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Study of the formation of 3-D titania nanofibrous structure
by MHz femtosecond laser in ambient air
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In this study, we describe the formation mechanism of web-like three-dimensional (3-D) titania
nanofibrous structures during femtosecond laser ablation of titanium (Ti) targets in the presence of
background air. First, we demonstrate the mechanism of ablation of Ti targets by multiple
femtosecond laser pulses at ambient air in an explicit analytical form. The formulas for evaporation
rates and the number of ablated particles, which is analogous to the deposition rate of the
synthesized nanofibers, for the ablation by a single pulse and multiple pulses as a function of laser
parameters, background gas, and material properties are predicted and compared to experimental
results. Afterwards, the formation of nanofibrous structures is demonstrated by applying an existing
simplified kinetic model to Ti targets and ambient conditions. The predicted theory provides
nanofiber diameter dependency with the combination of laser parameters, target properties, and
ambient gas characteristics. Experimental studies are then performed on titania nanofibrous
structures synthesized by laser ablation of Ti targets using MHz repletion-rate femtosecond laser at
ambient air. The models’ predictions are then compared with the experimental results, where
nanostructures with different morphologies are manufactured by altering laser parameters. Our
results indicate that femtosecond laser ablation of Ti targets at air background yields crystalline
titania nanostructures. The formation of crystalline titania nanostructures is preceded by thermal
mechanism of nucleation and growth. The results point out that laser pulse repetition and dwell
time can control the density, size, and pore size of the engineered nanofibrous structure. As the
deposition rate of nanostructures is analogous to the ablation rate of the target, higher density of
nanofibrous structure is seen at greater laser fluences. The predicted theory can be applied to
predict ablation mechanism and nanofiber formation of different materials. © 2013 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4771667]

. INTRODUCTION

Nanostructures have recently drawn great attention due
to the exceptional physical, optical, and chemical properties
they present, compared to those of their bulk counterparts.
Nanostructures, in different forms, can be utilized for the de-
velopment of different technological applications. In particu-
lar, titanium dioxide (titania) nanostructures have attracted
lots of interest owing to their outstanding mechanical and
thermal properties, biocompatibility, and corrosion resist-
ance.' They have been widely exploited in numerous tech-
nologies including implantable drug delivery systems,™*
biosensors,”® solar cells,”® photocatalysis,”'® tissue engi-
neering,“’12 and other medical devices.®!?

Various preparation techniques have been developed for
the synthesis of titania nanostructures such as anodization,'*
chemical vapour synthesis,"> hydrothermal methods,'® so-gel,”
and template-based synthesis.'® Negative'*® and positive®'*>
templating approaches have been implemented to generate tita-
nia nanotubes with uniform length and diameter. It has been
reported that the dimension of nanotubes could be controlled
by the type and dimension of the utilized templates. Nonethe-
less, both of these template-assisted techniques are incompetent
to achieve small nanotubes easily due to the restriction of the
pore size of the mold prepared from porous materials such as
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alumina.”**** In addition, the templating approaches often suffer
from long cumbrous prefabrication and template post-removal
processes. Also, since the removal of the templates is per-
formed using chemical mediums, it may result in nanostructure
contamination as impurities cannot be completely eliminated
during the process.”'*> Anodization method also has been com-
monly used to fabricate high aspect ratio titania nanotubes.”
Several studies have reported that the dimension of nanotubes
can be controlled by altering the applied voltage, pH and anod-
izing time, and electrolyte composition.”®*’ However, the as-
synthesized nanotubes are amorphous, and a post-annealing
treatment is required to crystallize them into titania nanostruc-
tures.”® Furthermore, some studies have pointed out that the
post-annealing treatment has adverse effects on the stability of
the nanostructures.”” High temperatures during post-annealing
process may lead to the disposition and the solid-state sintering
of high aspect ratio nanotubes, resulting in grain growth, densi-
fication, and consequently complete collapse of the structures.””
Hydrothermal methods have been of interest, as they produce
pure crystalline titania nanostructures.”® The starting materials,
pre-treatment process, hydrothermal temperature, and post-
treatment process can influence the formation of titania nano-
structures using hydrothermal methods.*'? Nevertheless, this
nanofabrication method has been reported to require long reac-
tion times and NaOH post-treatment, which may result in

