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Abstract: Laser-induced microstructures have attracted significant research interest owing
to their wide application potential for anti-reflective surfaces and optoelectronic devices. To
elucidate the characteristics of laser-patterned microstructures, nanosecond-laser-induced micro-
protrusions on amorphous silicon film surfaces were investigated via single-and multi-line
irradiation experiments. For the former, the results reveal that the number of periodic micro-
protrusions depends on the peak power intensity. In addition, the height and the base diameter
of the micro-protrusions can be tailored by adjusting the peak power intensity and scanning
distance of the laser, while increasing the peak power intensity also increases surface roughness.
X-ray spectroscopy confirmed that the microstructures were mainly composed of silicon. The
relationship between the formation mechanism and the size of the micro-protrusions is also
discussed, with the results of this study providing valuable insights into the laser-induced
microstructure formation.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The preparation of micro/nanostructures is relevant for multiple applications involving structures
such as photonic crystals, metamaterials, and superhydrophobic/hydrophilic surfaces [1–3].
Laser processing has been studied extensively as a technique for fabricating microstructures on
various materials [4–8]. For example, Gedvilas et al. [9] manufactured a highly periodic array
of dimples on the silicon surface through laser interference patterning technology. Previous
studies have identified several mechanisms thought to play a decisive role in the formation of
micro/nanostructures [10–13]. Of these mechanisms, the interference between incident and
scattered light has gained widespread acceptance.

In general, the periodicity of micro/nanostructures is close to the wavelength of the incident
laser light, particularly when using lasers with a longer pulse duration. For example, Zhou
et al. [12] produced spontaneous periodic surface structures whose periodicity approximately
matched the laser wavelength on metal surfaces using picosecond laser irradiation. Moreover,
Bonch-Bruevich et al. [11] reported the formation of periodic structures with a periodicity
ranging from 0.5–1 times the laser wavelength using polarized irradiation at large incident angles
with millisecond pulse durations.

However, our recent studies have shown that the periodicity of nanosecond-laser-induced
microstructures can differ notably from the laser wavelength under certain conditions, resulting
in structures with a periodicity that is more than 50 times that of the laser wavelength. More
interestingly, it was demonstrated that both the number and dimensions of the columns comprising
the microstructures can be controlled using the peak power intensity of single-line laser irradiation.
Nevertheless, further research is required to obtain a comprehensive understanding of the
mechanisms governing the formation of nanosecond-laser-induced microstructures.
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In this study, we realized novel periodic micro-protrusions on the surface of an amorphous
silicon film using nanosecond-laser irradiation. The effect of the peak power intensity and scanning
distance on nanosecond-laser-induced microstructures was investigated using a combination
of single-line and multi-line irradiation methods. The shape, basement diameter, height, and
material composition of the microstructures were investigated under various conditions. The
dependences of the microstructure height on the laser peak power intensity and scanning distance
were obtained. In addition, the mechanisms underlying the formation of microstructures with
different sizes are discussed in the context of micro/nanostructure applications.

2. Materials and methods

2.1. Materials

Typically, amorphous silicon films are deposited on metal or ceramic substrates using glow
discharge chemical vapor deposition, vacuum magnetron sputtering deposition, or plasma-
enhanced processes [14]. These approaches can produce amorphous silicon films measuring
several hundreds of square centimeters. In this experiment, a polished reaction-bonded silicon
carbide (RB-SiC) substrate was coated with an amorphous silicon film with a thickness of 22
µm using a vacuum magnetron sputtering deposition process, and the surface roughness of
the RB-SiC substrate was 3 nm in Ra. Initially, the surface roughness of the silicon film was
characterized by features with an average size of 12 nm, as determined by confocal laser scanning
microscopy (CLSM).

