = 350 fs. 

2.2.1.1 Homogeneous Nanostructures obtained by close line scanning 

 It was decided to concentrate on a new type of LIPSS discovered during the project 
by our group in line scanning: LIPSS induced by local amorphization of the crystalline 
material as opposed to local ablation or reorganization. Fabricating this kind of periodic 
surface structure, the surface remains much smoother than after conventional LIPSS 
fabrication, which appears to be an interesting property for numerous applications.  Fig. 10 
shows an optimized ripple structure written by a horizontal line scan.  

 

Fig. 10: Left: Optical micrograph and atomic force map of a amorphous-crystalline ripple 
structure written in crystalline Si by scanning the fs laser focus (horizontally polarized, Neff = 
7) horizontally over the sample surface. Right: Micro-Raman measurements, comparing the 
signal obtained in the ripple region (a-LIPSS) to signals of amorphous and crystalline Si. 
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 A measurement of the surface topography with atomic force microscopy shows that 
each amorphous stripe consists of an outer elevated region and an inner depression, with a 
total maximum modulation of 20 nm. Such small value demonstrates the absence of ablation 
and presence of surface evaporation of the transiently molten material, consistent with the 
calculations by the FORTH group.2   

 An indication of the phase change nature of the LIPSS formed is the reflectivity 
increase of the bright stripes formed, consistent with the fact that the amorphous phase of Si 
has a higher reflectivity throughout the visible range. The amorphous structure of the ripples 
has been confirmed by Micro-Raman measurements, shown in Fig. 10. The red curve shows 
the presence of a broad shoulder with its peak centered at 473 cm-1, characteristic for 
amorphous silicon (blue curve), notably different from crystalline silicon (black curve), 
featuring a characteristic peak centered at 520.5 cm-1. The remaining contribution from 
crystalline Si is caused by the thickness of the amorphous surface layer, which is only about 
60 nm, effectively collecting much of the Raman signal produced in the crystalline regions 
underneath the thin amorphous layer. 

 In order to extend our irradiation strategy to two dimensions, we have performed laser 
scanning of parallel lines. Figure 11 shows two examples for different line spacings. For a 
spacing of 9.9 μm an excellent reproducibility of the fringes can be appreciated, each line 
showing the same appearance. In order to achieve interconnection of lines and extend 
fringes the line spacing should in principle be equal to the line width (4.9 μm). Yet, the 
positioning resolution of the scan head we use is discrete, with steps of 0.9 μm. In order to 
avoid line overlap we therefore chose a spacing of 5.4 μm. This spacing leads to connection 
of fringes although there are minor signs of line overlap, leading in some positions to 
darkening (onset of ablation) at the joints. Using a scan head with higher positioning 
accuracy, this problem could possibly be avoided. The bending of fringes is a consequence 
of the phase shift of the laser pulse position between lines. The fact that the fringes of 
different lines do connect even so, despite being displaced, indicates that there is indeed a 
natural tendency (self-assembly) of fringes to extend along their long axis, even when writing 
is performed perpendicular to them. 

 

Fig. 11: Optical micrographs of parallel lines with different spacings written with horizontally 
polarized laser pulses. Left: 9.9 μm line distance Right: 5.4 μm line distance. Published in D. 
Puerto et al., Nanotechnology 27, 265602 (2016)). 

 Furthermore, we have demonstrated that this approach can be used with different 
laser systems having different wavelengths (800 nm, 400 nm), pulse durations (100 fs) and 
repetition rates (100 Hz or single pulse) and that the grating period can also be tuned by 
changing the angle of laser beam incidence. Fig. 12 shows the corresponding experimental 
                                                      
2 Tsibidis G D, Barberoglou M, Loukakos P A, Stratakis E and Fotakis C: Dynamics of ripple formation 
on Silicon surfaces by ultrashort laser pulses in subablation conditions, Phys. Rev. B 86 115316 
(2012). 
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results together with a map of possible periods that could be achieved by systematically 
varying the angle of incidence and laser wavelength. 

 

Figure 12. Optical micrographs of lines written under different laser (100 fs, 400 nm (a) or 
800 nm (b), and 370 fs, 1030 nm (c)) and irradiation conditions (incident from the right at an 
angle of 52º (a,b) and normal incident (c)). The beam was horizontally polarized. (d) 
Calculation of the fringe period as function of laser wavelength and incident angle. Published 
in D. Puerto et al., Nanotechnology 27, 265602 (2016)) 

 The above results on ripple fabrication in Si have been published in May 2016 in a 
scientific journal (D. Puerto, M. Garcia-Lechuga, J. Hernandez-Rueda, A. Garcia-Leis, S. 
Sanchez-Cortes, J. Solis and J. Siegel, “Femtosecond laser-controlled self-assembly of 
amorphous-crystalline nanogratings in silicon”, Nanotechnology 27, 265602 (2016)). 

 

 

3. Evaluation of results and goals 

 The expected goal for D4.4, to identify the optimum processing parameters for 
fabricating nanostructures with a moderate size in materials of the project, has been 
successfully reached for several structure types (LSF-LIPSS, spikes and, to some extent, 
grooves in steel, as well as amorphous-crystalline LSF-LIPSS in silicon). With this 
achievement it is straightforward to reach Milestone 3 (cm2 structure) in these materials and 
realistic for other materials of the project.  

 The research results presented above indicate the great potential of laser micro/nano 
structuring for the fabrication of large-area artificial surfaces. They show that the material 
topography can be tailored to feature periodically arranged or randomly distributed objects 
with either a large degree of hierarchy or a narrow size distribution. In view of this broad 
spectrum of surface textures achievable by laser structuring, the next deliverable of the 
project (D4.2 Large-area laser-fabricated biomimetic structures) is at reach. 

 

 


