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Laser-induced periodic surface structures (LIPSS) (ripple) with different spatial frequencies have
been observed after irradiation of stainless steel surfaces by femtosecond laser pulses in the air.
Low spatial frequency LIPSS (LSFL) with the period (about 830 nm) close to the laser wave-
length and high spatial frequency LIPSS (HSFL) with half wavelength (about 410 nm) were
dependent on the scanning speed of laser focus. The sharp transition from the single LSFL to double
HSFL structures occurs at 5 mm/s. This abrupt transition of dividing one ripple into two equals
was proved.
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1. Introduction

Periodic micro-nanostructures on materials surface have been widely applied in
different technical implementations. Surface microstructures can change surface
properties, such as adhesion, friction, wettability, etc. [1–5]. Laser-induced periodic
surface structures (LIPSS) were achieved soon after the laser was invented. Meanwhile,
several mechanisms were proposed to explain their formation [6]. LIPSS were obtained
on various materials such as metals, semiconductors, and dielectrics [7–9]. Among
them, a femtosecond laser induced periodic ripple attracted an increasing interest
because it can be achieved on almost any material directly.

Most LIPSS with a period close to the laser wavelength were referred as low spa-
tial frequency LIPSS (LSFL). Recently, several research groups reported high spatial
frequency LIPSS (HSFL) with a period far less than the wavelength. Many studies of
LSFL and HSFL were carried out on various materials [10–12]. For normal incident
laser radiation, the LSFL with a period (630–730 nm) close to the wavelength and
the HSFL with the periods between 200 and 280 nm were obtained on ZnO surfaces.
A sharp transition from the LSFL features toward HSFL appears for lower fluences
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(0.5–0.7 J/cm). Their experimental results proved that the surface scattered second
harmonic generation (SHG) is presented in the regime of HSFL formation [12].
YANG YANG et al. [13] found that the ripple period increases with higher laser
average fluence but reduces with a larger number of laser pulses, and the threshold
fluence for the HSFL depends on the surface roughness of NiTi alloy plate. Using two
classes of metallic materials (transition and noble), COLOMBIER et al. have determined
that the ripples amplitude is strongly correlated to the material transport properties,
namely electron–phonon relaxation strength, electronic diffusion, and to the energy
band characteristics of the electronic laser excitation [14]. Additionally, they presented
the efficiency of energy coupling in ultrashort laser-irradiated metallic surfaces with
different intensity envelopes and discussed probable thermodynamic paths for material
ejection under the laser action [15]. ROMER et al. investigated femtosecond laser
induced self-organizing ripple nanostructures on steel. A low fluence results in “reg-
ular ripples” with a spatial repetition of 300–500 nm. In twinned areas “pre-ripples”
with much smaller wavelength (about 150 nm) are observed [16]. VARLAMOVA et al.
presented numerical simulations from an adopted surface erosion model and compared
the result to experimental data on laser-induced nanostructures formation. Their results
support the nonlinear self-organization mechanism of pattern formation on the surface
of solids [17, 18]. The natures of LSFL and HSFL are still quite controversially
discussed in the literature and several different mechanisms have been proposed, such
as interference effects [19], second harmonic generation [10], excitation of surface
plasmon polaritons [20], or self-organization [8]. 

Stainless steels are a kind of metallic materials used to fabricate artificial joints.
In clinical practice, the stainless steel implanted in the human body will release Cr 3+,
Ni2+, and Cr5+ in the physical environment because of its friction and wear and cause
artificial joints failure ultimately [21]. Therefore, it is necessary to improve the wear
resistance of stainless steel surface for prolonging the life of artificial joints. It is
an effective method to improve the wear resistance by fabricating periodic nanostruc-
tures on material surface [22, 23]. For the stainless steels, there are some studies on
the formation of femtosecond LIPSS. BO WU et al. obtained the LSFL on stainless
steel surface by a femtosecond laser and achieved its superhydrophobicity [9].
LITAO QI et al. fabricated 526 nm LSFL and 310 nm HSFL on stainless steel
surface [24]. They reported that this periodic ripple structure originated from
the interference between the incident laser light and the scattered tangential wave.
WEI ZHANG et al. found abrupt transition from wavelength structure to subwavelength
structure in a single-crystal superalloy by femtosecond laser irradiation and studied
the parametric dependence of this transition on fluence and pulse number [25].
However, femtosecond LIPSS on stainless steel surface still needs further study.
Therefore, we experimen-talized the interaction of a focused femtosecond laser and
stainless steel surface detailedly.

