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Abstract: An effective approach is proposed to adjust the surface morphology induced by using a
femtosecond laser, including the area and period of rippled structures. The effect of the processing
steps and laser polarization on the surface morphology of rippled structures on a titanium surface
was experimentally investigated in this study. A processing sequence was designed for two series of
femtosecond laser pulses that irradiate a titanium surface, for example, N = 50(0°) + 50(90°). The
experimental results show that the area and period of rippled structures can be simultaneously
adjusted by following a two-step method. Due to the enhancement of energy absorption and SP-
laser coupling of the initial rippled structures, large area surface structures with small periods are
fabricated using two series of femtosecond laser pulses with the same polarization direction. By
changing the polarization direction of the two series of femtosecond laser pulses, the recording,
erasing, and rewriting of subwavelength ripples is achieved. During the rewriting process, material
removal and the formation of new ripples simultaneously occur.
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1. Introduction

Surface morphology is a key factor associated with changes and the control of sur-
face properties of a solid such as mechanical, optical, biological, and chemical properties.
Fabricating micro-nano structures is one of the main methods for changing surface mor-
phology [1]. Laser-induced periodic surface structures (LIPSS, also referred to as ripples)
are a simple and rapid method of fabricating micro-nano surface structures, when the
incident fluence is slightly higher than the ablation threshold of the material [2-6]. Due to
the superior ability to control the surface properties, ripples have been widely used in many
fields, including optics [7], optoelectronics [8], micro-nano fluids [9], biomedicine [10-13]
and biological implants [14-19]. Regarding applications of biological implants, studies have
shown that the growth of cells is selective to the surface morphology of materials [14-24].
Generally, cells tend to grow along grooves on the surface, and the degree of this trend de-
pends on the depth and width of the groove on the surface. In addition, different cells have
different requirements for the surface morphology of an implant. For example, fibroblasts
are more oriented on the surface grooves. Hence, it is essential to adjust and control the
periodic surface structure.

When the incident fluence is slightly higher than the ablation threshold, ripple struc-
tures can be observed in various materials, including metals [6,25], semiconductors [26,27],
and dielectrics [28-30]. The rippled structure can be divided into two types, i.e., typical
ripples and subwavelength ripples. Due to interference between incident laser and surface-
scattered waves [31,32], ripples with the periods close to the wavelength of the incident
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laser (known as typical ripples) are induced by the laser. With the development of lasers,
various new types of ripples have been observed experimentally, with the characteristic of
being significantly smaller than the incident wavelength (known as subwavelength rip-
ples). In order to better adjust subwavelength rippled structures, relevant theoretical and
experimental studies have been carried out. Many studies have reported on the formation
mechanisms of subwavelength ripples, including self-organization [33,34], second har-
monic generation [35], Coulomb explosion [36], and interaction between the incident laser
and surface plasmon [37-39]. However, the interaction between the laser and material is a
nonlinear and nonequilibrium dynamic process, which causes some differences between
theoretical research and experimental results. In addition, many factors significantly affect
the formation and morphology of ripples [30,40-49], such as wavelength, pulse duration,
number of pulses, pulse fluence, polarization, incidence angle, repetition rate, pulse de-
lay, number of pulse trains, spatial distribution of laser energy, processing environment,
processing mode, and processing materials. For the aforementioned application of ripple
structures, it is still a significant challenge to efficiently fabricate uniform rippled structures
with a large area. During the fabrication of uniform rippled structures with a large area, the
scanning speed and the scanning interval are crucial for the surface morphologies of the
rippled structures [50]. However, there is still a lack of methods for synthetically regulating
the area and period of rippled structures fabricated using a femtosecond laser.

In order to adjust the area and period of rippled structures induced by a femtosecond
laser, the effects of the processing steps and laser polarization on the surface morphology
of rippled structures on a titanium surface are experimentally investigated in this study.
The processing sequence is designed, and two series of femtosecond laser pulses irradiate
the titanium surface, for example, N = 50(0°) + 50(90°). The experimental results show
that the area and period of the rippled structures can be simultaneously adjusted by
following a two-step method. Large area surface structures with small periods can be
fabricated using two series of a femtosecond laser with the same polarization direction,
because the existing ripples induced by the first series of femtosecond laser can strongly
enhance the energy absorption and SP-laser coupling. The recording, erasing and rewriting
of subwavelength ripples can be achieved by changing the polarization direction of the
two series of femtosecond laser pulses. The experimental results indicate that a two-step
method is an effective method to control the surface morphology in order to better fabricate
large-area, uniform ripple structures.

