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Abstract Laser—ablation techniques have been widely ap-
plied for removing material from a solid surface using
a laser—beam irradiating apparatus. This paper presents a
surface—texturing technique to create rough patterns on a
silicon substrate using a pulsed Nd:YAG laser system. The
different degrees of microstructure and surface roughness
were adjusted by the laser fluence and laser pulse duration.
A scanning electron microscope (SEM) and a 3D confo-
cal laser—scanning microscope are used to measure the sur-
face micrograph and roughness of the patterns, respectively.
The contact angle variations between droplets on the tex-
tured surface were measured using an FTA 188 video con-
tact angle analyzer. The results indicate that increasing the
values of laser fluence and laser pulse duration pushes more
molten slag piled around these patterns to create micro-sized
craters and leads to an increase in the crater height and sur-
face roughness. A typical example of a droplet on a laser—
textured surface shows that the droplet spreads very quickly
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and almost disappears within 0.5167 s, compared to a con-
tact angle of 47.9° on an untextured surface. This processing
technique can also be applied to fabricating Si solar panels
to increase the absorption efficiency of light.

1 Introduction

Wettability is an important characteristic of solid surfaces,
and is usually measured by the contact angle between wa-
ter and the surface. If the contact angle is less than 90°, the
surface is hydrophilic; if it is greater than 90°, the surface
is hydrophobic, and if it is greater than 150°, the surface
is superhydrophobic. The chemical composition and micro-
scopic geometric structure of the surface also determines its
wettability: the higher the free energy is, the higher the wet-
tability, and vice-versa. In general, a solid surface becomes
hydrophobic when treated to give micro- or nano-roughness
structures and low surface energy. Many kinds of surface
treatment techniques, including optical micro-lithography,
dry and wet etching, surface coating and precision dia-
mond dicing processes were reported [1—4]. To reduce the
production costs and increase the processing speeds, cur-
rent laser micro- or nano-machining processes employ tech-
niques such as laser ablation, laser milling, and laser depo-
sition. These techniques have been effectively used to man-
ufacture components with enhanced hydrophobic properties
[5, 6].

In this research, a laser—ablated technique has been used
to create rough patterns on a silicon substrate to enhance the
surface wettability. The effect of several parameters, such
as the laser fluence and laser pulse duration are explored
using an Nd:YAG laser source. After laser ablation of sili-
con substrates, a scanning electron microscope (SEM) and
a 3D laser—scanning microscope are used to measure the
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surface micrograph and roughness of the rough patterns, re-
spectively. The contact angle variations between droplets on
the textured surface were measured using a surface tension
analyzer.
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Fig. 1 Schematic diagram of the Nd:YAG laser set-up
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Fig. 2 The illustration of laser-ablation path

Fig. 3 Cross-sectional view of
the droplet on target surfaces
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2 Experimental
2.1 Apparatus and sample

The current experimental studies focus on surface textur-
ing created in silicon substrates using a diode-pumped,
Q-switched Nd: YAG laser system (Optowave model Awave-
IR). Figure 1 shows a schematic diagram of the experimental
set-up used to fabricate rough-patterned templates. A laser
beam via three reflective mirrors, a beam expander, two gal-
vanometer scanners, and a telecentric lens is focused on the
experimental surface. The nominal laser—beam diameter at
the exit port and average spot size are 0.8 mm and 30 pm,
respectively. The laser is emitted at the fundamental wave-
length of 1064 nm, the maximum laser average power is
approximately 20 W, and pulse repetition rate ranges from
20 kHz to 100 kHz. The laser pulse width is ranging from
34 to 76 ns. Additionally, the commercial silicon plates with
single-face polished were chosen as substrates. The sub-
strate is 500 um thick and 100 mm in diameter.

Characterization measurements were performed with
the following techniques and instrumentations: The sur-
face micrograph and roughness patterns were measured us-
ing a SEM and a 3D confocal laser—scanning microscope
(VK-9700, KEYENCE Corp.) with 0.1 nm resolution of ver-
tical and horizontal measured range, respectively. The laser
power was monitored with a Gentec Electro-Optics SOLO
2 laser power meter. The light reflection rate of the silicon
substrate was measured using a spectrophotometer system
(LAMBDA 900). Droplet characteristics, such as the con-
tact angle, size, and shape were measured with an FTA 188
video contact angle analyzer.

