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Abstract Silicon nanoparticles were generated by
femtosecond laser [387 nm, 180 fs, 1 kHz, pulse
energy = 3.5 WJ (fluence = 0.8 J/cm?)] ablation of
silicon in deionized water. Nanoparticles with dia-
meters from ~5 up to ~200 nm were observed to be
formed in the colloidal solution. Their size distribu-
tion follows log-normal function with statistical
median diameter of =20 nm. Longer ablation time
leads to a narrowing of the nanoparticle size distri-
bution due to the interaction of the ablating laser
beam with the produced nanoparticles. Raman spec-
troscopy measurements confirm that the nanoparticles
exhibit phonon quantum confinement effects and
indicate that under the present conditions of ablation
they are partially amorphous.
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Introduction

Silicon nanoparticles are important nanomaterials
both for applications in optoelectronics (Walters et al.
2005; Pavesi et al. 2000) but also as model systems
for the study of fundamental quantum confinement
effects (Mishra and Jain 2002; Richter et al. 1981;
Campbell and Fauchet 1986; Meier et al. 2006,
2007). In particular Si/SiO, particles with diameters
of 100 or 20 nm were found to increase the conduc-
tivity of the conjugated polymer poly(p-phenylene
vinylene) (PPV) and produce a large blue shift in its
absorption and luminescence spectra (Yang et al.
2005, 2007) while ultrasmall particles with diameters
in the range 1-3 nm are used as red-green—blue
(RGB) emitters in optoelectronic devices (Wang et al.
2008; Andsager et al. 1993). Thus, a number of
methods have been developed for their production.
Among them are silicon ion implantation into SiO,
followed by annealing (Min et al. 1996; Linros et al.
1999), sputter deposition (Soni et al. 1999), rf plasma
dissociation of argon-silane (SiH,) gas mixture
(Mangolini et al. 2005; Takagi et al. 1990), electro-
chemical etching of crystalline silicon in a mixture of
HF, H,0, and methanol (Wang et al. 2008; Andsager
et al. 1993) and CO; laser pyrolysis of silane (Ledoux
et al. 2000). Silicon nanoparticles have also been
produced by laser ablation usually using long pulse
(5-15 ns), low frequency (1-10 Hz) laser sources in
the UV or green (193, 266 or 532 nm) (Hirasawa
et al. 2004), in either controlled gas atmospheres
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(Hirasawa et al. 2004; Makino et al. 2005; Patrone
et al. 2000; Muramoto et al. 1999) or liquid
environments (Umezu et al. 2007). Recently, silicon
nanoparticles have also been produced using a short
pulse (picosecond) laser source (Wu et al. 2005).
This article involves the generation of silicon
nanoparticles using an ultrashort pulse (femtosecond)
laser source in a liquid environment. The produced
nanoparticles colloidal solution was characterized by
UV-spectrophotometry and the nanoparticles by
transmission electron microscopy (TEM), atomic
force microscopy (AFM) and Raman spectroscopy.

