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Abstract: A micro/nano surface structure can produce specific properties, such as super hydrophilic-
ity, low reflectance property, etc. A femtosecond laser-induced periodic surface structure is an
important manufacturing process for the micro/nano structure. This research investigated the ef-
fects of scanning intervals and laser power on the surface morphology, wetting properties, and
reflectance properties of LIPSS based on a silicon wafer. The results showed that the laser power had
a significant effect on the surface morphology and wettability of silicon. With the increase of laser
power, the surface roughness, etching depth and surface hydrophilicity increased. However, the laser
power had little effect on the surface reflectance. The scanning interval had a great influence on the
wettability and reflectance property of silicon. With the decrease of the scanning interval, the surface
hydrophobicity and reflectance of silicon first decrease and then remain basically stable from 10 µm.
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1. Introduction

The manufacturing of a silicon wafer with specific functional surface properties has
attracted many researchers. For example, ultrahydrophilic and low reflectivity surfaces
have great prospects in many technical applications, such as silicon solar cells [1,2], op-
toelectronic devices [3], lithium-ion batteries [4], and antibacterial surfaces [5]. Due to
the ultrashort pulse time of the femtosecond pulsed laser and the nonlinear absorption
caused by ultrahigh laser intensity at the focus, the heat input of the laser processing is very
low. Thus, deformation of the processing and heat-affected zone are small, which ensure
processing precision and cleanliness [6]. A femtosecond laser is able to induce a periodic
surface structure with a microscale or nanoscale dimension to generate some useful surface
functional properties, such as enhanced wettability [7], increased light absorption [8], and
optical properties of manipulation [9,10].

The tailored surface microstructures can be obtained by adjusting the laser beam
parameters, which can obtain the tailored optical, mechanical, or chemical properties
of the surface. Tsibidis et al. [11] presented a detailed theoretical model to account for
the surface modification and the plasmon-generated periodic surface structure observed
during semiconductor irradiation with ultrashort laser pulses in subablation conditions.
Han et al. [12] modulated the femtosecond laser power distribution to control the surface
ablated structures through a copper grid mask. Fraggelakis et al. [13] studied the effects of
double-pulse interpulse delay, fluence distribution, and polarization on the microstructural
morphology of the irradiated silicon surface and demonstrated that the interaction between
the pulse flux and the arrival order of each component of double pulses had a great influence
on the LIPSS structure. Varlamova et al. [14] studied the wettability of the LIPSS-structured
silicon target and showed that the wettability was determined by the surface roughness
induced by the femtosecond laser on a macro level. Nivas et al. [15] confirmed that the
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orientation and period of the grooves could be customized using complex light beams or
laser wavelengths, similar to the behavior of subwavelength low spatial frequency ripples.

Although the mechanism of interaction and formation dynamics remains controversial,
the laser polarization, pulse fluence, pulse duration, and repetition rate were generally con-
sidered to be key factors in determining ripple formation [16–21]. The scanning interval is
also an important parameter affecting the preparation efficiency of the large-size functional
surface. A large scanning interval could speed up the LIPSSs’ preparation. It has not been
studied in depth.

In this paper, periodic surface structures induced by a femtosecond laser on silicon
were prepared with different scanning intervals and laser powers. The effects of the laser
processing parameters on the surface morphology, wettability, and optical properties of
silicon with LIPSSs were theoretically and experimentally analyzed. Silicon with custom
wettability or wettability gradient can be produced easily with the appropriate laser param-
eters. It is also possible to customize reflectance values and reflectance gradients of silicon
easily and quickly.

2. Experimental Procedure and Analysis Methods

A Coherent Monaco 1035-80-60 femtosecond laser (Coherent, Palo Alto, CA, USA)
with a wavelength of 1035 nm and a max single pulse energy of 80 µJ was used in the
experiment. The sample of the experiment was a silicon wafer, and the wafer size was
10 mm × 10 mm × 0.50 mm. The silicon wafer was first soaked in deionized water, then
washed in an ultrasonic cleaner for 5 min, next soaked in ethanol, then cleaned again in
the ultrasonic cleaner for another 5 min, and finally dried to remove surface contaminants.
The experimental setup of the LIPSS on silicon is shown in Figure 1. The laser beam
focused on the front of the Si target in a vertical incidence manner through the optical
path composed of optical lenses. By moving the sample placed on the XY translation table,
the laser beam repeatedly scanned the sample at equal intervals in the horizontal and
vertical directions to form an equidistant rectangular scanning array on the silicon surface.
The main parameters of the femtosecond laser are shown in Table 1.

