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Abstract

This research work demonstrated that laser-induced reverse transfer (LIRT) can be used for
controllable site-specific deposition of fibrous nanostructure. The LIRT method makes it
achievable to generate and deposit fibrous nanostructure of a wide variety of materials on a
transparent acceptor in a single-step process at an ambient condition. The deposition of fibrous
nanostructure was conducted using ultrafast laser ablation of silicon and aluminum targets
placed behind a glass acceptor. Femtosecond laser pulses pass through the transparent
acceptor and hit the bulk donor. Consequently a mass quantity of nanoparticles ablates from
the donor and then aggregates and forms a porous fibrous nanostructure on the transparent
acceptor. Our experiments demonstrated that the gap between the target and the glass acceptor
was critical in the formation and accumulation of nanofibers and it determines the density of
the formed nanostructure. The formation mechanism of the nanostructures can be explained
by the well-established theory of vapor condensation within the plume induced by ultrafast
laser ablation. Experimental results also show that the length of the nanostructure can be
controlled by the gap between the target and glass acceptor. Lastly, energy-dispersive x-ray
spectroscopy (EDS) analysis shows the oxygen concentration in the nanofibrous structure
which is associated with oxidation of ablated material at ambient atmosphere.

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

Introduction

The growth of nano- and poly-crystalline silicon and metallic
films on economical substrates like glass has been intensively
studied because of their high performance, low cost, copious
raw materials and the possibility of being deposited on a large
area [1, 2].

Recently, tremendous progress has been achieved in the
synthesis of nanoparticles because of the unique physical
and chemical properties exhibited when the size of particles
are in the order of sub 100 nanometers.  Synthesized
nanoparticles have various applications in the fabrication
of nanodevices in the microelectronic, biomedical, photonic
fields, tissue engineering and filtration. Various techniques
have been proposed for the generation of nanoparticles.
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To date, numerous nanofabrication methods, such as
electrospinning, phase separation, self-assembly processes,
thin film deposition, chemical vapor deposition (CVD),
laser ablation, laser chemical vapor deposition (LCVD), are
available to synthesize nanomaterials [3].

Among these approaches, the laser ablation technique is
desired for its simplicity in equipment configuration and low
investment. Laser ablation is widely used in analytic sampling
[4], deposition [5] and laser nanofabrication [6—8]. Generally,
synthesis of nanoparticles requires the assistance of either a
template or a catalyst and more often takes place both at high
temperature and in a vacuum environment [9]. Laser-induced
forward transfer (LIFT) has been widely studied as a method
for direct deposition in predetermined micro-patterns [10—13].
In this method, prior to the laser irradiation a donor thin film
is deposited on a transparent support substrate. The ablation
of the thin film generates a fast traveling plume that deposits
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ablated material onto an acceptor substrate which is placed
after the donor substrate [ 14]. Due to the fine spatial resolution
of a laser spot, materials can be deposited in desired patterns
in micron and sub-micron scale [15, 16]. The LIFT process
can be performed in air and at room temperature.

Alternatively, backward-LIFT (laser-induced reverse
transfer LIRT) can be used, where the donor substrate is
placed after the acceptor substrate along the laser propagation
direction. In LIFT, laser ablates the donor thin film from
the bottom after transmitting through the transparent support
substrate. This imposes limitation on the applicability of LIFT
since some materials are not easy to be processed into thin
films. Unlike LIFT, LIRT ablates donor material from the
front side of the donor substrate. Therefore, donor materials
need not to be thin films; instead bulk materials can be used as
donors [15]. On the other hand, LIRT requires a transparent
acceptor which restrains its applications.

Recently, researchers have begun to examine the
potentials of using LIFT for nano-material deposition due
to the continuous interest in nanotechnology. For example,
Rigout et al [16] used a two-step LIFT method to form chain-
like silicon nano-wire networks.

In this work, we demonstrated that LIRT can be utilized to
generate and deposit metallic and semiconductor nanofibrous
structures on a transparent acceptor under ambient conditions.
It was found that the distance between the metallic and silicon
target and the glass acceptor has a significant influence on
the density of fibrous nanostructure. Energy-dispersive x-ray
spectroscopy (EDS) analysis was carried out to examine the
composition of nanofibrous structure.

Experimental setup and fabrication process

Experiments were conducted with a 515 nm wavelength
direct-diode-pumped Yb-doped fiber-amplified ultrafast laser
system. The laser gives a maximum output power of 15 W
with pulse frequency ranging from 200 kHz to 26 MHz. Due
to solid-state operation and high spatial mode quality of fiber
lasers, a Yb-doped fiber-oscillator/fiber-amplifier functions
under low noise performance. Moreover, parameters of the
laser, such as pulse width, repetition rate and total beam power,
are computer monitored, which enables a simple interaction
with the performed experiments. The pulse width that the
laser can produce ranges between 250 fs and 10 ps. The
targets are an aluminum sheet and a polished blank silicon
wafer with (1 00) crystal orientation. They are held stationary
and close to a glass acceptor with various spacing in between.
The schematic drawing of the experimental setup is shown in
figure 1. The experimental setup has been described in detail
in [9].