© 2013 American Institute of Physics
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excessive intercalation leading to the generation of delicate
non-aligned nanotubes.”>*® In addition to aforementioned
drawbacks, these traditional routes also are limited to the
fabrication of 1-D and 2-D nanostructures and suffer from
expensive precursors, long processing time, and uncontrollable
phase transformation during chemical routes.**** These draw-
backs seem to be harmful to titania nanostructure practical
applications.

Laser ablation has proven to be an effective technique
for synthesizing nanostructures of various shape and internal
structure on different materials.>>*® Extensive studies have
been reported on synthesis of different titania nanostructures,
including nanoparticle, nanotube, nanofibers, nanorod, and
nanowires, using laser processing.'’***"-** However, special
conditions are often required to promote a particular type of
structure to grow. For instance, the synthesis of nanotubes by
a low-repetition-rate nanosecond laser needs to be performed
in a furnace with high controlled temperature and under con-
tinuous noble gas stream as the laser plume cools down after
the pulse below the minimal temperature required for the
nanotube formation. On the other hand, the introduction of
megahertz (MHz) repetition-rate ultrashort lasers allows
eliminating additional heating and the need for the ambient
gas in the chamber.* MHz Femtosecond lasers, along with a
better understanding of the physics of ultrashort laser-matter
interaction, facilitate the synthesis of nanostructures which
previously could not be produced by traditional long laser
pulses. Femtosecond laser pulses heat materials to higher
pressure and temperature than do longer-pulse lasers of com-
parable fluences as the energy is delivered before significant
thermal conduction happens in the materials.***' Therefore,
a femtosecond laser pulse can heat any material to a solid-
density plasma state with temperature and pressure above the
critical point. This leads to the generation of high density
plume which results in nanoparticle aggregation after plume
condensation.

In previous study, we have introduced a single-step
method to synthesize 3-D titania nanofibrous structures
under high repetition femtosecond laser irradiation at ambi-
ent conditions.”® We have reported that this method would
enable us to synthesize 3-D interwoven nanoarchitectures
that incorporate the functions of 3-D nano-scaled topography
and modified physiochemical properties to promote Ti inter-
facial characteristics for developing new functional biomate-
rials. Our previous results indicated that the morphology of
the nanostructures could be controlled by altering laser pa-
rameters. As it follows, this study demonstrates the ablation
mechanism of Ti targets by multiple femtosecond laser
pulses at ambient air in an explicit analytical form. The for-
mulas for evaporation rates and the number of ablated par-
ticles for laser ablation by a single pulse as well as multiple
pulses as a function of laser parameters, background gas, and
material properties are predicted and compared to experi-
mental results. Later, the formation mechanism of the nanofi-
brous structures during femtosecond laser ablation of Ti
targets in the presence of air is discussed. This study also
describes the formation of nanofibrous structures by applying
an existing simplified kinetic model to Ti targets and ambi-
ent conditions. The customized theory predicts the depend-
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ency of the fabricated nanofiber on the laser and background
gas properties. Finally, experimental studies are conducted
on titania nanofibrous structures synthesized by laser ablation
of Ti targets using MHz repletion-rate femtosecond laser at am-
bient air. Then, the predictions of the models are compared
with the experimental results where nanostructures with differ-
ent morphologies are synthesized by altering laser parameters.

