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Optical Properties of
Silicon Nanoparticles
Produced by Nd:YAG
Laser Ablation
Silicon nanoparticles films have been fabricated by laser ablation
process using pulsed Nd:YAG laser. Various laser parameters were
examined to produce films of different properties such as the laser
energy, laser fluence, and the target-substrate distance. The
experimental results have been fitted with the theoretical quantum
confinement model to analyze the photoluminescence spectra and
estimate the nanoparticle sizes and their distribution. From the optical
transmission studies, we found that the band gap of the prepared
nanostructured films was in the range (1.5-2.4)eV due to the existence
of various nanoparticle sizes in the deposited film. Furthermore, the
photoluminescence PL spectra indicate that the estimated band gap lies
between (1.6-2.4)eV. While, the corresponding nanoparticle sizes
contributing the PL emission were in the range (22-38)Å.
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1. Introduction
Silicon is an ubiquitous electronic material
and the discovery of strong room temperature
luminescence from porous Si in 1990 raised
hopes it may find a new lease of life in the
emerging field of optoelectronics [1]. Thereby,
silicon nanocrystals have attracted considerable
attention due to their potential applications for
future
nanoelectronic
and
especially
optoelectronic
devices
[2,3].
Visible
photoluminescence from porous silicon at room
temperature triggered a world-wide research
effort mainly aimed at investigating the
possibilities to use silicon for optoelectronic
applications like light emitting diode [4],
modulators and solar cells due to the high surface
area in addition to the fact which is, the
nanostructured surface has a high refractive
index therefore, this layer could be considered as
an antireflection coating of solar cells [4-6].
Moreover, silicon nanostructures could also be
employed in another areas like; biophysics,
silicon based waveguides and nanotechnology
[7,8].
One of the most direct effects of reducing the
size of materials to the nanometer range is the
appearance of quantization effects due to the
confinement of the charge carriers. This will lead
to discrete energy levels depending on the size of
the structure as it is known from the simple
potential well treated in introductory quantum
mechanics [9]. Reducing dimensionality plays a
major role in the behavior of the nanocrystalline
All rights reserved

system. In the case of nanocrystalline silicon,
quantum confinement is dominant in transport
processes and has an important contribution to
the optical phenomena. Size quantization effects
have two important characters. First, a change in
the nature of the material band gap from indirecttoquasi direct. Second, an enlargement of the
band gap, which leads to the efficient of the
radiative recombination should account for an
intense visible luminescence, which could result
in a blue shift by reducing the sizes of the
nanocrystallites [1,10]. The confinement of
carriers on a low-dimensional semiconductor
system is sensitive not only to the physical
dimension but also to the shape of the confined
volume [1]. The semiconductor nanostructure
shows size dependent properties different from
those of a macroscopic semiconductor if one or
more dimensions of the structure are comparable
to wavelength of light or wavelength of electrons
and holes [5].
Silicon nanostructures could be produced by
lasers in various methods such as laser induced
etching [11-16], laser annealing [17-20] and laser
ablation of silicon targets inside a vacuum
chamber [21-25]. Each method could produce a
nanostructure of specific features. Pulse laser
deposition (PLD) by laser ablation has several
advantages including the ability to produce
materials with a complex stoichiometry and a
narrower distribution of particle size, reduce
porosity and control the level of impurities
[8,26]. Despite its versatility and wide
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applicability, many aspects of the detailed
physical process underlying the laser ablation
suffer from lack of information on the structural
properties of semiconductor nanoparticles
deposited by PLD which is directly related to the
principle of this deposition technique [27]. The
major drawbacks of PLD are the occurrence of
micron and nano-sized particles (droplets) in the
deposited films which affects film quality and
limits the applicability of characterization
technique [8,27]. A seemingly esoteric of pulsed
laser deposition has recently emerged as a
potential
methodology
for
growing
nanostructures. It is as many characteristics, such
as its ability to high-energy source particles,
simple and nexpensive experimental setup [5].
This study aims to prepare silicon deposited film
constituting silicon nanoparticles by the laser
ablation process and study effects of various
preparation
parameters
on
the
silicon
nanoparticles sizes.
2. Experimental Setup
A pulsed Nd:YAG laser of 1-2.5J energy was
employed to synthesize a nanostructured films by
laser ablation of silicon target. Silicon
nanoparticles films were deposited on a glass
substrate under various preparation parameters
such as laser energy, laser energy density and
target-substrate distance. The deposition process
was carried out under pressure of 5×10-4torr at
room temperature. The pulsed laser was focused
on a rotating target to minimize a pit formation
using quartz lenses mounted inside the vacuum
chamber. The target mount was fixed at optimum
angle of 45° with the incident laser pulse to
reduce the interaction between the laser and
evaporating material and to ensure that the
optimum ejected particles reach the substrate.
The laser-induced plasma plume expanded
perpendicularly to the target surface and
deposited on a glass substrate.
3. Results and Discussion
3.1 The optical band gap
It is well known that crystalline silicon has an
indirect band gap, but in low dimensional silicon
(silicon nanoparticles), the band gap is almost
transferred to quasi direct [28,29]. Therefore, one
could expect that for large sizes droplet (micronsized particles), there is a probability for an
indirect transition. We have also plotted the
relation between the square absorption
coefficient (-2) with the optical band gap energy
(hv) for films prepared by 40 pulses to estimate
the optical band gap of the indirect transition.

