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Abstract: Although laser-produced micro-/nano-structures have been extensively studied, the
effects of the initial surface conditions on the formed micro-/nano-structures have rarely been
investigated. In this study, through nanosecond pulsed laser irradiation of unpolished and polished
amorphous silicon films, entirely different surface characteristics were observed. The effects of laser
irradiation parameters, such as repetition frequency, beam overlap ratio, and scanning velocity, on
the surface characteristics were investigated, followed by the characterization of surface roughness,
energy-dispersive X-ray spectroscopy, and Raman spectroscopy of the irradiated surfaces. For the
unpolished surface, novel micro-protrusions were generated after laser irradiation, whereas no such
micro-protrusions were formed on the polished surface. The experimental results indicated that
the height of the micro-protrusions could be tuned using laser irradiation parameters and that laser
irradiation promoted the crystallization of the amorphous silicon film. Moreover, the formation
mechanism of the micro-protrusions was linked to fluctuations of the solid-liquid interface caused
by continuous laser pulse shocks at higher repetition frequencies. The findings of this study suggest
important correlations between the initial surface conditions and micro-/nano-structure formation,
which may enhance our fundamental understanding of the formation of micro-/nano-structures.

Keywords: amorphous silicon film; nanosecond pulsed laser irradiation; nano-structure; micro-
protrusion

1. Introduction

Amorphous silicon films have been used in photovoltaic solar cells, displays, electronic
devices, and imaging optical sensors [1-6]. Since the 1990s, laser-induced crystallization of
amorphous silicon films has been studied extensively. For example, Huang et al. [7] found
that the sharp Raman peak of properly annealed film is similar to that of crystalline silicon
formed by the picosecond laser irradiation of amorphous silicon films. Grigoropoulos
et al. [8] investigated the liquid—solid interface movement and temperature change of
silicon films during excimer laser annealing. These phase transformations are persistent
with the recrystallized poly-Si morphologies. In a study to explain the relationship between
the excimer laser fluence gradient and the length of lateral grain growth, Moon et al. [9]
found that the lateral growth length increases and the directionality of the grains improves
as the fluence gradient increases by excimer laser irradiation of amorphous silicon films.

Compared with single-crystal silicon panels, amorphous silicon films are cost-effective
and easy to manufacture and can be prepared on a variety of substrate materials, such as
metals and ceramics [10,11]. As an attractive material, flexible solar panels are expected
to be used on various surfaces to acquire solar energy. To improve the energy absorption
ratio of silicon film surfaces, micro-/nano-structures should be fabricated on them. If
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micro-/nano-structures can be fabricated on an amorphous silicon film, it greatly reduces
its production costs, thus promoting industrialization.

In recent years, a large number of investigations have been conducted regarding the
formation of micro-/nano-structures on silicon surfaces through laser processing [12-16].
For instance, Her et al. [17] fabricated an array of sharp conical spikes on silicon film
surfaces by femtosecond laser irradiation with fluence of 10 kJ/ m?2. Niitsu and Yan [18]
produced irregular nanodot structures on the surface of silicon wafers using a nanosecond
pulsed laser while eliminating subsurface grinding damage. Kang et al. [19] found that
periodic surface structures with a height variation of 14-30 nm formed near the top surface
when annealing a 45-nm-thick amorphous silicon thin film on a glass substrate using a
Nd:YAG nanosecond laser. Hong et al. [20] achieved nano-dome surface texturing on an
amorphous silicon thin film, using a Nd:YVO4 UV laser, resulting in a 200% increase in
optical absorption. These nano-dome-like structures were unevenly distributed on the
surface. However, these studies were all carried out under specific surface conditions.
Therefore, though a huge amount of literature has been published in this field over the last
three decades, comprehensively understanding the influences of different initial surface
conditions on the response characteristics of amorphous silicon films to nanosecond laser
irradiation remains a big challenge.

In this study, we investigated the fundamental response of amorphous silicon films
with different initial surface conditions to nanosecond pulsed laser irradiation by studying
the effect of laser irradiation parameters on their surface characteristics. A novel peri-
odic micro-protrusion was obtained on an unpolished silicon film surface. Thereafter,
we classified the surface roughness, energy-dispersive X-ray spectroscopy, and Raman
spectroscopy of the irradiated surfaces, and then analyzed the formation mechanism of
this novel micro-protrusion.