Il. ABLATION MECHANISM BY A SINGLE
ULTRASHORT LASER PULSE IN AMBIENT GAS

It has been reported that material ablation in air takes
place at lower ablation thresholds compared with it in the
vacuum.*? It was reported that in the presence of air back-
ground, collisions between the ambient gas atoms and the
surface decreases the lifetime of the non-equilibrium regime
which establishes thermal evaporation. Once the laser pulse
interacted with the target, the air next to its heated surface
collides with the target surface and obtains energy required
for the formation of a Maxwell distribution in the air in close
vicinity of the target surface. In other words, the presence of
air leads to the establishment of a high-energy tail Maxwell
distribution in the surface layer increasing the bulk-to-sur-
face energy transfer. It was assumed that only the air-surface
collision plays a role for thermal evaporation from the sur-
face as the bulk-to surface energy transfer time is much lon-
ger than the air-solid equilibrium time.

The air-solid equilibrium energy distribution is started by
air molecules-solid collision. Considering the gas-kinetic mean
free path in air in standard conditions (I, = 6 x 10~®cm),*
the equilibration time ., required to form a Maxwell distribu-
tion in air can be estimated to be 7., ~ 1.8 x 10~ using
teg & te—i = lg_t /v The average thermal velocity vy, in air
is approximately v;, = 3.3 x 10* cm/s at room temperature.42
According to previous studies, the bulk-to-surface energy
transfer time at the maximum temperature for the threshold
fluence conditions in air is calculated to be #,_; ~ 30ns > f,,
for several metal targets (i.e., Cu, Al, and Fe) after the end of
the laser pulse.44 Therefore, as the bulk-to-surface energy
transfer time is much longer than the air-solid equilibrium
time, it is assumed that only the air-surface collisions play a
role for thermal evaporation from the surface.

Thermal evaporation would initiate sometime after the
equilibration time t > f,,. At this equilibration time, the
solid-air interface temperature equilibration is completed
and continues to fall according to the linear heat conduction
law. Assuming the vapor-air mixture with a predominance of
air plays the role of the saturated vapor over the ablated

solid, the thermal evaporation can be estimated as:*

kT ax 172 atoms
<Revp>therm ~ Nair ( 237_51”‘4 ) (tpteq)1/2 |: sz :| ) (1)
a

where T, is the maximum temperature at the end of the
laser pulse that could be calculated at the experimentally
determined threshold fluence in air. A simple way to esti-
mate the maximum temperature, however, is to consider that
the target is heated by a single laser pulse in a heat conduc-
tion regime where all losses due to radiation and plume
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expansion can be neglected. Hence, the heating process can
be modeled as propagation of a heat wave into the target
according to the one-dimensional (1-D) heat conduction

N\ (a) 1
<T>:<E> %ZWT(OJIJ 2

One should note that the maximum target temperature
occurs at the end of the laser pulse, i.e., Tyae = T(0,1,).
Thus, T, can be written as

21, (at,)'?

Toax =
kh(TC) 1/2

3)

The absorbed laser intensity on the target surface 1, = Al
can be obtained by having the intensity of incident pulse and
laser absorption coefficient.

The intensity of the incident laser pulse (/p) may be cal-
culated by measuring the laser average power P, as follows:

Pavg

Iy=——"—
Ry eptpAfoc 7

“4)

here, P, is average power (in W), measured directly from
the incident laser pulse, R/, (in s~ 1) is laser repetition rate,
and Ay, (in cm?) is the irradiation focal spot area, which can
be obtained by calculating the theoretical minimum laser
spot diameter (DO):45 46

1.277
DO ~ A0f7
D

®)

where Jy is the wavelength of the laser, f is the effective
focal length of the lens, and D denotes the laser beam
diameter.

Using Egs. (4) and (5), one can estimate the maximum
temperature as a function of laser parameters:

24P 0a'?
KiRyepAroc (mty) '

(6)

max —

Then, the evaporation rate for single pulse ablation can
be expressed by substituting Eq. (6) into Eq. (1) as follows:

1/2
(Ro) kBaAtz’éz P {atomS} o
ey, herm ~° Nair . .
P Mok RyepAsoc cm?

