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This paper describes the properties of silicon nanostructures synthesized by laser ablation. This is an ex-
tremely flexible technique allowing the fabrication of different kinds of nanostructures including porous
films and Si nanocrystals embedded in Si oxide. Quantum confinement effects in nanostructures of indi-
rect bandgap semiconductors have attracted great interest due to their new optical properties. This im-
provement of the efficiency of silicon in emitting light is a first step towards the integration of silicon in
optoelectronics. Many groups are working on developing fabrication methods of Si nanocrystals and on
the optimization of their luminescence properties. In particular, we describe in detail the mechanisms that
govern nucleation and growth of these photoluminescent nanostructures.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

1.1 Photoluminescent silicon nanostructures

In the early 90’s, the first reports that showed that nanostructured silicon exhibits a drastic increase in
luminescence efficiency were greeted with great interest. Many properties of materials (physical, chemi-
cal, optical, magnetic, electronic, etc.) are modified when their size is reduced to below a critical size,
usually less than 100 nanometers [1]. In the case of indirect bandgap semiconductors such as Silicon,
quantum confinement is the main effect that induces important changes in the electronic structure of
these materials, since the charge carriers are essentially ‘confined’ in atomic-like energy potentials rather
than a continuous band structure. This effect can be observed while the nanoparticle size is of the order
of the De Broglie wavelength, which is about 5 nm for silicon. The variation of the nanoparticles’ size
has an impact on the light efficiency and the emission wavelength. Due to the reduction in size, the
bandgap of Si nanostructures increases involving a blue shift in photoluminescence spectra. The changes
in electronic bandgap structure result in an increasing probability of carrier recombination in Si nanopar-
ticles and, therefore, an increasing luminescence efficiency.

Since the discovery of the quantum confinement effect in semiconductor nanocrystals, a great effort
worldwide has been devoted to the development of new techniques for the synthesis of Si nanoparticles
to study and optimize their optical properties. In general, these works can be classified in two principal
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groups according to the type of luminescent zero-dimensional structures, i.e. porous materials and silicon
nanocrystals (Si-nc) embedded in a Si oxide matrix [2].

Both types of luminescent silicon structures were developed simultaneously and the first two reports
on photoluminescence of Si nanostructures appeared in 1990. First, Takagi et al. [3] reported the synthe-
sis of Si nanocrystals embedded in a Si oxide matrix by means of microwave plasma decomposition of
polysilane and hydrogen in a resonant cavity, followed by annealing at 60 °C. The post-deposition treat-
ment was used to tune the size of nanoparticles, depending on the annealing time. Si nanocrystals em-
bedded in silicon oxide were observed to emit light in the red spectral region. A blue shift from 1.4 to
1.6 eV was observed for nanocrystal size decreasing from 5 to 3 nm.

At the same time, Canham [4] described the synthesis of porous silicon structures by anodization of
Si wafers at low current densities in HF-based solutions. The porosity of Si samples was varied between
70 and 80% by tuning the exposure time to the HF solution. These nanostructures were observed to emit
light in the red region, with a blue shift from 1.4 to 1.6 eV and increasing intensity when increasing the
exposure time from 1 to 6 hours.

After the first publications on photoluminescent silicon, many techniques were proposed for the syn-
thesis of Si nanostructures, such as ion implantation [5—10], evaporation [11—13], sputtering [14—16],
laser ablation [17—24], PECVD [25-27], laser-assisted gas-phase pyrolysis [28], anodization [4, 29] etc.
The main challenges related with the synthesis of “interesting” Si nanostructures so far are the non-
uniform size distribution, the low density of nanoparticles, the relatively low photoluminescence effi-
ciency, and the limited control of the size distribution. Moreover, electroluminescence of Si-nc, needed
for their real optoelectronic applications, is limited by the presence of insulating Si oxide matrix in which
nanoclusters are usually embedded. In this Feature Article, we will focus on the use of pulsed laser depo-
sition for the synthesis of photoluminescent silicon nanostructures, highlighting recent work and describ-
ing perspectives for future studies.

1.2 Pulsed laser ablation for synthesis of Si nanostructures

Pulsed laser deposition (PLD), also referred to as laser ablation, is a technique of physical vapor deposi-
tion (PVD) based on the ablation of material from a target due to the laser-matter interaction. It is an
extremely flexible technique for the deposition of thin films with varied structural and optical properties
and controlled stoichiometry, i.e. chemical composition. Since it is not highly scalable, it is used mainly
for basic research rather than industrial applications. Laser ablation is a perfectly appropriate technique
for the deposition of both mentioned types of nanostructured Silicon structures, i.e. porous films and
nanocrystals embedded in an oxide matrix.