In this paper, we present a complementary study on the formation of LIPSS on
stainless steel surface by femtosecond laser irradiation. This paper studies the depen-



Sharp transition of laser-induced periodic ripple structures 797

dence of LSFL and HSFL formations on laser parameters (laser average fluence and
scanning speed) to extend the existing works on this material. Lastly, we proved the phe-
nomenon (Abrupt transition [25]) of the LIPSS transition from LSFL toward HSFL. 

2. Experiment
In the experiments, the samples were AISI 316L type austenitic stainless steel plates
with 0.2 mm thickness. After mechanical polishing, the Sa value is about 4.26 nm
measured by atomic force microscopy (SCPM 5500). Then, the samples had two 30-min
ultrasonic cleanings in deionized water and in acetone, respectively. 

A commercial chirped pulse amplification based Ti:sapphire regenerative amplifier
laser system was used to generate linearly polarized laser pulses at 775 nm center
wavelength, 150 fs pulse duration and 1 kHz repetition rate. Using a NA = 0.14,
5× objective lens, the laser pulses were focused directly onto the samples, and the laser
focus was located below the stainless steel surface of 5 mm. Therefore, the beam
diameter in the sample processing plane is about 150 μm. Meanwhile, the laser average
fluence in the sample processing plane can be calculated. The exposure time of
femtosecond laser was controlled by a fast mechanical shutter. The scanning of laser
focus was achieved by three dimensional piezoelectric translation stages. All irradia-
tions were performed in the air. Figure 1 shows the schematic diagram of the femto-
second laser processing system.

Femtosecond laser was focused on the stainless steel surface through an objective
lens. Meanwhile, stainless steel moved at a fixed speed through three dimensional
piezoelectric translation stages to obtain one irradiated line. In order to study the laser
parameters influence on the irradiated line, the scanning speeds and the laser average
fluence were systematically varied. Each irradiated line was corresponding to a group
of laser parameters (laser average fluence and scanning speed). 

Femtosecond
Shutter

Digital delay

Reflector mirror
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z
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Fig. 1. Schematic diagram of femtosecond laser processing system.
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After experiments, the samples were cleaned with methanol in an ultrasonic bath.
The processing morphologies were characterized by a scanning electron microscope
(SEM) and atomic force microscopy (AFM). The periods of LIPSS were measured by
AFM section analyzing, and the results were the average of five measured values.

3. Results and discussion
The phenomenon, also called abrupt transition, is observed when the stainless steel sur-
face is irradiated by scanning femtosecond laser focus. Four irradiated lines are achieved
on stainless steel surface by changing the scanning speeds (10, 5, 2, 1 mm/s) at
0.24 J/cm2 laser average fluence. The average pulse numbers per beam diameter are
15, 30, 75, 150, respectively. The morphologies and ripple periods of irradiated lines
are measured by SEM and AFM, respectively. Figure 2 shows the SEM micrographs
of LIPSS, in which the regular ripples appeared, whose direction is perpendicularly
oriented to the laser polarization. 