The general laser-induced reverse transfer process is
shown schematically in figure 2. The femtosecond laser
beam transmits through the transparent acceptor and hits the
donor substrate. The plume generated from the donor target
surface propagates reversely to the glass acceptor and ejected
species agglomerate into nanoparticles which form interwoven
nanofibers by further collision.
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Figure 1. Experimental setup.
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Figure 2. Diagram of laser-induced reverse.

A telecentric lens used to focus the laser beam has
12.478 mm focal length. The theoretical laser minimum spot
diameter (Dy) is calculated using Dy ~ % [18], where
Ao is the wavelength of the laser, f is the effective focal
length of the lens and D denotes the laser beam diameter.
The values for these parameters are 12.478 mm, 515 nm
and 8 mm, respectively. Thus, the theoretical spot size
diameter was calculated to be 1.02 um. The power of
the laser beam varied from 100 mW to 200 mW. Since
the frequency used for this experiment was 13 MHz, the
laser fluence was computed to be in the range of 0.94—
1.88 J cm™2. A pizeoscanner is used to steer the laser beam
across the substrate to generate the desired pattern. The
scanning speed used for the experiments was 1000 pm s~
After irradiation, the acceptor substrates were observed using
a scanning electronic microscopy (SEM). Energy-dispersive
x-ray spectroscopy (EDS) analyses, an integrated feature of a
scanning electron microscope, were conducted to examine the
composition of nanofibrous structure.

Results and discussions

When the laser intensity surpasses the ablation threshold of
a target, the irradiation creates a plasma plume that consists
of three propagation fronts of different velocities. The first
front is the fastest and it contains vaporized atoms and ions.
Due to the small size of atoms and ions, this front is very thin.
The second front which starts after the atomic front has lower
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Figure 3. SEM image of aluminum deposition formed by a laser
beam of 515 nm wavelength, at a frequency of 13 MHz and a

machining velocity of 1000 pm s~!.
velocity and mostly consists of clusters. This front makes
the majority of the emitted species [19, 20]. The third front
has the longest delay and contains a small amount of molten
liquid droplets in micron or submicron size. The bigger the
particle size, the shorter it can travel. Therefore, the molten
liquid droplets propagate the least distance in comparison with
the two other fronts. As the plasma expands outward, the
plume’s temperature and pressure start to decrease, leading to
the nucleation and consequently the growth of nanoparticles
[21, 22]. In the case of multiple-pulse irradiation, massive
nanoparticle agglomeration takes place if the subsequent pulse
arrives before the plume cools below the vaporization point.
The agglomerates can be recognized by their chain or web
shape. In our case, when a laser pulse is irradiated to the
donor substrate, the plasma created on its surface propagates
backward at high speed to the transparent acceptor placed
close to it. As aresult, depending on the distance between the
acceptor and the donor substrate, formation and emission of
various particle sizes on the acceptor may occur.

In our previous work [7], the synthesis of metallic and
silicon fibrous nanostructure on the same substrate using

ultrafast laser ablation was demonstrated. It is revealed
that the formation of fibrous structure is possible only if
the pulse frequency is higher than 1 MHz and the density
of nanoparticles and consequently that of the generated
nanofibers are maximized at 13 MHz. Thus, the experiments
were conducted at a frequency of 13 MHz in order to obtain
the highest amount of nanofibers. Here we utilized LIRT to
ablate silicon or metallic donors and generate the nanofibrous
structure on the transparent acceptors placed in close proximity
of the target.

First, the ablation process was performed with a
silicon wafer (donor) and a glass acceptor in near contact.
Although deposition was presented on the acceptor, no fibrous
nanostructures were generated, instead droplets in sub-micron
size were observed, as shown in figure 3. Extremely short
spacing between the acceptor and the donor restricts the plume
expansion and condensation process, resulting in reduction of
the nuclei formation onset, hence, leading to the formation
of large particles [21, 23]. On the other hand, due to very
small separation, molten liquid droplets are able to reach the
acceptor surface and deposit.

The role of the substrate distance was thoroughly
discussed in LIFT techniques [14, 24-26]. Based on this
knowledge, we estimated that a suitable separation of 60
pm should be able to result in nanofiber deposition, taking
into account the laser fluence and the target material. This
spacing allows more room for plume expansion, leading to
a longer plume propagation length. A longer plume length
yields a lower concentration of ablated species in the plume
which results in smaller clusters [21, 23]. Figure 4 presents
the fibrous nanostructures obtained with the 60 um spacing.
However, a small amount of large droplets is still visible
from a closeup of the nanostructure, as shown in figure 4(b).
This suggests that under the current experimental condition, a
spacing of 60 pm is not sufficient to completely avoid molten
liquid droplet deposition. Direct emission of liquid-phase
fragments from the donor surface to the acceptor still occurs
on a smaller scale due to the inadequate space.

