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Influence of Polishing Orientation on the Generation of 

LIPSS on Stainless Steel 

Floriani Preuschi, Stefani Rungi and Ralf Hellmianni 

 

We report on the influence of different angles between the electrical field of the impinging laser 

and the polishing direction of linearly polished surfaces on the generation of low spatial frequency 

LIPSS on stainless steel. The electrical field is rotated in a range of 0° to 90° with respect to the pol- 

ishing direction and its effect on the orientation and homogeneity of the LIPSS is determined. In ad- 

dition, the influences of the initial surface roughness and laser parameters such as the laser fluence 

on the generation of LIPSS are investigated. It can be shown, that the formation of LIPSS is driven 

by the initial surface roughness. The experimental results lead to the assumption that LIPSS were at- 

tracted by the linear grooves caused by polishing. Depending on the used parameter set, the orienta- 

tion of the generated LSFL formation derived up to a value of 45° against the common predictions. 

Furthermore, a dependency of the required fluence for LSFL on surface roughness and polishing di- 

rection is demonstrated. Particularly, LSFL generated with a low fluence are more attracted by the 

surface polishing. Continuatively, the results may contribute to a further understanding of the under- 

lying mechanisms involved in the generation of LIPSS. Moreover the results can be useful for pro- 

ducing LIPSS in large-scale for possible applications. 
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     Introduction 

Upon irradiation by ultrashort laser pulses the genera- 

tion of laser induced periodic surface structures (LIPSS or 

referred to as ripples) has been reported for several materi- 

als such as metals [[1][2][3]], semiconductors [[1][4][5]] or 

dielectrics [[1][6][7]]. Depending on the laser parameters, 

these self-organized nano structures occur with a periodici- 

ty near the used laser wavelength (low-spatial-frequency- 

LIPSS, LSFL) or with a smaller spatial period of approxi- 

mately λ/10 (high-spatial-frequency-LIPSS, HSFL). The 

orientation of LIPSS is mainly determined by the polarisa- 

tion of the employed laser, with LSFL commonly being 

oriented perpendicular to the polarisation of the electric field 

and HSFL being parallel to the polarisation [1]. The 

formation of LIPSS has a high potential in various 

mechanical, optical or medical application. For example, 

LIPSS affect the tribological properties of surfaces [8][9], 

alter the wetting behavior of surfaces (hydrophobic and 

hydrophilic characteristics) [3] or manipulate the cell ex- 

pansion and cell adhesion for medical applications [10]. 

These manifold application demand for a profound under- 

standing of the influences of system and laser processing 

parameters on the growth of LIPSS. While LSFL can be 

described by a commonly accepted theory, there is no 

established model for HSFL. Since the first documentation 

of LIPSS on a semiconductor surface by Birnbaum [11] in 

1965, several models were developed, most of which being 

based on an interference effect. By taking into account the 

influence of the laser wavelength, the incidient angel and 

polarisation of the electric field, Emmony et al. [12] laid 

the fundament of todays accepted theories. They describe 

the generation of periodic surface structures as a result of 

optical interference between the incident laser beam and the 

laser pulse generated surface electromagnetic waves (SEW). 

Sipe et al. [13] developed a mathematical description of the 

inhomogeneous energy deposition  to   the   irradiate   

substrate:  𝐴�𝑘�⃗� 𝖺 𝜂�𝑘�⃗, 𝑘�⃗𝑖� ×�𝑏(𝑘�⃗)�,  where  A describes the  

inhomogeneous absorption, the efficacy factor 𝜂 is the 

response function describing the efficacy with which the 

interaction of the laser beam and the material leads to 

inhomogeneuous absorption and b represents the Fourier 

component of the surface roughness. The latter is an 

important factor to stimulate the inhomogeneuos absorption. 