2. Materials and Methods
2.1. Amorphous Silicon Films

In this experiment, an amorphous silicon film with a thickness of 20 um was coated on
the substrate of reaction-bonded silicon carbide—which has a thermal expansion coefficient
similar to that of silicon—using a vacuum magnetron sputtering deposition process. The
initial surface of the silicon film was polished using a cerium oxide polishing solution to
investigate the effects of the surface conditions. The final thickness of the coating after
polishing was 16 um.

2.2. Laser Irradiation Conditions

A nanosecond pulsed laser EP30-G8 (Changchun New Industries Optoelectronics
Technology Co., Ltd., Changchun, China) was used in the experiment. The laser has a
wavelength of 532 nm (green Gaussian beam) with a typical pulse width of 46 ns. Its
nominal beam diameter is 80 um.

Figure 1 shows the scanning method of the laser beam during irradiation. The beam
was scanned from left to right with a scanning length of 2 mm. After one scan, the
galvanometer mirror system directed the laser to the next scan along the feeding direction.
Hence, the overlap width between the two scans determined the beam overlap rate.

Table 1 summarizes the laser irradiation conditions. To maintain pulse overlap,
the laser repetition frequencies were set from 60 to 160 kHz with a scanning velocity of
50 mm/s. A variety of scanning pitches (10-80 um) were used, corresponding to beam
overlap ratios in the range of 87.5-0%. Average powers of 6, 9, 12, and 15 W were used
for laser irradiation. Further, the influence of repetition frequency, average power, and
scanning distance were investigated. All laser irradiations were conducted in air at ambient
temperature (296-302 K).
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Figure 1. Schematic of the laser system and scanning path.

Table 1. Laser irradiation conditions.

Items Parameters
Laser type Nanosecond pulsed laser
Wavelength 532 nm
Pulse width 46 ns
Laser average power 6—15W
Repetition frequency 30—160 kHz
Scanning pitch 10—80 um
Scanning velocity 50 mm/s
Beam overlap ratio 0—87.5%
Irradiation region 2 x 2 mm?
Environment Air at ambient temperature

2.3. Simulation of Laser Irradiation

The silicon film surface absorbs energy from the laser, and the surface temperature
increases rapidly. Heat transfer occurs through heat conduction to the material interior,
and heat dissipation occurs through radiation and natural convection at the material
interface [21,22]. Meanwhile, the evaporation of materials can also lead to energy loss. The
heat conduction equation for this process can be expressed as

9T
PCo3y +0Coul-VT + V(—kVT) = Q, 1)

where p is the density, C, is the specific heat capacity, T is the temperature, ¢ is the laser

irradiation time, u is the velocity field, k is the thermal conductivity coefficient, and Q is
the heat distribution, which can be calculated as follows:

2 2 2
Qlx,y,zt) = wR% exp (—W) exp(—az), )

where P is the average laser power, r is the radius at 1/e? of the Gaussian laser profile, R
is the absorptivity of the laser energy, and « is the absorption coefficient, which can be

defined as
o= 47ka

A, 7

®)
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where my is the imaginary part of the refractive index and A is the laser wavelength.

To assess the temperature field produced by laser irradiation on an amorphous silicon
film, the finite element method (FEM) was utilized to simulate the heat conduction process.
The calculations were performed using COMSOL Multiphysics software. Although the
refractive index and absorptivity are functions of temperature, laser energy is primarily
absorbed at the material surface, and the temperature distribution can be adequately
determined by treating them as constants [23]. The refractive index and absorptivity of
amorphous silicon at room temperature were directly employed in this model, which is
considered sufficient to study the temperature changes [24].

2.4. Measurement and Characterization Methods

A confocal laser scanning microscope (OLYMPUS, OLS4100, Tokyo, Japan; spatial
resolution: 100 nm, depth resolution: 1 nm) was used to measure the three-dimensional
surface topographies and surface roughness of the laser irradiated regions. Thereafter,
the structural changes in the material after laser irradiation were investigated using a
micro-Raman spectrometer (LAB-RAM Infinity). Finally, the contents of the elements in
the sample before and after laser irradiation were measured using energy-dispersive X-ray
spectroscopy (EDX) (EDAX Genesis).

