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Abstract

An analysis is carried out to investigate the influence of pulse frequencies and pulse-widths
on the size of nanoparticle aggregates generated by femtosecond laser ablation of bulk
silicon. The experiment was carried out at ambient atmosphere at room temperature. The
width of Silicon nanoparticle aggregates created by elements were analyzed according to
individual nanoparticle sizes and their nanoparticle structure. Most historigical experimental
work have been done below 1 kHz pulse frequency, in low frequencies such as 1-100Hz.
Research work on the sizes of nanoparticles that make up 3-D nanoparticle fractal aggregates
have been rarely done since most researchers collected individual samples of nanoparticles
by laser ablation at low pulse frequencies. In our work we analyze the nanoparticle sizes at
high pulse frequencies (1 MHz — 13 MHz).
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1. Introduction

Femtosecond laser ablation is the explosive removal of material excited to extreme
temperatures and pressures by absorbing high intensity laser pulses of sub-picosecond
duration. The femtosecond laser ablation of Silicon in air ambient has been investigated
extensively by many research groups (S.Eliezer et al 2004 ; R.Hergenroeder et al. 2006).
Hydrodynamic theoretical models suggest that the nanoparticles form by a mechanical
fragmentation of a highly pressurized fluid undergoing rapid quenching during expansion in
the vacuum (R.Hergenroeder et al. 2006).

The ablated material acts as a superheated fluid as the laser energy increases. As the laser
energy is further increased, the system relaxation path falls well above the critical point, thus
leading to ablation outside the vapor-liquid metastable region. Nucleation cannot be
accounted for as the main ablation mechanism in this process and given the large number of
clusters present in the plume, vaporization must also be excluded. Therefore femtosecond
laser ablation is not caused by a photothermal process but may have, in this case, a
mechanical origin as well. Fragmentation results from the conversion of the internal stress
stored in the expanding target into surface energy: when the elastic energy stored in a region
of the target is equal to the surface energy, the excess elastic energy is converted into surface
energy and fragments are created. Experimental studies of evolution of the ablation of silicon
supported this theoretical prediction and showed that the ablated material is composed almost



entirely of ejected liquid silicon with very little vapor (B. R. Tull et al. 2006). In addition, it
was found that the nanoparticles form within 50 ps by a non-equilibrium, nonthermal phase
transformation rather than by a thermal nucleation and growth process (T.E.Glover et al,
2004).

Figure [1] Ablated material evolving at different stages

Some researchers (Tull and Mazur et al. 2006) indicated that the presence of the background
gas (air in our case), irradiation fundamentally changes the mechanism for nanoparticle
formation. Two phases have been observed in the collected plume material: spherical
particles of crystalline silicon ranging in diameter from 50nm to 300 nm and a highly porous
network of amorphous silicon with feature sizes ranging from 1 to 10 nm. They found that
the crystalline nanoparticles are formed by thermal nucleation and growth; the crystalline
phase forms from small droplets of liquid that are subjected to a high cooling rate
(S.I.Animisov et al. 2002).

Figure [2] Laser ablation of a Silicon target

Figure [3] nanoparticles bonding to form aggregates

2. Experimental methodology

Many methods of generating nanoparticles and nanomaterials have been developed. Pulsed
Laser Ablation (PLA), whereby a material is evaporated by an intense laser pulse in the
femtosecond regime, is the preferred method that we used. It is a well-known technique for
thin film deposition as well as for the preparation of nanoparticles and nanomaterials
(W.Marine et al. 2000).

We used a femtosecond laser capable of producing variable pulse widths and pulse
frequencies. The laser source is an all-diode-pumped, direct-diode pumped Yb-doped fiber
oscillator/amplifier system capable of producing variable pulse energies up to 10 mJ at a
pulse frequency between 200 kHz and 25 MHz. Average power varies between 0-20W.
Arrays of microvias were drilled into a graphite target and a blank silicon wafer with laser
beam at various pulse frequencies. The samples were then characterized using scanning
electrical microscopy (SEM).

Figure [4] Nanoparticles condensed as separate particles

3. Ablation of Silicon

As illustrated in Figure [1],the following four regimes occur in succession before the creation
of clusters and nanoparticle aggregates

(1) Optical excitation of the target by the high energy laser photons by the femtosecond laser.
(2) Lattice modifications and vibrations causing superheated emission of plasma and vapor
(K.E.Lehtinen et al. 2002).

(3) Supercooling that starts the nucleation process during gas to liquid phase transition.
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(4) Material removal, ejection and creation of nanoparticles and nanoparticle aggregates.

At the later stages of the formation of two fronts nanoparticle and atomic constituents of the
plume is depicted by a schematic drawing in Figure [2]. To understand the formation of
fractal nanoparticle aggregates, it is important to understand how the plume evolves with
time after the laser ablation from the target. Characterizing experimental results with an
SEM, we observed that individual nanoparticles are bonded with each other to form
nanoparticle aggregates, as shown in Figure[3].

Figure [5] Effect of increasing repetition rate on Si.

