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The picosecond laser-induced ripple formation on the stainless 

steel surface upon irradiation with the linearly-polarized single-

pulse and dual-wavelength cross-polarized double-pulse trains in 

the air was studied experimentally. The characteristic switching of 

the ripple period and orientation were observed depending on the 

inter-pulse delay in the dual-wavelength cross-polarized 

double-pulse train irradiation experiments.  

 

Birnbaum was the first, who discovered laser-induced 
periodic surface structures (LIPSS), also known as ripples, on 
surface of various semiconductors, using a focused ruby laser 
beam in 1965 1. Since that time, the ripples were investigated 
in numerous scientific works experimentally and theoretically 
2-5. The period of the periodical or quasi-periodical structures 
is considered one of the most important ripple defining 
characteristics 5. There are two main types of the ripples 
grown after a ultra-short laser irradiation. The coarse or low 
spatial frequency ripples (LSFR) have a period close to the 
wavelength of the laser irradiation and direction, 
perpendicular to the polarization of laser irradiation. The fine 
or high spatial frequency ripples (HSFR), with a period much 
smaller than the irradiation wavelength, has direction, parallel 
to the polarization vector 5. The most commonly used 
theoretical model of ripple formation is the interference 6, 
which states, that ripples are being formed by interference 
between an incident and the surface scattered light.  

These laser induced periodic micro- and nano-ripple 
structures have found many applications during the last 
decade. That includes the control of surface wetting 7-9, light 
extraction and harvesting 10, 11, chemical and mechanical 
alteration of materials 12, colouring the surfaces 13-16, nano-
textured surfaces for bio-sensors 17-19, micro-optical elements 
20, 21 and the light absorption enhancement 22-25.  

The irradiation with the sequences of the high number of 

ultra-short laser pulses is required for formation of fine and 
coarse ripples on a stainless steel surface 26. Usually, the 
metal surface is irradiated with the single-pulse trains 27. 
However, in some works, double-pulses trains with the same 
wavelength are being used for the ripple formation 28, 29 and 
also for laser micro-fabrication 30-33. In the more complicated 
approaches, the dual-wavelength double-pulse trains with the 
time delay in between pulses have been used for various laser 
processing experiments 34-38. In the last half-decade, much 
research on the ripple formation upon the double-pulse 
femtosecond laser irradiation on silicon and fused silica has 
been done using parallel- 39-43 and crossed-polarizations 44-46. 
There only a few papers dedicated to the laser-induced ripple 
formation by using the dual-wavelength double-pulsed 
femtosecond laser irradiation 37, 47 and only two with the 
crossed-polarizations 45, 48. However, the time delay between 
IR and UV pulses was varied only in the range of a few 
picoseconds 45, 47. No similar research has been performed on 
metallic surfaces. 

In this work, the experimental results of the picosecond 
laser-induced ripple formation on the stainless steel surface 
after irradiation with the linearly-polarized single-pulse trains 
and dual-wavelength cross-polarized double-pulse trains are 
presented. The morphology of periodical micro- and nano-
ripples was investigated by using a scanning electron 
microscope (SEM). The periodicity and orientation of 
structures were analysed by the two-dimensional (2D) Fast 
Fourier Transformation (FFT). The characteristic coarse or 
LSFR ripple structures with the wavelength-related periods 
and the polarization-perpendicular orientations were observed 
after the single-pulse train irradiation at IR (λ = 1064 nm) and 
UV (λ = 355 nm) wavelengths. The ripple period dependence 
on the laser fluence was found for both single- and double-
pulse irradiation regimes. Three distinguishable ranges of the 
time delays between the IR and UV laser pulses with the 
characteristic switching of the ripple period and their 
orientation were found in the dual-wavelength cross-polarized 
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double-pulse train irradiation experiments. The possible 
formation mechanisms are discussed. 

Stainless steel – grade 304 plates with thickness of 
400 µm were chosen as sample material for the laser-induced 
ripple formation. 

