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Netlike or porous microstructures are highly desirable in metal implants and biomedical monitoring applica-
tions. However, realization of such microstructures remains technically challenging. Here, we report a facile
and environmentally friendly method to prepare netlike microstructures on a stainless steel by taking the full ad-
vantage of the liquid-mediated femtosecond laser ablation. An unordered netlike structure and a quasi-ordered

array of holes can be fabricated on the surface of stainless steel via an ethanol-mediated femtosecond laser
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speed.

line-scan method. SEM analysis of the surface morphology indicates that the porous netlike structure is in the
micrometer scale and the diameter of the quasi-ordered holes ranges from 280 nm to 320 nm. Besides, we
find that the obtained structures are tunable by altering the laser processing parameters especially scanning

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Netlike or porous structures on metals with spatial resolutions in
the submicrometer or nanometer scale have received significant at-
tention in material fields over the past decades because of their
unique properties associated with potential applications in biomedi-
cal monitoring, metal implants, optical devices and superhydrophobic
materials [1-4]. Thus, many groups concentrated on the fabrication of
porous nanostructures in the past decades. Reviewing previous
works, approaches to prepare such structures mainly include anodic
oxidation [5], chemical treatment [6], ion beam etching and plasma-
spray [7,8]. Up to now, it still evokes considerable research interest
to develop an efficient and environmentally benign method to pre-
pare porous and netlike structures. And these structures have a
broad prospect of applications in biomedical devices, especially for
those surface-modified metallic implants [9,10].

Therefore, developing a simple and effective fabrication technique
for nano-texturing of metals is a vigorous scientific research field re-
cently. Because of its advantages as a single-step and environmentally
benign process, laser-induced periodic surface structures (LIPSS)
open up an attractive approach for surface-texturing of metals. Since
the 1960s, almost at the time when lasers came out, the periodic micro-
grooves or so-called classic ripples were found after the laser irradiated
the solid surfaces. However, the feature size of these classic ripples is in
the micrometer scale, which cannot satisfy the demands of nanoscale
fabrication.
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In recent years, femtosecond laser is successfully established to be
an excellent tool to produce fine nanostructures on various solid mate-
rials, such as metals, dielectrics, semiconductors and polymers. The fea-
ture size of the femtosecond laser-induced periodic surface structures
(FLIPSS) can be reduced to less than 100 nm. Nevertheless, typical fem-
tosecond laser-induced structures reported in the literature had a few
limitations such as nanospikes, random roughness, subwavelength rip-
ple microprotrusions and holes [11-17].

Random nanostructures, like spikes or particles, are usually obtained
at low fluence or single-shot irradiations. Ripples or grating pattern is the
most common FLIPSS which is produced at intermediate fluences. In a
normal case, the interspacing of the ripples (A) follows the equation:

A=N\/n, (1)

where \ is the laser wavelength and n is the refractive index of the ma-
terials, and the orientation is perpendicular to the laser polarization. For
high-fluence irradiation, the surface structures are produced in the
micrometer scale, such as microprotrusions and holes. The formation of
the aforementioned surface structures involves various processes includ-
ing the inference, surface plasma waves (SPW), self-organization, melting
and resolidification and capillary waves, but which of these processes
dominates the formation mechanism is still an open question. Although
the morphology, mechanisms and applications of the metallic FLIPSS
were widely studied in the past, we notice that most experiments concen-
trated on the FLIPSS of metals produced in air. Herein, we perform our
studies on the metallic FLIPSS produced in ethanol, and interestingly,
some novel surface structures are observed. These types of structures
will increase the surface area of materials and have good applications in
numerous scientific fields.
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In this letter, we reveal our findings on the fabrication of various
nano-scaled netlike and porous structures on a stainless steel by a
femtosecond laser in ambient ethanol. Then, we show that the surface
structures are closely related to the laser fluence and laser scanning
speed. For example, uniform netlike and porous structures are
produced when the laser fluence F=0.45 J/cm?. In air, however, the
typical nanogratings are produced at the same incident laser fluences.
Finally, the mechanisms of the morphological discrepancies between
ethanol and air ambience are discussed.