2.2 Surface texturing by laser ablation

Figure 2 shows the laser—ablation path of parallel lines with
equal scan spacing. The dimensions of ablated area and ab-
lated pitch are 20 mm x 20 mm and 65 pm, respectively.
In addition, the experimental parameters including laser flu-
ence (F) and laser pulse duration (Pd) were adjusted to cre-
ate patterns of different roughness via a PC-based controller.

2.3 Wettability characteristics of the textured surfaces

Droplet experiments were carried out to describe the wet-
tability behavior of the textured surfaces used in this re-
search. A droplet volume of 3 pL. was gently placed on the
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Fig. 4 Optical characteristics of
untextured silicon substrate
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Fig. 5 Some examples for laser—ablated squares on silicon substrate under different test parameters. (a) F = 49.5 J/cm?, Pd = 100 ps,
(b) F =53.8 J/cm2, Pd =100 ps, (¢) F = 11.8 J/em?, Pd = 300 ps, (d) F = 53.8 J/cm?, Pd =300 ps, (¢) F = 53.8 J/cm?, Pd = 500 us

Fig. 6 SEM micrographs
showing the effect of laser pulse
duration on surface structures at
F = 53.8 J/cm?:

(a) Pd =100 ps,

(b) Pd =300 ps,

(¢) Pd =500 ps

Fig. 7 SEM micrographs
showing the effect of laser
fluence on surface structures at
Pd =300 ps:

(@) F = 17.1 J/em?,

(b) F =29.1 J/em?,

(¢) F =37.5 J/em?

A
¢
.
.
A
B
L
g
L

@ Springer



306

S.-F. Tseng et al.

Fig. 8 SEM micrographs
showing the effect of laser
fluence on surface structures at
Pd =500 ps:

(a) F =29.1 J/em?,

(b) F =42.1 J/em?,

(¢) F =92 J/cm?

textured surfaces in these experiments using a micropipette
and droplet shapes were captured to measure the apparent
contact angle by a FTA 188 video contact angle analyzer.
A cross-sectional view of the droplet on three types of target
surfaces is shown in Fig. 3. From Fig. 3(a), a contact angle
0 of a liquid droplet on a flat solid surface is given by the
classical Young equation:

YSV — VSL
YLv

cosby =

ey

where ysv, y1v, and ysp are the interfacial free energies
per unit area of the solid—vapor, liquid—vapor, and solid—
liquid interfaces, respectively. The Young’s equation de-
scribes wetting on an ideal surface, i.e., a smooth and chem-
ically homogeneous surface at equilibrium. As for the rough
surface of Fig. 3(b), Wenzel [7] proposed a theoretical mode
describing the contact angle, 8, by modifying (1) as fol-
lows:

r(ysv — ysL)
YLv

cosf, = =rcosby 2)

where r is the roughness factor defined as the ratio of the
actual area of a rough surface to the geometric projected
area. Because this factor is always larger than 1, the sur-
face roughness enhances the hydrophilicity of hydrophilic
surfaces and also enhances the hydrophobicity of hydropho-
bic ones. The liquid droplet is the only contact with the top
side of the microstructures, as shown in Fig. 3(c). Cassie and
Baxter [8] described this condition and the contact angle 6,
for the microstructure surface using (3):

cosl, =¢p(cosb; +1)—1 3)

where ¢ is the fraction of the solid-liquid interface below
the drop. Equations (2) and (3) only consider droplets on
a single morphological surface. Textured surfaces, however,
often have complex morphologies that result in different sur-
face energy configurations by laser processes. Therefore, the
characteristics of liquid droplets related to the surface rough-
ness and the microstructure were investigated.
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Fig. 9 Typical 3D confocal laser—scanning microscope topogra-
phies of texture formed on silicon surface at F = 70.7 J/cm?:
(a) Pd =100 ps, (b) Pd =300 ps, (c) Pd =500 ps
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3 Results and discussion
3.1 Square patterning on silicon substrates

Figure 4 shows the light reflection rate of the untextured
silicon substrate before the laser ablation, using a spec-
trophotometer system to measure the optical characteristics
of the silicon substrate. The reflection rate is 32.5% for the
Nd:YAG laser (1064 nm) wave band. The value of absorp-
tivity (A) varies with the reflectivity (R). For opaque ma-
terials, the absorption rate can be calculated as A =1 — R.
Thus, the absorption rate of the untextured silicon substrate
is 67.5%. The laser—ablated samples with square patterning
under different test parameters are shown in Fig. 5. These
images show the color change by different thermal effects
on the textured surface.

