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Silicon clusters embedded in a silicon dioxide matrix were prepared by ultrasound-assisted

implantation resulting in a modified concentration of suboxide states as revealed by high-resolution

photoelectron spectroscopy. It is suggested that ultrasound treatment results in formation of different

interface structure between silicon cluster and silicon dioxide matrix which is characterized by a

distinctly reduced concentration of the suboxide states. It is observed that photoluminescence

properties are strongly correlated with the concentration of the suboxide states thereby providing an

evidence that besides a quantum confinement effect a closer look at the chemical composition of the nc-

Si/SiO2 system is important.

& 2009 Elsevier B.V. All rights reserved.
1. Introduction

Silicon is an indirect band gap semiconductor with the lowest
point of the conduction gap shifted from the center of the
Brillouin zone resulting in poor efficiency of light emission. Since
the first observation of visible photoluminescence from porous
silicon at room temperature reported in 1990 by Canham [1,2],
properties of low dimensional silicon quantum structures have
been a subject of extensive investigations motivated by the broad
potential application of nanosized silicon in photonic and
optoelectronic devices (for review see Refs. [3,4]). A large amount
of work on the light emission from silicon-based nanostructures
have been published so far with the majority devoted to the
optical properties of nanocrystalline silicon (nc-Si) clusters
embedded in the dielectric matrix of silicon dioxide.

Some of the most fundamental questions related to the
mechanism of light emission from silicon nanocrystals are still a
ll rights reserved.
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matter of debate. On the one hand it is widely believed that the
indirect gap limitation is surmounted by confinement of the
exciton wave function in silicon crystallites with size below the
size of the free exciton Bohr radius which is equal 4.3 nm for bulk
silicon [5,6]. In this case, the increase in the overlap of the electron
and the hole wave functions substantially increases the prob-
ability of a radiative recombination process resulting in higher
luminescence efficiency. On the other hand, the light emission
could also be due to the recombination via defect levels localized
on the interface between nanocrystal and the amorphous silicon
oxide matrix [7,8]. Several models of the interface-mediated light
emission have been suggested including distortion of surface
geometry [9], formation of pinning states [10,11], or assistance of a
Si–O bond vibration at the nc-Si/SiO2 interface [12].

The silicon nanocrystals can be produced by annealing silicon
oxide supersaturated with excess silicon atoms, either introduced
during growth by sputtering [13,14], chemical vapor deposition
[15,16], laser ablation [17], or by ion implantation [18,19]. The
latter method is routinely used in silicon integrated circuit
technology and offers a number of advantages such as high
controllability of dopant concentration and spatial distribution, as
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well as the possibility of extending elemental clusters forming
compounds using sequential implantation of different ions.
Recently we presented a new approach to cluster engineering by
implanting ions in silicon oxide with ultrasound vibrations
applied in situ, i.e. during the ion implantation process [20,21].
It has been shown that in situ applied ultrasonic treatment during
implantation of silver or copper leads to the lowering of the metal
precipitation threshold and an increase in precipitate size after
post-implantation annealing. The physical mechanism of this
effect was attributed to the enhanced diffusion of metal atoms
stimulated by accumulation of vacancies in the precipitation
region. Our study on the influence of in situ applied acoustic
waves on oxidation of tungsten in oxygen plasma demonstrated a
formation of a distinctly sharper WO–W planar interface as
opposed to the normal oxidation [22]. It was then expected that
the ultrasonic treatment resulted in a different concentration of
interfacial suboxide states. Although the data on planar WO–W
interface cannot be directly transferred to the case of nc-Si/SiO2

interface for a number of obvious reasons, it is conceivable that
implantation of silicon ions with in situ applied ultrasound might
result in a modified structure of the Si-cluster/SiO2-matrix
interface as compared to normal implantation. The comparison
of optical properties of silicon clusters of the same size but with a
different structure of cluster/matrix interface might give an
answer to the question of the radiative recombination mechanism
in nanosized silicon.

Here we demonstrate that applied ultrasound vibrations lead
to reduced concentration of suboxide states after post-implanta-
tion annealing as compared to the normally implanted samples,
i.e. samples prepared without ultrasound treatment. It is
suggested that the suboxide states are originated from the
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Fig. 1. High-resolution TEM micrographs of silicon clusters prepared by ion implantation

acoustic power of 1:0 W=cm2. Annealing 1100 3C for 40 min in N2. The silicon cluster

histograms of the size distribution obtained by analysis on the bright-field STEM imag
interface between silicon cluster and silicon dioxide matrix
thereby presenting an unique system for revealing the role of
the interface structure in the light emission. We found a strong
correlation between the concentration of suboxide states and
optical properties of nc-Si/SiO2 systems thus necessitating careful
consideration of the system chemistry when optical properties are
of concern.
2. Experimental details

