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Abstract: Laser-induced periodic surface structures have been extensively studied for various
materials because of their promising applications. For these applications, uniform rippled structures
with well-defined large areas are required. However, the efficient fabrication of uniform rippled
structures is a challenge. Morphologies of rippled structures of multiple-shot-ablated regions
considerably affect the processing efficiency of uniform rippled structures because incubation effects
are crucial. In this study, the effects of a pulse number and irradiation modes on surface morphologies
of rippled structures on the titanium surface are experimentally studied. The experimental results
indicate the following: (1) Samples first irradiated using several shots and then using remaining
shots by designing laser pulse irradiation modes exhibit improved surface morphologies, such as
larger ablation areas and finer rippled structures. (2) When the pulse number in the first series is
less than that in the second series, the rippled structures are characterized using larger areas and
periods. (3) The ablated areas with rippled structures increase with the increasing number of pulses.
(4) The periods of ripples reduce with the increasing number of pulses. Therefore, according to
different requirements, uniform rippled structures can be efficiently fabricated and adjusted using the
designed laser pulse modes and pulse number.

Keywords: surface morphologies; subwavelength-rippled structures; femtosecond laser;
incubation effect

1. Introduction

Laser-induced periodic surface structures (LIPSS, which is referred to as ripples) have
been extensively studied for various materials, including metals [1–7], semiconductors [8,9],
and dielectrics [10,11], because of their promising applications in colorization [12], solar cells [13], surface
wetting [14], and cell growth of implants [15]. For the aforementioned applications, uniform rippled
structures with a well-defined large area are required. However, the efficient fabrication of uniform
rippled structures with large areas is a challenge, and this limits its industrial applications. Compared
with other physical and chemical methods for the fabrication of uniform rippled structures with large
areas [16], directly inducing rippled structures by using a femtosecond laser is a relatively controllable
approach. Ripples with periods close to the central wavelength of incident lasers are considered typical
ripples, which are caused by the interference between incident laser waves and surface-scattered
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waves [17,18]. Ripples with periods significantly smaller than the incident laser wavelengths are
termed subwavelength ripples. Some explanations of formation mechanisms of subwavelength ripples
have been proposed, including self-organization [19,20], second harmonic generation [21], Coulomb
explosion [22], and interaction between the incident laser and surface plasmon [11,23,24]. Furthermore,
processing parameters considerably affect the formation and morphology of ripples, such as pulse
durations [25,26], polarization [27], pulse fluence [28], incidence angle [29], pulse number [30,31],
central wavelength [32], pulse delay [33], and processing environments [34–36]. For the fabrication
of uniform rippled structures with a large area, the scanning speed and the scanning interval are
crucial for the surface morphologies of ripple structures [16]. In addition, the morphologies of ripple
structures of multiple-shot-ablated regions considerably affect the processing efficiency and precision of
uniform rippled structures with large areas because incubation effects are crucial during multiple-shot
ablation [37]. For metals, the incubation effect is attributed to the accumulation of laser-induced
chemicals, structural changes in the material, and/or plastic deformation of the surface [37]. Such defects,
which are generated by the first impinging pulses, facilitate the absorption of the subsequent laser
pulses, thus enhancing the elimination of ablation and materials [37]. Therefore, during multiple-shot
ablation, it is essential to study the effects of the pulse number and irradiation modes on the surface
morphologies of rippled structures with the consideration of the incubation effect.

In this study, the effects of the pulse number and irradiation modes on surface morphologies of
rippled structures, including ablation areas and periods of subwavelength ripples, on the titanium
surface are experimentally examined during the multishot femtosecond induced ripples. The evolution
of ablation craters and subwavelength ripples with the increasing pulse number is investigated.
The interference between a surface plasmon field and laser field plays an important role for the
formation of subwavelength ripples. For investigating incubation effects during a multishot regime,
different laser pulse irradiation modes are designed. The samples which are first irradiated using
several shots and then irradiated using the remaining shots have larger ablation areas and finer rippled
structures. Therefore, according to different requirements of rippled structure areas and periods,
the uniform rippled structures with a large area can be efficiently fabricated and adjusted using the
designed laser pulse modes and pulse number.