3. Results and Discussion
3.1. Initial Surface Conditions

First, the initial surface conditions were investigated. As shown in Figure 2a, there
were some small grain bumps and pitting defects on the unpolished surface. However,
as shown in Figure 2b, the polished surface was significantly smoother with only slight
abrasive scratches introduced by polishing. The surface roughness of the unpolished and
polished surfaces were 12 nm and 1 nm, respectively. Specifically, unpolished and polished
silicon films were used as specimens in laser irradiation.

50 um : 458 50 um
(a) (b)
Figure 2. Images of the silicon film surface: (a) unpolished surface and (b) polished surface.

3.2. Unpolished Amorphous Silicon Surface
3.2.1. Effects of Repetition Frequency

Figure 3 shows the three-dimensional surface topographies after laser irradiation
with a repetition frequency of 60-160 kHz. At a low repetition frequency of 60 kHz,
there were many cluster structures on the silicon film surface, as shown in Figure 3a. The
clustered structures gradually smoothed out to form protrusions as the repetition frequency
increased. When the repetition frequency was increased to 80, 100, and 120 kHz, as
shown in Figure 3b—d, respectively, the protrusions were irregular with a height variation
of 0.1-0.4 um and various surface damages. As the repetition frequency increased to
140 kHz, periodic micro-protrusions of average height 0.3 um, as shown in Figure 3e,
were obtained. Thus, the height and formation of the protrusions are evidently closely
related to the repetition frequency. In addition, for the same average power, the single
pulse energy decreased when the repetition frequency was increased. Consequently, the
height difference of the protrusions can be associated with a lower ablation rate per pulse
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for higher repetition frequencies. On the other hand, it should be noted that the average
micro-protrusion periodicity was measured as 30 & 0.05 um, which does not change with
the repetition frequency.
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Figure 3. Three-dimensional surface topographies of unpolished silicon film at different repetition
frequencies with an average laser power of 9 W and a beam overlap ratio of 50%; (a) 60 kHz,
(b) 80 kHz, (c) 100 kHz, (d) 120 kHz, (e) 140 kHz, (f) 160 kHz.

3.2.2. Effects of Laser Beam Overlap Ratio

The effects of the laser beam overlap ratio were analyzed to obtain more regular
micro-protrusions on the silicon film surface. As shown in Figure 4a, when the beam
overlap ratio was 0%, the micro-protrusions were small and irregular, with an average
height of less than 0.1 um. When the beam overlap ratio gradually increased, the height
micro-protrusions gradually increased and tended to be regular, as shown in Figure 4b—e.
The most uniform of them occurred when the beam overlap ratio was 62.5% (Figure 4f)
with an average height of 0.3 um and a surface roughness of Sa 9 nm. Under this condition,
the peak power intensity of the laser beam was 4.65 x 10° W/cm?.

When the laser beam overlap ratio increased to 75%, the micro-protrusions became
slightly larger than those in Figure 4f, as shown in Figure 4g. When the beam overlap ratio
increased to 87.5%, almost no convex structures with regular shapes could be observed, as
shown in Figure 4h.

pm um pm , pum
106 [ 10.6 I 0.6 T 0.6
pm : pm : pm¥ pm
0.4t 04 b4 04
25sf0.2 77258 §0.2 /55502 1 ' 258402
0N\ *192 0 "192 0 77192
64 o 128 0 0 64 128 0
192 64 192 L 192 o4
258™ 258" 258"
(c) 25% (d) 37.5%

0.4
0.2

258 ™

(f) 62.5% (2) 75% (h) 87.5%

Figure 4. Three-dimensional surface topographies of unpolished silicon film at different laser beam overlap ratios with an
average laser power of 9 W and repetition frequency of 140 kHz; (a) 0%, (b) 12.5%, (c) 25%, (d) 37.5%, (e) 50%, (f) 62.5%,

(g) 75%, (h) 87.5%.
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3.2.3. Effects of Laser Average Power

From Figure 4, it can be concluded that relatively uniform micro-protrusions were
obtained when the beam overlap ratio was 62.5%. To further verify the effect of laser
average power on the micro-protrusions, different laser powers were applied in the ex-
periment. Figure 5 presents the three-dimensional surface topographies of the unpolished
amorphous silicon surfaces after laser irradiation. When the average power was 6 W, the
micro-protrusions were small, with average height less than 0.1 um. When the average
power gradually increased, the height of the micro-protrusions also gradually increased, as
shown in Figure 5b—d. The measured average micro-protrusion periodicity was measured
still 30 & 0.05 um. However, when the average power increased to 10 W and 11 W, almost
no protrusion structures with regular shapes could be observed, as shown in Figure 5e f. It
is assumed that the increase of a single pulse energy caused the melt to splash, resulting in
the non-formation of micro-protrusions.