Boron-doped (10 0) silicon wafers covered with 600 nm
thermally grown oxide were implanted with 100 keV silicon ions
at a dose of 8� 1016 cm�2 keeping the ion flux constant at
2:0� 1012 cm�2 s�1. The ultrasound vibrations were generated in
the sample during the implantation process by an a.c. driven
piezoelectric transducer operating in resonance vibration mode at
a frequency of 9.5 MHz and an acoustic power of 0:321:0 W cm�2.
The corresponding elastic mechanical deformation was estimated
to be 2� 10�6 to 4� 10�6, respectively. The sample was spring-
pressed directly onto the ultrasound transducer and acoustic
waves were propagating orthogonal to the sample surface. The
samples temperature during the implantation process was
controlled by a K-type thermocouple and did not exceed 50 3C.
The samples were finally annealed in a nitrogen atmosphere at
1100 3C for 40 min.

A HeCd laser operating at a wavelength of 325 nm and power
of 30 mW was used for the excitation of steady-state photo-
luminescence. Photoluminescence spectra were recorded at room
temperature by a liquid nitrogen cooled charge-coupled device
camera mounted on a grating monochromator. Thin cross
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of silicon at a dose of 8� 1016 cm�2 (a) without and (b) with applied ultrasound at

s are marked with white dotted circles. (c) and (d) represent the corresponding
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sectional transmission electron microscope (TEM) samples before
and after the high-temperature annealing step were prepared.
This was done by cutting and gluing of sandwich stripes followed
by mechanical grinding, polishing and low angle Arþ ion beam
etching (83, 1–4 kV). The synthesized Si nanoparticles were
structurally characterized by an FEI Titan 802300 CS-corrected
transmission electron microscope (TEM) operating at 300 kV.

In order to make the silicon particles accessible for analysis by
photoelectron spectroscopy, the samples with embedded na-
noclusters were stepwise treated in a buffered solution of
hydrofluoric acid (BHF) resulting in an effective etching of silicon
dioxide and leaving a hydrogen-terminated silicon surface [23,24].
The hydrogen was then removed by heating the samples in
vacuum at 500 3C and the specimens were transferred into the
analysis chamber of the electron spectrometer without breaking
the vacuum. The photoelectron spectra were recorded using a VG
ESCALAB 210 system equipped with a monochromatized AlKa
(1486.6 eV) radiation source with an overall resolution of 0.32 eV.
Charge compensation was done with a flood-gun. The energy
calibration of the spectrometer has been performed by setting the
4f7=2 core level binding energy of a clean gold sample at 84.0 eV.
106 104 102 100 98 96
Binding Energy (eV)

Fig. 2. High-resolution Si-2p photoemission spectra acquired on BHF-etched Si-

implanted SiO2 samples after annealing. The bottom spectrum corresponds to the

measurement on sample implanted without applied ultrasound and the top

spectrum corresponds to the measurement on the sample implanted with in situ

applied ultrasound (acoustic power is 1:0 W=cm2).

Table 1
Relative integrated intensities of silicon oxidation states in implanted samples

after annealing as revealed by fit of the photoemission spectra.

Si0(%) Si1þ(%) Si2þ(%) Si3þ(%) Si4þ(%)

With ultrasound ð1:0 W=cm2) 9.5 1.0 0.0 0.0 89.5

Without ultrasound 9.6 3.3 1.5 6.2 79.3
3. Results and discussion

Fig. 1 shows high-resolution bright field TEM images taken on
normally implanted (a) and with in situ applied ultrasound (b)
samples together with corresponding cluster size distributions
((c) and (d)). The silicon nanocrystallites of a spherical shape are
clearly distinguished from the amorphous matrix in high
resolution imaging mode due to their periodic lattice (phase
contrast). The average particle size was found to be 1:9270:7 and
1:9770:7 nm for samples implanted without and with applied
ultrasound, respectively. Analysis of dark-field scanning TEM
images (not presented here) reveals that in-depth distribution of
silicon particles are closely similar in both samples with centroid
located near 130 nm, near to the silicon implantation projected
range (Rp).