Contrary   to   that,   real   surfaces   have   

roughnessesdeviating from the ideal model. Due to their 

individual manufacturing processes or pretreatment, 

surfaces typically exhibit anisotopic surface roughness 

porperties. As a consequence, it becomes apparent that the 

orientation of LIPSS may not only be governed by the 

polarisation of the 
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laser  but  also  by 𝑏�𝑘�⃗�.  It  has  previously  been  shown  that 

surface defects like scratches or debris have an influence 

on the orientation of the laser induced periodic surface 

structures [16]. Furthermore, Ardron et al. [17] recently 

demonstrated the influence of surface finishing on the ho- 

mogeneity of LSFL formation, in turn offering a further 

possibility to influence the selective generation of LIPSS. 

In turn, these findings in conjunction with the previous 

discourse on the role of 𝑏�𝑘�⃗� clearly demand  for a further 

investigation on the influence of surface finish on the 

LIPSS formation. 

 
1. Experimental Section 

 

 The Laser-System 

The used beam source is an ultra short pulsed laser 

(Pharos 10-600-PP, Light Conversion) with an adjustable 

pulse duration between 250 fs and 15 ps, an emission 

wavelength of 1030 nm and a repetition rate of 300 kHz, 

respectively. 

In figure 1, the experimental setup for the surface treatment 

is shown. The energy of the laser beam is adjusted by an 

external attenuator. To decrease the focal spot size, a beam 

expander telescope increases the beam waist. With a half 

wave plate in front of the focusing unit, the linear polarisa- 

tion of the laser beam is rotated parallel to the onwards 

used scanning direction. A galvo head (RTA AR800 2G+, 

Newson) is used in combination with a telecentric lense (f 

= 100 mm) to focus the beam on the sample. 

 

Figure 1 Experimental setup for surface treatment: M1-M3 are 

mirrors, BET is a beam expander telescope, and polarisation con- 

trol is obtained by a half wave plate. 

 
 Method 

To investigate the influence of the surface finish on the 

generation of LSFL, stainless steel samples were pretreated 

by linear polishing with different abrasives. The used grain 

size is between 65 μm (abrasive sheets, grit grade 220) and 

10 μm (abrasive sheets, grit grade 2500) or suspension at 

3 μm grid size, respectively. Upon this process, samples 

with a surface roughness   between Rz = 1.261 µm and 

Ra = 0.063 µm are prepared (Rz being determined by a laser 

scanning microscope and describe the the peak-to-valley 

amplitude). At table 1 the detailed used abrasive and the 

determied Rz is shown. 

Table 1 used abrasives and the measured Rz 
 

grain size grit grade Rz 

220 65 µm 1.261 µm 

320 65 µm 0.634 µm 

600 26 µm 0.529 µm 

1000 18 µm 0.489 µm 

2500 10 µm 0.187 µm 

suspension 3 µm 0.063 µm 

The laser fluence is adjusted between 0.15 J/cm² and 

0.60 J/cm² and the pulse duration is set by 300 fs. The lat- 

eral scanning speed is chosen to achieve a pulse overlap of 

95 % at a repetition rate of 300 kHz. The angle between the 

polarisation of the electrical field with respect to the polish- 

ing direction is rotated in a range of 0° to 90° by rotating 

the sample. Throughout this paper, the rotation angle is 

abbreviated by RA. On stainless steel without a pretreat- 

ment, i.e. an undefined surface structure, the LSFL orienta- 

tion is perpendicular to the polarisation of the incident laser 

beam in accordance to literature [18][19][20]. The influ- 

ence of the orientation of the linear surface finish on the 

LSFL formation is determined by the angels α and β, as 

defined in figure 2. The angle α describes the rotation be- 

tween the polishing direction and the scanning direction. At 

the initial position of the sample (rotation 0°), the scanning 

direction is perpendicular to the polishing direction. Hence, 

the angle α is 90°. With increasing rotation angle, α is de- 

creasing. The angle β describes the orientation of the LSFL 

with respect to the scanning direction. Due to the common- 

ly used model, LSFL formation on stainless steel is always 

perpendicular to the polarisation; thus the angle β should 

generally be 90°, as long as there is no other influence on 

the generation direction. In addition, the difference Δ be- 

tween α and β should match the rotation angle without any 

influence to the periodic surface structure formation. 