The experiment was continued with wider gaps at 120,
180 and 240 um in order to investigate the influence of the
target and acceptor distance on the nanofibrous structure. As

Figure 4. SEM image of silicon nanofibers deposited on a glass acceptor with a gap of 60 «m and formed by a laser beam of 515 nm
wavelength, at a frequency of 13 MHz and a machining velocity of 1000 um s~'. At magnification of (a) x 1000 and (b) x25 000.
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Figure 5. SEM image of silicon nanofibers deposited on a glass substrate with a gap of 120 um and formed by a laser beam of 515 nm
wavelength, at a frequency of 13 MHz and a machining velocity of 1000 pm s~

Al Nanofibers

(b)

Figure 6. SEM image of aluminum nanofibers deposited on a glass
acceptor with (a) a gap of 60 um and (b) a gap of 180 wm formed
by a laser beam of 515 nm wavelength, at a frequency of 13 MHz
and a machining velocity of 1000 pm s~.

shown in figure 5, the density and length of fibers are more
than those on an acceptor with a gap of 60 um. The average
length of nanofibers obtained at the 60 um gap was in the
range of 0.55-0.70 um whereas it was about 1.06-1.18 um
for those obtained at the 120 um gap. Comparing figures 4(a)
and 5, we found that the large droplets diminished in
size and amount. Besides, as the gap between the target
and the acceptor increased, deposited nanofibers became
thinner.

The experiment was repeated with other target materials
such as aluminum and graphite. It was found that,

1GaEkL

Figure 7. SEM image of three different zones of silicon nanofibers
deposited on a glass acceptor with a gap of 120 um and formed by a
laser beam of 515 nm wavelength, at a frequency of 13 MHz and a
machining velocity of 1000 m s~!.

the aggregates can be deposited from metals, carbon and
semiconductors. Alloy targets composed of these elements
were also found to generate the fibrous nanostructure by
ultrafast laser irradiation.

Figure 6 gives nanofibers that were generated in parallel
lines. It demonstrates that deposition of nanofibers can be
carried out at specific sites. Comparing figures 6(a) and (b),
it can be seen that the density of nanofibers increased with
the increase in the gap between the glass acceptor and the
donor.

Figure 7 shows a spot ablated with a stationary laser beam.
Nanofiber density is the maximum at the center of the spot
and decreases with the increase in the radial distance from
the center of the laser spot. At larger distances, the density
of the nanofibers falls dramatically. This observation agrees
well with the previous study on spectroscopy of laser-ablated
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Figure 8. Energy-dispersive x-ray spectroscopy (EDS) analysis of
aluminum oxide nanofibers deposited on a glass acceptor.

silicon plasma related to nanoparticle formation [27]. The
spatial dependence shows the reduction in temperature and
density with the increase in distance. The high plasma pressure
causes a lateral plasma compression wave, leading to a change
in energy distribution on the target, which explains the density
of variety of deposition along the radial direction [27].

In order to examine the composition of nanofibrous
structure, energy-dispersive x-ray spectroscopy (EDS)
analysis was carried out. As depicted in figure 8, EDS analysis
of aluminum nanofibrous structure on the glass acceptor
showed Si, Ca and O together with aluminum. To investigate
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whether these elements belong to the glass acceptor or the
nanofibrous structure, EDS analyses of the glass acceptor
with and without nanofibrous structure were compared. By
comparison between those results, it was concluded that only
oxygen concentration is higher in the nanofibrous structure
and other elements belonged to the glass acceptor. Since the
LIRT process is performed at atmospheric ambient, oxidation
of ablated nanoparticles occurs, which results in the generation
of the metallic or silicon oxide nanofibrous structure. In order
to confirm the nanofiber composition and precise measurement
of the oxygen level, EDS analysis was obtained for silicon
nanofibers which were directly generated on the pure Si
substrate. As shown in figure 9, for Si nanofibers, the presence
of O along with Si agrees with Al EDS analysis.

Conclusion

In this paper, we have demonstrated the deposition of
metallic and semiconductor fibrous nanostructure on a glass
acceptor using femtosecond laser-induced reverse transfer at
an ambient condition. It was found that the gap between
the glass acceptor and the target plays a crucial role in
the nanostructure formation and the density of nanofiber
accumulation.  Experimental results also show that size,
length, density of aggregates and location of growth can be
controlled by laser parameters under an ambient condition.
Finally, EDS results illustrate the oxygen concentration in
the nanofibrous structure, which is ascribed to the oxidation
of ablated material due to the presence of oxygen in an
ambient atmosphere. The precise controllability of this
fibrous nanostructure deposition will extend the application

keVFull Scale 5664 cts Cursor: 0.000

6um Electron Image 1

Figure 9. Energy-dispersive x-ray spectroscopy (EDS) analysis of pure Si (left) and silicon oxide nanofibers deposited on a Si substrate

(right).
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of this invention. Generation and deposition of nanofibrous
structure is completed in a single step at an ambient condition.
This method may find wide applications. For instance, it
can be used to synthesize nano-composite, fabricate porous
filters, construct tissue scaffolds and generate electromagnetic
radiation shields for nano-devices, just to name a few.
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