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In this work we report studies of the photoluminescence emission in samples based on Si/SiOx films deposited
by the Pulsed Electron Beam Ablation (PEBA) technique. The samples were prepared at room temperature
using targets with different Si/SiO2 concentrations. The samples were characterized using X-ray Absorption
Edge Spectroscopy (XANES) at the Si―K edge, Raman spectroscopy, Photoluminescence (PL) and X-ray
Photoelectron Spectroscopy (XPS). The concentration of a-Si and nc-Si in the film was dependent on the
silicon concentration in the target. It was also observed that the PL is strongly dependent on the structural
amorphous/crystalline arrangement.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
1. Introduction

The photoluminescence in silicon nanoparticles has been widely
studied since the discovery of bright emission in porous silicon at
room temperature in the 1990s [1]. One area of application of these
nanoparticles is in optoelectronic devices due to the possibility of
producing optical and electronic devices using the current silicon-
based technology, hence greatly reducing manufacturing costs and
the problems arising in the integration of optical and microelectronic
devices [2]. The challenge to use silicon as an emitter device is to pro-
duce tunable PL in the entire visible range [3]. Several techniques have
been employed to obtain silicon nanoparticles, such as sputtering
[4–6], evaporation [7,8], PECVD [2,9], ionic implantation [10], among
others. In general, these techniques produce a silicon-rich material
by deposition or growth followed by annealing at high temperature
to form silicon nanoparticles [2]. However, the high temperature
works against the integration with electronic devices due to the diffu-
sion of dopants [11].

In this work, Si nanoparticles were produced by the PEBA
technique. This technique presents some advantages compared to
UV-laser ablation such as low deposition cost, good thickness control,
possibility of producing films of complex stoichiometry (such as high-
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Tc superconductors, intermetallic alloys and glasses), the absence
of the dangerous gasses pervading CVD techniques [12], and low
deposition temperature. This technique is a process in which a high
power electron beam (15–20 KV) is pulsed producing the volatiliza-
tion of the impacted region of the material. In this work we study
the formation of silicon clusters in the film and the influence of the
deposition process on the photoluminescence.

2. Experimental

We prepared targets for the PEBA technique starting from powder
mixtures of silicon dioxide 99.5% metal basis and silicon 99.5%, crys-
talline, both −325 mesh in size (Alfa Aesar). Three Si:SiO2 powder
ratios were used, as shown in the Table 1. After mixing, the powders
were compacted by a press and sintered in argon ambient at 1100 °C.

Before the deposition, the deposition chamber was pumped to
0.01 Pa, while the PEBA process was performed under Argon, at
1.33 Pa approximately. The current was fixed at 1 mA and the voltage
at 18–20 KV. The samples were deposited at room temperature onto
a copper wafer.

The samples were characterized using X-ray photoelectron spec-
troscopy (XPS), in a Physical Electronics 1257 system. A Gaussian
peak shape was assumed for each element fitted. The XANES at the
Si―K edge measurements were conducted at the SXS beam line of
the Brazilian Synchrotron Light Laboratory (LNLS, Campinas, Brazil)
in the 1835–1855 eV range. A micro Raman spectrometer was used
to determine the changes in the Si―Si bonding within the material.
hts reserved.
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Table 1
Powder ratio used in the target production.

Name Si:SiO2 ratio

Si SiO2

S12 1 2
S11 1 1
S21 2 1
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The equipment utilized was a Renishaw spectrometer with 1 μm
spatial resolution, equipped with a CCD detector and optical micro-
scope, at Instituto de Química, USP, Brazil. The same equipment was
used for the photoluminescence measurements, performed with a
514.5 nm argon laser. All the measurements were performed at
room temperature.

3. Results

XPS analyses were performed in the targets after sintering and
in the deposited films. The Si 2p level spectra for the three as-
prepared targets are presented in Fig. 1. The target with the higher
SiO2 concentration, S12, (Fig. 1a) presents a clear separation between
Si4+ (associated to SiO2) and Si0 (associated to metallic Si). A small
amount of the Si2+ oxidation state can also be observed, indicating
a weak reaction of the powders during sintering.

The S11 target with the equal concentrations of Si and SiO2, (Fig. 1b)
shows a higher degree of reaction than the S12 target, presenting all
the intermediate oxidation states between Si0 and Si4+.