Figure 1. Experimental setup. Component abbreviations: LBEs: laser beam extenders; CCD: CCD
camera; DM: dichroic mirror; CL: convex lens; SI: scanning interval.

Table 1. Femtosecond laser processing parameters.

Parameter Value

wave length (nm) 1035
pulse duration (fs) 270

laser frequency (kHz) 375
scanning speed (mm/s) 1200

laser power (W) 0.95, 0.45, 0.12
scanning interval (µm) 40, 20, 10, 7, 4, 1
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All experiments were carried out in room temperature air. It is easy to repeat this
experiment with the same conditions. After irradiation, the morphology of the LIPSS
region was studied by a scanning electron microscope (SEM, Tescan, Brno, Czech Republic)
and an optical microscope (OM, Olympus, Tokyo, Japan). The wettability was analyzed
by measuring the static contact angle (CA) via the sessile drop method. The value was
the average value of the whole immersion area. Finally, the reflection characteristics of
sample surface with a wavelength between 200 and 800 nm were measured by UV-VIS
spectrophotometer (Shimadzu, Kyoto, Japan), and the reflectance spectrum was obtained.

3. Results and Discussion
3.1. Surface Morphology Analysis

Although the laser irradiation area was the same due to the same scanning interval of
40 µm, the heat-affected zone increased as the laser power increased, as shown in Figure 2.
When the laser power was 0.95 W, obvious melting traces and an irregular micron columnar
structure appeared on both sides of the laser irradiating area. On the micron columnar
structures, there were some small nanoparticles with irregular distribution as shown in
Figure 2h. This was because the laser ablation of the material formed some particle groups,
some of which were deposited back to the metal surface under the action of gravity and
atmospheric pressure due to the loss of initial kinetic energy. These recrystallized structures
of melted and sputtered droplets produced in the laser processing were called micro/nano
composite structures. When the laser power was 0.45 W, there were only some disordered
micron columnar structures, and the size of the structure was larger than that of the
structure formed at 0.95 W. When the laser power was 0.12 W, the laser irradiation region
was covered by the LIPSS.

Figure 2. OM and SEM images of Si irradiated by a femtosecond laser at different laser powers.
(a–c) OM images of a silicon wafer irradiated by a femtosecond laser at the scanning interval of 40 µm
and the laser power of 0.12, 0.45, and 0.95 W, respectively. (d–f) 10kx SEM images of a silicon wafer
irradiated by a femtosecond laser at the scanning interval of 40 µm and the laser power of 0.12, 0.45,
and 0.95 W, respectively. (g–i) 20kx SEM images of a silicon wafer irradiated by a femtosecond laser
at the scanning interval of 40 µm and the laser power of 0.12, 0.45, and 0.95 W, respectively.
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Figure 3 shows the OM and SEM images of silicon irradiated by the femtosecond laser
at different scanning intervals. The wider the scanning interval was, the smaller the laser
irradiation region area was, as shown in Figure 4. When the scanning interval was 40 µm,
the area percentage of the irradiation region was 31.9%. When the scanning interval was
4 µm, the whole silicon surface was irradiated, and regular LIPSSs appeared on the silicon
surface, as shown in Figure 3e,f.

Figure 3. OM and SEM images of Si irradiated by a femtosecond laser at different scanning intervals.
(a–d) OM images of a silicon wafer irradiated by a femtosecond laser at the laser power of 0.12 W
and the scanning interval of 40, 20, 10, and 4 µm, respectively. (e,f) SEM images of a silicon wafer
irradiated by a femtosecond laser at the laser power of 0.12 W and the scanning interval of 4 µm.

Figure 4. Areas percentages of the laser irradiation region and the interspace region at different
scanning intervals.

