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Abstract
In this research, we demonstrate a new method to fabricate silicon microfluidic channels filled
with a porous nanofibrous structure utilizing a femtosecond laser. The nanofibrous structure
can act as a membrane used for microfiltration. This method allows us to generate both the
microfluidic channel and the fibrous nanostructure in a single step under ambient conditions.
Due to laser irradiation, a large number of nanoparticles ablate from the channel surface, and
then aggregate and grow into porous nanofibrous structures and fill the channels. Energy
dispersive x-ray spectroscopy (EDS) analysis was conducted to examine the oxygen
concentration in the membrane structure. Our results demonstrated that by controlling the
laser parameters including pulse repetition, pulse width and scanning speed, different
microfluidic channels with a variety of porosity could be obtained.

Q1 (Some figures in this article are in colour only in the electronic version)

1. Introduction

The usage of membranes in microfluidics has been growing
rapidly [1]. Various recent studies have concentrated on
the evolvement of membranes with nanometer-scale pores
[2–5]. Several methods have been developed to fabricate
nanoporous membranes such as lithography [6–8], ion track
technique [9], self-organization [10] and sol–gel [11]. Most
of these methods suffer from manufacturing complexity either
in lithography processes or during membrane assembly in
the microfluidic systems [2]. Despite its easy control of
pore diameter and simple fabrication procedure, the ion track
technique has limitations owing to both the inefficiency caused
by the thick membrane and the inconvenient deployment in
other microfluidic systems. In the sol–gel technique, the
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material is too costly and a ceramic support layer, fabricated
by solid state sintering, is required [13].

Due to high chemical and thermal stability, silicon is
an appealing substrate for microfluidic devices. Previous
researches suggest that fabricated silicon membranes are inert
and relatively nontoxic [14]. In addition, good mechanical
strength of silicon membranes facilitates their utilization in
pressurized filtering devices at macro- and micro-scale as well
as in harsh environments [7].

Ultrafast laser micromachining of materials has been
extensively employed over the last few decades, and its
potential applications have been tried in numerous areas,
particularly for analytic sampling, thin film deposition,
surface micromachining, MEMS and NEMS fabrication, laser
nanofabrication and surgical applications [15–20].

In this paper, we report a new laser application for
fabrication of nanoporous membranes inside microfluidic
channels which provides high controllability on average
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Figure 1. Experimental setup.

pore sizes. It is interesting to note that our proposed
method generates both a porous nanofibrous structure and a
microfluidic channel in a single step under ambient conditions.
The femtosecond laser pulses hit a raw material and generate
a microchannel along with a mass quantity of nanoparticles.
These nanoparticles agglomerate to each other in a semi-solid
state and form a nanofibrous structure in the channel. The
nanoparticles are fused together rather than loosely bonded.
Thus we assume that the bond structure of aggregation and
the channel is strong. We have also determined that the
pore size and density in the membrane can be controlled
through adjustment of the laser parameters and a laser scanning
procedure.

2. Experimental setup and fabrication process

Experiments were performed with a 1040 nm wavelength
direct-diode-pumped Yb-doped fiber-amplified ultrafast laser
system. The maximum output power of the laser is 15 W and
pulse repetition range is from 200 kHz to 26 MHz. Because
of solid-state operation and high spatial mode quality of fiber
lasers, the Yb-doped fiber oscillator/fiber amplifier functions
under low noise performance. In addition, parameters of the
laser, such as laser repetition rate, pulse width and beam power,
are computer monitored, which enables a simple interaction
with the performed experiments. The target was a polished
silicon wafer with 〈1 0 0〉 crystal orientation and 550 μm
thickness. The schematic diagram of the experimental setup is
shown in figure 1. The experimental setup has been described
in detail in [21]. The specimens were then characterized using
scanning electronic microscopy (SEM) followed by energy
dispersive x-ray spectroscopy (EDS) analyses.

3. Results and discussions

3.1. The growth mechanism of a nanofibrous structure

Primary experiments were conducted to investigate laser
scanning strategies for the creation of a microchannel filled
with a nanofibrous structure including laser scanning speed
and number of passes. The close scheme of the nanofiber

growth mechanism in a microchannel and its cross-sectional
views are shown in figure 2.