Fig. 2 illustrates the Si-2p spectra acquired at the depth of the
maximum cluster distribution in the normally implanted sample
(top spectrum) and in the sample implanted with applied
ultrasound (bottom spectrum). The fit procedure using voigt line
shape applied after Shirley background subtraction [25] reveals
five components related to the different chemical environments of
silicon. The first component positioned at 99.2 eV corresponds to
the emission from the elemental silicon demonstrating a 0.1 eV
shift towards higher binding energy due to the final state effect in
silicon clusters caused by a delay in the relaxation time of the
photohole as compared to the time of the photoelectron emission.
The clusters remain positively charged after the photoelectron
emission process thereby decreasing its kinetic energy due to
Coulomb interactions. The relaxation time and hence the loss in
kinetic energy depends on cluster size as 1=r, therefore existing
cluster size distribution leads to the broadening of the Si0

component so it appears as a single peak and the 2p doublet
structure cannot be resolved. The components related to the Sinþ

oxidation states are displaced with respect to the Si0 line on 0.95,
1.85, 2.55 and 3.95 eV with full width at half maximum (FWHM)
of 1.05, 1.15, 1.23 and 1.61 eV for n ¼ 124, respectively, which are
close to values reported by Kim et al. [26] on a similar system. The
relative concentrations of silicon oxidation states for normal and
ultrasound-assisted implantation are given in Table 1. It is easy to
see that in situ applied ultrasound treatment results in a
substantial decrease of oxidation state concentrations whereas
the intensity of the Si0 state is about the same for all samples
indicating that a nearly equal amount of silicon is precipitated.
An unambiguous assignment of the origin of the suboxide
states is rather challenging. It is well known that ion irradiated
silicon dioxide becomes substoichiometric and ultrasound treat-
ment might result in additional modification of the silicon dioxide
matrix, similar to the case of the implantation of metals [20,21].
However in our case, the suboxide states are detected only at the
depth of maximum distribution of silicon particles and are absent
below Rp, at the early steps of the etching process, assuming that
high-temperature annealing leads to the complete annihilation of
the irradiation-induced defects in the matrix. Furthermore, XPS
depth analysis of SiO2 layers irradiated with 130 keV Arþ ions at
doses of 124� 1016 cm�2 and subjected to similar annealing
conditions has not revealed any suboxide states as well. Taking
this into account and comparing the amount of precipitated
silicon with the amount of implanted silicon, we suggest that the
majority of the measured states stem from the interface between
silicon nanocrystals and silicon dioxide matrix as previously
reported by Hadjisavvas et al. [27,28] and experimentally
measured by Kim et al. [26].
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Fig. 3. Photoluminescence spectra measured on samples after annealing. The

positions of emission bands related to nonbridging oxygen hole centers (NBOHC)

and oxygen deficient centers (ODC) are marked with dashed lines.

Fig. 4. Dependence of the total silicon suboxide states concentration (left) and

photoluminescence intensity of the 1.5 eV photoluminescence band (right) on the

applied acoustic power.
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In Fig. 3 the corresponding photoluminescence spectra are
presented. Both spectra possess a similar shape and consist of
three bands located at about 1.5, 2.08 and 2.67 eV. The emission
bands at 2.08 and 2.67 eV stem from the defects in the Si-
implanted SiO2 and are assigned to the nonbridging oxygen hole
centers (NBOHC) [29] and oxygen deficient centers (ODC) [30],
respectively, whereas the emission at �1:5 eV is related to the
crystallization of silicon. Whereas the defect band intensities are
roughly the same, the 1.5 eV-band is markedly weaker in the
sample implanted with applied ultrasound. Fig. 4 demonstrates
the dependence of the total concentration of the silicon suboxide
states Sinþ

ðn ¼ 123Þ (left) and photoluminescence intensity of
the 1.5 eV-band (right) on the applied acoustic power. The
intensity of the 1.5 eV-band decreases with an increase in
acoustic power suggesting correlation to the decreased
concentration of the suboxide states. Taking into account that
the average cluster size remains unchanged and cluster size
distributions vary only slightly with an acoustic power, it can be
inferred that the origin of the 1.5 eV-band is related to the
suboxide states. Obtained results agree qualitatively well with
theoretical calculations of Degoli [31] who studied presence of
oxygen vacancies at the nc-Si/SiO2 interface and give strong
evidence to the light emission mechanism associated with the
radiative states on the nanocrystal–oxide interface.
4. Conclusions

In summary, we have shown that ultrasound treatment applied
during the implantation of silicon in silicon dioxide results in
lower concentration of the suboxide states suggesting the
formation of Si nanoclusters with a distinctly sharper nc-Si/SiO2

interface. It was found that the behavior of the 1.5 eV photo-
luminescence band shows a strong dependency on the concentra-
tion of the suboxide states demonstrating an intensity increase
with an increase in the state concentration. Thus, the presented
results provide confirmatory evidence for the importance of the
nc-Si/SiO2 system chemistry and are essential in understanding
light emission mechanisms in nanosized silicon.
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