For the target with the higher Si concentration in the powder
mixture, S21, (Fig. 1c), the Si2+ oxidation state was not observed,
but it showed all the other ones (Si0, Si1+, Si3+ and Si4+), with inten-
sity ratios of the signals associated to Si0, Si1+ and Si3+ with respect
to Si4+ higher than the previous targets. This fact could be related to a
higher silicon proportion contained in the target which would favor
the reaction between the Si and SiO2 powder due to the high affinity
of silicon with oxygen.

The binding energies of the oxidation states found in the S12 and
S11 targets are higher than the values reported in the literature [13],
in special the ones associated to Si2+, Si3+ and Si4+. We believe
that these higher values are due to a charging effect of the samples
(targets) when they were analyzed by XPS. Nonetheless, values closer
to the reported data were found in the S21 target.

The XPS results for the as-deposited samples (using the targets
above) are shown in Fig. 2. We can see from Fig. 2a that the spectra
of the deposited samples are different from those of the targets,
presenting a unique broad band with a left shoulder. Fitting of the
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Fig. 1. Si 2p spectra from the targets after sintering: a) S12, b) S11, c) S21.
spectra demonstrate the presence of three peaks, related to the Si3+

and Si2+ oxidation states and to Si0. The presence of SiO2 bonding
was not detected. Here, the binding energies for Si3+ and Si2+ are
closer to the reported values [13] probably due to a lower charging
effect in these samples which were deposited onto copper substrates.
A typical fit for these samples is depicted in Fig. 2b corresponding to
the S21 sample.

The XPS results are very similar for the two samples with lower Si
content in the powder mixture, samples S12 and S11. For the sample
with higher Si content, S21, it is possible to observe a higher Si0 con-
tribution compared to the spectra of the other samples (Fig. 2a).

The spectrum corresponding to the O1s level was very similar for
all samples (Fig. 2c), presenting the contribution of the peak related
to Si―(SiO3) bonding. It shows that oxygen completes its bonds
only with silicon in the Si―O―Si bridge, as in SiO2 (Fig. 2d). There
is a small contribution of Si―(Si2O2) and a small presence of O―H
groups.

The XANES results at the Si―K edge for the three deposited films
are shown in Fig. 3. All spectra were normalized for a better compar-
ison. The spectra corresponding to crystalline-Si and thermal SiO2

standard samples are also shown for comparison, in which the ab-
sorption edges are present at 1839 and 1846 eV, respectively. The
1st derivative of the spectra was computed for better comparison
between the absorption edges (Fig. 3b). We can observe two well-
defined absorption edges at the same energies: 1839 and 1845 eV in
all deposited samples. The 1839 eV peak is related to Si―Si bonds,
while the 1845 eV peak can be related to the reduced SiO3+, as
shown in the XPS results. Among those absorption edges there is
a less-defined absorption edge, which can be related to the SiO2+

oxidation state. The sample with the higher Si content presents the
higher intensity at the Si―Si energy.

The Raman spectra for the as-deposited samples are shown in
Fig. 4. To assist in the Raman analysis of the samples, measurements
on crystalline silicon and on an amorphous silicon film were also
carried out for comparison.

A band at 480 cm−1 and at 520 cm−1 corresponding to Si―Si
bonds vibrations as a-Si clusters and as c-Si arrangement respectively
is observed in Fig. 4. For bulk amorphous silicon the signal due
to Si―Si bonds is a wide band centered at 480 cm−1 and for
small amorphous silicon clusters this signal shifts towards a lower
wavenumber. For bulk crystalline silicon, Si―Si bonds arranged as
silicon single crystal peak appears at 520 cm−1, and nano- or micro-
crystals appear in the range from 490 cm−1 to 516 cm−1 as observed
in the S11 and S21 samples. The sample S12 presents a narrow band
at 514 cm−1, which can be attributed to the presence of small silicon
nanocrystals.

The photoluminescence spectra of all samples are shown in Fig. 5
and the PL spectrum of the copper substrate is also added, as
observed it does not interfere with the results.

The S12 sample shows a band at 1.4 eV and at 2.1 eV. The small
linewidth PL band at 1.4 eV should be attributed to the presence
of nc-Si also observed as a narrow band at 514 cm−1 in the Raman
result.