2. Experimental
2.1. Experimental setup

The laser source was a Ti:sapphire oscillator-amplifier system
(FEMTOPOWER Compact Pro, FEMTOLASERS), which delivered 800 nm,
30 fs Gaussian laser pulses at a repetition rate of 1 kHz. The laser pulses
were focused via a 10x microscope objective lens (Nikon, N.A.=0.3)
and the corresponding diameter of the focal spot was about 3.3 ym. The
energy of the incident laser could be continuously varied by metallic neu-
tral density filters, and the laser power was measured by a pyroelectric
detector. The number of pulses delivered to the sample was controlled
by an electromechanical shutter. The sample was stuck to the bottom of
a 10 ml glass container which was mounted on a computer-controlled
three-axis stage (M-505.2DG, Physik Instrumente). When the glass con-
tainer was filled up with liquid, the thickness of the liquid layer above
the sample surface was about 5 mm. The sample was just placed on the
focal point of the objective lens. Observation of the fabrication processing
was accomplished by a tungsten lamp light source and a CCD camera
with a video monitor. The obtained microstructure of the sample is ob-
served by a field-emission scanning electronic microscope (FE-SEM,
JEOL JSM-7000F).

2.2. Preparation of samples

The sample used in our experiment was an AISI 304 stainless steel
(Baoji, China) which was cut into a bulk with dimensions of
10x 10 x5 mm?®. Before femtosecond-pulsed laser treatment, the sur-
face was mechanically polished and cleaned by an ultrasonic bath in
acetone for 15 min and rinsed in ethanol. After the laser experiment,
the sample was cleaned by ultrasonic bath in ethanol for 15 min.

2.3. Scanning path

To achieve large-area fabrication of micro- and nanostructures on
the stainless steel, the laser pulses were scanned line-by-line on the
sample surface. In the experiment, 50 scan-lines with a length of
100 um and interspacing of 2 um were used to create 100x 100 um?
irradiated regions.

3. Results and discussion

We initially investigate the evolution of femtosecond-laser-
induced micro/nanostructures in different media via comparing
multi-shot irradiations on the steel bulk. The experiments were
carried out in air, deionized water and absolute ethanol (analytical
pure, 99.9%, Tianjin Fuyuhg Company). Multi-shot irradiations were
produced by femtosecond laser with N=100, 500, 1000 pulses at a
pulse energy of F=0.55 ] cm 2.

Fig. 1 displays a scanning electron microscope (SEM) image of the
multi-shot irradiated regions produced in ambient air (Fig. 1(a)-(c)),
deionized water (Fig. 1(d)-(f)) and ethanol (Fig. 2(g)-(i)). The pulse
energy F of the incident laser was 1.5 1 and the number of shots N
was 100, 500 and 1000, respectively. Typical ripples with spacing of
550 nm appear in irradiated regions in air experiment with N=100
(Fig. 1(a)) and 500 (Fig. 1(b)) but vanish in 5000-shots irradiation.

Number of laser shots
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10um 10um 10um

Fig. 1. Femtosecond laser multi-shot irradiations produced in air (a-c), deionized
water (d-f) and ethanol (g-i). The used pulse energy is 0.55 ] cm~2 and number of
pulses are N=100, 500, 1000.

This is because femtosecond laser ablation occurred in the 5000-shot ir-
radiation damaging the ripple patterns, and ablation appeared. The
presence of water disturbed the formation of uniform ripple patterns,
inducing ripple-covered random microstructures (Fig. 1(d) and (e))
and microroughness (Fig. 1(f)). For ethanol-mediated irradiation, the
laser-induced structures are dissimilar to those created in air or water.
We found that various distinct types of structures with characteristic
sizes ranging from nanometers to micrometers distribute regularly in
the irradiated regions.

Fig. 2 shows the scanning electron microscope (SEM) images of the
porous structures induced in ambient ethanol on the stainless steel. In
the experiment, an intermediated laser influence F=0.55 ] cm ™2 was
employed to avoid excessive ablation and thermal damage of materials.
From the figures, we can see that the typical ripple patterns were not
obtained. For high scanning speed (V=320 um s~ '), a quasi-ordered
array of holes with smooth surfaces was induced, as shown in
Fig. 2(a) and (b). The unconnected holes exhibit elliptical or circular
shapes and distributed in the laser-irradiated region with the density
of around 6x 10 per cm?. The size of each hole ranges from 280 nm
to 320 nm. When the scanning speed, V, was slowed down to
20 um s~ !, a uniform porous netlike structure with rough surfaces ap-
pears (Fig. 2(c) and (d)). The inset of Fig. 2(d) shows that nanorods,
with a diameter of about 100-200 nm and a length of about 1-2 um,
self-assembled on the sample, leading to the formation of such loose
and rough surfaces. Furthermore, the individual pores shown in
Fig. 2(d), with sizes ranging from nanometers to micrometers, are
interconnected.