2. Materials and Methods

In our experiments, we used a femtosecond Ti-sapphire laser system (Spectra-Physics,
Santa Clara, CA, United States) to generate a laser pulse with a central wavelength of
800 nm, pulse width of 50 fs, and a repetition rate of 100 Hz. A half-wave plate and a
mechanical shutter were used to control the polarization direction and the pulse number,
respectively. The laser beam was normally focused on the surface of the sample by using
a dichroic mirror and lens with an achromatic doublet (f = 100 mm). A beam radius
of w0 (1/e?) ~ 40 um was determined in the processing plane. The incident laser was
focused on the surface of pure titanium samples (10 x 10 x 0.5 mm, Kejing Hefei). The
incident laser fluence was fixed at 0.20 J/cm?, which is slightly higher than the ablation
threshold of titanium, 0.16 J/cm?. The experiments were performed at room temperature.
All the processing was monitored using a CCD camera (Basler, Ahrensburg, Germany).
Following the femtosecond laser ablation, a scanning electron microscope (SEM) (SEM-FEG
XL30, FEI, Hillsboro, OR, USA) was used to characterize the surface morphologies of the
titanium samples.

3. Results

In order to adjust the area and period of rippled structures induced by using a fem-
tosecond laser, the effects of the processing steps on the area and period of rippled structures
on a titanium surface are experimentally investigated in this study. For the experiments,



Appl. Sci. 2021, 11,2250

30f8

the total number of pulses (N) is fixed at 100 and the incident fluence is about 0.20 J / cm?. In
order to study the effect of two-step processing on surface morphology, the following three
processing sequences are designed: N = 100, N = 40 + 60, and N = 60 + 40. For example,
N = 100 represents 100 pulses to induce the surface micro-nano structure in one step.
N = 40 + 60 represents two series of femtosecond laser pulses to irradiate the titanium
surface. The first series consists of 40 pulses, and the second series consists of 60 pulses.
The time interval between the two series is a few seconds to tens of seconds. This process
is called a two-step method. Figure 1 shows the SEM images of ablation morphology and
subwavelength ripples on titanium obtained following the two-step fabrication method.
The areas circled in orange represent regions with surface rippled structures, as shown
in Figure la,c,e. The size of the area circled in orange is represented by its diameter,
D. The diameters of the areas circled in orange are about 18.9 + 0.1, 20.0 £ 0.08, and
21.9 &+ 0.05 pm under the processing sequences N = 100, N = 40 + 60, and N = 60 + 40,
respectively. As shown in Figure 1b,d.f, the periods of ripples with a perpendicular ori-
ented laser polarization are in the range of 480 £ 20 nm, 465 £ 20 nm, and 430 £ 30 nm
for the processing sequences N = 100, N = 40 + 60, and N = 60 + 40, respectively. Similar
rippled structures have also been reported in [22]. The experimental results show that
the areas of rippled structures induced by using a femtosecond laser can be effectively
increased following a two-step fabrication method. The periods of ripples formed on the
titanium surface have also been effectively adjusted by the designed processing sequence.
The experimental results indicate that it is possible to fabricate large area surface structures
with small periods following a two-step method.

Figure 1. SEM images of ablation morphology and subwavelength ripples on titanium obtained by
one- and two-step fabrication. (a,b) N = 100; (c,d) N =40 + 60. (e,f) N = 60 + 40.