For samples S12 and S11 the intensity of the band at 1.4 eV is
higher than the other band, which does not occur for S21 sample.
A wide PL band centered at 1.9 eV for the S21 sample is observed.

4. Discussion

The phase separation and the small size of the silicon clusters are
responsible for the optical modifications of the photoluminescence of
silicon based films, and Raman spectroscopy has shown to be very
sensitive to the local atomic arrangement in the study of those films
[14,15].

The shape of the spectrum permits to evaluate the presence of
silicon excess dispersion in the samples. It is observed that the
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Fig. 2. XPS spectra of the as-deposited samples: a) Si 2p level and b) O1s level; c) and d) correspond to the Si2p and O1s levels in the S21 deposited sample, respectively.
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amount of redshift and linewidth broadening of the Raman line
depends on the silicon clusters size dispersion. In bulk silicon a
maximum small linewidth shape peak at 520 cm−1 is observed,
corresponding to the optical-phonon frequency. On the other hand,
for nanostructured silicon, all the phonons of the dispersion relation
will contribute to the Raman signal from all the nanocrystals and
clusters, causing broadening in the Raman signal to lower frequencies
when they become smaller.

It is observed that the spectra for the S11 and S21 samples present
a pronounced Raman signal from 470 cm−1 to 480 cm−1 indicating
the presence of small a-Si clusters and the peak at 516 cm−1 indicates
the presence of silicon aggregation as nanocrystals. The presence
of the band centered at 480 cm−1 is observed for both samples
but being more symmetric for the higher silicon content sample
indicating a higher volume fraction of a-Si clusters, situation also
confirmed by the XANES and XPS results. As the silicon content in
the films decreases, the Raman spectra become more asymmetric
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Fig. 3. a) XANES at Si–K edge for samples deposited with the initial mixture ratio of
Si:SiO2 according to Table 1 and b) the 1st derivate of the spectra for better comparison
between the absorption edges.
shifting to lower frequencies to indicate dispersion of small a-Si clusters
in small volume fraction. For the S12 sample there is a small evidence of
Si―Si bonds at 480 cm−1 and it also presents a peak at 514 cm−1 indi-
cating the presence of Si-nc which is also observed in the XANES result
by the presence of a shoulder in the c-Si region. In summary, all the
samples presented a-Si clusters in the as deposited condition; the
Raman results could be associated to the XANES results that indicated
a more pronounced phase separation with the enhancement of the
silicon content in the samples.

The as-prepared films present amorphous silicon and crystalline
silicon. The presence of a-Si is observed in the Raman spectra by the
separation between the c-Si and a-Si signals, and also in the XANES
spectra by the identification of Si and SiOx suboxides. In order to
correlate these results with the PL, the c-Si/a-Si ratio was extracted
by deconvoluting the crystalline and amorphous contributions to
the Raman signal, as shown in the insert of Fig. 4 (an example of
the deconvolution in sample S21). The c-Si/a-Si ratio for sample S12
was higher than 90%, indicating a small amorphous contribution to
the Raman signal, and, consequently, a large contribution of nc-Si
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Fig. 4. Raman spectra for all as-deposited samples. The inserted figure shows the
deconvolution of a-Si and c-Si contributions in sample S21.
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Fig. 5. Photoluminescence spectra for all samples deposited at 514.5 nm.
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to the PL spectrum. For the sample with the intermediate chemical
composition, S11, the ratio c-Si/a-Si was around 22%, which shows
that there is more amorphous phase and fewer Si crystals than
in S12 sample. The sample S21 presents a c-Si/a-Si ratio of 35%,
which indicates an intermediate amorphous content. The PL response
could be explained as the contribution of a-Si clusters and nc-Si
of different sizes, since the deposition process used in this work in-
herently leads to different clusters sizes (a-Si and c-Si), and all these
different cluster sizes can contribute to produce a wide PL signal.

All samples present an infrared PL peak at 1.40 eV. The IR PL band
has been discussed in several works [16–19] and it has been rational-
ized on the basis of the quantum confinement model for nc-Si with
sizes less than 5.0 nm. This statement agrees with c-Si/a-Si ratio in
all samples, which for sample S12 is the highest. For this sample the
PL spectrum presents the highest intensity, which could be related
to a higher concentration of small Si nanocrystals. The samples S21
and S11 both exhibit an IR PL intensity lower than sample S12, in
agreement with their c-Si/a-Si ratios, 35 and 22%, respectively.