The principal scheme of the experimental setup for the 
dual-wavelength crossed-polarized double-pulse train 
irradiation is presented in Fig. 1. An industrial-grade diode-
pumped picosecond laser (Atlantic, Ekspla) with the pulse 
duration of τ = 10 ps, the repetition rate of frep = 100 kHz and 
the wavelength of IR irradiation λ = 1064 nm was used in the 
experiments. The incident laser light was separated into two 
beams by the beam splitter cube BSC. The time delay ∆t 
between pulses of the fundamental and third harmonics was 
varied by changing the optical path length of two delay lines 
DL1 and DL2 with retro-reflection prisms RP1 and RP2, 
respectively: 

2∆ = ∆t x c

 

(1)

where ∆x = x2 - x1 is the position difference of the retro-
reflector prisms, x1 and x2 are absolute positions of retro-
reflection prisms RP1 and RP2, c = 3.0×108 m/s is the speed 
of light in air. 

The third harmonics was generated on the left side of the 
scheme using the second and third harmonics crystals. Both 
beams were brought together by using the harmonic beam 
splitter mirror M5 and were focused on the surface of the 
sample by using the focusing lens FL.  

Two regimes of irradiation were used in the experiments: 
the single-pulse train irradiation and dual-wavelength double-
pulse train irradiation (Fig. 2). The single-pulse train 
irradiation was used by using two laser wavelengths: either 
λ = 1064 nm (Fig. 2a) or λ = 355 nm (Fig. 2b). In the dual-
wavelength double-pulse train irradiation scheme, dual-
wavelength (λ = 1064 nm and λ = 355 nm) pulse pair with the 
time delay ∆t between them were used for irradiation of the 
samples. The negative time delay ∆t < 0 represents the 
situation when the first pulse was with IR wavelength in the 
double-pulse pair and UV one was the second (Fig. 2c). The 
positive time delay ∆t > 0 represents the opposite situation 
when UV pulse is the first in the double-pulse pair and the IR 
pulse was the second one (Fig. 2d). The temporal distance 
between repetitive laser pulses or double-pulse pairs was 
1/frep = 10 µs. The number of pulses N = 1, 10, 100 and 1000 
was used in the irradiation pulse trains. 

The laser beam with the Gaussian transverse spatial 
intensity distribution was used in experiments:  

( ) ( )2 2

0 0
exp 2= −F r F r w

 

(2)

where F0 is the peak laser fluence in the central part of the 
Gaussian beam, r is the radial distance from the center axis of 
the beam, w0 is the spot radius on the sample at 1/e2 level. 
The peak laser fluence in the center of the beam was 

evaluated by ( )2

0 p 0
2 π=F E w , where Ep is the laser pulse 

 

 

 

 

Fig. 1 Experimental setup for the dual-wavelength (355 nm and 1064 nm) 

crossed-polarized double-pulse laser irradiation. LASER is a picosecond laser 

source; BSC is the beam splitter cube, DL1 and DL2 are the delay lines with 

movable retro-reflection prisms RP1 and RP2; M1, M2, M3, and M4 are the high 

reflective mirrors; SHC is the second harmonic crystal; THC is the third harmonic 

crystal; M5 is the harmonic beam splitter mirror; FL is the focusing lens, S is a 

sample. 

 

 
 

Fig. 2 Principal scheme of the irradiation schemes, in the intensity versus time 

representation: (a), (b) - single-pulse train irradiation; (c), (d) - dual-wavelength 

double-pulse train irradiation.  
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energy. The peak laser fluence for the IR irradiation was 
F0 IR = 1.1 J cm-2 and for the UV one - F0 UV = 0.45 J cm-2. 
The ripple period was measured across the laser irradiated 
spot. The radial distance r from the center of the Gaussian 
beam was converted to the local laser fluence F(r) by using 
equation (2). 