 
Δ = |𝛼 − 𝛽| (2) 

 

A deviation of the difference Δ from the rotation angle 

indicates a disturbing influence on the LSFL orientation. 
 

Figure 2 Method to measure the influence of linear surface pol- 

ishing on the LSFL orientation 

 

2. Results and Discussion 

The investigation was carried out with different param- 

eter sets consisting of combinations of rotation angle, sur- 

face roughness and laser fluence. In a first step of the in- 
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vestigation, it can be shown that a linear polishing can en- 

hance the homogeneity of the LSFL formations. Thereto, 

the polishing direction is set perpendicular to the laser po- 

larisation. 
 

(a) (b) 
 

Figure 3 Periodic surface structures on a) undefined b) linear 

(vertical) polished surface 

 

Figure 3 shows both LIPSS generated on an undefined 

polished surface (a) and on a linear polished (vertical) sur- 

face (b) as measured by a scanning electron microscope. 

Comparing both structures, the roughness apparently has a 

positive effect on the uniformity of the generated laser in- 

duced periodic surface structures. 

Based on this perception, the influence of the polishing 

direction with respect to the rotation angle RA is investi- 

gated. During the evaluation of the experimental results, 

three different regimes of LSFL formations can be ob- 

served which is shown in an example in figure 4. 
 

  

 

 

 

 
(c) 

 

 

 

 
 

Figure 4 Different regimes during the LSFL generation on 

linear polished surfaces. The double arrow indicates the polarisa- 

tion direction of the incident laser (a) for RA = 67.5° LSFL follow 

the normal of the polarisation, (b) for RA = 45° irregular LSFL 

formation and (c) for RA = 22.5° LSFL follow the polishing di- 

rection. All structures are generated on stainless steel with a sur- 

face roughness of Rz = 1.261 µm with a fluence of 0.5 J/cm². 

 

(I) The typical behavior of LIPSS formation can be 

seen in figure 4a for a rotation angle RA of 67.5°. There is 

no influence of the polishing direction on the orientation of 

the periodic structures and according to the common mod- 

els, the orientation of LIPSS is orthogonal to the polarisa- 

tion of the incident laser beam. (II) However, the results 

shown in figure 4b clearly reveal that for a lower RA of 

45° the polishing direction influences the linear homogene- 

ity of the LIPSS and LSFL structures propagate in an irreg- 

ular mode. Some structures follow the normal of the polari- 

sation whereas other ripples were forced by the surface 

roughness into the direction of the linear polishing. (III) 

Finally, figure 4c highlights a behavior contrary to the 

common expectations for LSFL formation. The LIPSS ori- 

entation follows entirely the polishing direction of the 

stainless steel workpiece. 

 
 LSFL follow the normal of the polarisation 

To quantitatively evaluate the effect of surface 

roughness and laser fluence on the LIPSS formation, the 

angle difference Δ introduced in section 2.2 is examined as 

a function of the rotation angle for different levels of 

surface roughness. According to the definition of Δ in 

section 2.2, Δ equals the rotation angle (RA) in case the 

orientation of the LIPSS is governed by the direction of the 

laser polarisation. In contrast, any deviant behavior of Δ 
from the rotation angle indicates a disturbing influence on 

the LSFL orientation. Figure 5 depicts the measured results 

of the determined angle differecne Δ (given by the meas- 

ured difference between  and ) as a function of rotation 

angle RA for a surface roughnes Rz in the range of 

0.063 µm to 0.187 µm and varying laser fluence. 