The samples S12 and S11 both present similar silicon and SiOx

contents as shown in the XANES and XPS analyses. On the other
hand, the PL spectra of the same two samples (S12 and S11) present
two bands, at 1.40 eV and approximately 2.10 eV, respectively. The
latter band has a small contribution centered at 2.15 eV coming
from the copper substrate. The intensity ratio I1.40eV/I2.10eV for
both samples was essentially the same, which could be related to a
similar silicon neighborhood. The 2.10 eV peak has been previously
attributed to defects in the SiO2 [20]. The difference among these
samples is mainly in the c-Si/a-Si ratio, which is evidenced in
both the Raman results and the PL results as the intensity at 1.4 eV
(nc-Si) and the wide band between 1.5–1.9 eV (a-Si). We can see
that the sample S12 presents a high 1.4 eV intensity and a very
small intensity at 1.5–1.9 eV band, showing a high nc-Si contribution.
On the other hand, the S11 sample presents a lower intensity at
1.4 eV and a higher intensity at 1.5–1.9 eV than the S12 sample,
showing a higher a-Si contribution.

To understand the S21 wide band we can correlate our results
with porous silicon experiments found in the literature [21,22]. For
large silicon crystallites (>>10 nm) the PL cannot be related to quan-
tum confinement effects. However, we attribute the PL in the visible
range to a-Si clusters of different sizes as well as the presence of inter-
facial defects. The PL spectrum of sample S21 was deconvoluted into
two Gaussian curves centered at 1.83 eV and 2.03 eV, which in the
literature have been attributed to confined nanostructured silicon
and SiO related defects, respectively [23]. Moreover, the 1.83 eV
peak has been attributed to emission in small a-Si clusters, while
the 2.03 eV peak has been attributed to radiative recombinations at
the dioxide defects. M. Molinari [24] discussed the influence of a tran-
sition between a-Si and nc-Si (induced by an annealing process) on
the PL emission. It was shown that the luminescence intensity and
the confinement energy were higher in the crystalline state than in
the amorphous state. M. Estes [25] used an energy diagram to explain
the room temperature luminescence observed in a-Si spheres of dif-
ferent sizes. In bulk materials, carriers thermalize to the lowest ener-
gy states, but spatially confining carriers to even smaller volumes, as
in small a-Si clusters, have the effect of increasing the average energy
of the lowest energy state as well as reducing the probability of
encountering nonradiative recombination centers. The gap of a-Si
can be explained by disorder-induced localized states extending
into the high gap matrix. These localized states feel the confinement
effect because they are weakly localized [24]. Although the sample
S11 presents the lowest c-Si/a-Si ratio, it does not contain the largest
amount of a-Si, thus explaining why this sample does not show
the highest PL intensity at approximately 1.8 eV. This sample also
has a higher SiO3+ and SiO2+ content than the sample S21, as can
be seen in the XPS results. On the other hand, the sample S21 has
a higher Si0 content, so Si-cluster of different sizes are formed (in
a broad size distribution), whether c-Si or a-Si, according to the
Raman analysis. This result agrees with the XANES results, which
show a strong phase separation between Si–Si and Si–O for sample
S21, along a higher concentration of Si–Si bonds. Moreover, the XPS
results indicate that the sample S21 has a higher Si2+ contribution
compared to the other samples, which can be related to a higher
concentration of defects at the Si/SiOx interface. In order to correlate
these results, time-resolved PL measurements should be performed
to separate the quantum-confinement and interfacial-recombination
emission mechanisms.

5. Conclusion

We have shown the possibility of controlling the PL emission by
changing the chemical composition of the targets. It was possible to
obtain different structural arrangement in the film, as nc-Si, amor-
phous silicon, and consequently, different PL emission, using the
PEBA technique at room temperature. From the structural point of
view, all samples can be thought as a composite material in which
the size and density of the silicon clusters as well the Si-nc embedded
in the SiOx matrix are modified by the silicon content.

The photoluminescence at visible range was obtained using a
single-step deposition process, with no further heat treatment
needed, reducing the production cost. The process at room tempera-
ture may allow the use of various types of substrates, such as plastics,
polymers, etc.
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