2. Materials and Methods

Figure 1 shows the experimental setup. The femtosecond laser pulse used in these experiments is
generated using a commercial regenerative Ti-sapphire laser system (Spectra-Physics Spitfire Ace).

The femtosecond laser pulse is with a central wavelength of 800 nm, pulse width of 50 fs,
and repetition rate of 100 Hz. A variable neutral density filter is used to control the laser fluence
incident on the sample surface. The polarization direction of incident laser pulses can be adjusted by
a half-wave plate. A mechanical shutter is used to control the pulse number. The femtosecond laser
travels through a dichroic mirror and lens with an achromatic doublet (f = 100 mm) to focus on the
sample surface. To monitor laser processing, a charge-coupled device camera is used for the imaging
of the titanium sample surface (10 mm × 10 mm × 0.5 mm, Kejing Hefei). The surface morphologies of
the titanium sample after femtosecond laser irradiation are characterized through scanning electron
microscopy (SEM) (FEI XL30 S-FEG, FEI, Hillsboro, OR, USA). The beam radius is determined in a set
of laser ablation experiments by systematical variation of the laser pulse energy. In that way, a beam
radius of w0 (1/e2) ∼ 40 µm is determined in the processing plane. The ablation threshold is then
determined accordingly, which is about 0.16 J/cm2. All experiments are conducted at the same laser
fluence, and the incident laser fluence is fixed at 0.20 J/cm2. The experiments are performed in air at
room temperature.
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Figure 1. Schematic diagram of experimental setup.

3. Results and Discussion

The effects of the pulse number on ablation shapes and subwavelength ripples on the titanium
surface are experimentally investigated in this study. Figure 2 shows SEM images of ablation shapes
and subwavelength ripples on titanium obtained at different femtosecond pulses. In these experiments,
the selected number of pulses (N) is 10, 50, and 100. The repetition rate and incident laser fluence are
100 Hz and0.20 J/cm2, respectively. The orange circular regions in Figure 2a,c,e represent regions with
surface periodic structures, and the diameter of a region with ripple structures is represented by D.
The diameters of rippled regions are approximately 14.0, 18.1, and 18.6 µm after 10, 50, and 100 shots,
respectively. These diameters increased by 29.3% and 32.9% for 50 and 100 shots, respectively, compared
with that for 10 shots. The change in the rippled region from 10 shots to 50 shots is considerably larger
than that from 50 to 100 shots, which is attributed to incubation.

The periods of ripples formed on the titanium surface are affected by the pulse number.
The morphologies of rippled structures are shown in Figure 2b,d,f after 10, 50, and 100 shots,
respectively. The period of ripple structures is represented byλ. The periods of ripples with an orientation
perpendicular to laser polarization are approximately 620, 550, and 480 nm for 10, 50, and 100 shots,
respectively. The interference between the surface plasmon field and laser field are crucial in forming
subwavelength ripples, based on the study in [11]. At the interface between a metal with permittivity
εM and air with permittivity εA, if the value of the real component of the complex dielectric function
is less than −1, surface plasmons can be resonantly excited by the coupling between the surface
electrons of the dielectric and the incident field, which is characterized by surface electromagnetic
waves (also named the surface plasmon field). For metals, the excitation conditions of surface plasma
field are always satisfied after the incident femtosecond laser irradiation. Because of the interference
between the absorbed laser field and surface plasmon field, coupling field intensity is enhanced in
some areas and reduced in other areas. The absorbed laser beam profile is reshaped by the presence
of surface plasmons, which displays periodic patterns. Then energy with spatially periodic patterns
leads to the periodic patterns of the free electron temperature distribution and lattice temperature
distribution. Under the interactions of laser and materials, sub-wavelength ripples are formed in some
areas. During the formation of subwavelength ripples, the absorbed energies are gradually absorbed.
The cumulative absorbed energy is attributed to differences of subwavelength ripples and ablation
areas on titanium obtained at different femtosecond pulses.
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Figure 2. SEM images of ablation shapes and subwavelength ripples on titanium obtained at different
femtosecond pulses: (a,b) N = 10, (c,d) N = 50, and (e,f) N = 100.