pum

pm

plnlo'6

258 258 %
(dow (&) 10W OIUIW

Figure 5. Three-dimensional surface topographies of unpolished silicon film at different laser average
powers with a repetition frequency of 140 kHz; (a) 6 W, (b) 7 W, (¢) 8 W, (d) 9 W, (e) 10 W, (f) 11 W.

3.3. Polished Amorphous Silicon Surface

Figure 6 shows the three-dimensional surface topographies of the polished amorphous
silicon surfaces after laser irradiation. When the repetition frequency was 60 kHz, the laser
scanning path caused distinct grooves with an average depth of 3.2 pm owing to the larger
single pulse energy, as shown in Figure 6a. The groove depth gradually decreased with
increasing repetition frequency. When the repetition frequencies were increased to 80, 100,
and 120 kHz, as shown in Figure 6b—d, the average depths of the grooves on the silicon
film surfaces were 2.4, 1.5, and 0.8 um, respectively. As the repetition frequency increased
to 140 kHz, several clustered structures appeared with the disappearance of the relative
periodic grooves, as shown in Figure 6e.

Figure 7 shows the three-dimensional surface topographies of the polished silicon
film after laser irradiation at a repetition frequency of 140 kHz. Despite the same laser
parameters as those of Section 3.2.2, completely different surface topographies, stripes, and
clusters were formed on the polished silicon film. When the overlap ratio of the scanning
trajectory was smaller or larger, severe surface damage was generated, resulting in more
surface roughness. As the overlap ratio of the scanning trajectory increased, the surface
roughness improved at first before decreasing, reaching its lowest value when the beam
overlap ratio was 37.5%, as shown in Figure 7d. Moreover, the surface roughness of the
polished silicon film was greater than that of the unpolished silicon film, as shown in
Figure 8. However, to a certain extent, the microcracks on the polished surface roughened
the surface.
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Figure 6. Three-dimensional surface topographies of polished silicon film at different repetition
frequencies with an average laser power of 9 W and beam overlap ratio of 50%; (a) 60 kHz, (b) 80 kHz,
(c) 100 kHz, (d) 120 kHz, (e) 140 kHz, (f) 160 kHz.

() 62.5% (2) 75% (h) 87.5%

Figure 7. Three-dimensional surface topographies of polished silicon film at different laser beam overlap ratios with an
average laser power of 9 W and repetition frequency of 140 kHz; (a) 0%, (b) 12.5%, (c) 25%, (d) 37.5%, (e) 50%, (f) 62.5%,

(g) 75%, (h) 87.5%.
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Figure 8. Surface roughness of the irradiated silicon film at various laser beam overlap ratios with an
average laser power of 9 W and repetition frequency of 140 kHz.
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3.4. Energy-Dispersive X-ray Spectroscopy Analysis

To investigate the possible element changes of the silicon film surface caused by
laser irradiation, EDX analysis was performed. Figure 9 shows the EDX spectra of the
unpolished and polished silicon film surfaces before and after laser irradiation. The major
elements on the surface of the silicon film are C, O, and Si. For the unpolished surface, in
Figure 9a,b, the content of O increased from 1.48% to 3.97%, indicating that the surface of
the silicon film was slightly oxidized after laser irradiation. Compared with the unpolished
surface, the polished surface was significantly oxidized after laser irradiation. As shown in
Figure 9¢,d, the O content increased from 1.45% to 9.16% after laser irradiation. Moreover,
the Si content was not affected by laser irradiation, but was reduced by polishing, as shown
in Figure 9. Therefore, despite the higher percentage of oxygen on the polished surface after
laser irradiation, the amount of oxidation was lower than that of the unpolished surface, as
shown in Table 2. This phenomenon indicates that the polished surface absorbs less laser
energy due to increased light reflection.
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Figure 9. EDX spectra of the unpolished and polished amorphous silicon film surfaces showing the presence of C, O, and Si:

(a) unirradiated surface of unpolished silicon film, (b) irradiated surface of unpolished silicon film, (¢) unirradiated surface

of polished silicon film, and (d) irradiated surface of polished silicon film.