The first part in the bracket depends on the target mate-
rial properties, whereas the second part shows the evapora-
tion rate dependency on the parameters of laser process.

lll. ABLATION RATE IN CASE OF MULTIPLE LASER
PULSES

One single ultrashort high intensity pulse would evapo-
rate relatively a limited number of atoms per pulse.*” How-
ever, for practical and industrial applications, laser systems
with high average ablation rate are required.*® For this rea-
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son, laser systems with ultrahigh pulse (MHz) repetition
rates are utilized to attain a high average ablation rate. Using
MHz repetition rates, the focused laser beam dwells at a par-
ticular spot on the target for times longer than the time gap
between the pulses. Therefore, multiple laser pulses arriving
at the same spot on the target surface depends on the laser
pulse dwell time (D;), which leads to incubation of heating
and evaporation process.

Now to define the number of evaporated atoms for mul-
tiple laser pulses, one should consider the number of pulses
arriving at the same spot on the target in a specific dwell
time. The number of atoms evaporated per single pulse can
be expressed as follows:

Np = ReypAgoc[atoms]. ))

Then, the number of atoms evaporated from the same
spot after successive pulses at the laser beam dwell time of
D, reads:

NMP = NPRreth = RevafocRreth [at0m5]~ (9)

By substituting Eq. (7) into Eq. (9), the number of
evaporated atoms by successive pulses based on the laser pa-
rameters and the target material properties can be estimated
in the following form:

3/2

1/2
kpaAt,
Nup % naiy (M) (PareRrepApac)'*Difatoms] (1)

One should note from Eq. (10) that the number of
evaporated particles is a function of laser processing parame-
ters, material properties, and ambient gas vapor density. The
main factor is laser beam dwell time which linearly affects
the evaporated atoms. The laser repetition rate influences the
number of evaporated atoms by a square root.

As the laser beam dwell time is usually higher than the
time between the two successive laser pulses in MHz-
repletion regimes, multiple pulses arrive at the same spot.
Consequently, the atomic flow into the plume would remain
at levels required to generate nanostructures.

IV. NANOSTRUCTURE GROWTH IN AMBIENT AIR

The expanding plume of ablated material cools down
adiabatically due to diffusion in the ambient air. Vapour
condensation starts with nucleation, proceeds with growth
of a supercritical nucleus, and comes to a halt by quenching.
The density and temperature of evaporated atoms in the
expanding plume are the main factors for formation of nano-
structures. The diffusion and collision of evaporated atoms/
ions with ambient gas atoms/ions at the high temperature
early in the cooling process result in coalescence.® As the
plume cools down, coalescence terminates and colliding
particles are likely to form aggregates. The formation of
nanostructures would go on through an aggregate-aggregate
and atom-aggregate attachment over the period of time after
the end of the laser pulse. The longer the plume of high den-
sity and temperature lasts, the more consecutive inelastic
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collisions occur, which result in the formation of larger
nanostructures. The plume diffusion time to the background
air depends on the combination of laser parameters, material
properties, and ambient condition. Previous studies, how-
ever, have pointed out that the diffusion time of the ablated
material through the gas plays a major role in determining
the cluster formation time and, thus, the nanostructure
size.*” Depending on the density of the evaporated atoms,
different types of nanostructures, from individual particles
to 3-D nanofibrous structures, can be formed and deposited
on the substrate. Therefore, in order to synthesize 3-D nano-
fibrous structures, the continuous arrival of the laser pulses
is necessary to keep the plume density at the critical level
required for the formation of 3-D nanostructures. Previous
studies have confirmed that only MHz laser pulse repetition
rates lead to the formation of 3-D nanostructures.*®*°

A simplified kinetic model of nanocluster formation
may be applied to estimate the number of atoms in a nano-
structure as a function of average plume parameters, based
on the conservation of energy, momentum, and number of
atoms in the generated plume after the end of the pulse.
Accordingly, the size of the nanoparticles and the radius of
the nanofibers could be predicted.* This model assumes that
a nanocluster is formed through the neutral-neutral monomer
inelastic sticky collisions and ignores the ion-ion, ion-neu-
tral, and the other complex dusty-plasma collision effects.
The first important step toward synthesis of a large nano-
structure is the formation of dimers. The use of an ambient
air with atmospheric pressure has the advantage of plume
confinement, which increases the density of the component
atoms in formation region leading to higher probability of
sticky attachment. It has been stated that the diffusion plays
the major role when the pressure of background gas
approaches 10% of atmosphere pressure. Therefore, one can
assume that in ambient air only diffusion-dominated expan-
sion of the plume exists.