For the processing sequences N = 40 + 60 and N = 60 + 40, the formation of rippled
structures induced following a two-step method can be divided into two processes: rippled
structures induced by the first series pulses (the first process) and rippled structures
induced by second series pulses (the second process). For the first process (N = 40 + 60),
the initial surface plasmon (SP)-laser interference plays an important role, based on our
previous study [37]. At the interface between a metal with permittivity ey and air with
permittivity e, 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 called the surface plasmon field). For metals, the excitation
conditions of the surface plasma field are always satisfied after the incident femtosecond
laser irradiation. Because of the interference between the absorbed laser field and the
surface plasmon field, the 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
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temperature distribution. Due to the interactions of laser and materials, subwavelength
ripples are formed in some areas. For the second process (N = 60 + 40), the initial rippled
structures induced by the first series of pulses are equivalent to the preset grating structures
in our previous study [30]. The existing ripples can significantly enhance the energy
absorption and the SP-laser coupling, and the SP-laser coupling intensities are much
more intense in the grooves, which makes the fabrication of subwavelength ripples more
efficient [30].

In order to investigate the detailed effects of the processing steps on the area and pe-
riod of rippled structures, a series of experiments are designed as shown in Figure 2a—c.
Polarization of an incident laser is a key factor associated with the formation of sub-
wavelength ripples. Hence, the effects of laser polarization on the area and period of
rippled structures on a titanium surface are experimentally investigated in this study.
Figure 2 shows the illustrated process of the experiments. Subwavelength ripples are
induced by 2N femtosecond laser pulses on the surface of the sample, as shown in
Figure 2a, which is denoted by 2N(0°), where N is the number of incident laser pulses
and 0° means the laser polarization rotated 0° with respect to the original polarization.
Then, we apply two series of femtosecond laser pulses to irradiate the same place on the
sample surface, as shown in Figure 2b. First, the titanium sample is irradiated by the first
series of femtosecond laser pulses, and then by a second series of femtosecond laser pulses
on the same place. For example, the laser processing shown in Figure 2b is denoted by
N(0°) + N(0°). In order to investigate the change of rippled structures, the second series
of pulses with the laser polarization rotated 90° with respect to the original polarization
are used to irradiate the same place on the sample surface, as shown in Figure 2¢c, which
is denoted by N(0°) + N(90°). Figure 2d—f are the corresponding experimental results of
Figure 2a,b. The experimental results shown in Figure 2d,e indicate the effects of pulse
number on the area and period of rippled structures on the titanium surface, which
is attributed to the incubation effects during the multi-shot regime [6]. As shown in
Figure 2ef, the polarization of a femtosecond laser significantly affects the surface topog-
raphy, especially the direction of the rippled structure. Figure 2e,f show the processing
of recording, erasing, and rewriting of subwavelength ripples induced by the femtosec-
ond laser.

Figure 2. Schematic of experimental processing of ripples on a titanium surface. (a) Subwavelength
ripples induced using a 2N femtosecond laser pulses; (b) Subwavelength ripples induced using two
series of femtosecond laser pulses, denoted by N(0°) + N(0°); (c) Subwavelength ripples induced
using two series of femtosecond laser pulses, denoted by N(0°) + N(90°); (d—f) are the corresponding
experimental results of (a—c).