We found out that during the nanoparticle condensation phase, nanoparticles can condense in
different forms. If the pulse frequency is high enough they would condense as 3D-fractal
nanoparticle aggregates and keep building layers upward as each consecutive laser pulses
occur.

For lower pulse frequencies the nanoparticles would condense as spherical particles in Figure
(T.E.Glover et al, 2004). Therefore pulse frequency has a significant effect in creating fractal
nanoparticle aggregates and keeping them continually forming. For high pulse frequencies,
ablation from consecutive pulses happen before the material on the surface of the target cools
down (K.E.Lehtinen et al. 2002). Therefore the material that is ejected by a new pulse can
have its ablated material condense (or bond) with the ablated material from the previous
pulse which is still at a very high temperature. This is a possible explanation for how the
nanoparticle structures are built dense three dimensionally.

Several studies on the mechanisms of laser absorption and material excitation, as well as its
removal and expansion, have been done (R.Hergenroeder et al. 2006 ; S.l.Anisimov et al.
Russian Academy of Sciences, 2002). The detailed course of the very complex phenomenon
occurring during the interaction depends strongly on the parameters of the laser pulse and the
target material. Although femtosecond laser ablation differs from picosecond and nanosecond
laser ablation, the fundamental processes that occur can be described as following.

As illustrated in figure [1], during the laser ablation the material inside the plume evolves
through several physical states before condensation. In the first step the laser light is
absorbed by free electrons due to inverse Bremsstrahlung process in the semiconductor at the
top layer. This is followed by a fast energy transfer to the lattice owing to electron-phonon
coupling. After the energy transfer, a high temperature is reached in the lattice. The
interaction of intense ultrashort light pulses with the target leads to a phase transformation
(melting of surface, evaporation and plasma formation). At first the very high heating rates
cause a rapid melting and the transition to an overcritical fluid. An overcritical fluid occurs
when the material is in a non-equilibrium state of high pressure and high temperature. The
rapidly increasing vapor pressure near the surface creates a large driving force for vapor
expansion. The high temperature and the density lead to pressures far exceeding the
background gas pressure (of the order of 10-100 atm). The unusually high fluid pressure
causes the plume front to expand very rapidly with time in a highly forward-directed pattern.



At early times, the plume front is spherical in nature, but as time evolves the plume front
becomes sharpened Figure [2]. Along with sharpening, the expanding plume front splits into
a fast and slow moving cloud indicating plume splitting (J.Schoul et al. 2007; T.Takiya et al.
2007).

4. Variation of nanoparticle sizes with pulse frequency and pulse width

Crystal nucleation has been studied extensively by many researchers, yet the rate of crystal
nucleation (T.Y.Choi et al, 2002) and the distribution of sizes are exceedingly difficult to
predict. According to semi-classical nucleation theory, the total free energy cost to form a
spherical radial distribution

of nanoparticles is given by [Ref 5, Anisimov et al. 2002]. The initial radii wy of the
nanoparticles after condensation following the vacuum expansion is given by the equation [a]
derived using [Ref. 2, Hergenroeder].

(Density) x (Molume of a cluster) = (Number of clusters) x (Mass of a single cluster)
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Here g(t) is the number of particles in a cluster given as a function of time. The numerical
values for g(t) has been used from 4 to 180 (S.I.Animisov et al. 2002). Using equation [a] the
individual thicknesses of nanoparticles can be calculated and compared with experimental
results as in Figure [5]. Equation[a] gives average fragment sizes of =~ 22-65 nm for the
typical lattice temperature attained during femtosecond laser irradiation. We were able to
prove that the theoretical sizes predicted by equation [a], closely agree with the measured
experimental values Figure [6].

Figure [6] Variation of particle width against pulse frequency

It can be seen from the graph in Figure [5] that at higher pulse frequencies the theoretical and
the experimental curves deviate from each other. A possible explanation for this behavior is
the liquid density p (assumed as a constant). In a more realistic model the liquid density is
temperature dependent, which makes it time dependent as well - p(t). In our theoretical
model this property of liquid density has not been taken into account where the time
dependence is more pronounced at higher frequencies than the lower frequencies.

Figure [7] Measuring width : Nanoparticles are connected together to build nanoparticle
aggregates (as beads above). To measure the thickness of the nanoparticle aggregates, the



thickness of several locations are measured and then averaged. We observed the fractal
nanoparticle aggregates from 2MHz until 13 MHz. In our estimates of the average thickness,
we see that the thickness decreases with increasing pulse frequency.

The individual thicknesses of the fractal nanoparticle aggregates are proportional to the size
of the nanoparticles produced. They can be graphed as below Figure [8] by collecting the
SEM image data. Smaller pulse widths transfer higher lattice vibrational frequencies to the
sample and the ablated vapor where nanoparticles are created in the plume front Figure [9].
This results in creation of smaller particles by the laser.

Figure [9] In pictures above we show the effects on our Silicon sample due to the pulse-
width of the laser while keeping a constant pulse frequency of 13MHz.