Basically, focusing a laser beam at a target creates a Q2

heated region which causes vaporization leading to formation
of plasma that consists of electrons and ionized atoms. As the
plasma expands outward, due to heat transfer at the contact
surface between the plume and the ambient gas, the vapor
plume starts to cool down and condensation begins at the
cooler front of the plume cloud [22, 23]. Condensation of
the vaporized atoms leads to nucleation and consequently the
growth of nanoparticles [24]. Nanoparticle aggregation takes
place as a part of vapor condensation by the collision of nuclei.
An immense amount of nanoparticle aggregation is required
in order to generate nanofibrous structures. Therefore,
continuous arrival of the plume is needed before the pulse cools
below the vaporization point. A close view of the nanofibrous
structures exhibits that the nanoparticles are mostly fused
together instead of being loosely linked. The structures are
made of self-assembled closed-ring and bridge nanofibers.
Therefore, the bond between the aggregated structure and the
channels is assumed to be strong.

As mentioned above, the plumes generated by sequential
laser pulses have to arrive at the target before the critical
time. Hence, the formation of a fibrous structure is not
possible in high speed laser machining. Therefore, as the
first step, optimum laser machining speed must be defined. As
the machining speed decreases, the interaction time between
the laser beam and the target increases, leading to a higher
laser pulse per spot on the target which consequently results
in a higher amount of nanofiber agglomeration. On the
other hand, by controlling laser scanning passes, a variety
of microchannels with different depths and widths can be
achieved.

3.2. Effect of laser scanning parameters

As depicted in figure 3, it was found that at low laser scanning
speeds and high scanning passes, the depth of the microfluidic
channel increases and its width decreases. In the case of high
number of laser scanning passes, a more fibrous structure is
generated.
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Figure 2. 3D and plane view of the microchannel and sequences of nanofiber growth inside the microchannel. The related SEM images
corresponding to each sequence are shown at the bottom. The microchannels were formed by a laser beam at the frequency of 13 MHz with
the laser scanning speed of 1000 mm s−1 after (a) 5 and (b) 20 scanning passes.

(a) (b) 

Figure 3. SEM cross-sectional image of the nanofibrous structure inside the microfluidic channel formed by the laser beam at the frequency
of 13 MHz with the laser scanning speed of (a) 1000 mm s−1 and (b) 2000 mm s−1.

In addition to its effect on the number of generated
nanofibrous structure, laser scanning speed influences the
microchannel shape as well. Comparing figures 3(a) and (b),
at lower scanning speed (figure 3(a)), a narrower channel was
formed because of more dwell time on a specific spot and
consequently higher energy per pulse. Conversely, at higher
speed (figure 3(b)), the plumes generated by sequential laser
pulses could not arrive at a particular spot before the critical
time needed to maintain the nucleus density at a certain level;
therefore, no nanofibers were generated.

Figure 4 shows the growth mechanism of the nanofibrous
structure for different laser scanning passes. Firstly,
microchannels were generated at high scanning speed with
few scanning passes. As mentioned before, at higher speed,
due to low interaction time between the laser and the substrate,
no fibrous structure was generated, and only the microchannel
was formed. Afterward, low scanning speed was employed

to grow nanofibers inside the channel. As the number of
scanning passes increases, more fibrous structures grow on
the microchannel walls.

3.3. Study of pore size and density of the nanofibrous
structure

SEM analyses of the nanofibrous structure revealed that laser
repetition rate and laser pulse width have an important impact
on the pore size and density of the fibrous structure.

3.3.1. Effects of laser repetition rate. After finding the
optimum laser scanning strategy, the effects of the laser
repetition rate on both the shape of the channels and the
porosity of the nanofibrous structure were determined.

In the case of multiple-pulse irradiation, a massive
nanoparticle agglomeration takes place if the succeeding pulse
arrives before the pulse cools below the vaporization point.
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Figure 4. SEM cross-sectional image of nanofibrous structure growth sequences inside the microfluidic channel formed by a laser beam of
1040 nm wavelength at the frequency of 26 MHz after (a) 5, (b) 10 and (c) 20 laser scanning passes.

(a) (b) (c)

Figure 5. SEM cross-sectional image and the pore diameter distribution graph of the nanofibrous structure inside the microfluidic channel
formed by the laser beam of 1040 nm wavelength, at the frequency of (a) 8 MHz (b) 13 MHz and (c) 26 MHz.