To investigate the evolution of ablation craters and subwavelength ripples with the increasing
pulse number, the corresponding experiments are performed. Figure 3 presents dimensions and
periods of multiple-shot ablated regions with subwavelength ripples as a function of the pulse number.
Figure 3 shows that the ablated areas with ripple structures increase with the increasing number of
pulses. The diameters of ablated areas significantly change from 14.0 µm to 18.1 µm during the first
50 pulses, which further indicates the incubation behavior of the femtosecond pulse laser ablation of
metals. When the pulse number increased from 60 to 100, the diameters of ablated areas are the same,
varying from 18.4 µm to 18.6 µm.
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The pulse number has considerable effects on the periods of subwavelength ripples (Figure 3).
The periods of ripple structures reduce with the increasing number of pulses. For 10 and 30 shots,
the periods of ripples are approximately 620 and 570 nm, respectively, which is within the range
of 0.7 λin < λ < λin. The ripples with periods in the range of 0.6 λin < λ < 0.7 λin are formed when
the pulse number increases from 40 shots to 100 shots. The aforementioned experimental results are
consistent with those of previous studies and literature [38]. The femtosecond laser-induced ripple
evolution is observed from shot to shot in a multishot regime. When the incident laser fluence is
slightly higher than the ablation threshold, several main stages of ripple dynamic evolution, including
primary ripples or random nanoroughness (N = 10–30) and secondary ripples (N > 30), are observed.
This phenomenon is termed the blue shift of ripple periods, which is attributed to the shift of the
dispersion curve of surface plasmon-polariton (SPP) dispersion generated by the scattering of SPPs [39].

To study incubation effects during a multishot regime, the effects of the femtosecond laser pulse
irradiation modes on ablation morphology and those of subwavelength ripples on titanium are
experimentally studied. The formation of rippled structures by two consecutive series of pulses is
observed. First, the sample is exposed to a series of pulses comprising several pulses. The second
series of pulses comprising remaining pulses is used to irradiate the same place of the sample surface.
All experiments are performed under the same number of total pulses. The aforementioned process is
termed laser pulse irradiation modes. For example, in our experiments, the total number of laser pulses,
which is denoted by N, is fixed at 10. Figure 4a,a1 shows that the femtosecond laser pulse irradiation
mode N = 10 + 0 refers to the samples irradiated using 10 consecutive shots. The femtosecond laser
pulse irradiation mode N = 5 + 5 refers to the samples irradiated using the first five shots and remaining
five shots at the same place. Figures 4 and 5 indicate that laser pulse irradiation modes considerably
affect ablation morphology and subwavelength ripples on the metal titanium. The respective ablation
diameter (D) and the periodicity (λ) of the ripples obtained at those modes:

N = 10 + 0 (D ≈ 11.7 µm, λ ≈ 620 nm)
N = 5 + 5 (D ≈ 14.2 µm, λ ≈ 600 nm)
N = 4 + 6 (D ≈ 14.8 µm, λ ≈ 550 nm)
N = 6 + 4 (D ≈ 14.4 µm, λ ≈ 500 nm)
N = 2 + 8 (D ≈ 17.0 µm, λ ≈ 580 nm)
N = 8 + 2 (D ≈ 16.5 µm, λ ≈ 540 nm)
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Figure 4. SEM images of ablation morphology and subwavelength ripples on titanium at different
femtosecond laser pulse irradiation modes: (a,a1) N = 10 + 0, (b,b1) N = 5 + 5, (c,c1) N = 4 + 6, (d,d1)
N = 6 + 4, (e,e1) N = 2 + 8, and (f,f1) N = 8 + 2. (a1–f1) show the magnification of the ripple structures
in the central region in (a–f), respectively. The total pulse number is 10 in all cases. The laser pulse
energy is fixed at 0.20 J/cm2 in all cases.