The detailed SEM images of the ablation morphology and subwavelength ripples
on titanium obtained by following a two-step method for femtosecond laser fabrication
are shown in Figure 3. The diameters of rippled regions are about 20.8 £+ 0.06 and
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19.6 £+ 0.09 pm under the conditions 50(0°) + 50(0°) and 50(0°) + 50(90°), respectively.
The periods of subwavelength ripples are in the range of 450 £ 25 nm to 560 + 15 nm
under the conditions 50(0°) + 50(0°) and 50(0°) + 50(90°), respectively. By comparing with
the experimental results shown in Figure 1a, it can easily be observed that the diameters
of rippled regions under the conditions N = 50(0°) + 50(0°) and N = 50(0°) + 50(90°) are
much larger than the diameter under the condition of N = 100(0°). This phenomenon is
caused by the incubation effect due to the accumulation of laser-induced structural changes
of the material during the femtosecond laser ablation. The existing rippled structure can
improve absorption efficiency [6]. The period of subwavelength ripples under the condition
N =50(0°) + 50(0°) is much smaller than the periods under the condition of N = 100(0°).
According to our previous study [30], after the first series of femtosecond laser pulse irradi-
ation, the initial rippled structures are formed on the surface of the titanium. The existing
ripples can strongly enhance the energy absorption of the second series of femtosecond
laser pulses and the enhanced laser intensity is mainly localized in the grooves. When
the polarization is perpendicular to the already existing ripples, the second series of laser
pulses can further deepen the grooves, thus, accelerating the ripple forming process [30].
For the condition N = 50(0°) + 50(90°), the periods of the subwavelength ripples are larger
than the periods under the condition N = 100(0°) and the orientation of ripples is perpen-
dicular to the polarization direction of the second series of femtosecond pulses. As shown
in Figure 3ef, the period of the rippled region under the condition N = 50(0°) + 50(90°) is
similar to that induced by N = 50(0°) (period in the range of 550 & 15 nm) femtosecond
laser pulses, which shows the processing of recording, erasing, and rewriting of ripples
during femtosecond laser induced subwavelength ripples. Similar phenomena have also
been reported by [41]. During the rewriting process, when the number of pulses in the
second sequence reach a certain number, the original ripples disappear. At the same time,
the new ripples are already formed with an orientation of 90° to the original one, which
means that two processes, including material removal and the formation of new ripples,
simultaneously occur. Hence, as shown in Figure 3, we can easily observe the following:
(1) the area and period of subwavelength rippled structures can be simultaneously adjusted
by changing the processing sequence; (2) the area of rippled structure can be increased
and its period can be decreased by two series of femtosecond laser pulses with the same
polarization; (3) the recording, erasing, and rewriting of subwavelength ripples can be
achieved using two series of femtosecond laser pulses with perpendicular polarization
directions; (4) the period of subwavelength ripples under the condition 50(0°) +50(90°) is
similar to that induced by N = 50(0°) femtosecond laser pulses.

Figure 3. SEM images of ablation morphology and subwavelength ripples on titanium obtained by
following one- and two-step fabrication processes. (a, b) N = 50 (0°) + 50(0°); (c, d) N = 50(0°) +
50(90°); (e, £) N =50 (0°).

The subwavelength rippled structures are fabricated by following the two-step method
using relatively fewer femtosecond laser pulses. The SEM images of ablation morphology
and subwavelength ripples on titanium obtained at different femtosecond laser pulse
irradiations are shown in Figure 4. The incident of the femtosecond laser is designed
as follows: N =20 (0°), N = 10(0°) + 10(0°), N = 10(0°) + 10(90°), and N = 10(0°). The
diameters of subwavelength rippled structures induced using the four femtosecond laser
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designs are about 14.8 & 0.16, 15.0 £ 0.15, 13.6 £ 0.22, and 14.0 & 0.2 um, respectively. The
corresponding periods of the subwavelength ripples induced using the four femtosecond
laser designs are 590 + 15, 570 £ 15, 620 £ 10, and 620 £ 10 nm, respectively. For a total of
20 pulses, the experimental results are highly similar to the situation of 100 pulses, which
verifies the effectiveness of a two-step method in surface morphology.

Figure 4. SEM images of ablation morphology and subwavelength ripples on titanium obtained
at different femtosecond laser pulse irradiations. (a, b) N = 20 (0°); (¢, d) N = 10(0°) + 10(0°);
(e, f) N =10(0°) + 10(90°); (g, h) N = 10(0°).

4. Conclusions

This study proposes an effective approach to control the surface morphology, including
the area and period of rippled structures. The adjustment about the area and period of
rippled structures induced using a femtosecond laser can be achieved by changing the
processing steps and laser polarization. In order to fabricate the desired rippled structures,
a series of experiments are designed, for example, N = 50(0°) + 50(90°) femtosecond laser
irradiating the titanium surface. The experimental results show that the area and period of
subwavelength rippled structures can be simultaneously adjusted by following a two-step
method. Due to the enhancement of the energy absorption and SP-laser coupling by the
initial rippled structures, large area surface structures with small periods can be fabricated
by following a two-step method with the same polarization direction. The recording,
erasing, and rewriting of subwavelength ripples can be achieved by using two series of
femtosecond laser pulses with perpendicular polarization directions. During the rewriting
process, material removal and the formation of new ripples simultaneously occur. This
study has demonstrated the potential of following a two-step method to control the surface
morphology of rippled structures that may have potential for titanium modification in
orthopaedic or dental implant applications.
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