Table 2. Changes in the oxygen (O) content before and after laser irradiation on the unpolished and polished surface.

O Element

Total (kCounts)

Initial Value (kCounts)

Final Value (kCounts)

Increment (kCounts)

Unpolished surface
Polished surface

17.03
5.20

0.25
0.48

0.68
0.08

0.43
0.40
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3.5. Raman Spectroscopy Analysis

To investigate the residual stress and possible phase transformation of the silicon film
caused by laser irradiation, micro-Raman spectroscopy analysis was performed. Figure 10
shows the normalized Raman spectra of the unpolished and polished silicon film surfaces. The
Raman peaks of the unpolished and polished surfaces were 480 cm ! and 477 cm ™!, respectively.
Generally, the Raman peak shift indicates residual stress [18], and full width at half maximum
(FWHM) indicates the crystallinity of a material [25]. On the polished surface, the amorphous
silicon peak shifted to 477 cm™!, indicating that the residual stress layer was removed by the
polishing process. Therefore, the material was planarized and homogenized during polishing,
leading to a more uniform melting of the material surface during laser irradiation. In addition,
no phase transformation was detected on the polished surface based on the Raman spectroscopy
results. However, the FWHM of the polished surface (16.41 cm 1) was wider than that of the
unpolished surface (14.87 cm '), indicating low crystallinity, probably due to dislocations [26].

The crystallinity of the silicon film after laser irradiation was also investigated; and the
Raman peaks of amorphous silicon and single-crystal silicon were observed at 470 cm~! and
521 cm ™, respectively. As shown in Figure 10, the Raman peaks of the unpolished and polished
surfaces after laser irradiation shifted to 518 cm ! and 515 cm™!, respectively. Furthermore,
the FWHM of the unpolished and polished surfaces after laser irradiation became 8.68 cm ™!
and 10.35 cm !, respectively. Accordingly, for unpolished and polished surfaces, the Raman
peaks increased and the FWHM became narrower after laser irradiation. The results show that
amorphous silicon undergoes a crystalline transition during laser irradiation [27].

1 518 cm! Laser-irradiated unpolished surface] i 1 —— Polished surface
80 Unpolished surface ‘ 80 S1Sem Laser-irradiated polished surfaccv
480 cm!
70 704 477 cm!
3 3 )
S 60 & 60+
z z / |
Z 50+ Z 50 ||
o 3] /
£ E Wit WM
404 40 il .
L L T
‘n"\'u. ALY 1%“""%\‘\W/'N-'M-‘ " W M
30 ™ 304 L T
20 T T T T T T 20 T T T T T T
200 400 600 800 1000 1200 200 400 600 800 1000 1200

Raman shift cm™!)

®)

Raman shift cm™)

(a)

Figure 10. Raman spectra of unpolished and polished silicon film surfaces before and after laser irradiation: (a) unpolished

surface, (b) polished surface.

3.6. Formation Mechanism of Micro-Protrusions

Figure 11 shows the FEM-simulated temperature distributions and changes of the
silicon film surface during laser pulse irradiation. Owing to the Gaussian energy distri-
bution of the laser beam, the beam energy gradually attenuated from the center to the
surroundings [28], resulting in uneven melting of the surface layer. As shown in Figure 11a,
the surface temperature sharply increased, with the high temperature zone extending
rapidly downward into the bulk region. The maximum melting temperature was located
at the centre of the beam and gradually decreased in the surrounding regions. The FEM
simulation results demonstrate that the maximum surface temperature of the silicon film
reached 1895 K during laser pulse irradiation, where the temperature was higher than the
melting point of amorphous silicon (1420 K), as shown in Figure 11b. Conversely, after the
surface of the silicon film rose to its highest temperature, it quickly fell below its melting
temperature within 14 ps.
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Figure 11. (a) Temperature distributions and (b) changes of the sample under 4.65 x 10° W/cm?
during a laser pulse.

As mentioned in Section 3.2.1, the repetition frequency was significantly related to the
formation of micro-protrusions. When the repetition frequency was higher than 60 kHz,
the pulse interval time was less than 1.67 x 107 s. In such an extremely short period of
time, the melting caused by the first pulse had not yet been completed, and the second
pulse continued to impact the same region. The fluctuations in the solid-liquid interfaces
were caused by continuous pulse shocks.