2.2. Experimental procedures

The amorphous silicon films were irradiated using a nanosecond-pulse laser machining system
with a wavelength of 532 nm (EP30-G8, Changchun New Industries Optoelectronics Technology
Co., Ltd., China). The system employs a galvanometer mirror to achieve two-dimensional
scanning in air. The beam has a Gaussian energy density distribution and the telecentric f-theta
objective lens with the focal length of 160 mm was used to focus the beam on the surface of the
target material. The real spot size is 80 µm, evaluated using the diameter squared versus fluence
method [15]. During the microstructure fabrication experiments, the pulse width was maintained
at 46 ns. For multi-line irradiation, the distance between the two scanning lines varied from
30–80 µm, corresponding to beam overlap ratios ranging from 87.5–37.5%. To ensure pulse
overlap, the laser scanning speed was set to 50 mm/s. Average laser powers of 6–20 W were used,
corresponding to peak laser powers ranging from 0.935–3.12 × 106 W. The average laser power

Fig. 1. Diagrams of the laser scanning path for (a) single-line and (b) multi-line irradiation.
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is the average value of ten times measured using power meter. Its standard deviation is 1.8–2.0%.
According to Guo and Caslaru [16], the peak power intensities were calculated to be within the
range of 0.465–1.55 × 1010 W/cm2.

Figure 1 shows the laser scanning path. For single-line irradiation, line scanning was performed
from left to right, with the line having an overall length of 2 mm [Fig. 1(a)]. For multi-line
irradiation, after completing an initial irradiation process, the laser beam was shifted along the
feeding direction according to the selected scanning distance, resulting in an overlap between
the two scanning lines [Fig. 1(b)]. The laser irradiation conditions are summarized in Table 1.
Following the laser irradiation operation, the surface topography of the samples was measured
using CLSM (OLYMPUS, OLS4100) and scanning electron microscope (FE-SEM, HITACHI
S4800). Subsequently, the elemental compositions of the unirradiated and irradiated regions
were compared using energy-dispersive X-ray spectroscopy (EDX; EDAX Genesis).

Table 1. Laser irradiation conditions.

Parameter name Parameter setting

Laser type Nanosecond pulsed laser

Wavelength 532 nm

Pulse width 46 ns

Scanning distance 30−80 µm

Irradiation region 2 mm × 2 mm

Peak power intensity 4.65 × 109–1.55 × 1010 W/cm2

Specimen Amorphous silicon film

Environment In air

3. Results and discussion

3.1. Single-line irradiation

Figure 2 shows optical images of the surface morphologies of laser-irradiated regions correspond-
ing to different peak power intensities with a repetition frequency of 140 kHz [17]. As shown
in Fig. 2(a), for single-line irradiation at a peak power intensity of 4.65 × 109 W/cm2, a row of
micro-protrusions was formed on the silicon film surface with their location corresponding to the
center of the beam. Figure 2(b) shows the morphology created using a higher peak power intensity
of 6.02 × 109 W/cm2: multiple rows of laser-induced micro-protrusions were formed, exhibiting
a periodic distribution. Upon inspection of the image, it is evident that the micro-protrusions are
parallel to the scanning direction of the sample. Increasing the peak power intensity to 7.31 ×

109 W/cm2 resulted in an increase in the number of rows of micro-protrusions increasing (in odd
rows), and in the appearance of micro-cracks on the surface owing to the effects of thermal stress
and thermal expansion [Fig. 2(c)]. As shown in Fig. 2(d), in response to increasing the laser
peak power intensity still further, the surface of the silicon film was partially ablated because the
laser energy exceeded the ablation threshold of silicon. This is confirmed by the SEM image in
Fig. 2(g). Increasing the laser peak power intensity further causes the ablation region to increase
in size. As shown in Fig. 2(f), the laser-irradiated zone eventually becomes a micro-groove
comprising a hybrid micro/nanostructure. As shown by the graph in Fig. 2(f), silicon atoms at
the edge of the micro-groove are ejected in an anisotropic manner from the micro-groove under
high laser peak power intensities. In addition, as shown in Figs. 2(g)–(i), as the laser peak power
intensity increases, additional surface material is ablated and re-deposited on the surface to form
a thicker recast layer.