3.1.1 Surface morphologies

In this study, the designed image was 400 x 400 pixels from
a .bmp file translation for square patterning on silicon sub-
strates; each bit size and scan spacing is about 65 pm. Af-
ter laser texturing was carried out on the silicon substrates,
the surface morphologies of the microstructures produced
by pulses with F ranging from 17.1 to 92 J/cm? were ana-
lyzed using an SEM. Figure 6 shows the SEM micrographs
at 150x magnification, demonstrating the effect of Pd on the
surface structures for F = 53.8 J/cm? and various Pd values
of 100 us (a), 300 ps (b), and 500 ps (c), respectively. By in-
creasing Pd, honeycombed structures with deeper holes are
formed on the textured surface, as shown in Fig. 6(c). How-
ever, by decreasing these values, the laser spots are linked
together and a structure with shallow grooves is formed
(Fig. 6(a)). Figures 7 and 8 show a series of SEM micro-
graphs at 300x magnification, demonstrating the effect of
various F values on the surface structures for Pd values
of 300 ps and 500 ps, respectively. By increasing the value

of F, honeycombed structures with deeper and bigger holes
are formed on the textured surface, and more molten slag is
piled around these holes to create micro-sized craters. Fig-
ure 9 shows typical 3D topographies of textures formed at
1000 x magnification on silicon surfaces for F = 70.7 J/cm?
and various Pd values. The ablated volume of each maxi-
mum crater height was calculated using a 3D confocal laser—
scanning microscope analyzer, and the crater heights in-
creased from 18.6 ym (a) to 45.7 um (b) to and 63.9 pm
(c) as the Pd were increased to 100 ps, 300 ps, and 500 ps,
respectively. Therefore, it appears that increasing Pd pushes
the molten silicon outward and increases the crater height.

3.1.2 Surface roughness

Figure 10 shows the effect of the laser fluence on the surface
roughness measured using the 3D confocal laser—scanning
microscope with a measuring region of 200 x 200 um?,
for different test conditions. The results show that the sur-
face roughness gradually increases with increasing Pd and
demonstrate that the laser fluence has a strong effect on the
surface roughness. This trend is similar to the results re-
ported in the femtosecond laser micromilling of Si wafers
[9] and in UV laser ablation of InP surfaces [10].

3.2 Enhanced wettability of liquid droplets
on laser—textured surfaces

After laser ablation of the silicon substrates, these sur-
faces exhibited complex morphologies and roughness that
resulted in different surface energy configurations. Fig-
ure 11 displays typical image sequences of spreading liquid
droplets on an untextured surface and a laser—textured sur-
face with parameters of F = 53.8 J/cm? and Pd = 500 ps.
According to (2), the surface roughness enhances the hy-
drophilicity of hydrophilic surfaces and enhances the hy-
drophobicity of hydrophobic ones. Thus, the results show

Fig. 10 The effect of the laser 12 T T T T T T T T T
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Untextured surface

Laser-textured surface

Fig. 11 Comparison with images of spreading liquid droplets on un-
textured and laser-textured surfaces within 0.516 s

that the water droplet spreads very quickly and almost disap-
pears within 0.5167 s on a laser—textured surface, compared
to a contact angle of 47.9° on an untextured surface.

4 Conclusions

This research has successfully demonstrated that the use
of laser ablation to create rough patterns on a silicon sub-
strate. Experimental parameters such as laser fluence and
laser pulse duration were discussed. Using an SEM and a 3D
confocal laser—scanning microscope, the surface micrograph
and roughnesses of the textured substrates were observed.
By increasing the laser fluence and laser pulse duration dur-
ing laser ablation, more molten slag was piled around the

@ Springer

formed holes to create micro-sized craters and the crater
height and surface roughness also increased. However, de-
creasing these parameters caused the laser spots to link to-
gether and a structure with shallow grooves was formed on
the textured surface with decreased crater height and sur-
face roughness. A typical example of placing a 3 puL droplet
on the laser—textured surface showed that the droplet spread
very quickly and almost disappeared within 0.5167 s, com-
pared to a contact angle of 47.9° on an untextured surface.
In the future, this processing technique can also be used to
fabricate Si solar panels to increase the absorption efficiency
of light.
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