Ripple formation is highly dependent on the number of 
laser pulses applied to the surface of stainless steel 26, 49. 
Usually, the high number of pulses is required for a regular 
ripple formation using ultra-short laser pulses 26, 27, 50. In our 
work, the first experiments were conducted to find the 
optimal number of laser pulses for the ripple formation in our 
experimental conditions. The number of laser pulses was 
changed, keeping the fixed laser fluence at the single-pulse 
and dual-wavelength cross-polarized double-pulse train 
irradiation. SEM micrographs of ripples formed using 
different pulse counts in the irradiation trains and 2D-FFT of 
the images are given Fig. 3. The ripple formation starts after 
the first 1-10 of laser pulses (Fig. 3a, b, c, and f). However, 
this is the only initial stage of the ripple formation, and the 

higher contrast image is taken from the experiment with the 
exposition by N = 100 laser pulses (Fig. 3c and g). If the 
exposure time was further increased to the 1000 pulse regime, 
the unwanted bubbles started to form in the laser processed 
area for both wavelengths of irradiation (Fig. 3d and h).  

The main criteria for choosing the optimal processing 
regime were: the SEM images with the highest possible 
contrast; characteristic ripple period and their orientation over 
the main part of the laser spot; the distinguishable and sharp 
maximum peaks in 2D-FFT of the SEM images. The 
processing with irradiation exposure using 100 laser pulses 
was chosen as an optimal number of laser pulses for the 
further investigations. 

The ripple period dependence on the laser fluence was 
investigated for both single- and double-pulse irradiation 
experiments. The ripple period was evaluated from 2D-FFT 
of the SEM micrographs. The free and open source software 
Gwyddion was used for image analysis and evaluation of the 
ripple period. 2D-FFT was performed to the SEM 
micrographs and the ripple period was measured from the 

 

Fig. 3 SEM micrographs of the ripples formed on the stainless steel surface by the laser irradiation: (a)-(h) single-pulse trains; (i)-(l) dual-wavelength cross-polarized 

double-pulse trains. The processing parameters: (a)-(d) wavelength of irradiation λ = 355 nm, laser fluence in the center of the beam F0 UV = 0.45 J cm
-2

; (e)-(h) 

λ = 1064 nm, F0 IR = 1.1 J cm
-2

; (i)-(l) time delay Δt = 600 ps, 1
st

 pulse UV, 2
nd

 pulse IR, laser fluences are same as in (a)-(h). The numbers N = 1, 10, 100, 1000 on the top 

right corners of the images represents the count of laser pulses used in the irradiation trains. The vertical and horizontal arrows in (a), (e) and (i) indicate the 

orientation of the polarization of the IR and UV laser beams for each row of the images. Inserts on the left bottom corners of the images - four times enlarged 

micrographs from the center of the pictures. Inserts on the right middle of the micrographs are 2D-FFT of the images. The scale bars, given in (d), (h) and (l), are the 

same for all images. 
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distance between the peaks in the spatial frequency domain. 
The dependence of the ripple period on the laser fluence for 
the single-pulse and dual-wavelength double-pulse train 
irradiation is given in Fig. 4. The ripple period grows linearly 
from 215 nm to 310 nm with the increasing laser fluence from 
0.05 J cm-2 to 0.45 J cm-2 applied for the 355 nm wavelength 
irradiation (Fig. 4a). The ripple period linearly grows from 
420 nm to 620 nm with the increasing laser fluence from 
0.25 J cm-2 to 1.05 J cm-2 applied for the 1064 nm wavelength 
irradiation (Fig. 4b). The ripple period also grows linearly 
from 1.3 µm to 1.6 µm with the increasing laser fluence from 
1.1 J cm-2 to 1.5 J cm-2 applied for the dual-wavelength (UV 

and IR) cross-polarized double-pulse train irradiation with the 
inter-pulse time delay of ∆t = 600 ps (Fig. 4c).  

The mechanism for self-formation of periodic grating 
structures on a metal surface by an ultra-short laser pulses has 
been proposed by S. Sakabe et al. 51-53. The parametric 
process involving the interaction of laser light and surface 
plasma waves, as well as the excitation of surface solid-state 
plasma, suggesting the the increase of ripple period Λ with the 
laser fluence within the range between 0.5λ and 0.85λ was 
demonstrated theoretically and experimentally. In our case the 
ripple periods ΛUV and  ΛIR increased with the laser fluence 
within the range from 0.62λUV to 0.87λUV and from 0.39λIR to 
0.58λIR for the 355 nm and 1064 nm wavelengths of 
irradiation, respectively. Our experimental results are 
consistent with this model. 