The ripple periods of Figs. 2a and 2b are about 830 nm (close to the laser wave-
length), and those of Figs. 2c and 2d are about 410 nm (close to half wavelength).
When scanning speed is 10 mm/s (Fig. 2a), narrow ridge of ripple structures indicates
that the speed is too fast. The ripple period in Fig. 2b (5 mm/s) is consistent with that
of Fig. 2a, but it has wider ridge and narrower gap. It means that the ripple period is
unchanged basically within 10–5 mm/s range. Besides, the bifurcation phenomenon
in the middle of single ripple appears occasionally, which is marked by arrow in
Fig. 2b. Then, AFM is adopted to further investigate the bifurcation phenomenon (as

Fig. 2. SEM micrographs of structures on stainless steel surface induced by scanning femtosecond
laser focus with varied speeds and fixed laser average fluence (0.24 J/cm2). 10 mm/s, 15 pulses (a);
5 mm/s, 30 pulses (b); 2 mm/s, 75 pulses (c); 1 mm/s, 150 pulses (d). The black line in (d) represents
the polarization direction.
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shown in Fig. 3). Figure 3a is the two-dimensional topography of local area, in which
the bifurcation appears in the middle of some ripple structure distinctly. Figure 3b
shows the section contours of Fig. 3a in a black line position. The depth of newly
generated groove is about 38 nm, which is shallower than that of the 186 nm-groove.
Maybe this represents the initial phase of the ripple structure bifurcation, namely
the transition stage from LSFL to HSFL. Figure 2c shows the formed ripple structure
at 2 mm/s scanning speed, and its period is 410 nm (close to half wavelength). These
ripple structures should belong to HSFL. However, the adjacent groove depths have
minor discrepancies. The arrow points to the shallow groove, and the adjacent is
the deep groove. It is further demonstrated that two HSFL originate from one LSFL.
This phase is considered as a developmental stage of the transition from LSFL to HSFL.
When the scanning speed is 1 mm/s, the ripple period is about 410 nm, and the grooves
between ripples are also uniform. This phase is considered as the completion stage of
the transition from LSFL to HSFL. The ripple period after bifurcation is half as much
as that of pre-bifurcation. This phenomenon is called the abrupt transition. 

In order to study the transition of two ripple types and their parametric influence,
the scanning speed and the laser average fluence were systematically varied. We
chose four laser average fluences (0.12, 0.24, 0.45, 0.9 J/cm2) and four scanning speeds
(10, 5, 2, 1 mm/s) to irradiate the stainless steel surface, and obtained 16 irradiated
lines, also called 16 samples. The corresponding relations between 16 laser parameters
and 16 samples are listed in Table 1. After experiments, SEM and AFM are adopted
to observe and measure the ripple morphology. 

Three phenomena (LSFL, HSFL and ripple rupture) are found in the series of
experiments. Ripples of four samples (A1, B1, C1, D1) gradually become obvious,
which indicates that the ripple can even form at the high scanning speed under larger
laser average fluence. Although the ripple ridge widths in four samples (A1, B1,
C1, D1) are different, the ripple periods are basically around 830 nm (belonging to
LSFL). Surface morphology of four samples (A2, B2, C2, D2) is also similar. Their
ripple structures belong to LSFL, too. However, there are occasional ripple bifurcation
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Fig. 3. AFM micrographs of ripple structure when the speed and laser average fluence are 5 mm/s
(30 pulses) and 0.24 J/cm2. Two-dimensional morphology (a), and section contour (b).
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phenomena on B2, C2, D2, which means shallow groove appears in the middle of
single ripple (similar to Figs. 2b and 3). Ripple structures in A2 sample have no bifur-
cation because of lower laser average fluence. As the result of the excess laser average
fluence, ripple structures in D2 sample present rupture phenomenon, and the rupture
direction is perpendicular to the ripple direction. Ripple structures in four samples
(A3, B3, C3, D3) all present bifurcation. However, the adjacent groove depths have
minor discrepancies (similar to Fig. 2c). The periods of ripple structures are about
410 nm, which belong to HSFL. The four samples are all in developmental stage of
the transition from LSFL to HSFL. C3 and D3 samples have the same rupture phenom-
enon like the sample D2. But the rupture of D3 sample is more apparent. Surface
morphology of four samples numbered A4, B4, C4, D4 is similar. The bifurcation of
ripple structure is basically completed, and the periods are about 410 nm, which belong
to HSFL. Meanwhile, the ripples of four samples present the rupture. As the laser
average fluence is increasing, the rupture is more serious. Figure 4 shows the SEM

T a b l e 1. Relationship between sample and laser parameters (laser average fluence and speed). 

