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The rough micro- and nano- scale hierarchical structures on surfaces of materials render the surfaces
superhydrophobic. In this context, we obtain both microscale grating structures and nanoscale induced
structures (with some splashes) on silicon-based surfaces by means of laser etching and inducing. Our
research focuses on the differences of morphology and hydrophobicity for silicon-based microstructured
surfaces fabricated by femtosecond laser and nanosecond laser. The results indicated that the grating
microstructures fabricated by femtosecond laser are smoother and with smaller top width of groove.
Moreover, better micro-nanoscale hierarchical structures can be obtained by femtosecond laser over-
lapped etching for many times. On the surface with such structures, the water droplet is at Cassie-Baxter
state and the contact angle (CA) is 144.6°, which indicates that the surface is middle hydrophobic. This
work may provide an effective approach for fabrication of self-cleaning functional surfaces and devices.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The hydrophobicity of solid surfaces is mainly governed by
both the surface free energy and the surface roughness [1]. The
hydrophobicity can be enhanced by reducing the surface free
energy, but the water CA of a smooth surface even with lowest
surface energy is only around 119° [2]. Thus, in order to effec-
tively obtain a hydrophobic surface, it is necessary to create rough
microstructures on the surface to make some roughness before the
surface is modified by materials with low surface free energy. Since
Wenzel [3] and Cassie and Baxter [4] proposed the classical wet-
ting theories, a lot of studies have been done on the wettability
of solid surfaces [5-14]. In view of the large-scale development
and application of semiconductor materials, the research about
wettability of silicon-based microstructured surfaces has aroused
wide interest in recent years [15-21]. Laser has been applied to
achieve processing, modifying and repairing on the micro- and
nano- meter scale on solid surfaces because of its high machining
accuracy, wide range availability of materials, short duration and
high peak power. These provide a new way to fabricate silicon-
based functional microstructures and microdevices. Though both
femtosecond (fs) laser and nanosecond (ns) laser can be used to
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fabricate silicon-based microstructures, the corresponding struc-
ture characteristics and functional features are much different from
each other.

Here, we etch grating microstructures on silicon surfaces by
fs laser and ns laser respectively. The effect of silicon-based
microstructures on wettability is discussed and the morphology
characteristics and hydrophobicity of silicon-based surfaces are
comparatively analyzed.

2. Experimental
2.1. Samples fabrication

In our experiment, we used n-type silicon (100) square plates
with side length of 10 mm. The samples were soaked in 5% (mass
fraction) hydrofluoric acid for 15min, and were cleaned with
10 min ultrasonic baths in deionized water, anhydrous ethanol and
acetone respectively, followed by blowing nitrogen over to dry the
surfaces.

Both Integra-C-2.5-SHG fs laser system (Quantronix Inc., USA)
which can provide a laser beam with central wave length of 800 nm,
pulse width of 130fs, frequency of 1kHz and max single pulse
energy of 1 mJ; and Wedge532 ns laser system (Bright Solution Ltd.,
Italy) which can provide a laser beam with central wave length of
532 nm, pulse width of 1-2 ns, frequency of 1 kHz and max single
pulse energy of 0.9 mJ, were used for the experiment. The fs and
ns laser beams were both of Gaussian intensity distributions and
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Fig. 1. A model of the grating microstructure on silicon surface.

vertically irradiated on the surfaces of samples after being focused
toadiameter of ~90 wm by long focal lenses. During the fabrication,
the positions of both laser beams were controlled by the movement
of the dual galvanometer commanded by a computer.