Diffusion of single titanium atoms in air of density 7,
proceeds with diffusion velocity, Dg, = Ivyi/3 =~ vri/
(374irOTi—air)» Where o7;_q; 18 the cross section for titanium-
air elastic collision. Note that 77 — air collision cross section
is almost five times larger than that for 7i — Ti collisions.
The diffusion coefficient in the mixture of two gases depends
on the total cross section a;,,, which is expressed as the
following:

n(d? + d>
o =TS, (11)

where d; and d, are diameters of particles in the mixture.
In case of Ti — Ti collision, the total cross section o7;_7; =
0.31 x 1071 cm? (the atomic radius 140 pm;dy; = 280 pm).
The cross section of titanium atoms and air (considering the ra-
dius of an oxygen atom, d,, = 308pm) is o4 = 1.36
%1071 cm?. Thus, the formation of nanostructures mostly
depends on the diffusion of Ti atoms in ambient air.

Following the model presented in Ref. 49, one may
assume that the time for the formation of a nanofiber com-
posed of N atoms equals to diffusion time, then the radius of
a synthesized nanofiber reads:

J. Appl. Phys. 113, 023102 (2013)

T\ 1/20

" —2/15;1/6_3/10 1/4 [ L min

Tanofiver = Bng; "1y 'm0l (G ri—1i07i—air) T ;
0

12)

here, I,y = N, /nT,-Afg(, is the ablation depth, B is a dimen-
sionless numerical coefficient that should be estimated from
the experiments, 7,,;, is the minimum temperature for the
nanostructure formation which is equal to the temperature in
the mixture of Ti-air atoms after equilibrium, and Ty = T4y
is the initial plume temperature. Therefore, the nanofiber ra-
dius depends on the air density, the cross section of target
and ambient gas atoms, and the number of ablated atom esti-
mated from Eq. (10), in the diffusion dominated conditions
as follows:

~ -9/30 3/10 1/4
T'nanofiber =~ BnT,‘ i (GTi—TiUTi—air) /

(N (T (13)
Afuc TO )

As one can see from Eq. (13), the main factor playing
role in nanofiber size is the density of the ambient air, which
affects the size approximately as a cubic root of the gas
pressure.

V. EXPERIMENTAL DETAILS

The nanofibrous structures were synthesized on Ti speci-
mens using single point femtosecond laser irradiation under
ambient condition. Experiments were performed by a
1040nm wavelength direct-diode-pumped Yb-doped fiber
amplified MHz femtosecond laser system. The maximum
output power of the laser was 15W, the laser pulse width
was 214 fs, and pulse repetition ranged from 200kHz to
26 MHz. Because of solid state operation and high spatial
mode quality of fiber lasers, the system operated under low
noise performance. The laser parameters such as laser repeti-
tion rate, pulse width, and beam power were computer moni-
tored which allowed a simple interaction with the performed
experiments. However, the pulse repetition rates cannot be
altered continuously, due to the characteristics of mode-lock
laser systems, and only discrete values are possible to be
selected. The substrate samples in size of 10 x 10 x 0.5 mm
were cut from grade 2 (ASTM B265) pure Ti sheet by a dia-
mond saw with oil lubrication. The samples were then
ground finished to 1200-grit silicate-carbon papers to remove
macro-level surface defects and contaminations. Once
ground, samples were ultrasonically cleaned in distilled
water and dried in desiccators.