Interestingly, the typical ripple structures were successfully induced
in an air environment with the same laser fluences and scanning
speeds, as demonstrated in Fig. 3. Actually, we failed to create similar
porous or netlike structures whether in single-spot irradiation (showed
in Fig. 3(a) and (b)) or in line-scan mode (showed in Fig. 3(c)), and
these netlike microstructures formed only in the ethanol environment.
It should be noted that the two types of porous structures obtained in
our experiment are similar to those closed-cell porous metals
(quasi-ordered hole array) and open-cell porous metals (uniform net-
like structure), which are widely used as metal implants. The loose
structures on the metal surfaces would reduce the Young's moduli of
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Fig. 2. Femtosecond laser induced the quasi-ordered array of holes (a, b) and unordered
netlike structure (c, d) on the stainless steel. The laser fluence is F=0.55 ] cm~2. The
scanning speeds are V=320 pum s~ ! for (a, b) and 20 um s~ for (c, d).

the implants close to the surrounding human bones and pores proved to
be beneficial to osseointegration [18]. Compared to the chemical treat-
ments for the fabrication of porous structures, femtosecond laser process-
ing is environmentally benign and free from surface contaminations.

Polarization
(-

To elucidate the formation of the porous surface structures, we
textured the samples by changing the processing parameters. The
evolution of the surface structures as a function of scanning speed is
presented in Fig. 4. The alteration of the surface structures induced
by the laser irradiation is related to the scanning speed because it
will influence the number of shots deposited in a unit area. For
rapid scanning speeds, e. g. V=320 um s~ ', the quasi-ordered hole
array formed in the irradiated region (Fig. 2(a)). Further SEM investi-
gation suggests that this porous pattern can be divided into a series of
belt-like units with orientations approximately parallel to the
scanning direction, as shown in Fig. 4(a). In addition, grating-like
structures can be observed in each individual belt-like unit. The
grating-like structures with a period from 270 nm to 340 nm which
is about 40% of the laser wavelength are perpendicular to the laser po-
larization, which are exactly consistent with the features of the ripples or
grating-like structures. For femtosecond laser-matter interactions, a uni-
versal phenomenon is the appearance of the subwavelength grating-like
structures in whole irradiated regions. The formation mechanism is
thought to be associated with the periodic distribution of the laser
fluence, which resulted from the interference of incident laser pulses
and excited surface plasma waves [19]. Consequently, the sample sur-
faces are selectively photoetched and the grating-like structure (ripples)
is printed on the surfaces with the period (A):

A=X\/2n 2)

where \ is the wavelength of the laser; and n is the refractive index
of the material for normal incidence [20]. However, the formation of
the hole array refers to a much more complex nature of the laser-
irradiated liquid/solid interface because the laser fluence used in
the experiment can easily evoke various liquid-related effects, such
as the generation of bubbles and non-linear optical effects [21].
These effects would last for a relatively long period of time and inter-
act with the incoming pulses, leading to the inhomogeneous distri-
bution of the laser fluence. Thus, the interference process is
localized and occurs separately in each belt-like region and conse-
quently, the quasi-ordered hole array is formed, as shown in
Fig. 2(a). The selective etch at the liquid/solid interface was also ob-
served by R. Bohme et al., who obtained a concentric annulus pattern
on fused silica using an ultrashort laser single-spot irradiation [22].
In our experiment, we used the line-scan mode and the etched re-
gions are approximately parallel to the scanning direction.