The principle of laser ablation is shown in Fig. 1. A pulsed laser is focused on a target, solid or liquid,
placed in a vacuum chamber. The laser energy focused on the target material locally creates a plasma,
the so-called ablation plume. This plasma is directional and expands perpendicularly to the target. The

Laser J\

Focus lens
50cm

Fig. 1 Pulsed laser ablation set-up. The target and sample are
mounted in a vacuum chamber. A laser locally ablates the
target, forming a plasma plume; the ablated material is depos-
ited on the substrate.
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propagating ablated species are then collected on a substrate placed in front and at a given distance from
the target. The deposition can be performed under varied gas pressures, which allows to control the en-
ergy of the species impinging on the substrate, as well as the chemical composition (typically using a
reactive gas).

This short review describes the possibilities offered by laser ablation for the synthesis of luminescent
Si nanostructures, i.e. silicon porous films and Si nanocrystals embedded in a Si oxide matrix. Section 2
gives a description of synthesis of Si porous films by laser ablation in inert gas atmosphere. Photolumi-
nescence and structural properties of such nanomaterials are also discussed. Section 3 is devoted to the
synthesis of Si nanocrystals embedded in a Si oxide matrix by reactive laser ablation. Various aspects,
such as the formation mechanisms of Si nanocrystals as well as their photoluminescence properties are
illustrated. We end with a brief conclusion and a discussion of perspectives for the use of Si nanostruc-
tures in optoelectronic devices.

2 Porous silicon

2.1 Photoluminescence

Laser ablation, or PLD in an inert gas atmosphere (e.g. using helium or argon) has been shown to be
effective for the synthesis of photoluminescent silicon porous films. There is now a fairly extensive lit-
erature on the synthesis of Si nanostructured films [20, 22, 30—38]. Here we focus on two important
contributions on the synthesis of Si porous films, which report extensive investigations on the influence
of different deposition conditions on the photoluminescence properties of Si nanostructures.
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Fig.2 a) size distribution and b) photoluminescence Fig.3 Normalized PL spectra of Si nanoclusters
spectra as a function of laser fluence [30]. obtained at a fluence of 3 J/m’. (a) Pure He gas

(4 Torr) and (b) mixture of He (3.5 Torr) and H,
(0.5 Torr). Spectrum 1 (solid curve) was measured
just after preparation, and spectrum 2 (dashed curve)
after several months of exposure to ambient air [30].
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Patrone et al. described the synthesis of Si nanoclusters by laser ablation under 4 Torr helium pressure
and a laser density (fluence) varying from 1 to 3.9 J/em? [30, 33]. Surface analysis by atomic force mi-
croscopy (AFM) showed that the morphology of the deposited films is nanostructured and demonstrated
that the variation of laser fluence from 1 to 3.9 J/em? results in an increase of the size of nanoclustered
grains at the surface from ~1 to ~3 nm. Figure 2a shows the size distribution of Si nanoclusters as a
function of laser fluence [33, 39]. The films made of nanoparticle grains were found to be luminescent at
3.5,2.0, 1.8 and 1.7 eV for films deposited at 1.0, 1.4, 3.0 and 3.9 J/cm?, respectively (Fig. 2b) [30]. The
authors also studied the influence of sample oxidation during exposure to air. They observed a signifi-
cant blue shift of the photoluminescence spectra after several months of exposure to ambient air (Fig. 3)
[30]. This shift was described in terms of the oxidation and, consequently, the reduction in size of the Si
nanocrystals.

Another important contribution to the synthesis of silicon porous films by laser ablation in inert gases
was reported by Kabashin et al., who described the correlation between photoluminescence properties
and morphology of Si nanostructured films [40]. To synthesize Si porous films, a Si target is ablated
under helium pressure varying between 1 and 8 Torr. Under these conditions, the photoluminescence
peak was observed to undergo a red shift from 2.15 to 1.6 eV with increasing helium pressure (Fig. 4)
[40]. The maximum intensity was observed at 2 Torr of He pressure. For pressures higher than 2 Torr, no
variation in the position of the PL peak was observed.

These studies clearly demonstrated that PLD allows to synthesize silicon nanostructured films, which
exhibit PL in the red and infra-red region and that the position of PL peaks can be controlled by varying
simple experimental parameters, such as the laser fluence on the target and the background gas pressure.