A model of the grating microstructure on silicon surface used
for laser etching is shown in Fig. 1. The geometric parameters of
grating microstructures were designed as 90 wm for the top width
of the gratings (a), 40 wm for the depth of the grooves (h), 90 um,
110 wm, 130 wm and 150 pwm for the top widths of the grooves (b).
Two groups of samples named F (by fs laser) and N (by ns laser)
were fabricated by scanning 10 times through the laser beam with
avelocity of 1 mm/s. Each group included four samples which were
numbered as 1, 2, 3 and 4 in accordance with the order of the top
widths of the grooves b from small to large. To obtain the pre-
designed depth of the grooves h and take into consideration the fact
that the light absorption of silicon at 800 nm is lower than that at
532 nm [22], the fs laser fluence and ns laser fluence were selected
as 5.1]/cm? and 3.2 ]/cm? respectively.

2.2. Samples after treatment

After etching with laser, the samples were cleaned with a 10 min
ultrasonic bath in deionized water, followed by blowing nitrogen
over to dry the surfaces. Then the samples were silanized in a

Fig. 2. SEM images of the grating microstructures on laser-etched surfaces. (

vacuum oven (90 °C, 0.1 Torr) for 4 h using silane reagent (Trichloro
(1H, 1H, 2H, 2H-perfluorooctyl) silane, 97%) to lower their surface
energy.

2.3. Samples characterization

The samples were examined by JSM-2800LV scanning electron
microscopy (SEM) (JEOL Ltd., Japan). Water CAs on the surfaces of
samples were measured by OCA20 video optic CA instrument (Dat-
aphysics Co., Germany) and the selected water droplet volume was
V=1 L. The water CA on each sample surface was measured for
five times and the average value named as 6’ was adopted.

3. Results and discussion
3.1. Comparison of morphology

Fig. 1 shows the SEM images of grating microstructures on sam-
ple surfaces fabricated by fs and ns lasers. A uniform distribution of
gratings and grooves is observed for each surface. Some micro-scale
holes form at the bottom of the grooves etched by fs laser (Fig. 2(a)
and (b)), which is probably due to the selected larger laser fluence.
There are few splashes deposited on the edges of the gratings with
very small covered scopes and the outlines of edges are slightly
smooth (Fig. 2(c)). There is almost no induced hole appearing at the
bottom of the grooves etched by ns laser (Fig. 2(d) and (e)). There
are also splashes on the edges of the gratings, and it can be seen
from Fig. 2(f) that the splashes are many and cover larger scopes
so that the surface roughness has to some extent increased. Fur-
thermore, Fig. 2(c) and the inset in Fig. 2(f) show that the grooves
etched by fs and ns lasers are both V-shaped, which relevant to the
Gaussian intensity distribution of fs and ns laser beams.

By observing the morphologies on the surfaces of all the silicon-
based samples, it is found that the top width of the gratings a are
stable in each group. But the value a for each sample in group F is
all slightly bigger than that in group N, which is probably due to the
very small heat-affected zone for fs laser irradiating silicon surfaces
compared with the large heat-affected zone, obvious ablated trace
and massive splashes caused by dominant heat effect for ns laser
irradiating silicon surfaces [23]. The comparison of designed value
and actual values for the top widths of the grooves b on each sample

a)b=90 um, by fs laser. (b) b= 150 m, by fs laser. (c) An enlarged view for top side of the grating

in (a). (d) b=90 pum, by ns laser. (e) b= 150 pm, by ns laser. (f) An enlarged view for top side of the grating in (d), the inset is an enlarged view for the groove in (d).
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Fig. 3. Comparison of designed value and two actual values (by fs laser and ns laser)
for the top widths of the grooves b on each of the four sample surfaces.

surface shown in Fig. 3 also illustrates this point. It can be seen
from Fig. 3 that the values of b obtained by fs laser etching are
all smaller than the corresponding designed values while the ones
obtained by ns laser etching are all larger than the corresponding
designed values. The zone of laser effect is greatly reduced by the
“cold” processing of fs laser, but the edge of laser-affected zone is
ablated and damaged to a certain extent by a strong heat effect of
ns laser, which may contribute to the comparison result in Fig. 3.