If the scanning speed is slowed down, the number of shots per
unit area will increase. At intermediated speed (e.g. V=80 um s~ ),
an island-protrusion structure formed, as shown in Fig. 4(b). The pro-
trusions at micrometer scale were also found during the femtosecond
and picosecond laser ablation of metals in liquids [23-26]. Unlike the
grating-like structures, the interplay of the thermal melting and
mechanical-pressures plays a dominate role in the formation of the
uniform protrusion patterns. As aforementioned, holes and craters
were generated by relatively small amount of laser shots; when the
pulse number increased, residual energy of the subsequent pulses
would be concentrated in the formed craters or holes, resulting in

Polarization
il

Fig. 3. Grating-like structures (ripples) induced by femtosecond laser in ambient air. (a) 100-shot crater at F=0.55 ] cm~2; (b) 100-shot crater at F=0.98 ] cm~2; (c) large-area

—1

ripples induced by line-scan method, F=0.55 ] cm~2, V=320 um s
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Fig. 4. Schematic diagram: evolution of the surface structures as a function of scanning speed. (a) SEM image of the quasi-ordered array of holes. Dashed lines
divide the pattern into a variety of belt-like units. (b) SEM image of the micro-protrusions. (c) SEM image of the netlike microstructures.

surface melting inside the holes. Meanwhile, the laser pulses could
evaporate the ethanol layer near the focal point and shockwaves
and mechanical forces are inevitably generated. Therefore, the
liquid-related recoil pressures would push the melted materials out
of the holes and craters, which will be re-solidified by the surround-
ing liquid and form the protrusions. It is reported that the solidifica-
tion process under the confinement of liquids is much longer than
in air or gas environments [27], which is essential to the complex re-
modeling of the metallic surface structures. At V=20 um s~ !, repeat
melting and resolidification processes of materials, cooperated with
the liquid-related mechanical pressures, enable us to fabricate the
netlike surface structures on stainless steel successfully.

Subsequently, the influence of surface structures on the laser
fluences was studied. We failed to fabricate any porous or netlike
structures on the sample surface when the laser fluences were higher
than 1.28 ] cm ™2, but unstable microrough surfaces were obtained.
This is because the residual thermal effects occur during femtosecond
laser ablation of materials at high laser fluences [28]. Following the
laser ablation, a fraction of absorbed laser energy is retained in the
heat-affected zone. This absorbed energy further dissipates into the
bulk of the sample and remains as residual thermal energy which in-
duces the bulk temperature of the sample to rise. Thermal melting
and laser-induced shockwaves would damage the micro- and nano-
structures, generating such unstable microrough surfaces. The exper-
imental results indicate that the porous structures in the micro- or
nanometer scales can only be prepared when the laser fluence is rel-
atively low; besides, the morphological characteristics of the formed
structures can also be controlled via altering the scanning speed.

What is more, the similar surface microstructures were also ob-
served by a nanosecond laser-matter interaction in the semiconfined
configuration [29-31]. Generally, the mechanism of fs laser-matter
interaction related to the interaction of photons with electrons. The
thermal transfer between the lattices is ignored because of the short
duration of femtosecond laser and the metal melting does not occur
in femtosecond laser irradiation. This is quite different from the nano-
second laser-matter interaction. In the ambient ethanol, the femto-
second laser can easily evoke various liquid-related effects, such as
the generation of bubbles and non-linear optical effects [32]. The
ethanol not only cools down the sample and removes the ejections,
but it also participates in the laser-matter interaction such as forming
the porous structures. This is quite different from the nanoholes gen-
erated by nanosecond laser in the semiconfined configuration [30].
Their origin is conjectured from the generation of solitary waves in
the target plasma by the piston effect. In the semiconfined configura-
tion, the solitary waves humps as the plasma density waves interact
with the target surface, thus leaving the thermal/pressure finger-
prints in the form of nanoholes.

It is worth mentioning that the femtosecond laser fabrication of
porous and netlike surface structures can be extended to other
metals. For example, we have obtained similar structures on titanium,
titanium alloy (TigAl4V) and aluminum. Furthermore, to reduce the
processing time, the structures were prepared in regions with dimen-
sions of 100x 100 um?. However, it is quite simple for us to fabricate
the structures in much larger areas.

4. Conclusions

In summary, by the ethanol-mediated irradiations with a
femtosecond laser, quasi-ordered hole array and porous netlike
micro-/nanostructures were fabricated on the metal surface. These
structures are quite different from the grating-like structure or ripples
obtained in femtosecond laser-irradiated regions in ambient air. The
morphological characteristics of the structures are tunable by altering
the scanning speed and the laser fluence. The evolution and formation
of the structures involve complex laser-liquid-material mechanisms,
such as interference of incident laser and SPW, liquid-induced uniform
distribution of laser fluence, prolonged melting and resolidification pro-
cess and mechanical pressure remodeling process.
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