Figure 12 shows schematic diagrams of the micro-protrusion growth. Generally,
melting starts at the solid-liquid interface [29]. As shown in Figure 12a, the surface layer
melted (liquified) because the surface temperature sharply increased above its melting
temperature when laser irradiation was applied to the silicon film surface [30]. The solid—
liquid interface of the silicon film and isotherms of the temperature are presented in
Figure 12b.

Laser

Isotherm  Growth direction Instantaneously-solidified

Melted region

Amorphous silicon

(@) ©

Scanning pitch  Micro-protrusions

0.25 um Micro-protrusion

Solidified

Amorphous silicon Amorphous silicon

Amorphous silicon

(@ (e) ®

Figure 12. Schematic diagrams of micro-protrusion growth due to solid-liquid interface instability;

(a) The laser molten pool, (b) The instantaneous solidification, (c) The instantaneous solidification
growth, (d) The micro-protrusion formation, (e) Two rows of micro-protrusion formed (f) Three rows
of micro-protrusion formed.

The solid-liquid interface was protuberated in the center region owing to fluctuations
created by continuous pulse shocks. The isotherms were partially compressed by the interface
with a larger temperature gradient, generating a compressive force F,, which promoted
the growth of micro-protrusions [18]. Owing to the temperature profile characteristics at
the solid-liquid interface, the protrusions grew with the solid-liquid interface fluctuations
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under compression force F,, as shown schematically in Figure 12b. When the protrusions
increased in size, the top of the protrusions under the action of surface tension F;, became
camber-shaped, as shown in Figure 12¢ [31,32]. Finally, the micro-protrusions formed on the
upper surface through the repetitive growth and rounding process, as shown in Figure 12f.

The experimental results indicate that the periodic micro-protrusions were distributed
along the beam scanning path, whose height could be determined by the scanning pitch and
laser average power, as shown in Figure 4. It is assumed that the altered depth of the molten
material between adjacent tracks led to a change in the height of the protrusion structures.
Compared with other studies [33,34], we created micron-height regular micro-protrusions
owing to the utilization of an ideal surface roughness. This is completely different from the
two-dimensional nanodot structures produced on a stainless steel surface by cross-scanning
the laser beam [35].

3.7. Characteristics of the Polished Surface

Figure 13 shows schematic diagrams of the pulsed laser single track scanning silicon
film surface. After polishing, the surface of the silicon film was removed up to a thickness
of about 4 pm and a smoother surface was obtained. The residual stress layer generated
during the coating process was removed by the polishing process, as shown in Figure 10.
Due to the polish-induced surface planarization and homogenization, the surface of the
silicon film was uniformly melted after laser irradiation with an average laser power 9 W,
as shown in Figure 13b. As there were no large fluctuations and temperature gradients
at the solid-liquid interface, micro-protrusions were difficult to produce on the polished
silicon film surface through laser irradiation, as shown in Figure 7. On the other hand,
there are laser-affected areas on both sides of the melting track due to the Gaussian energy
distribution of the laser beam. As shown in Figure 13b, when the average power was
increased to 15 W, the silicon film surface was ablated under a high laser fluence. As can be
seen from the graph, limited nanoparticles can be observed in regions A and B. They are Si
atoms from the groove anisotropic ejection owing to laser fluence being greater than the
ablation threshold of the silicon film surface [36]. This also explains the phenomenon of
grooves on the polished surface in Figure 6b—d.

Laser

50 um 50 um

(b (e

Figure 13. (a) Schematic diagram of pulsed laser irradiation polished silicon film surface; (b) Micro-
scope image of a single line melted on polished silicon film with an average laser power of 9 W and
repetition frequency of 140 kHz; (c) Microscope image of a single line ablated on polished silicon film
surface with an average laser power of 15 W and repetition frequency of 140 kHz.
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50 pm

(e) 50%

3.8. Surface Defects Analysis

Figure 14 shows the surface topographies of the unpolished surface after laser irra-
diation. Along with the increasing beam overlap ratio, microcracks tended to decrease
first before increasing, as shown in Figure 14a-h. Figure 14f shows that the cracks almost
disappeared when the beam overlap ratio was increased to 62.5%. However, when the
beam overlap ratios were continuously increased to 75% and 87.5%, numerous cracks were
generated on the surface. The open cracks increased the surface roughness and seriously
affected the formation of periodic micro-protrusions. In addition, microstructural changes,
attachment, nano-sized pores, and bumps were formed on the silicon film surface after
laser irradiation.