(a) 

 

 

 

 
(b) 
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Figure 5 Difference 𝚫 equals the rotation angle RA 

 

(a)F = 0.30 J/cm², Rz = 0.187 µm (b F = 0.45 J/cm², Rz = 0.187 µm 

(c)F = 0.60 J/cm², Rz = 0.187 µm (d)F= 0.30 J/cm², Rz = 0.063 µm 

(e)F = 0.45 J/cm², Rz = 0.063 µm (f)F = 0.60 J/cm², Rz = 0.063 µm 

(g) normal line with  = RA  

 
Apparently, the calculated differences Δ by trend 

follow the ideal behavior with a slope of 1 independently of 

the applied laser fluence (F=0.30 J/cm² to 0.6 J/cm²) up to 

small deviations at high RA. In this regime of low surface 

roughness, Rz obviously has no influence on the orientation 

of periodic surface structures. They are oriented exclusive- 

ly by the polarisation, i.e. orthogonal to the electrical field 

vector as expected from theory. 

 
 LSFL follow the polishing direction 

In a regime of higher surface roughness, Rz being in the 

range between 1.261 µm and 0.489 µm, LSFL orientation 

shows a behavior deviating from the common model. In 

addition, the degree of this discrepancy scales with the 

laser fluence. As figure 6 and 7 show, in certain parameter 

areas the generated LSFL are orientated along the linear 

polishing profile instead of being perpendicular of the 

polarisation. In this case, the difference Δ drops to 0 

because α and β are alternate interior angles. Depending on 

the laser fluence, two sub regimes are determined for the 

case of LSFL following the polishing direction, which are 

referred to as a regime of a strong influence of the polish- 

ing direction (laser fluence below 0.30 J/cm
2
) and to a re- 

gime of a weak influence of the polishing direction (laser 

fluence between 0.30 J/cm
2
 and 0.60 J/cm

2
). 

In figure 6, Δ is plotted versus RA for a laser fluence of 

up to 0.30 J/cm
2
, showing that Δ is zero for rotation angles 

of up to 45°, i.e. the LSFL are orientated along the linear 

polishing profile (regime of strong influence). 

Figure 6 Difference Δ versus the rotation angle in the regime for 

LSFL following the polishing direction 
 

(a)F = 0.15 J/cm², Rz = 1.261 µm (b)F = 0.30 J/cm², Rz = 1.261 µm 

(c)F = 0.15 J/cm², Rz = 0.634 µm (d)F = 0.15 J/cm², Rz = 0.529 µm 

(e)F = 0.30 J/cm², Rz = 0.529 µm (f)F = 0.30 J/cm², Rz = 0.489 µm 

(g)F= 0.45 J/cm², Rz = 0.489 µm (h) normal line  = RA 

 
For higher   laser   fluence   in   the   range   between 

0.30 J/cm
2
 and 0.60 J/cm

2
, the rotation angle up to which 

the LSFL orientation is governed by the polishing direction 

drops to about 22.5° (figure 7) and for larger RA the LSFL 

again follow the polarisation of the laser (Δ = RA): regime 

of weak influence of the polishing direction. Hence, for 

increasing laser fluence (higher amplitude of the electric 

field vector of the incident beam) the impact of the surface 

roughness decreases and the well-known influence of the 

polarisation direction dominates the LSFL generation pro- 

cess. 
 

 
Figure 7 Difference Δ as a function of RA in the regime of a 

weak influence of polishing direction 
 

(a) F = 0.45 J/cm², Rz = 1.261 µm (b) F = 0.60 J/cm², Rz = 1.261 µm 

(c) F = 0.30 J/cm², Rz = 0.634 µm (d) F = 0.45 J/cm², Rz = 0.634 µm 

(e) F = 0.60 J/cm², Rz = 0.634 µm (f) F = 0.45 J/cm², Rz = 0.529 µm 

(g) F = 0.60 J/cm², Rz = 0.529 µm (h) F = 0.60 J/cm², Rz = 0.489 µm 

(i) normal line  = RA  

 
Please note, that experiments with a further increased flu- 

ence are prohibited since beyond the ablation threshold 

material is removed without significant LSFL generation. 

