
APPLIED PHYSICS LETTERS 88, 073105 �2006�
Photoluminescent silicon nanocrystals synthesized by reactive laser
ablation
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We report the synthesis of Si nanocrystals embedded in a SiO2 matrix using reactive laser ablation
in oxygen atmosphere followed by annealing. We observe a strong photoluminescence signal, which
is related to the oxygen background pressure used for synthesis. The average nanoparticle size,
obtained independently by fitting photoluminescence spectra and from x-ray diffraction patterns,
decreases from 16 to 2 nm with increasing oxygen pressure from 0.01 to 1.1 mTorr. The maximum
photoluminescence intensity is observed at 0.8 mTorr, which corresponds to a crystal size of
2.2±0.4 nm. We find that the concentration of nonoxidized Si, which is controlled by the oxygen
pressure, determines the final nanocrystal size. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2174096�
Light emission due to quantum confinement in semicon-
ductor nanostructures1,2 is a remarkable phenomenon in fun-
damental physics that has recently attracted great interest due
to its potential applications in Si-based optoelectronic
devices.3–6 Different types of Si nanostructures have been
synthesized by various methods, including ion implantation,
laser ablation, sputtering, etc.7–10 The main difficulties re-
lated with the synthesis of interesting Si nanostructures so far
are the nonuniform size distribution, the low density of nano-
particles, the low photoluminescent efficiency, and the lim-
ited size control.

Pulsed laser deposition �PLD� is a versatile technique for
the growth of thin films and nanostructured materials. The
variation of deposition kinetic energy yields significant
changes in film properties.11 For example, it has been dem-
onstrated that PLD of semiconductors in an inert gas atmo-
sphere allows the synthesis of photoluminescent nanopar-
ticles with controlled size.7,12,13

Laser ablation in a reactive gas atmosphere �also called
reactive PLD� is a powerful method to control the stoechi-
ometry of deposited films. The optical properties of SiO2 thin
films deposited under oxygen pressure have recently been
investigated for optoelectronic applications such as
waveguides.14,15 The formation of P- and Er-doped Si nano-
particles by PLD has also been explored.16,17 However, the
influence of the oxygen background pressure on the forma-
tion of Si nanocrystals remains so far unexplored.

In this letter, we report the synthesis of Si nanocrystals
embedded in a SiO2 matrix using reactive laser ablation in an
oxygen background atmosphere. SiOx films �0�x�2� were
deposited on Si substrates covered with native oxide by con-
ventional PLD under low oxygen pressure
�0.01–1.5 mTorr�. A Si rotating target �undoped Si wafer�
was ablated by using a pulsed excimer KrF laser ��
=248 nm� with a pulse duration of 17 ns and a repetition rate
of 20 Hz. The laser fluence was set at 5 J /cm2 and the
substrate-target distance maintained at 40 mm. The thickness
of the deposited films was �200 nm, as measured by imag-
ing the sample section by scanning electron microscopy. Af-
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ter deposition in the oxygen atmosphere, the SiOx films were
annealed for 1 h at 1050 °C in an inert gas atmosphere �N2�.
The structural and optical properties of the deposited films
have been studied by x-ray diffraction �XRD�, x-ray photo-
electron spectroscopy �XPS�, and photoluminescence spec-
troscopy �PL�. The PL spectra of the samples were measured
at room temperature, using a diode laser �405 nm,25 mW�
for the photonic excitation.

Figure 1 displays PL spectra for samples deposited for
six values of oxygen pressure ranging from
0.26 to 1.5 mTorr. The inset of Fig. 1 shows the variation
�for 0.68 mTorr� of a PL spectrum as a function of laser
excitation power. These changes can be associated with the
change of the distribution of excited carriers �obtained by
increasing the excitation power� between energy levels in the
zero-dimensional quantum-confined structures. We note that
the PL intensity increases with the oxygen pressure increase
between 0.26 and 0.8 mTorr. This increase, which is well
correlated with the reduction of nanocrystal size �as dis-
cussed later�, is attributed to the increase of the oscillator
strength and to the decrease of non-radiative Auger recom-
bination processes as the crystal size decreases.18,19 A further
pressure increase in oxygen pressure �to 1.1 mTorr� results
in a decrease of the PL signal. This effect could be explained
by a low density of Si nanocrystals and/or by the low absor-
bance of excitation light for this sample.

The position and shape of PL spectra depend on nano-
crystal size and size distribution. The position of PL peaks
can be determined by solving the Schrödinger equation for a
zero-dimensional quantum structure

�E =
h2

8mr2 i2, i = 1,2,3 . . . , �1�

where the electron state energy above the band gap is �E
=h�−Eg with recombination energy h�, Si band gap Eg
=1.14 eV,20 effective mass m=0.155m0, free electron mass
m0, nanoparticle size r, Planck constant h, and quantum
number i. Assuming a Gaussian distribution for the nanopar-
ticle size r,21 the shape of PL spectra can be calculated by

22,23
using the relation
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with the number of nanocrystals n, mean nanocrystal radius
r0, coefficient C=h2i2 /8m, and �E0=C /r0

2. Thus, Eq. �2� es-
tablishes a correlation between the shape of PL spectra and
the size r with size distribution � of nanoparticles. Using Eq.
�2�, we fitted the PL spectra of Si nanoparticles in the
samples deposited under various oxygen pressures by vary-
ing the size r0 and the size distribution �. Table I reports the
size of Si nanoparticles calculated from fits of PL spectra.