When low laser energy is incident on the target, a
low number of large size silicon nanoparticles
are ablated from the target and the estimated
band gap energy was 1.75eV. Further increase in
the laser energy leads to increase the laser power
density and consequently the number of small
nanoparticles and the corresponding band gap
energy, as shown in Fig. (1).

Fig. (1) The optical band gap to the samples
prepared under different laser energies

This band gap reaches 2.3eV at higher laser
energy as given in Table (1). More probably, the
observed shift in the band-edge can be attributed
to the decreasing in the particle size according to
the quantum confinement effect.
Table (1) Effect of laser energy on the nanoparticles
band gap
Laser energy (J)

Band gap (eV)

0.8
1
1.25
1.5

1.75
2
2.25
2.3

Similarly, we have also plotted the relation
between (-1/2) and the band gap energy (righthand y-axes in Fig. 2) to compare between the
indirect band gap and direct band gap for the
particles in the ablated film prepared by laser
energy of 1.5J. It was found that the estimated
indirect band gap has a smaller value (2.1eV)
compared with that for direct band gap (2.3eV)
and that is reasonable since the indirect band gap
is shifted from the bulk value (1.12eV) to
(2.1eV). In other words, the indirect band gap
should take value closer to the bulk band gap
[30].

A. Effect of laser energy
It was also found that the band gap energy is
extremely affected by the incident laser energy.
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according to the quantum confinement model
[33].
Table (3) The optical band gap at different targetsubstrate distances

Fig. (2) The direct and indirect band gap to the film
prepared at 1.5J

B. Effect of the laser fluence
Table (2) gives values of the energy band gap
of the samples prepared under different laser
fluences. The curves show shifts in the value of
the band gap towards higher energy when
increasing the laser fluence. This attributed to the
decreases in the particle size with increasing
laser fluence. This behavior can be explained by
the quantum confinement model [31]. Increasing
the laser fluence leads to efficient plume
formation, therefore, the amount of vaporizing
materials will increase. These materials are
almost in the range of nanometer size. Moreover
its band gap will be increase according to the
quantum confinement effect. This result is
consistent with Ref. [32].
Table (2) The optical band gap values to the
samples prepared at different laser fluencies
Laser fluence (J/cm2)

Band gap (eV)

5
6
7
8

2
2.08
2.1
2.23

C- Effect of target-substrate distance
The band gap of the nanoparticles, measured
from the optical absorption data at different
target-substrate distances is given in Table (3).
One can clearly see an increase in the band gap
from 1.75eV to 2.3eV when the distance
increases from 0.25cm to 0.5cm. On the other
hand, increasing the target-substrate distance to
0.75cm leads to red shift of the band gap to
2.1eV since smaller-sizes nanoparticles have
lighter weight and affected by the vacuum
pressure inside the vacuum chamber and,
subsequently, could not travel long distances to
reach the substrate. This result is consistent with
our results for the photoluminescence spectra,
where the position of 0.5cm target-substrate
distance produces smaller nanoparticle sizes and
correspondingly larger band gap energy
All rights reserved