Morphology of the nanofibrous structures was character-
ized using Scanning Electronic Microscopy (SEM). Nano-
particle aggregation and the size of nanofibers were analyzed
by Transmission Electron Microscope (TEM). Phase charac-
teristics of the synthesized nanofibrous structures were
examined using X-ray diffraction (XRD) analysis. The x-ray
source was a Cu ko rotating anode generator with parallel
focused beam and three-circle diffractometer with a 2-D de-
tector. The average wavelength of the x-rays was 1.54184 A.
Phi scans with widths of 60° were implemented with the
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FIG. 1. SEM micrographs of titania nanofibrous structures synthesized on a Ti substrate at laser repetition of (a) 4 MHz, (b) 8 MHz, and (c) 12 MHz.

detector at four different swing angles for each sample in
order to obtain a profile with a 20-range of 20-70°.

VI. EXPERIMENTAL RESULTS AND DISCUSSION
A. Morphology of nanostructures

The structure of the nanofibrous layer is affected by var-
ious laser parameters, such as laser fluence, laser pulse repe-
tition, and laser pulse dwell time. In this study, we
investigated the influence of laser pulse repetition on poros-
ity, density, and size of the generated nanofibers. The abla-
tion of Ti targets was performed at different laser pulse
repetition rates from 2 MHz to 26 MHz at laser pulse dwell
time of 1 ms. Figure 1 shows SEM micrographs of the nano-
fibrous structure synthesized on Ti substrates at pulse repeti-
tion rates of 4, 8, and 12MHz. A close-up view of the
nanofibrous layer indicates that its 3-D structure consisted of
self-assembled closed rings and bridges in which nanopar-

8x 10 =
L840 == No. evaporated atoms 3

——— Absorbed fluence

14
1.6 x 10’ ===-=Ti threshold fluence

1.4 x 10"
1.2x 10
1x10™
8x 10 |

6x 10"

Number of evaporated atoms
-
w
Absorbed Laser Fluence (J/cm?)

4x 10
05
2% 103 ] \
0 0
0 5 10 15 20 25 30

Laser pulse repetition rate (MHz)

FIG. 2. The number of ablated atoms from a Ti target, ablated at different
laser pulse repletion rates at laser pulse dwell time of 1 ms predicted by Eq.
(10), depicted by the blue hollow line. The red solid line represents the
absorbed laser fluence by the Ti target at different laser pulse repetition rates
and constant average power of 10 W. The dashed line determines the laser
ablation threshold of 0.48 J/cm? for Ti.

ticles are aggregated together. The pores in the structure are
also interconnected.

The experimental results indicated that by increasing the
laser pulse repletion rates from 2 MHz up to 8 MHz, the den-
sity of the generated nanostructures increases. However,
increasing the repletion rate beyond 8 MHz led to a decline to
the abundance of the generated nanostructures. Figure 2
presents the number of evaporated atoms predicted by Eq.
(10); by increasing the laser pulse repetition rate, the number
of pulses hitting the same spot for particular laser pulse dwell
time increases, which leads to higher amount of ablated atoms.
However, as the graph for the absorbed laser fluence in
Figure 2 suggests, the increase of laser pulse repetition rates
results in a reduction in laser pulse energy and consequently
on the laser ablation fluence to the point that it drops below the
target ablation threshold. In case of titanium target, the ablation
threshold was measured to be 0.48 J/cm?. Taking into account
our system average laser power P,,, = 10W, Az, = 84.62
x10~% cm?, and titanium laser absorption coefficient for
A = 0.42, one can see that at the pulse repetition rates higher
than 8 MHz, the laser fluence merely slightly surpasses the

2x10% |
1.5 x 10%¢ |

1x10% |

Ablationrate (atoms/cm?)

5x10% |

0 0.5 1 15 2 2.5 3
Laser fluence (J/cm?)

FIG. 3. The average evaporation rate for ablation by a single pulse at differ-
ent laser fluences predicted by Eq. (7).
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FIG. 4. TEM micrographs of Ti nanofibers synthesized at repetition (a) 4 MHZ, (b) 8 MHz, and (c) 12 MHz (the scale bar: 100 nm).

required fluence for ablating a titanium target, which may
result in partial Ti ablation. This is also in good agreement
with our experimental results of the ablation of Ti targets at
different laser fluences.