To gain further insight on the significant PL signal ob-
served, which occurs only in the specific O2 pressure range

FIG. 1. Photoluminescence spectra of Si nanocrystals as a function of oxy-
gen pressure. All the PL spectra were normalized and the scaling factors are
indicated in the figure. In the inset, we display the normalized PL spectrum
of the sample deposited under 0.68 mTorr as a function of excitation power
from 0.5 to 25 mW.

TABLE I. Si nanocrystal size calculated from simulations of PL spectra.

Oxygen pressure �mTorr�
Nanoparticle size r0

�nm�
Size distribution �

�nm�

1.1 1.9�±0.1� 0.2�±0.03�
0.8 2.2�±0.1� 0.4�±0.03�
0.68 3.6�±0.1� 1.8�±0.1�
0.45 5.3�±0.2� 3�±0.1�
0.26 6.5�±0.2� 3�±0.1�
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0.26–1.1 mTorr, we performed structural and chemical char-
acterization by using both XRD and XPS.

It is well known that PLD produces films with micron
sized particles �also called droplets�.24 Their origin is intrin-
sic to the laser ablation process. The as-deposited XRD pat-
tern yields a peak whose full width half maximum �FWHM�
is equal to the diffractometer resolution �0.2°�. Thus the nar-
rowness of the XRD pattern of the as-deposited samples
�Fig. 2�a�� showing the �111� peak of Si is due to the domi-
nance of droplets in the film. As shown in Fig. 2�b�, after
annealing, an additional wide peak with FWHM equal to
2.67° is superimposed on the XRD pattern. The broadening
of the XRD peak is naturally associated with the formation
of Si nanocrystals. Assuming the absence of nonuniform
strain in these Si nanocrystals, we estimated the nanocrystal
size from XRD patterns for various oxygen pressures with
spectra such as that of Fig. 2�b�. These nanocrystal sizes
were displayed in Fig. 2�c�, together with the nanocrystal
sizes extracted from PL spectral fits �Table I�. The good
agreement shown in Fig. 2�c� between the nanocrystal sizes
calculated from PL and from the XRD data supports our fits
of the PL spectra. Note that the nanocrystal size decreases
exponentially from 17 to 1.9 nm with increasing oxygen
pressure �in the region 0.01–1.1 mTorr�.

XPS spectra were also acquired from the as-deposited
samples.25 The Si 2p XPS signal �inset of Fig. 3� is a con-
volution of the nonoxidized silicon peak �denoted Si0� and
the oxidized silicon peaks �denoted Si–O�, composed of four
contributions corresponding to the Si1+, Si2+, Si3+, and Si4+

oxidation states. To fit the Si 2p region, the relative positions
of all Si contributions were taken from the literature26 and
were held constant for all oxygen pressures. From this fit, we
can extract the relative concentration of nonoxidized Si in
the sample, which is directly proportional to the ratio be-
tween the Si0 peak area and the whole Si 2p area. Figure 3
shows the Si nanocrystal size as a function of relative con-
centration of nonoxidized Si. This dependence has various
trends in different regions of relative concentration of Si0.
For high Si0 relative concentration ��50% �, i.e., low oxygen
pressure �0.01–0.08 mTorr�, the nanocrystal size is
�16 nm. This constant size is attributed to the formation of
crystal grains in accordance with activation energies typical

27

FIG. 2. XRD analysis of Si nanocrystals: �a� �111� XRD peak of as-
deposited samples �0.68 mTorr�; �b� �111� XRD peak of annealed samples
deposited under 0.68 mTorr; and �c� nanocrystal size calculated from the
broadening of �111� XRD peak as a function of oxygen pressure.
of bulk diffusion. Consequently, the final grain size formed
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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after annealing depends on the temperature and the time of
annealing.

As the pressure increases from 0.08 to 1.1 mTorr, the
Si0 relative concentration decreases from 50% to 5%. In this
region, the size of nanocrystals seems to be directly propor-
tional to the amount of non-oxidized silicon. When the Si0

concentration is close to zero, the nanocrystal is mainly com-
posed of silicon sub-oxides �Si1+, Si2+, and Si3+�. This could
explain why the linear fit �Fig. 3� gives a nonzero y intercept
and thus a nanocrystal size even when the Si0 concentration
is equal to zero. This XPS analysis demonstrates that for our
conditions the nonoxidized Si concentration is the key pa-
rameter that determines the size of Si nanocrystals in the
range of 0.08–1.1 mTorr of oxygen pressure �i.e., below
50% of Si0�.

In conclusion, we produced photoluminescent Si nano-
crystals embedded in a SiO2 matrix using reactive laser ab-
lation followed by a postannealing treatment. We demon-
strated that the nanocrystal size can be directly controlled by
the oxygen background pressure in the ablation process. A
size reduction down to 2.2±0.4 nm �as measured by PL and
XRD� was observed by increasing the oxygen pressure from
0.01 to 0.8 mTorr. This size reduction strongly enhances the
PL intensity. The initial nonoxidized Si concentration in the
as-deposited films, which is directly related to the oxygen
pressure, determines the nanocrystal size. This allows con-
trolling the luminescence intensity and tuning the PL spectral

FIG. 3. Si nanocrystal size calculated from XRD and PL data as a function
of the ratio “ nonoxydized Si/total Si” obtained by XPS analysis in as-
deposited films. In the inset, an example of Si 2p peak deconvolution onto
nonoxidized �Si0� and oxidized �Si–O� components �sample deposited under
0.08 mTorr�.
maximum position.
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