To evaluate the influence of these micro-protrusions on the formation of the structure, CLSM
was used to examine their morphological properties. Figure 3 shows the micro-protrusion



Research Article Vol. 29, No. 21 / 11 Oct 2021 / Optics Express 33807

Fig. 2. Surface morphologies of single-line irradiated regions using a laser with a pulse
width of 46 ns at different peak power intensities; (a) 4.65 × 109 W/cm2, (b) 6.02 × 109

W/cm2, (c) 7.31 × 109 W/cm2, (d) 8.54 × 109 W/cm2, (e) 9.85 × 109 W/cm2, (f) 1.21 ×

1010 W/cm2, (g) SEM image of the ablated region in (d), (h) SEM image of the ablated
region in (e), (i) SEM image of the ablated region in (f).

periodicities corresponding to several different laser power peak intensities. The average
micro-protrusion periodicity was measured as 30± 0.05 µm. This result suggests that the
micro-protrusion is largely unaffected by increasing the peak power intensity. According to
previous studies [12], the periodicity of the laser-induced surface structure (D) is closely related
to the wavelength, as expressed by

D =
λ

1 ± sin θ
, (1)

where λ is the laser wavelength and θ is the angle of incidence measured from the normal to the
surface. However, Figs. 2(a)–(d) clearly show that the distance between the micro-protrusions is
substantially different from the wavelength.

3.2. Multi-line irradiation

3.2.1. Effect of scanning distance

As shown in Figs. 2(b)–(d), increasing the peak power intensity allows for the formation of
multiple rows of micro-protrusions, although the spacing between each row remains at an
approximately constant value of 30 µm. To manufacture micro-protrusions with different pitches,
we irradiated the silicon film surface using a laser peak power intensity of 4.65× 109 W/cm2 based
on the morphology shown in Fig. 2(a). Figure 4 shows the three-dimensional surface topographies
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Fig. 3. Micro-protrusion periodicity at different laser peak power intensities.

achieved by changing the scanning distance while maintaining the repetition frequency at 140
kHz. At scanning distances of 80 µm and 70 µm, microcracks appear on the irradiated silicon
film surfaces, affecting the formation of micro-protrusions [Figs. 4(a) and (b)]. As the scanning
distance decreases, the microcracks gradually disappear owing to the larger melting volume
caused by the laser irradiation. Notably, there are almost no microcracks on the surface when the
scanning pitch is 40 µm.

Fig. 4. Three-dimensional surface topographies of silicon film surfaces irradiated at
different scanning distances with a peak power intensity of 4.65 × 109 W/cm2 and a
repetition frequency of 140 kHz; (a) 80 µm, (b) 70 µm, (c) 60 µm, (d) 50 µm, (e) 40 µm, (f)
30 µm.

Another consequence of decreasing the scanning distance is that the base diameter and height
of the micro-protrusions both increase, as shown in Figs. 5 and 6. Specifically, the average
base diameter increased from 11.201 µm to 24.750 µm, while the average height increased from
0.142 µm to 0.315 µm. The increase in the melting area promotes micro-protrusion growth.
The average base diameter and height of the micro-protrusions are average value of ten times
measured using CLSM. The standard deviation of the base diameter and height is 7.7–8.9% and
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1.7–1.9%, respectively. In addition, it should be noted that the basement diameter and height of
the micro-protrusions can be tuned by changing the laser scanning distance, allowing for the
creation of various effective surface regions; this is referred to as the beam-overlap effect.

Fig. 5. Average base diameter of the micro-protrusions at various scanning distances.

Fig. 6. Average height of the micro-protrusions at various scanning distances.