The depths of the grooves are obtained by laser scanning 10
times. Compared with the method of scanning once with larger
laser fluence, scanning many times can greatly reduce splashes and
improve surface quality. Fig. 4 shows side-view optical images of
the grating microstructures. There are no significant differences
in overall depths of the grooves which are nearly the same as
the designed values (h=40 wm). As mentioned, ns laser etching
causes obvious ablated trace and relatively massive splashes, so the
appearance of the grating structure etched by ns laser (Fig. 4(b)) is
more blur than that etched by fs laser (Fig. 4(a)).

(a)

3.2. Wettability of grating microstructured surface

As a hydrophilic surface, silicon surface will become hydropho-
bic by either coating materials with low surface free energy or
creating rough microstructures on the surface, and the effect of
the coatings can be significantly enhanced by the surface roughness
[20].In order to investigate the effect of microstructure on wettabil-
ity of silicon surface, the grating microstructure on silicon surface
etched by laser is idealized as the model shown in Fig. 1. Therefore
the Wenzel and Cassie-Baxter equations [3,4] can be expressed by

2h
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Here, 6%, 0B and 6. are the contact angles for Wenzel state,
Cassie-Baxter state and a flat solid surface, respectively; a, b and
h are the top width of the gratings, the top widths and the depth
of the grooves, respectively. It can be inferred from Egs. (1) and (2)
that YV will be smaller than 6, and 6B will be larger than 0 if
Be <90°, OV and OB will both increase with increasing b; instead,
6W and 6B will both be larger than e if 8. >90°, OV will reduce
and 0SB will increase with increasing b.

Wettability of the silicon-based surfaces is distinguished
through CA. Samples microstructured by laser and flat samples are
all silanized to lower the surface energy. Fig. 5 shows photographs
of water droplets on flat, fs laser etched and ns laser etched silicon-
based surfaces. The CA on the flat surface is 118.5° as shown in
Fig. 5(a). The values of OV and 6B calculated by Egs. (1) and (2) are
listed in Table 1 with the measured values &'. It is found from Table 1
that hydrophobicity on all microstructured silicon-based surfaces
is enhanced to a certain extent. In other words, the low hydropho-
bic flat silicon-based surface becomes middle hydrophobic after
being etched with grating structures by fs or ns laser. The maxi-
mum measured CA on surfaces microstructured by fs laser is up to
144.6° (Fig. 5(b)), which has relative deviations of 11.66% and 0.77%
from calculated 0¥ and 6B respectively. While the maximum mea-
sured CA on surfaces microstructured by ns laser is 143.8° (Fig. 5(c)),
which has relative deviations of 11.04% and 0.21% from calculated

(b)

[ —— 100 um | -

Fig. 4. Side-view optical images of the grating microstructures etched by fs laser (a) and ns laser (b).

(a) CA=118.5°

Fig. 5. Photographs of water droplets on flat (a

), fs laser etched (b) and ns laser etched (c

CA=1446° (c) CA=143.8°

£2.0.0

) silicon-based surfaces after silanization.
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Table 1
Measured and calculated results of CAs on the surfaces of the silicon-based samples in two groups.
Sample number h (wm) a(pm) b (pm) oW (°) 0B (°) o (%)
Group F Group N
1 40 90 90 133.6 137.6 136.8 139.8
2 110 131.9 139.9 139.2 1418
3 130 130.6 141.8 142.7 142.0
4 150 1295 1435 144.6 1438
150 — p— 3.3. Comparison of hydrophobicity
—— Cassie-Baxter curve . )
1454 :g :g: ngp :(tt!’vfs ITW) Fig. 6 shows contrasting curves of measured and calculated CAs
group N (by ns laser) for the four sample surfaces in each group as listed in Table 1. It
< is obvious that for the samples in both group F and group N, the
2 140 - agreement of the measured CAs (¢’) with the calculated CAs (658)
] that have not taken the effect of nanostructures on the gratings
g _— into account is good provided. This result further proves that the
S water droplets are all at Cassie-Baxter states on the surfaces of the
o e N samples in the two groups.
y0d T el —ssge As mentioned above, the actual values of b obtained by fs laser
etching are all smaller and the ones obtained by ns laser etching
are all larger than the corresponding designed values, while 68
125

T T T T T T T
80 100 110 120 130 140 150
Top Width of Groove, b (um)

Fig. 6. Contrasting curves of measured CA (9') and calculated CAs (6 and 6B) for
the four sample surfaces in each group.