Comparing the femtosecond laser pulse irradiation modes N = 10 + 0 and other modes, superior
surface morphologies characterized by larger ablation areas and finer rippled structures, can be obtained
at the modes of N = 5 + 5, N = 4 + 6, N = 6 + 4, N = 2 + 8, and N = 8 + 2. Hence, the experimental
results indicate that samples first irradiated using several shots and then the remainder shots have
superior surface morphologies, including larger ablation areas and finer rippled structures, because
of different incubation coefficients. An incubation coefficient is used to describe the dependence of
multi-shot ablation threshold Φth,N of metals on the number N of impinging pulses and the threshold
fluence with a single pulse Φth,1 [40,41]. Incubation is absent for S = 1 and the ablation threshold stays
constant irrespective of the number of pulses. As far as the damage accumulation mechanism reduces
the ablation threshold, the incubation coefficient gets lower [37,42,43]. For the laser pulse irradiation
modes N = 10 + 0, N = 5 + 5, N = 4 + 6, N = 6 + 4, N = 2 + 8, and N = 8 + 2, two consecutive series
of pulses are different. Hence, the incubation coefficients are also different and the incubation effects
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are different. By comparing the femtosecond laser pulse irradiation modes N = 4 + 6 and N = 6 + 4,
we can easily find that rippled structures on titanium are characterized by larger areas and periods
when the pulse number in the first series is less than that in the second series. The similar experimental
phenomena have been observed for the situation of N = 2 + 8 and N = 8 + 2. Therefore, according
to different requirements of rippled structure areas and periods, uniform rippled structures with
large areas can be efficiently fabricated. Moreover, uniform rippled structures with large areas can be
adjusted by designing laser pulse modes. For example, to obtain improved uniform rippled structures
with large areas, two-step scanning methods can be used (those irradiated using two consecutive series
of pulses). Furthermore, fabrication efficiency and feature size of rippled structures can be considered
to select the pulse number of two series.
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4. Conclusions

Ripples have been extensively studied for various materials because of their promising applications.
For all of the aforementioned applications, uniform rippled structures with well-defined large areas
are required. However, the efficient fabrication of uniform rippled structures with a large area is
a challenge, which limits its industrial applications. Not only scanning speed and intervals but also
pulse number and irradiation modes are crucial for surface morphologies of uniform rippled structures
with a large area. In multishot femtosecond induced ripples, the incubation effects are crucial for
the formation of surface rippled structures. Therefore, in this study, the effects of the pulse number
and irradiation modes on the surface morphologies of rippled structures, including ablation areas
and periods of subwavelength ripples, are studied on the metal titanium surface. The experimental
results indicate the following: (1) An increase in ablated areas with ripple structures is observed with
the increasing number of pulses. The diameters of ablated areas significantly vary from 14.0 µm to
18.1 µm during the first 50 pulses. When the pulse number increases from 60 to 100, the diameters of
the ablated areas are approximately the same, which varies from 18.4 µm to 18.6 µm. (2) The periods of
ripple structures reduce with an increase in the number of pulses. The interference between the surface
plasmon field and laser field plays an important role for the formation of subwavelength ripples.
(3) Samples first irradiated using several shots and then the remaining shots have larger ablation areas
and finer rippled structures because of different incubation effects. (4) When the pulse number in the
first series is less than that in the second series, rippled structures on titanium are characterized by
larger areas and periods. Therefore, uniform rippled structures with large areas can be modified by
designing the laser pulse modes and pulse number.
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