The surface roughness of the amorphous silicon films changes with the scanning distance
changes irrespective of the peak power intensity of the laser. Figure 7 shows a plot of surface
roughness as a function of beam scanning distance under a peak power intensity of 4.65 × 109

W/cm2. For a scanning distance of 80 µm, the surface roughness is more pronounced than the
initial surface. In general, microcracks are generated in the subsurface during grinding [18]. Such
internal microcracks are relatively difficult to detect from the surface. During laser irradiation
at a large scanning distance, the thermal expansion resulting from the increase in temperature
causes these internal microcracks to open up rather than melt the surface layer. In their opened
state, the microcracks manifest as an increase in surface roughness. By decreasing the scanning
distance to induce melting, the surface roughness decreases owing to the reduction in the number
of microcracks. However, at scanning distances below 60 µm, the surface roughness becomes
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more prominent again. In this case, the increased surface roughness can be attributed to the
increase in the base diameter and height of the micro-protrusions.

Fig. 7. Measured surface roughness of the irradiated region at various scanning distances.

3.2.2. Effect of peak power intensity

Figure 4 shows that relatively uniform micro-protrusions were obtained when using a scanning
distance of 40 µm was applied. Multi-line irradiation at different peak power intensities was
conducted to elucidate the effect of peak power intensity on micro-protrusion formation. Figure 8
shows two- and three-dimensional surface topographies at three different laser peak power
intensities, with the repetition frequency set to 140 kHz and a scanning distance of 40 µm. For
a peak power intensity of 4.65 × 109 W/cm2, it should be noted that the micro-protrusions on
the surface of the silicon film are grouped together, resulting in mound-like formations with
a certain periodicity that are repeated along the laser beam sweeping line [Fig. 8(a)]. The
average micro-protrusion base diameter was measured as 22.36 µm, while the average height was
measured as 0.28 µm.

Increasing the peak power intensity of the laser irradiation to 1.21 × 1010 W/cm2 resulted
in the formation of multiple disordered micro-dot structures, as shown in Fig. 8(b). Particle
production was also observed. These particles are scattered by the laser irradiation process
and reattach to the material surface during recrystallization. Therefore, at larger laser energies,
part of the irradiated material is ejected. As time progresses, the vaporized material cools and
is deposited and re-solidified on the surface of the irradiated areas [19]. By increasing the
laser peak power intensity further to 1.55 × 1010 W/cm2, taller and broader microstructures
were generated, as shown in Fig. 8(c). However, the morphology of these microstructures was
conspicuously different, with the shape changing from micro-protrusions to comb-like structures.
Approximately 80% of the structures were taller than 16 µm, with the average basement diameter
of the structures increasing to 26.87 µm.

3.3. Energy-dispersive X-ray spectroscopy analysis

We used EDX to analyze the elemental composition of the irradiated sample regions, with the
results shown in Fig. 9. Unsurprisingly, prior to laser irradiation, the outer layer of the amorphous
silicon film was comprised overwhelmingly of Si, with traces of C and O [Fig. 9(a)]. As shown
in Figs. 9(b)–(d), the irradiated surfaces contain relatively more O content (increased from 3.51%
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Fig. 8. Two- and three-dimensional profiles of silicon film surfaces processed by laser
irradiation at different laser peak power intensities with a scanning distance of 40 µm; (a)
4.65 × 109 W/cm2, (b) 1.21 × 1010 W/cm2, (c) 1.55 × 1010 W/cm2.

to 16.42%), indicating that the surface of the microstructures becomes increasingly oxidized as
the peak power intensity of the laser increases. Nevertheless, Si remains the principal component
of the microstructures. Consequently, it can be inferred that, for microstructural formation at
a low peak power intensity, micro-protrusions are formed via the re-solidification of molten
material, while, at a high peak power intensity, the plasma recoil pressure promotes the formation
of comb-like structures.

3.4. Micro-protrusion formation mechanism

The mechanism of microstructure formation on the surface of the silicon films is rather
complex. Many analyses [20–22] have shown that the major parameters affecting microstructural
characteristics such as physical dimensions and periodicity may include the initial surface
conditions, the thickness of the thin film, the internal material ultrastructure (e.g., single-crystalline,
polycrystalline, or amorphous), the hydrodynamics involved in the evaporation/melting of the
surface layer, and the laser irradiation parameters (e.g., pulse width, laser wavelength, ambient
temperature, type of gaseous medium, peak power intensity, and repetition frequency).