OV and 6B respectively. Consequently, it can be affirmed that the
water droplets form Cassie-Baxter states on the microstructured
silicon-based surfaces. Furthermore, as showed in Table 1, the mea-
sured CA on the sample surfaces in both group F and group N
shows increasing trend with the increase in b, which also agrees
with the Cassie-Baxter state described by Eq. (2). This proves that
hydrophobicity on a silicon-based surface can be controlled by laser
microstructuring with different parameters.

will increase with the increase in b for 6. >90° by analyzing Eq.
(2). Thus it is clear that when other conditions are the same, the
measured CAs for samples microstructured by ns laser should be
a little larger than the calculated 6B, while the measured CAs for
samples microstructured by fs laser should be a little smaller than
the calculated 6B, The former agrees with the corresponding result
showed in Fig. 6, but the latter is rather different. Fig. 6 shows that
for the samples microstructured by fs laser, &’ for lager values of b
are slightly larger than 68 and even lager than that for the sam-
ples microstructured by ns laser, which is maybe related to the
morphology characteristics of sample surfaces.

In order to explain reasons for the subtle differences above,
the effects of nanoscale structures on the gratings are analyzed
below by some enlarged views of the grating structures shown
in Fig. 7. In our experiment, the laser scan paths are staggered
and overlapped many times to obtain the larger values of b,

Fig. 7. SEM images of the local morphologies for grating microstructures on laser-etched surfaces. (a) An enlarged view of top side of the grating in Fig. 1(b). (b) A local
enlarged view for top side center of the grating in (a). (c) A local enlarged view for top side edge of the grating in (a). (d) A local enlarged view for top side edge of the grating

in Fig. 1(e).
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meanwhile the selected laser fluence for fs laser etching is relatively
large (5.1]/cm?). All these result in formation of a nanostructure
layer composed of more splashes and induced structures on the
micro-scale grating structure (Fig. 7(a)-(c)). This micro-nanoscale
hierarchical structure can enhance the hydrophobicity of sample
surfaces [24], thus the 6’ as an evaluation index for hydrophobicity
has a certain degree of increase. But when it comes to the sam-
ple surfaces etched by ns laser, the generated massive splashes
and induced structures can be incessantly fused and eliminated
by intense heat effect accumulated during laser overlapped scan-
ning. Therefore only few microprotuberance structures formed by
solidification of the fusants remain at the edge of the laser-affected
zone (Fig. 7(d)), which contributes less to the increase in 6’ on the
sample surfaces.

4. Conclusion

In conclusion, we have contrastively investigated the morphol-
ogy characteristics and hydrophobicity of silicon-based surfaces
with grating microstructures fabricated by fs and ns lasers. Some
even-distributed and regular-shaped grating structures can be
etched by both fs and ns lasers on silicon-based surfaces, but
the fs laser etched structures are relatively smooth with fewer
splashes and smaller top widths of grooves. The silicon-based sur-
faces all have a significant enhancement in hydrophobicity after
being microstructured by both fs and ns lasers. While in the case
of overlapped scanning for many times, fs laser etching on silicon-
based surfaces results in preferable micro-nanoscale hierarchical
structures, which contribute a lot to the enhancement of hydropho-
bicity on the surfaces. Compared with a grating microstructured
surface, a surface with square pillar microstructures [8] or other
morphologies abstractly has better hydrophobicity, so a surface
with composited nanostructures on square pillar microstructures
or other morphologies by fs laser etching is expected to achieve
superhydrophobicity. Obviously, this work provides a basis and ref-
erence for fabrication of silicon-based superhydrophobic surfaces.
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