Experimental details

In this work, a Ti:Sapphire femtosecond laser (Clark-
MXR 2010) [wavelength (1) = 387.5 nm produced
by frequency doubling of the 775 nm main laser
beam using a BBO crystal, pulse width = 180 fs,
frequency = 1 kHz] based on the chirped pulse
amplification (CPA) technique (Strickland and Mou-
rou 1985) was used for ablation of the target material.
A schematic diagram of the experimental setup is
shown in Fig. 1. The target material in the form of a
square with dimensions of ~9.5 x 9.5 mm, thick-
ness ~250 um was positioned inside a cuvette (inner
dimensions 10 x 10 x 35 mm) (Suprasil 300 quartz)
and held firmly in place with a flexible thin teflon ring
which was placed at the bottom of the cuvette, acting
as a “spring” and pushing the sample onto its vertical
wall. The cuvette was filled with liquid and sealed. It
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Fig. 1 Schematic diagram (fop view) of the experimental
setup used for the generation of silicon nanoparticles by laser
ablation of the target material in a liquid environment
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was then placed onto an Aerotech moving stage
which could be moved in the x, y and z directions
with accuracy of +0.5 pm. The laser beam was
focused onto the target material surface using a lens
(focal length 5 cm). Laser ablation was carried out by
scanning the sample (and thus the beam on its
surface) with speed of 1 mm/s in a rectangular
pattern with dimensions of 9 x 2.4 mm and pitch of
0.005 mm (meander fashion scanning). No bubbles
were observed to adhere onto the sample surface
during ablation which would have otherwise shielded
or scattered the laser radiation. The laser fluence was
kept low at 0.8 J/cm? (laser pulse energy 3.5 pJ).
Deionized water (DIW) was used as the liquid. The
sample was cut-out from an undoped (001) silicon
wafer with resistivity >8,000 Ohms cm. Ablation
was carried out for ~70 min and formation of
nanoparticles in the solution could be confirmed by
the slight change of the colour of the solvent during
ablation. The total mass of the material ablated and
transferred into the solvent as nanoparticles was
estimated to be ~ 15 pg. All measurements were
performed 1 day after preparation of the colloidal
solution. TEM imaging of the nanoparticles was
performed by drying out solution droplets onto
carbon coated copper grids and using a high resolu-
tion JEOL JEM-3010 instrument. AFM imaging of
the nanoparticles was performed by drying out
droplets of the colloidal solution onto a clean
hydrophilic silicon substrates, using a Veeco CP-II
instrument in non-contact mode with Si cantilevers
with a given radius of curvature <10 nm (Tap300).
Raman spectra were measured from the nanoparticles
colloidal solution using a Jobin Yvon HR800 system
(pumping beam at 4 = 514.48 nm) with a CCD
detector. The colloidal solution was also character-
ized by UV-vis spectrophotometry.

Results and discussion

The mechanism of formation of silicon nanoparticles
by laser ablation of the target material in vacuum or
controlled gas atmospheres using femtosecond laser
pulses have been well studied in the literature both
experimentally and theoretically (Perez and Lewis
2002; Cavalleri et al. 1999; Zhigilei 2003; Glover
et al. 2003, 2004; Amoruso et al. 2005). According to
a model which has been recently developed, it is
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believed that the mechanism of formation of nano-
particles in the case of femtosecond laser ablation of
a solid target is different than in the case of
nanosecond laser ablation. This model predicts that
the rapid transfer of energy from the carriers to the
lattice due to the ultrashort pulse (isochoric lattice
heating) has as a result that the material undergoes
ultrafast non-thermal heating becoming a super-
heated fluid (Perez and Lewis 2002; Cavalleri et al.
1999). The building up of extreme thermoelastic
pressure leads to material ejection directly in the form
of nanoparticles (fragmentation model) (Zhigilei
2003; Glover et al. 2003, 2004). However, there are
observations of nanoparticles with elemental com-
positions which deviated from the stoichiometry of
the target material (formed together with the ones
which they retained it) in thin films grown by
femtosecond pulsed laser deposition of multi-ele-
ment targets (alloys) (Perriere et al. 2007; Million
et al. 2003). Besides, nanoparticles are observed with
fundamentally different emission properties, formed
during femtosecond laser ablation of single element
targets, as compared to the droplets directly emitted
from the target during nanosecond laser ablation
(Albert et al. 2003). These lead to the conclusion that
the mechanism of nanoparticle formation even in the
case of femtosecond laser ablation might be similar
to the case of nanosecond laser ablation. In the latter
case, the nanoparticles are thought to be formed out
by condensation in the vapour phase due to the
adiabatic cooling of the expanding plasma plume.
However, lately by combined molecular dynamics
and direct simulation Monte Carlo (MD-DSMC)
calculations (Itina et al. 2007) as well as from
experiments on metallic targets (Noel et al. 2007), it
was concluded that both mechanisms play an
important role in the formation of nanoclusters/
nanoparticles during femtosecond laser ablation: the
small particles (<7 nm) are directly ejected from the
target while the larger particles are formed by
collision-affected condensation and evaporation in
the ablated plume flow. In our experiments, during
laser ablation of the target materials a bright white
colour “spot” could clearly seen to be formed over
the point of incidence of the laser beam onto the
material surface. This spot corresponds to plasma
plume of ablated species from the material because
of the laser beam-—material interaction. The