2.2 Structural properties of porous silicon films synthesized by laser ablation

In the work reported by Patrone et al. [33], the PL signal of nanostructured silicon films is interpreted in
terms of the presence of Si nanoclusters because of the quantum confinement. Many experimental and
theoretical studies were performed to demonstrate that laser ablation results in the synthesis of nanoparti-
cles already present in the propagating plasma plume [20, 31, 41—-44]. However, to the best of our
knowledge, to date there are no convincing demonstrations of the mechanisms governing nanoparticle
formation in the plasma plume. Moreover, the phenomenon of coalescence and agglomeration of such
nanoclusters impinging on the substrate favors the formation of porous films, which in turn would ex-
clude the possibility of the presence of individual nanoparticles in films.

In the work of Kabashin et al. [40], the structural properties of Si films as a function of helium pres-
sure were investigated using scanning electron microscopy (SEM). Figure 5 shows the variation of Si
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Fig. 5 SEM images of Si films deposited by PLD under (a) 1 Torr, (b) 2 Torr, (c) 4 Torr and (d) 8 Torr
of helium [40].

film structure from dense to very porous film for helium pressure of 1, 2, 4 and 8 Torr. A quantitative
analysis of film structure was performed by X-ray reflectometry (XRR), so as to measure film porosity.
The critical angle 6., determined by the phenomenon of total external reflection, was used to calculate
the porosity of deposited films. The porosity as a function of helium pressure was found to vary between
10 and 95% for pressures varying from 0.2 to 10 Torr (Fig. 6). The observed correlation between the
position of the PL peak and film porosity is an important contribution for the control of luminescence
properties of nanostructured silicon films synthesized by laser ablation.

Our group contributed to the understanding of the dependence of the structural properties of semi-
conductor films on intrinsic laser ablation parameters [45]. We investigated the influence of the kinetic
energy of the ablated germanium species, in flight toward a substrate through an inert gas atmosphere, on
the characteristics of Ge films deposited on the substrate. Using time and space resolved plasma emis-
sion spectroscopy [46, 47], we correlated the plasma expansion dynamics (kinetic energy of deposition)

100

Porosity (%)

1 Fig. 6 Porosity of the films estimated from XRR
measurements as a function of He pressure [40].
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Fig. 13 Photoluminescence spectra of Si nanocrystals as a
function of nanocrystal size.
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2.6 nm. This behavior is inherent to the quantum confinement effect characterized by an increasing in-
tensity while the nanocrystal size decreases. For sizes inferior to 2.6 nm, the intensity decrease can be
attributed to the low volume density of nanocrystals and/or low absorbance of the sample with composi-
tion close to silicon oxide. The position of the PL spectra maximum shifts from 740 nm (1.67 eV) to
920 nm (1.35 eV) while nanocrystal size is increasing from 1.9 nm to 6.4 nm. The possibility of control-
ling the PL peak position with respect to nanocrystal size is particularly exciting for future optoelectronic
Si-based applications.

In the recent literature, numerous articles described the interpretation of the luminescence spectra of
systems containing Si nanocrystals embedded in a Si oxide matrix. A large number of studies was per-
formed on the influence of size and distribution [56, 57], of temperature [58, 59], of annealing time and
temperature [58, 60] as well as specific parameters of the synthesis methods [61]. An exhaustive review
of the literature on this subject exceeds the scope of this feature article. In this section, we will briefly
mention the possible origins of PL in Si-nc systems. An example of the enhanced PL of hydrogen pas-
sivated samples will also be described.