Samples,
LSFL/HSFL

V = 10 mm/s
(15 pulses)

V = 5 mm/s
(30 pulses)

V = 2 mm/s
(75 pulses)

V = 1 mm/s
(150 pulses)

P = 0.12 J/cm2 A1, LSFL A2, LSFL A3, HSFL A4, HSFL
P = 0.24 J/cm2 B1, LSFL B2, LSFL B3, HSFL B4, HSFL
P = 0.45 J/cm2 C1, LSFL C2, LSFL C3, HSFL C4, HSFL
P = 0.9 J/cm2 D1, LSFL D2, LSFL D3, HSFL D4, HSFL

Fig. 4. SEM micrographs of structures on stainless steel surface induced by scanning femtosecond
laser focus with fixed speed (1 mm/s,150 pulses) and varied laser average fluence. 0.12 J/cm2 (a),
0.24 J/cm2(b), 0.45 J/cm2 (c), 0.9 J/cm2 (d). The black line in (d) represents the polarization direction. 
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images of A4, B4, C4 and D4 samples. Through a series of experiments listed in Tab. 1,
we draw the following conclusions:

– The ripple structures can form at specified scanning speed under four different
laser average fluences; 

– The ripple bifurcation begins to appear at the speed of 5 mm/s, more obvious
at 2 mm/s, and complete at 1 mm/s; 

– There are two possibilities about ripple periods, which are 830 nm LSFL and
410 nm HSFL corresponding to the state before bifurcation and after bifurcation,
respectively. 

– The ripple bifurcation is determined by the scanning speed and has no relation
with laser average fluence; 

– When laser average fluence is higher, ripple structure will rupture even at higher
scanning speed. Laser average fluence only affects rupture but not period.

For the femtosecond laser irradiation on the stainless steel surface, the free electrons
are quickly heated to escape from the surface through both photoelectric and therm-
ionic emission processes, resulting in micro-scale electric plasma in close contact with
the solid-state matter even during the pulse [26]. According to the previous studies [27],
ripples formation originated from interference of the laser with the excited surface
plasmon polariton. Accordingly, the induced ripple periodicity will be somewhat larger
than the wavelength of incident lasers. The formation of LSFL on the ablated area was
attributed to the interference between the incident beam and the scatter waves, which
has been studied for many years. However, many scholars obtained different research
results. Stoian thought that ripples growth depended on the electron–phonon coupling
and electron diffusion [14]. Reif concluded that the laser polarization was a control
parameter in the formation of laser-induced periodic surface structures based on their
comparison of numerical and experimental results [17, 18]. The work of SIPE et al. [6]
represented the ripple attributed to scattering from surface roughness and to the re-radi-
ation from surface defect sites. The interference between all incident, radiated, or
scattered electromagnetic fields causes periodic variation in substrate heating and
ultimately the periodic surface structure. Therefore, from works above it becomes clear
that interference cannot explain the observed phenomena. Interference is not generally
accepted as the only theory to explain ripples. Additionally, Bonse thought that this
sharp transition from the formation of HSFL to the LSFL occurs at a certain laser
average fluence level [12]. In our experiment, the transition from the LSFL to HSFL
depends on the scanning speed, or repetition rates of laser focus. Besides, the phenom-
ena of one LSFL dividing into two HSFL is observed. However, the mechanism of
ripple equipartition at 5 mm/s speed is unknown and needs further study.

4. Conclusions

In conclusion, we have performed a detailed study of the femtosecond LIPSS on
stainless steel surface, which is influenced by laser parameters (laser average fluence,
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and scanning speed). The phenomenon, also called abrupt transition, was observed
when the stainless steel surface is irradiated by femtosecond laser. The bifurcation of
ripple structure begins to appear at 5 mm/s, more obvious at 2 mm/s, and complete at
1 mm/s. There are two possibilities about the period of ripple structure, which are
830 nm LSFL and 410 nm HSFL corresponding to the state before bifurcation and
after bifurcation, respectively.
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