To understand the process of laser heat transfer and explore the microstructure formation
mechanism, the evolution of surface temperature during the pulsed laser irradiation was simulated
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Fig. 9. Energy-dispersive X-Ray spectroscopy results for micro-structures fabricated using
different laser peak power intensities; (a) Original surface, (b) 4.65 × 109 W/cm2, (c) 1.21 ×

1010 W/cm2, (d) 1.55 × 1010 W/cm2.

using the thermal model proposed in Ref. [23–25]. The simulation calculations were performed
using COMSOL Multiphysics software. Heat transfer happens via heat conduction to the material
interior, and heat dissipation via natural convection and irradiation at the material interface.
Meantime, evaporation of materials can also bring about energy loss. The process of heat transfer
can be expressed as follows:

ρCp
∂T
∂t
= ∇ · (k∇T) + Q, (2)

where ρ is the density, Cp is the specific heat capacity of the material under constant pressure, T
is the temperature, k is the thermal conductivity, and Q is the incident heat source, which can be
expressed as follows:

Q(x, y, z, t) = R
4πhk
λ

·
P
πr02 exp

(︃
−

2(x2 + y2)

r02

)︃
exp

(︃
−z

4πhk
λ

)︃
, (3)

where hk is the imaginary part of the refractive index, λ is the laser wavelength, R is the
absorptivity of the laser energy, P is the incident laser average power, and r0 is the beam radius at
1/e2 of a Gaussian laser profile.

Figure 10 shows the results corresponding to laser peak power intensities of 4.65 × 109 W/cm2,
6.02 × 109 W/cm2, and 7.31 × 109 W/cm2, where the melting temperature is 1688 K. Note that
the peak temperature exceeds the melting point but remains lower than the boiling point (2629 K)
at each of these three peak power intensities, with the surface temperature falling below the
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melting point extremely quickly (14 µs) after the irradiation pulse. For peak power intensities of
1.21 × 1010 W/cm2 and 1.55×1010 W/cm2, the peak surface temperature rises above the boiling
point, as shown in Fig. 11. In these cases, some material from the center of the irradiated area
evaporates as extremely fine vapor particles as opposed to explosive boiling.

Fig. 10. Calculated surface temperature as a function of time for irradiation with different
laser peak power intensities.

Fig. 11. Calculated surface temperature as a function of time for irradiation with different
laser peak power intensities.

Figure 12 presents a schematic of the possible mechanism underlying the laser-induced
formation of micro-protrusions on amorphous silicon films. It is known that laser irradiation
can cause thermal accumulation on the surface of the material to the extent that melting or
ablation occur [26,27]. At a low peak power intensity of 4.65 × 109 W/cm2, the silicon film is
directly heated and melted via laser irradiation. However, as shown in Fig. 12(b1), owing to the
temperature gradient associated with the Gaussian energy distribution, the maximum melting
depth at the center of the beam and the melt pool is small [28–30]. In contrast, as shown in
Fig. 12(b2) and (b3), a larger heat-affected zone forms beneath the liquidized materials as well as
on the upper surface as the peak power intensity increases. Because of the low peak intensity, any
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plasma shielding effect is negligible, resulting in weak or no plasma formation [31]. However,
the solid/liquid interface protuberates in the central zone because of the fluctuations created via
the continuous pulse shocks at a repetition frequency of 140 kHz. The temperature gradient
in the area around the protrusion increases, thereby promoting the growth of the protrusion.
While the protrusion becomes more pronounced, surface tension owing to the Gibbs-Thomson
effect makes the protrusion an arc shape [32]. As shown in Fig. 10, under a high cooling rate,
a number of small micro-protrusions remain on the top surface, with the number of columnar
micro-protrusions increasing as the size of the molten area increases [Fig. 12(c1–c3)].