Figure [8] Variation of particle size with pulse-width

For longer pulse-widths, energy is transferred to the lattice in longer times. Lower energy
would result in lower vibrational frequencies transferred to the lattice and to the ablated
Silicon vapor. This would result in larger elements being created in the plume as their feature
size is inversely proportional to energy absorbed (R.Hergenroeder et al. 2006). This can be
confirmed by applying de Broglie’s law of wave-particle duality to Plank’s law of radiation.
Low pulse-width is associated with higher amount of energy being delivered by the pulses to
the lattice which makes the lattice vibrate at a higher frequency. The size of the ablated
material would be proportional to the lattice vibrational frequency 1/° . The above graph,
which has been drawn with experimental data summarizes these postulates.

Oo(C&Q"@) =92." (Planks Law)
If &M NOAQQ Q < G (i"@ionod Q) @WQ
) l < ) 2

(small particle sizes) _, < _; (large particle sizes)

Conclusion

Very little scientific work has been done on fractal nanoparticles aggregates using MHz
repetition rates. We explored the effects of pulse frequency and pulse width on the size of
nanoparticles that make up the aggregates. Our theoretical results closely predicted the
general size distribution of nanoparticles observed experimentally. We have also looked at
the effects of laser pulse-width on the size of nanoparticles and demonstrated experimentally
that they agree with the fundamentals of interaction between femtosecond lasers and
materials such as Silicon.



References

[1] S. Eliezer, “Synthesis of nanoparticles with femtosecond laser pulses”, PHYSICAL
REVIEW B 69, 144119 (2004)

[2]Roland Hergenrdder, Laser-generated aerosols in laser ablation for inductively coupled
plasma spectrometry" Spectrochimica Acta Part B 61 284-300 (2006)

[3] B. R. Tull, E. Mazur "Formation of silicon nanoparticles and web-like aggregates by
femtosecond laser ablation in a background gas™ Appl. Phys. A, 83, 341-346 (2006)

[4] T. E. Glover, G. D. Ackerman, R. W. Lee, and D. A. Young, "Synthesis of Zirconium
Nanoparticles by Ultrafast Laser Ablation” Appl. Phys. B 78,995 (2004).

[5] S I Anisimov, B S Luk'yanchuk,"Selected problems of laser ablation theory” Physics -
Uspekhi Fizicheskikh Nauk, Russian Academy of Sciences 45(3) 293-324(2002)

[6] W. Marine ,L. Patrone a, B. Luk’yanchuk b, M. Sentis "Strategy of nanocluster and
nanostructure synthesis by conventional pulsed laser ablation"Applied Surface Science 154—
155,345-352(2000).

[7] K.E.J.Lehtinen,M.R.Zachariah,"Energy accumulation in nanoparticle collision and
coalescence processes Aerosol Science 33 357-368 (2002)

[8] S I Anisimov, B S Luk'yanchuk 'Selected problems of laser ablation theory™ Physics —
Uspekhi, 45 (3) 293-324, Russian Academy of Sciences,(2002)

[9] J.Schoul, S. Amoruso, J.Lunney, "PLUME DYNAMICS" Chapter 4, Copyrights reserved
for Springer (2007)

[10] T Takiya, | Umezu, M Yaga, M Han "Nanoparticle formation in the expansion process
of a laser ablated plume, Journal of Physics: Conference Series.59,445-448 (2007)

[11] Tae Y. Choi, David J. Hwang, Costas P. Grigoropoulos, Femtosecond laser induced
ablation of crystalline silicon upon double beam irradiation, Applied Surface Science 197,
198, 720-725, (2002).

[12] R.Hergenrdder, “Laser-generated aerosols in laser ablation for inductively coupled
plasma spectrometry” Spectrochimica Acta Part B 61 284-300 (2006)



Further Condensation
towards amhient temperature L2 3K

s,

Aggregate formation

Condensation and Fractal |

-3
-107% | 10°

Nucleation and the
begining of Condensation

F

_10—?

| Monomer Formation |

s

-10-° | 10*

Plasma ignition
at phase change

Femtosecond Laser
Enudsen Layer
N\;

Temperature (K)

Time (S)

Figure [1] Ablated material evolving at different stages
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Figure [2] Laser ablation of a Silicon target



Figure [3] nanoparticles bonding to form aggregates
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Figure [4] Nanoparticles condensed as separate particles
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Figure [5] Effect of increasing repetition rate on Si.
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Figure [6] Variation of particle width against pulse frequency

12



B, £rm

Figure [7] Measuring width : Nanoparticles are connected together to build nanoparticle
aggregates (as beads above). To measure the thickness of the nanoparticle aggregates, the
thickness of several locations are measured and then averaged. We observed the fractal
nanoparticle aggregates from 2MHz until 13 MHz. In our estimates of the average thickness,
we see that the thickness decreases with increasing pulse frequency.
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Figure [8] In pictures above we show the effects on our Silicon sample due to the pulse-
width of the laser while keeping a constant pulse frequency of 13MHz.
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Pulse-width vs. particle size
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Figure [9] Variation of particle size with pulse-width
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