3.2. Surface Wettability Analysis

The measurement results of the droplets’ contact angle of silicon irradiated by a
femtosecond laser at different laser powers are shown in Figure 5. The contact angle
decreased with the increase of laser power. The laser irradiation heat-affected region became
wider, and the surface ablation depth became deeper when the laser power increased.
Therefore, the wide and deep laser irradiation area directly formed a flow channel, which
made the water directly flow into the groove and diffuse on the surface. At the same time,
the adhesion between the droplets and the solid surface increased due to the deep depth of
the surface ablation.
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Figure 5. Contact angle of silicon irradiated by a femtosecond laser at different laser powers.

The contact angle decreased with the decreasing scanning interval, as shown in
Figure 6. The scanning interval of 40 µm was wider compared with that of 10 µm, so the
laser irradiation area was much smaller than the interspace area. Therefore, water droplets
dripping on the structure mainly contacted the silicon substrate, which made the contact
angle large and close to that of the silicon without a pattern. When the scanning interval
decreased, the laser irradiation area increased, so the surface hydrophilicity increased.
The contact angle was less than 5◦ while the scanning interval was less than 10 µm.

Figure 6. Contact angle of silicon irradiated by a femtosecond laser at different scanning intervals.

3.3. Surface Reflective Performance Analysis

As shown in Figure 7, the reflectivity of silicon, irradiated by a femtosecond laser at a
laser power of 0.12 W and scanning interval of 40 µm, decreased with the rising wavelength,
but there was a sharp increase in the far and near ultraviolet wavelength range, which
was generally consistent with the reflection trend of silicon. Due to the rougher surface
morphology and deeper corrosion depth of silicon irradiated by 0.45 W, the reflectivity
of silicon irradiated by 0.45 W was less than that by 0.12 W in all wavelengths. However,
a high laser power could not further reduce surface reflectivity. The reflection spectrums
of silicon irradiated by 0.95 and 0.45 W were roughly the same; the reflectivity decreased
about 20%.
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Figure 7. Reflectance spectra of silicon irradiated by a femtosecond laser at different laser powers.

When the scanning interval was 20 µm and the laser power was 0.12 W, the reflectivity
was still high and consistent with that of 40 µm, due to the large area of the unirradiated
substrate, as shown in Figure 8. When the scanning interval was less than 10 µm, the area of
LIPSSs on the silicon wafer, which had good light absorption ability and further reduced the
surface reflectivity, was huge. The periodic surface structure formed a resonance region by
exciting surface plasmons. It greatly and effectively enhanced the magnetic field intensity
near the region, increased the absorption of incident light, and reduced the reflection of
light in a wide wavelength range, especially in the visible and infrared regions. In the
short wavelength band, because the wavelength of incident light was less than or close
to the structural size of the silicon nanowire array, the scattering effect of incident light
was dominant, which prolonged the path length of light and increased the absorption of
incident light. The overall effect of the absorption mechanism led to a high absorption of
all wavelength light on the etched surface, so the silicon surface is black. Compared with
colored materials, the angle and polarization of the incident light had little effect on the
light absorption performance of silicon.

Figure 8. Reflectance spectra of silicon irradiated by a femtosecond laser at different scanning intervals.

4. Conclusions and Further Research

The influence of the scanning interval and laser power on the surface morphology, wet-
ting property, and light absorption property of LIPSS based on the silicon wafer were stud-
ied. The research found some relationships between the laser parameters and properties.

(1) Laser power had great influence on the wettability of silicon with LIPSS. When
the scanning interval was 20 µm and the laser power was higher than 0.45 W, the silicon
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surface had super hydrophilicity. When the scanning interval was 40 µm and the laser
power was higher than 0.95 W, the silicon surface also had super hydrophilicity.

(2) Laser power had little influence on the light absorption property. High laser power
could not further change the surface reflectance spectra.

(3) The scanning interval had a significant effect on the wetting properties and light
absorption property. When the laser power was 0.12 W and the scanning distance was less
than 10 µm, the silicon surface had super hydrophilicity and low light reflectivity, which
was called black silicon.

In summary, the scanning interval was a key parameter affecting the wetting and
optical properties of silicon with LIPSS. Laser power had a major impact on the wetting
property of silicon with LIPSS. Laser parameters can be further studied and optimized to
obtain silicon with custom properties, in particular, defining the wetting gradient to achieve
a controlled motion of droplets on the silicon surface. The formation mechanism of LIPSS
and the influence of laser parameters on other properties are still worth further study.
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