Fig. 12. Schematic showing the micro-protrusion formation mechanism for various laser
peak power intensities; (a) Laser irradiated surface, (b1) The molten pool under peak power
intensity of 4.65 × 109 W/cm2, (b2) The molten pool under peak power intensity of 6.02 ×

109 W/cm2, (b3) The molten pool under peak power intensity of 7.31 × 109 W/cm2, (c1)
Single row of micro-protrusions, (c2) Three rows of micro-protrusions, (c3) Five rows of
micro-protrusions.

Figure 13 presents a schematic of the possible mechanism underlying the formation of comb-
like microstructures on irradiated amorphous silicon films. At high peak power intensities,
maximum surface temperatures of 2990 K and 3260 K were recorded during laser irradiation,
both of which exceed the boiling point of amorphous silicon (2629 K), as shown in Fig. 11. For a
peak power intensity of 1.21 × 1010 W/cm2, the laser irradiation causes the silicon to vaporize,
resulting in splatter on the surface. Thus, vaporized silicon can be redeposited on the film surface
[33]. Moreover, the accumulation of material particulates results in the formation of a recast
layer. Weak plasma formation was observed under these conditions. Because the plasma pressure
is not sufficient to promote molten silicon to a significant height above the original surface, the
silicon protrusions manifest as small bump-shaped structures, as shown in Fig. 8(b).

As shown in Fig. 8(c), when the peak power intensity increases to 1.55 × 1010 W/cm2, sufficient
material is vaporized to generate a powerful plasma, and the high peak power intensity elevates
the recoil pressure, which may force the molten material to move upward at high speed [34]. In
addition, at a high peak power intensity, a higher temperature can be maintained for longer, which
preserves the material in a molten state and facilitates the transport of molten material on the
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Fig. 13. Schematic showing the mechanism underlying the formation of comb-like
protrusions under a peak power intensity of 1.55 × 1010 W/cm2; (a) Laser irradiated surface,
(b) Laser-induced plasma, (c) Comb-like protrusions.

original surface [35]. Thus, the more substantial melt pool volume and recoil pressure generated
by the laser-induced plasma can promote molten material comfortably above the original surface,
where it cools rapidly to form comb-like protrusions on the top surface, as shown in Fig. 13. The
resultant protrusions have large base diameters and heights.

4. Conclusions

In this study, microstructures of different heights were fabricated on silicon film surfaces using
nanosecond-laser irradiation (wavelength: 532 nm) with various peak power intensities. The
following conclusions can be drawn from our experiments and analysis:

1. During single-line irradiation, the number of micro-protrusions increases in odd-numbered
increments in response to increasing the peak power intensity. The micro-protrusions have
an average periodicity of 30± 0.05 µm. When the peak power intensity exceeds 8.54 ×

109 W/cm2, the micro-protrusions disappear, resulting in ablation of the film surface.

2. Under a peak power intensity of 4.65 × 109 W/cm2, the periodicity of the micro-protrusions
perpendicular to the scanning direction can be tuned by controlling the laser scanning
distance. Under this condition, uniform micro-protrusions can be manufactured over a
large area.

3. The surface roughness, base diameter, and height of the micro-protrusions is increased by
decreasing the scanning distance, which has the added effect of introducing microcracks
that contribute to the surface roughness.

4. The formation of the micro-protrusions is attributed to fluctuations created by continuous
pulse shocks at a high repetition frequency, which promotes the growth of protuberances
at the solid/liquid interface at the center of the beam.

5. Increasing the peak power intensity to 1.55 × 1010 W/cm2 leads to the formation of a
comb-like protrusion on the silicon film surface, which is due to the strong laser-induced
plasma recoil pressure forcing molten material upwards to a height substantially above the
original surface.

In summary, the results demonstrate that microstructures of various heights can be fabricated on
amorphous silicon film surfaces under different peak power intensities. Our results offer crucial
insights into the formation mechanism and periodicity of laser-induced microstructures, which is
significant because lasers are a popular method for patterning materials used in applications such
as superhydrophobic/hydrophilic surfaces and flexible solar panels.
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