To confirm that the observed structures are LSFL and not 

periodic structures generated by polishing, a spectral analy- 

sis by using a fast Fourier transform (FFT) of the structures 

is done and can see in figure 8. 
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Bonse et al. this can be attributed to a feedback mechanism 

of already generated LSFL formations to the inhomogene- 

ous energy absorption of a rough surface [14]. In turn, this 

observation supports the conclusion that linear polishing 

enhances the growth of LSFL. 
 

 
a) b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8 a) polished sureface without LSFL; b) polished sureface 

with LSFL; c) FFT picture of polished sureface without LSFL; d) 

FFT of polished sureface with LSFL; e) cross-section of FFT at 

polished sureface without LSFL; f) cross-section of FFT at pol- 

ished sureface with LSFL 

 

At figure 8 first line the polished structure is shown without 

a) and with LSFL b). At the spectral analysis on the second 

line it can be see that the polished structures c) have no 

LSFL-like periods. At figure 8 d) there are clearly peridical 

formation. The investigation of the cross-section shows that 

the posihed sureface e) has no periodical peak. In contrast 

at figure 8f) there are periods about 874nm and 437nm. 

That are LSFL and a half of the periods are the pits at the 

middle of the amplitude which could also describe at litera- 

ture [21][22]. This behavior can be explain by contribu- 

tions of Fresnel diffraction which have an influence of the 

orientation of the LIPSS [23]. 

 
 

 Undetermined LSFL formation 

In a transition region between those observations de- 

scribed in sections 3.1 and 3.2, a third classified regime of 

LSFL generation is observed. At the transition from LSFL 

following the polarisation to LSFL following the polishing 

direction, an undefined ripple growth is noticed (see figure 

4b). This effect occurs at every executed test with an ob- 

served orientation change. A controlled LSFL generation is 

not possible with the combination out of a rough surface 

(Rz >0.187 µm), a rotation angle between 22.5° to 45° and 

a low laser fluence. 

 
 Required fluence depending on surface roughness 

In addition, an influence on the required laser fluence 

for the LSFL generation can be found. Samples with a 

rough surface (Rz >0.489 µm) have a smaller LSFL thresh- 

old fluence if the rotation angel is below 45°. According to 

3. Conclusions 

 

We have shown that the surface roughness of linear 

polished stainless steel has a strong impact on the genera- 

tion of low-spatial-frequency-LIPSS. By studying the in- 

fluence of the angle between the polishing direction and the 

polarisation of the incident laser on the LSFL orientation, 

we have shown that for smooth surfaces (Rz ≤ 0.187 µm) 

the polishing direction has no influence on the LSFL orien- 

tation. In contrast, for a surface roughness Rz >0.187 µm 

the LFSL direction is driven by the polishing direction. 

This deviation from the common model additionally de- 

pends on the applied laser fluence. The orientation of 

LSFLs generated with laser fluence between 0.45 J/cm² and 

0.6 J/cm² are influenced by the polishing up to a rotation 

angle of 22.5°. For smaller laser fluences (0.15 J/cm² - 

0.3 J/cm²) the influence of the polishing direction increases 

with the LSFL following the initial surface structure up to a 

rotation angel of 45°, this we could confirm by a FFT. Be- 

yond this angle LSFL again follow the laser polarisation. In 

a transition area between these regimes the LSFL exhibit an 

irregular orientation, i.e. for a controlled LSFL generation 

this transition area should be avoided. 

From an application point of view, the reported results 

are of significant importance as they clearly reveal that 

highly polished surfaces are not preferential for the genera- 

tion of large scale uniform LSFL, i.e. elaborate and costly 

surface finishing processes can be avoided. Moreover, from 

a fundamental point of view, the presented experimental 

results may stimulate a further understanding of the genera- 

tion of periodic surface structures. 
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