femtosecond pulse energy of 3.5 pJ which we use
causes ablation of the material via sublimation. On
the other hand, picosecond and especially nanosec-
ond pulses will cause ablation of the material via
vaporization and melting resulting in the formation
of micron size particles (“liquid droplets”) which
contribute to an overall broadening of the particle
size distribution. By taking into account a
9 x 2.4 mm ablated area, scanning speed of 1 mm/s
(pitch 0.005 mm) and a measured ablation depth of
~100 nm the surface enthalpy per pulse of the
material during ablation is estimated equal to
~1 x 10” J/kg which is by two orders of magnitude
larger than the sublimation (and therefore vaporiza-
tion) enthalpy of 1.6 x 107 J/kg for silicon (Glushko
et al. 1990). Since the target material is immersed in
the liquid, the liquid which is in contact with the
material at the point of incidence of the laser beam
onto the material surface is heated at the same very
high temperature as the material surface. This results
in the creation of vapours of the liquid. The loss of
energy of the expanding plasma plume for the
vaporization of the surrounding liquid and the
additional pressure to the plume from the vapour
of the liquid have as a result a decrease of the
maximum expansion volume of the plume in a liquid
environment as compared to air or vacuum expan-
sion. This results in a higher nucleation rate resulting
in the formation of a distribution of nanoparticles
with a lower average diameter than in the case of air
or vacuum expansion.

Figure 2 shows the optical absorption edge from
the colloidal solution in the low energies region
around the band gap of bulk Si. (xw)"? is plotted
versus hiw (where o is the measured absorption
coefficient). Silicon nanoparticles generated so far by
laser ablation (using long pulse lasers) or with other
methods were confirmed to be indirect band gap
semiconductors (Meier et al. 2007; Makino et al.
2005; Umezu et al. 2007). Thus, assuming that the
nanoparticles generated here by femtosecond laser
ablation are also indirect band gap semiconductors,
from the plot of Fig. 2 we can calculate their band
gap energy (E,) according to the relation:

a(how) < o~ (o — E,)? (1)

which is valid for indirect band gap semiconductors.
Linear fitting yields E, = 1.2 eV which corresponds
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Fig. 2 Optical absorption edge from the nanoparticles colloi-
dal solution in the low energies region

to a blue shift of 0.08 eV from the band gap of
Ey = 1.12 eV of bulk Si due to the effect of quantum
confinement. From photoluminescence results and
calculations using the linear combination of atomic
orbitals (LCAO) technique, it was found that the band
gap of Si nanoparticles as a function of the diameter d
is described by the relation:

3.73

(Delerue et al. 1993; Meier et al. 2007; Ledoux et al.
2000). Note that the effective mass theory would
have resulted in a d~2 dependence, instead. From this
relation, the above blue shift implies nanoparticles
with diameter of d ~ 15.8 nm.

Detailed information about the size distribution of
the nanoparticles in the produced colloidal solution
was obtained by TEM and AFM images (typical
images are shown in Fig. 3). The histogram of
particle size distribution (shown in Fig. 4a by count-
ing approximately 350 particles in images of particles
ensembles obtained on different areas on the grid) is
described quite well by a log-normal function with
median diameter of dy &~ 20 nm and geometrical
standard deviation ¢ =~ 0.81. Under the present
conditions of laser ablation, a rather wide nanopar-
ticle size distribution is obtained including particles
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with diameters from ~5 up to ~200 nm. The larger
median diameter (of d ~ 20 nm) which is deduced
from the TEM images as compared to the diameter
(d ~ 15.8 nm) estimated from the spectrophotome-
try data of Fig. 2, might be due to the fact that very
small particles are not easily distinguished in the
TEM images because they do not appear with high
enough contrast and thus they are not included in the
statistical distribution. This results in an overestima-
tion of the average nanoparticle diameter from
histograms calculated from TEM images.