From Eq. (10), one can predict the thermal evaporation
rates in ambient air at different laser fluences. Figure 3 depicts
the ablation rate at different laser fluences achieved by vary-
ing the laser pulse repetition rates at constant laser power.
Assuming laser fluence of 1.2J/cm?, Eq. (10) predicts the
evaporation rate of 1.85 x 10'®cm=2 for a Ti target. This
value is in good agreement with the thermal evaporation of a
Fe target in air (1.67 x 10cm™2), at laser parameters
close to our experiments’, reported elsewhere.*> The higher
evaporation rate for Ti may be attributed to its greater absorp-
tion coefficient (A7; =0.42 and Ap. = 0.36) and lower
thermal losses (ar; = 0.714 % 10_lcm2/s and ar, = 2.26
x10~'em?/s) in comparison with those for Fe, which lead to
higher fluence absorption and lower heat transfer to the
lattice.

To study the influence of laser pulse repetition rates on
the nanofibers diameter, the synthesized nanofibers detached
from the substrate and characterized by TEM. In TEM
micrographs of a single nanofiber, one can observe a high
degree of nanoparticle aggregation (see Figure 4). The aver-
age diameter of the nanofibers fabricated at different pulse
repetition rates is depicted in Figure 5.

As mentioned before, laser fluences at laser pulse repeti-
tion rates higher than 12 MHz only slightly exceed the abla-
tion threshold for Ti. Therefore, at repetition rate of 26 MHz
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FIG. 5. Measured average nanoparticle diameter at different laser pulse
repletion rates.

hardly any nanofibrous structures can be seen; instead, nano-
structures in form of nanoparticles are generated. The empir-
ical results indicated that a reduction in laser pulse repetition
rate led to an increase in the density of the nanofibrous struc-
tures as well as in the size of nanoparticles. This can be
attributed to the fact that at laser pulse repetition rates above
the target ablation threshold, an accretion in repetition rates
results in higher evaporation rates. The volumetric concen-
tration of evaporated atoms in the plume strongly influences
the number of primary nucleation sites.*® Increasing the
number of primary nucleation sites causes a reduction in
nanofiber size. However, an increase in the laser fluence
leads to the rise of plume temperature and consequently the
time required for nanoparticle sticky attachment, which later
results in forming larger nanofibers. As a result of finer nano-
fibers the pore size of the nanostructures becomes smaller, as
illustrated in Figure 6.

The experimental results showed that at laser fluences
above the Ti ablation threshold, an increment in laser pulse
dwell time, which increases the number of laser pulses hit
the same spot on the target, led to an increase in ablation
rate. The deposition rate of nanostructures is analogous to
the ablation rate. The results confirmed that the density of
synthesized nanostructures augmented by increasing the
laser pulse dwell time.

Figure 7 shows the predicted evaporation rates for the
ablation of Ti targets at different laser pulse dwell times and
repetitions. Laser processing of a target at laser dwell time of
1 ms and laser repetitions of 12 MHz means that 12 K pulses

1200
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200

0 2 4 6 8 10 12 14

Laser pulse repetition rate (MHz)

FIG. 6. Measured average pore size of synthesized structures at different
laser pulse repletion rates.
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FIG. 7. The number of ablated atoms from a Ti target ablated at different
laser dwell times and laser pulse repetition rates predicted by Eq. (10).

would arrive at the same spot on the target surface. The time
interval between the pulses is 83 ns. Previous studies on the
ablation of Ti in ambient air by laser intensities close to our
experiment parameters suggested that plume expansion time
lasts for more than 300 nm.>>! Therefore, one can expect
the accumulation effect when laser ablating by repetition
rates higher that 2 MHz.