Target-substrate distance (mm)

Band gap (eV)

2.5
5
7.5

1.75
2.3
2.1

3.2 The Photoluminescence (PL)
The quantum confinement model has been
widely used by Suemoto et al. [34] and modified
by Yorikawa et al. [35] to study the
nanocrystallite size distributions in porous
silicon from its photoluminescence spectra.
According to the QC model, the emission
wavelength and intensity depend on the
nanocrystal diameter, size distribution and
concentration. This model can explain the
general tendency of most of the experimental
results such as the blue-shift of the luminescence
spectrum with a decrease of the silicon
nanocrystallite (Si-nc) size. It is based on the fact
that each nanoparticle in a porous silicon
specimen contributes a characteristic sharp
photoluminescence spectrum, where the total
photoluminescence intensity S(E) from an
assembly of particles including size distribution
is given by:
1 RE
(1)
S ( E ) = c. ( Eextc. E ).D ( RE ). .
n E E go
where E is the gap energy of bulk silicon, c is a
constant including an intensity of the light source
of excitation energy (Eexc.), -(Eexc.-E) is the
absorption coefficient as a function of energy,
D(RE) is the size distribution function, n is the
confinement parameter and R represents the
crystallite radius
Photoluminescence (PL) spectra of silicon
nanoparticle films prepared by ablating the
silicon target with different laser fluence were
studied with excitation laser source of 514nm
(2.41eV) in order to ensure that widest range of
particles
sizes
was
excited.
The
photoluminescence spectra obtained from the
experimental data have been fitted to spectra
calculated by the quantum confinement model of
electrons within dot particle structure as shown
in Fig. (3).
The theoretical calculations are shown as
continuous curves. As the laser fluence is
increased from 4J/cm2 to 7J/cm2, the mean
particles size decreases. For the sample prepared
with 4J/cm2, it was found that the
FWHM=60meV with a standard deviation of
7=0.5Å, and the mean size of crystallites is
L]=38Å positioned at 1.6eV. For the sample
prepared at 5J/cm2, the photoluminescence peak
intensity increases and shifted toward larger
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energy which is about 1.7eV, while the FWHM
was about 80meV, Fig. (3b). As the laser fluence
is further increased to 6J/cm2, the PL peak
intensity is decreases as compared with the
previous case and the FWHM is about 120meV,
while the photoluminescence peak position is
increased to 2.02eV and the crystallite size is
L]=26Å. The samples were produced at 7J/cm2
laser fluence witness smaller particles size of
about L]=22Å and its FWHM is 130meV. One
can clearly see that the crystallite size shifts
towards smaller particles sizes with increasing
laser fluence, because high laser fluence can
supply more kinetic energy to the materials
ejected during the deposition process.

Fig. (3) PL spectra to the samples prepared at
different laser fluences. The calculated results are
represented in solid lines, while the experimental
data are fitted in doted line

Also, it can be suggested that, when the laser
fluence increased, the atoms mobility increases
and this provides an appropriate condition for
creating of smaller and denser silicon
nanoparticle films. It should also be mentioned
here that the photoluminescence intensity
becomes higher for high laser fluence and that is
due to the high number of small nanoparticles
contributing the emission.
4. Conclusions
Optical properties of silicon nanostructure
films have been investigated as a function of
laser energy, target-substrate distance and laser
energy density, in order to realize the effect of
these experimental conditions on the optical
properties of the produced Si films. It was found
that the nanostructured films have interesting and
unique optical properties. Due to the nanoparticle
size distribution in the deposited films, the
average value of the band gap is affected by
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different preparation conditions. From the optical
transmission spectra of the deposited films, it is
found that the band gap increases with increasing
the laser energy and the laser fluence according
to the quantum confinement effect. Laser
ablation of silicon offers an excellent technique
to produce silicon nanoparticles due to the
following features: good size control, efficient
luminescence through quantum dot structure and
selective absorption properties.
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