During production of nanoparticles by laser
ablation of target materials in liquid environments
the newly produced nanoparticles lie unavoidably
in the path of the ablating laser beam and thus
there might interact with the laser beam. At the
present case of femtosecond (ultrashort) pulse laser
ablation this interaction is via “interpulse” absorp-
tion, i.e. absorption from particles of laser pulses
subsequent to the ones by which the particles were
created (Tsuji et al. 2002). Note that in the case of
picosecond or longer pulse ablation the interaction
of the produced particles with the laser beam is via
“intrapulse” absorption, i.e. absorption from parti-
cles of part of the same laser pulse from which the
particles were created. These interactions in turn
offer the possibility of tuning the width of the
nanoparticle size distribution, which are produced
by laser ablation. This effect is demonstrated here
by the histogram of Fig. 4b which corresponds to a
nanoparticle size distribution in a colloidal solution
which was produced by ablating the target material
for a time duration of ~45 min (smaller than the
ablation time duration which produced the distri-
bution corresponding to Fig. 4a). Because of the d°
dependence of the absorption cross section on
particle size, in a given colloidal solution the larger
nanoparticles absorb the laser beam stronger than
the smaller ones and this results in a larger ablation
rate of the larger particles as compared to the
ablation rate of the smaller ones. This in turn
results in a shift of the nanoparticle size distribu-
tion towards smaller diameters (Prochazka et al.
1997).

The vibrational properties of the silicon nanopar-
ticles produced by femtosecond laser ablation were
investigated by measuring their Raman spectra. The
transverse optical (TO) phonon line which from bulk
silicon appears at 522 cm™' (FWHM ~ 4 cm™")
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Fig. 3 a, b Typical TEM and ¢ AFM images of the nanoparticles. The image in (d) is the phase image corresponding to the

topography image in (c)

(green line in Fig. 5), from the nanoparticles appears
at 520 cm™ ' and with FWHM &~ 7.5 cm™! (circle
points in Fig. 5). This shift to lower wave numbers
and broadening of the TO phonon line from the
nanoparticles is due to the phonon quantum con-
finement effect (Richter et al. 1981; Campbell and
Fauchet 1986). The origin of this effect lies to the
fact that the break up of a long range order for the
system of the nanoparticles results in a “softening”
of the strict Ag = 0 selection rule which applies to
the case of a bulk crystal. The increase in the
phonon localization because of their confinement in
the nanoparticles results in a decrease of their

momentum determination (according to the uncer-
tainty principle). Thus in that case, transitions from
a broader interval around the centre of the Brillouin
zone are also allowed. The Raman band is in fact a
reflection of the optical phonon dispersion in g-
space. In addition, a broad band appears at
~490 cm™! and this band is a characteristic of an
amorphous phase of silicon (Bermejo and Cardona
1979). This indicates that the produced silicon
nanoparticles are partially amorphous (Hirasawa
et al. 2004). The TO phonon Raman line intensity
from silicon nanocrystallites is described mathemat-
ically by the relation:
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(Richter et al. 1981; Campbell and Fauchet 1986)
where d is the nanoparticle diameter, a = 5.34 Ais
the lattice constant of bulk silicon and I = 4 cm ™' is
the linewidth of the TO phonon in bulk silicon. The
dispersion w(g) of the TO phonon is given by the
relation:

1
- exp(—q*d*/4a*) 3
(o) = 0/ @ d’q

a)z(q) = A + Bcos(ng/2) 4)

where A =1.714 x 10°cm™? and B = 1.000 x
10° cm™? (Kanemitsu et al. 1993). The red line in
Fig. 5 corresponds to fitting the above relation to the

— bulk material
O nanoparticles
=< theory, Egs. [3,4]

0.8 -

intensity (arb. units)

500
Raman shift (cm'1)

520

Fig. 5 Raman spectra from bulk silicon as well as from the
nanoparticles and theoretical curve calculated numerically
using Egs. 3 and 4
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experimentally measured circle points, assuming
nanoparticles with diameter d = 15 nm.

Conclusions

Silicon nanoparticles were produced by femtosecond
laser ablation [387 nm, 180 fs, 1 kHz, pulse ener-
gy = 3.5 W (fluence = 0.8 J/cm?)] in DIW. The
ultrashort pulses cause ablation of the material via
sublimation and the interaction of the produced
nanoparticles with the ablating laser beam is via
“interpulse” absorption only. This interaction leads
to a narrowing of the particle size distribution. The
produced nanoparticles under the present conditions
of ablation have sizes from ~5 up to ~200 nm with
a statistical median diameter of =~20 nm. The
possibility of tuning the width of the nanoparticle
size distribution by changing the ablation time
duration is demonstrated. The produced nanoparticles
exhibit phonon quantum confinement effects and
consistency with the optical absorption measurements
is found.
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