B. Phase analysis of nanostructures

XRD analysis was performed in order to evaluate the
crystal structure of the synthesized nanofibrous layer. Figure
8 shows the XRD patterns of the nanofibrous structure syn-
thesized on Ti substrates. The unprocessed Ti substrate was
entirely composed of alpha-phase titanium («-Ti). The pat-
tern of the nanofibrous structure, however, indicated that it
consisted of tetragonal TiO, (rutile and anatase) and cubic
TiO (hongquiite). The sharp peaks in the patterns can be
attributed to the high crystallinity of the oxide phases. Tita-
nia exists in two main crystallographic forms: anatase (A)
and rutile (R).> The XRD peaks at 20: 25.28° (A101) and
20: 27.4° (R110) are often interpreted as the characteristic

Oxygen atoms
Titanium atoms

O
o
o—e Oxygen-Titanium bond
v Titania nucleation
Laser pulses

Laser pulse
Shock waves Tons, electron,

Plume Expansion

J. Appl. Phys. 113, 023102 (2013)
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FIG. 8. XRD patterns of titania nanofibrous structure synthesized on Ti sub-
strate after laser irradiation.

peaks of anatase and rutile crystal phases, respectively.’>>

The peaks at 20: 43.37° may be associated with TiO. The
mixture of anatase and rutile crystalline phases in the synthe-
sized titania nanostructures may be connected to the changes
in oxygen concentration during the ablation process. Previ-
ous studies have also suggested that there might be a definite
linking between the available oxygen throughout the synthe-
sis process and the growth of crystalline phases.>

Figure 9 depicts the schematic illustration of the synthesis
process of titania nanostructures through the femtosecond
laser ablation of Ti targets. The high temperature plume gen-
erated by laser ablation is very reactive. Thus, the presence of
trace amounts of reactive gases, such as oxygen in case of am-
bient air, can lead to chemical reactions. The evaporated Ti
atoms react with the surrounding oxygen in the front boundary
of the expanding plume, and consequently, Ti-O molecular
monomers are constituted. As the oxidation of Ti to generate
TiO, is highly exothermic with the enthalpy of formation of
—944.74 kJ /mol, TiO, molecular would be formed prefera-
bly. The generated molecules, later, collide as a result of

FIG. 9. Schematic illustration of the synthesis pro-
cess of titania nanofibrous structure using femtosec-
ond laser ablation of a Ti target.

Nanoparticle
Aggregation

3-D freestanding
nanofibers

N
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thermal motion. The generated TiO, vapor flows to the outer
wall of the plume where temperature is lower, allowing TiO,
supersaturation which consequently results in nucleation.
Once the temperature falls to the range below the boiling or
sublimation point, nanostructures start to form.

VIl. CONCLUSION

This study described the formation mechanism of inter-
woven 3-D nanofibrous structures during femtosecond laser
ablation of Ti targets in ambient air. The ablation mechanism
of Ti targets by successive pulses using femtosecond laser
processing at background air was first demonstrated in ana-
lytical form. Later, the formation mechanism of web-like 3-
D nanofibrous structures through laser ablation of Ti targets
at background air was investigated. The formation of nanofi-
brous structures was demonstrated by applying an existing
simplified kinetic model to Ti targets and ambient condi-
tions. It was shown that the collisions between the ambient
gas atoms and the target surface markedly reduced the life-
time of non-equilibrium surface state, which allowed thermal
evaporation to proceed before the surface temperature
dropped down. The formulas for evaporation rates and the
number of ablated particles for the ablation by a single pulse
and multiple pulses as a function of laser parameters, back-
ground gas, and material properties were predicted and com-
pared to experimental results. The calculated dependence of
the evaporation rate (deposition rate) on the pulse repetition
rate and laser pulse dwell time was in accordance with the
experimental data. The results pointed out that femtosecond
laser ablation of Ti targets at air background resulted in the
formation of crystalline titania nanostructures. The formation
of crystalline titania nanostructures is led by thermal mecha-
nism of nucleation and growth. The results also showed that
laser pulse repetition rates could govern the density, size,
and pore size of engineered nanofibrous structures. The pre-
dicted theory can be employed for predicting ablation mech-
anism and nanofiber formation of different materials.
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