SEM images of the laser-irradiated areas with the dual-
wavelength cross-polarized double-pulse trains are presented 
in Fig. 5. The regular ripples were formed on the steel surface 
that was firstly irradiated by the IR pulse and after 360 ps by 
the UV pulse (negative time delay ∆t = - 360 ps) (Fig. 5a). 
The ripple period was Λ = 850 nm. Fig. 5b shows the sample 
surface that firstly interacted with the UV pulse, and after the 
positive time delay of ∆t = 30 ps, with the IR pulse. The 
period of ripples, in this case, was Λ = 690 nm. The anti-
clockwise inclination of ripple orientation by an angle of 
~ 14 deg after the switching from negative to positive time 
delays was observed. The similar rotation of the grating 
direction in the dual-wavelength cross-polarization irradiation 
experiments on semiconductor surface depending on the pulse 
energy ratio between the IR and UV pulses has been observed 
by T. Q. Jia et al. 37. The rotation of ripple orientation with 
the increase of the UV pulse energy was observed at zero 
delay time between pulses. The rotation in our experiment 
might be related to interaction of surface plasma waves 
induced by the electrical field of IR and UV laser beams. Fig. 
5c shows the quasi-periodical ripple formation with the period 
of Λ = 1.4 µm when the IR beam reached the sample the 

 

 
Fig. 4 The ripple period dependence on the laser fluence. The bottom part of the 

graph represents the single-pule train irradiation with (a) UV (λ = 355 nm); (b) IR 

(λ = 1064 nm) wavelengths. The top part of the graph (c) represents the dual-

wavelength cross-polarized double-pulse train irradiation with the time delay of 

Δt = 600 ps between the UV and IR pulses. The number of laser pulses in trains 

N = 100. The inserts are SEM micrographs of the laser-induced ripples. 

 

 

 

Fig. 5 SEM micrographs of the stainless steel surface irradiated with the dual-wavelength (1064 nm and 355 nm) cross-polarized double-pulse train at different time 

delays between the laser pulses: (a) - 1
st

 pulse IR (1064 nm), 2
nd

 pulse UV (355 nm), time delay Δt = -360 ps, the ripple period Λ ≈ 850 nm; (b) - 1
st

 pulse UV, 2
nd

 pulse 

IR, time delay Δt = 30 ps, the ripple period Λ ≈ 700 nm; (c) - 1
st

 pulse UV, 2
nd

 pulse IR time delay Δt = 600 ps, quasi-periodical ripple formation with period Λ = 1.4 µm. 

The number of pulses N = 100 used in irradiation trains, laser fluence in the central area of micrographs: F0 UV = 0.45 J cm
-2

; F0 IR = 1.1 J cm
-2

. Inserts on the left of the 

images - four times enlarged micrographs from the center of the picture. Inserts on the right middle of the micrographs are 2D-FFT of the images. The scale bars on (c) 

are the same for all images.  
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second after a time delay of ∆t = 600 ps. The dependence of 
the ripple period on the time delay between the third and 
fundamental harmonics is given in Fig. 6. 

 
The characteristic coarse ripple formation with the 

wavelength-related periods and polarization-perpendicular 
orientations was observed when single-pulse trains were 
applied to the stainless steel surface at the 1064 nm and 
355 nm wavelengths of irradiation. The ripple period linearly 
increased with the applied laser fluence for both wavelengths 
in the single-pulse train irradiation regimes and also in the 
double-pulse irradiation experiments. 

In conclusion, three distinguishable regimes of the 
periodical and quasi-periodical ripple formation were 
observed in the dual-wavelength cross-polarized double-pulse 
train irradiation experiments with different time delays 
between the UV and IR laser pulses. Characteristic change of 
the ripple period and their orientation was observed 
depending on the pulse order in the train. The decrease in the 
ripple period and anti-clockwise rotation of their orientation 
was observed when the time delay switched from negative to 
positive. Switching from the highly-periodical to quasi-
periodical ripples was observed with the time delays higher 
than 600 ps.  
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