The generation of microcracks was related to the surface stress induced by the vac-
uum magnetron sputtering deposition process. At low peak power intensities, thermal
expansion resulted in the internal microcracks opening rather than melting the material
layer [37], which appeared directly on the silicon film surface, as shown in Figure 14. As
the beam overlap ratio increased to 62.5%, as shown in Figure 14f, the cracks were reduced
(or even disappeared) owing to the increased melting of the surface layer. However, when
the beam overlap ratios were continuously increased to 75% and 87.5%, the microcracks
increased again, which may have been caused by the violent pulse shocks, as shown in
Figure 14g,h.
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Figure 14. Images of unpolished surface irradiated at different laser beam overlap ratios with an average laser power of 9
W, repetition frequency of 140 kHz, and laser scanning velocity of 50 mm/s; (a) 0%, (b) 12.5%, (c) 25%, (d) 37.5%, (e) 50%,
(f) 62.5%, (g) 75%, (h) 87.5%.

Figure 15 shows the surface topographies of the polished surface after laser irradiation.
In Figure 15a, there are some clear melting tracks due to the lack of overlap between the
two beam scans. As the beam overlap ratio increased, the melting tracks gradually covered
the entire surface. When the beam overlap ratio was increased to 12.5% and 25%, regular
textured structures corresponding to the laser scanning trajectory appeared on the entire
surface, as shown in Figure 15b,c. When the beam overlap ratio was 87.5%, as shown
in Figure 15h, serious surface defects, such as slags, welds, and pits, were generated on
the surface.
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Figure 15. Images of polished surface irradiated at different laser beam overlap ratios with an average laser power of 9 W,
repetition frequency of 140 kHz, and laser scanning velocity of 50 mm/s; (a) 0%, (b) 12.5%, (c) 25%, (d) 37.5%, (e) 50%,
(f) 62.5%, (8) 75%, (h) 87.5%.

4. Conclusions

In this study, the effects of initial surface conditions on the surface topography forma-
tion of amorphous silicon films irradiated by a nanosecond laser were investigated. The
following conclusions were drawn:

1. A completely different phenomenon appeared after laser irradiation of the unpolished
and polished silicon film surfaces. There were mainly cracks, attachments, nano-sized
pores, and bumps on the irradiated unpolished surface, while there were mainly
corrosive pitting, debris, and slag on the irradiated polished surface because the
surface stress layer was removed by the polishing process.

2. Periodic micro-protrusions could be obtained on the unpolished amorphous silicon
surface, but not on the polished surface. The main irradiation parameters affecting
the formation of micro-protrusions were the laser beam overlap ratio, repetition
frequency, and average power, among which the most crucial parameter was the
repetition frequency.

3. Atarepetition frequency of 140 kHz under a peak power intensity of 4.65 x 10° W/cm?,
periodic micro-protrusions with an average height of 0.3 um and the same roughness
as the initial surface could be obtained.

4.  The formation of micro-protrusions was related to the fluctuations of the solid-liquid
interface caused by continuous laser pulse shocks during laser irradiation. Owing
to the instantaneous heating-cooling cycle (107 K/s) between laser pulses, there was
insufficient time for the surface tension to flatten the instantaneously solidified local
regions on the solid-liquid interface. This type of heating-cooling cycle enabled
top-down melting and bottom-up protrusion growth.

5. The non-formation of micro-protrusions was probably due to polish-induced surface
planarization and homogenization. Raman analysis showed that the amorphous
silicon film crystallized during laser irradiation. The removal of surface stress and
reduction in surface roughness were both verified.

These results indicate entirely different responses of the unpolished and polished
amorphous silicon surfaces to nanosecond pulsed laser irradiation. The findings of this
study will contribute to understanding the formation mechanism of micro-protrusions
from the viewpoint of initial surface conditions and should be appealing for use in potential
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applications, such as flexible solar panels, wearable electronic devices, and superhydropho-
bic/hydrophilic surfaces.
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