Although a large number of studies are devoted to the theoretical or experimental studies of the origin
of luminescence in Si-nc containing systems, the physical mechanisms of carrier recombination in such
nanostructures are still not clear. Amongst these models, we note quantum confinement, spatial confine-
ment, interface states, defects etc. In general, the PL spectra of all systems containing Si nanocrystals can
be interpreted in terms of a combination of two or more of these phenomena. Quantum confinement is a
targeted property in silicon nanocrystals, due to the possibility of tuning the emission wavelength in
relation to nanocrystal size. Many models of quantum confinement were proposed, including first prin-
ciples calculations [51, 62—66], DFT calculations [67], etc. All these models predict a blue shift in the
bandgap structure of Si nanostructures while the confinement is increasing, and are in good agreement
with experimental data. The second type of the origin of carrier recombination in Si nanocrystals is spa-
tial confinement [68]. This mechanism decreases the probability of recombination of carriers on non-
radiative sites and is not related to the electronic structure of the materials in this case. The position of
PL spectra is thus not dependent on the size of the nanoparticles involved. Another source of lumines-
cence is due to the presence of interface states between the Si nanocrystals and the surrounding oxide
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' ' ' Fig. 14 Photoluminescence spectra of Si-nc embedded in
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matrix [59, 69, 70]. The position of these spectral contributions is also not dependent on the Si-nc size.
An important mechanism influencing the intensity and the shape of Si-nc embedded in Si oxide refers to
the presence of Si dangling bonds. These bonds are generally present at the nanocrystal/oxide interface
and play the role of non-radiative sites. An efficient way to reduce the influence of dangling bonds and to
increase the PL intensity is the well-known hydrogen passivation method, which consists in sample an-
nealing at 500 °C under partial hydrogen pressure [10, 71—73]. The efficiency of the method depends on
passivation time, temperature and pressure [12, 74].

Figure 14 shows an example of the influence of hydrogen passivation on Si nanocrystals synthesized
by reactive laser ablation. The intensity is observed to increase by a factor of two after annealing for one
hour at 500 °C. This experiment demonstrates the high influence of this parameter on the intensity of PL
spectra.

4 Conclusions and perspectives

We have described how PLD allows to synthesize both porous Si and embedded Si nanoparticles sys-
tems. The latter approach is generally preferred for optoelectronic applications because it allows a better
control of nanocrystal size, size distribution and density. Recently, several promising applications based
on Si nanocrystals embedded in Si oxide have been developed, such as electroluminescence properties
for LED (Light Emitting Diode) [75, 76], erbium doping for devices operating at 1.54 um and light gain
for laser applications [77].

Despite numerous investigations on luminescence properties of Si nanocrystals, only a few groups
have demonstrated electroluminescence arising from Si nanostructures. The difficulties in obtaining the
electroluminescence are due to the carrier injection through the wide band gap oxide (in the case of Si-nc
embedded in Si oxide). Nevertheless, electroluminescence has been obtained for Si nanocrystals synthe-
sized by various techniques such as Si" implantation [78], low-pressure chemical vapor deposition [79],
co-evaporation [80], or PECVD [81]. The origin of electroluminescence is not yet well understood. Al-
though quantum confinement is likely to be the dominant light emission mechanism, there are other
possible origins of light emission, such as oxide’s defects or the monocrystalline silicon substrate [82].
Electroluminescence properties depend on the structural properties of the Si nanocrystals [83]. Generally,
photoluminescence and electroluminescence spectra do not have similar shapes, due to differences in
light emission mechanisms. For instance, Jambois et al. have shown that electroluminescence spectra are
broader and sometimes differ significantly from PL spectra [80]. In their work, the electroluminescence
spectrum is attributed to the quantum confinement in Si nanocrystals, based on the blue spectral shift
with the bias voltage, as well as to defects in the SiO, matrix. To improve the carrier injection in the
silicon oxide matrix, some authors have tried to replace silicon oxide by silicon nitride [84, 85]. Efficient
light sources based on silicon nitride have been demonstrated. Also, an enhancement of light emission
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from Si nanoclusters has been shown using a photonic crystal as top electrode [50]. Electroluminescence
of Si nanostructures synthesized by PLD is reported for Si nanocrystallites synthesized in an inert back-
ground gas (porous silicon) [86]. Many other studies and developments based on PLD may be carried out
to develop electroluminescent applications of Si nanostructures.

Another promising approach to the synthesis of luminescent Si nanocrystals consists in doping with
Erbium. In this case, the presence of Si nanocrystals highly improves the Er luminescence efficiency at
1.54 um [87, 88]. Doped Si nanocrystals are thus interesting for telecommunications applications. For
example, an enhancement of Er*" emission has been recently achieved combining doped Si nanocrystals
and silicon-on-insulator photonic crystal waveguides [89]. Therefore, the synthesis of Er-doped Si
nanocrystals by PLD represents a promising approach for electroluminescence applications.

Although PLD is presently not a viable technique for large scale industrial production, it remains a
very flexible deposition technique, which allows varying a multitude of deposition parameters, yielding
nanostructures with a very large spectrum of properties. Thus, PLD is an excellent tool for fundamental
research and for the development of new materials for industrial applications, including the integration of
Si in optoelectronics. The integration of Si-nc to the current Si-based technology remains a great chal-
lenge for future investigations.
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