Therefore, the experiments were conducted at the frequencies
of 8, 13 and 26 MHz to obtain the most nanofibrous structure.
Note that in our experiments, the time interval between pulses
is about 125 ns, 77 ns and 38 ns for the frequencies of 8,
13 and 26 MHz, respectively. One of the distinguishing
characteristics of these nanofibrous structures, unlike the
random heaping of particles observed at Hz and kHz pulse
frequencies, is that the fiber aggregation shows a certain degree
of organization.

Pore size data were extracted directly from the SEM
images using the image processing software. The SEM images
of these membranes (see figure 5) revealed that the membrane
pore size decreases as the pulse repetition rate increases,
whereas the density of pores increases with increasing pulse
repetition rate. However, pore size distribution is wider for
13 MHZ repetition in comparison to the other two frequencies.
This heterogeneity might have been caused when the channels
got cut for cross-sectional imaging. Membranes have an
average pore diameter of 492 nm, 313 nm and 254 nm at the
frequencies of 8, 13 and 26 MHz, respectively. The minimum
pore diameter has been calculated to be approximately 90 nm
at the repetition of 26 MHz.

At the pulse repetition rates higher than the nanoparticle
formation threshold, consecutive laser pulses hit the substrate
before the ablated particles from the previous pulse cool down.
As a result, nanoparticles ejected by the following laser pulses
prefer to aggregate with particles ablated from the former laser
pulses which are still at a very high temperature, resulting
in an increase in nanofibrous structure density. Moreover,
since laser power and laser spot size are constant, the pulse
energy decreases as pulse repetition increases which results in
a reduction in the nanoparticle size. Consequently, because of
the smaller nanoparticle size, nanofibers become finer, leading
to the lessening of the pore size (see figure 5).

3.3.2. Effects of pulse width. Afterward, the influence of the
laser pulse width on the membrane pore size was investigated.
The laser used for all the presented experiments has the ability
to work with different pulse widths from 214 fs to 3.5 ps.

To investigate the influence of different laser pulse
widths on the porosity of the membrane, experiments were
conducted at the repetition of 26 MHz with the same
laser scanning speed and number of passes, but with
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Figure 6. SEM image and the pore diameter distribution graph of the nanofibrous structure inside the microfluidic channel formed by a laser
beam at the frequency of 26 MHz with pulse width of (a) 214 fs (b) 1428 fs and (c) 3500 fs.

Figure 7. Energy dispersive x-ray spectroscopy (EDS) analysis of pure Si (left) and silicon oxide nanofibers deposited on a Si substrate
(right).

different pulse widths of 214, 1428 and 3500 fs (see
figure 6). The experiments showed that as the pulse width
goes to the femtosecond scale, less nanofibrous structures are
generated. As the pulse width decreases from picoseconds to
femtoseconds, the interaction time between the laser pulse and
the substrate decreases. This causes a decrease in the size of the
nucleus which forms the nanoparticles. Accordingly, the size
of nanofibers which are formed by nanoparticle agglomeration
decreases. As a result, the smaller nanofibers lead to pore
size reduction (see figure 6). The average pore diameters of
the membranes were about 378 nm, 753 nm and 832 nm at

pulse widths of 214 fs, 1428 fs and 3500 fs, respectively.
The smallest pore diameter has been estimated to be around
160 nm at 3500 fs pulse width.

Finally, in order to examine the composition of
nanofibrous structures, EDS analysis, an integrated feature
of a scanning electron microscope, was performed. Figure 7
depicts the EDS analysis comparing generated nanofibrous
structures with an un-doped Si wafer. Since experiments
were carried out under ambient conditions, the presence of
oxygen along with silicon (Si) is noticeable for the nanofibrous
structures.
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4. Conclusion

We have developed a new method for fabricating silicon
dioxide nanofibrous membranes grown inside microchannels
using the femtosecond laser. The experiments showed that
by controlling the laser parameters including pulse repetition,
pulse width and scanning speed, different microfluidic
channels with different porosities and pore densities could be
obtained. The EDS analysis indicated oxygen concentration
in the membrane structure which was attributed to oxidation of
ablated material in ambient atmosphere. Using this strategy,
the microchannel and the fibrous nanostructure for a wide
variety of materials can be generated in a single step under
ambient conditions. This achievement can, in the future,
pave the way for extensive application of nanofilters in various
membrane/filtration/separation applications.
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