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Abstract. Si-rich SiO, films prepared by r.f. magnetron sputtering and annealed at 1150 °C are
investigated by photoluminescence, Raman and EPR methods. It is found that emission
spectrum of as-prepared samples contains one broad infrared band. It is shown that one-year
aging in ambient air and low-temperature annealing in oxygen atmosphere lead to the in-
crease of infrared band intensity and the appearance of additional bands with maxima at
1.7 eV, 2.06 eV and 2.3 eV while annealing in hydrogen atmosphere results in the decrease of
1.7 eV and 2.06 eV band intensities. The decrease of crystallite sizes results in high-energy shift
of infrared band while the peak positions of another ones (at 1.7, 2.06 and 2.3 eV) do not
change. It is concluded that infrared band is connected with Si crystallites while another ones
can be ascribed to silicon oxide defects, 1.7 and 2.06 eV bands being ascribed to oxygen-excess
defects such as EX- and non-bridging oxygen hole centres.
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1. Introduction

In the last decade the great interest pays to the investiga-
tion of Si-Si0, systems due to their potential application
for development of silicon-based light emitting devices.
This is connected with the emission of such materials in
wide spectral range at room temperature [1]. Electro-
chemical and chemical etching [1,2], laser ablation [3-5],
ion implantation [6-8], thermal evaporation of SiO [9],
magnetron sputtering [10-13] are used for production of
Si-Si0, systems that can be considered as silicon
crystallites embedded in oxide matrix. In some cases the
following high temperature annealing is performed for
creation of silicon crystallites. It is known that after such
annealing Si-SiO, systems emit in red-orange spectral
range. This emission is usually attributed to carrier re-
combination inside silicon crystallites [1,2] while alter-
native sources of red emission as surface states of Si
nanocrystals [14], an exciton on Si/SiO; interface [15],
electronic states at Si=O bonds [16] as well as oxide de-
fects [17] are also proposed. However the nature of alter-
native radiative channels as well as their contribution to
photoluminescence spectra are still under discussion and
the clarification of these aspects are of great interest from
fundamental viewpoint.

To elucidate the possible role of silicon oxide defects
in emission process two approaches were used in this work.
One of them is the changing of Si crystallites’ sizes in
wide range. It allows to separate the contribution of re-
combination inside Si crystallites from recombination
through oxide defects due to different dependencies of
peak positions of corresponding luminescence bands on
crystallite sizes. The second approach is based on the
possibility to vary the number of defects in silicon oxide
during sample storage at the air (aging process) as well
as under annealing in oxygen and hydrogen atmosphere.

2. Experimental procedure

Si-Si0,, films were deposited on a long (15 cm) silicon or
silicon oxide substrates by radio frequency magnetron
sputtering from two (silicon and quartz) spaced-apart
targets (Fig.1). This technique enables to vary the vol-
ume silicon content Cg; from 71 % down to 9 % along the
length of the film (Fig. 1). Cs; was calculated as Cg; =
= Vsi/(Vsi + Vsion), where Vs;, Vsioz are the volumes of
Siand SiO,. The films were annealed at 1150 °C in nitro-
gen atmosphere which leads to the formation of Si
crystallites of varying sizes along the film. An additional
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Fig. 1. Distribution of silicon content and thickness along Si-SiO,
layer.

annealing in oxygen and hydrogen atmospheres at
160-360 °C was used to modify defect content. The vari-
ation of film characteristics during | year aging in ambi-
ent air was also studied.

The long substrates with the Si/SiO, layers were cut
into parts of 0.5 cm length. PL was excited by an N,
laser, dispersed with a prism spectrometer and registered
by two photo multipliers (for different spectral ranges).
The Raman spectra were measured as described in [10].
For EPR measurements a Varian-12 X-band spectrometer
was used. All measurements were performed at room tem-
perature.

3. Experimental results
3.1. As-prepared samples

PL spectra of as-prepared samples contain, as a rule, one
broad infrared (IR) band (Fig. 2, curve 1). Its peak posi-
tion shifts from 1.3 eV to 1.63 eV with the decrease of
silicon content Cg; (Fig. 2, insert). The Raman scattering
spectra demonstrate the presence of Si nanocrystals (Fig. 3).
The peak position of the Raman signal at the Si-rich end
(Cs;=71-57 %) is 517 cm™! (curves 1). With further Cg;
decrease it shifts till 505 cm™! (for Cg; ~ 30 %) and its full
width at half maximum increases, corresponding to a
change of sizes of Si nanocrystals from 5 nm to 2.7 nm
(Fig. 3). It should be noted that the intensity of the Ra-
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Fig. 2. PL spectra of as-prepared (/) and aged during one year
at the air (2) Si-SiO, samples. Cs; = 52 %. Insert — Dependence of
PL maxima positions of different bands on Cg; of as-prepared
(IR;) and one-year aged (IR,, R,0,G) samples.
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Fig. 3. Dependence of Raman spectra of Si-SiOy layer on Cg;.

man signal drops sharply when Cg; becomes less then
30 % and at the Si-poor end (Cs; = 30-20 %) it is not
detected, implying a sharp decrease in the number of sili-
con nanocrystals. EPR spectra show the anisotropic signal
with effective g = 2.0060 that can be assigned to silicon
dangling bonds (possibly Pj-centers) (Fig. 4, curve 1).
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Fig. 4. EPR spectra of as-prepared (/) and aged during one
year at the air (2) Si-SiO; samples. Cg; = 52 %.

3.2. Aged samples

One year aging in ambient air at room temperature leads
to the increase of PL intensity and appearance of addi-
tional bands in red, orange and green spectral region (R-,
O- and G-bands respectively) (Fig. 2, curve 2). The peak
position of IR-band in aged sample is blue-shifted in com-
parison with peak position in as-prepared one (Fig. 2,
insert). With silicon content decrease its maximum shifts
to high-energy side as in the case of as-prepared samples.
It should be noted that at Si-poor end IR-band is not de-
tected.

At Si-rich end the peak positions of other bands do
not change practically and are 1.7 ¢V (R-band), 2.06 eV
(O-band) and 2.32 eV (G-band). At the Si-poor end peak
positions of the R-, O- and G-bands are the same as at the
Si-rich end of the sample (Fig. 1, insert).

At C;57-33 % (intermediate region) the R-band shifts
slightly to the low-energy side when the IR-band inten-
sity increases and returns to its previous position when it
decreases. Such behavior of the R-band can be explained
by the overlapping of the R- and IR-bands at constant R-
band peak position.

The maximum of O-band in the intermediate region
of Cg; shifts up to 2.32 eV that corresponds to the G-band
peak position (Fig. 2, insert). It should be noted that in
this region the G-band is not observed separately. So, we
can think that the gradual shift of the O-band from
2.06 eV to 2.32 eV is due to the superposition of O- and
G-bands while the positions of the maxima of O- and G-
bands do not depend on Cg;.

EPR spectrum of aged sample is shown on Fig. 4 (curve
2). After one year aging in addition to silicon dangling bond
signal the isotropic signal with g = 2.0025 appears. This
signal is connected with oxygen-excess defects such as EX-
centers that contained four oxygen dangling bonds [23].
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3.3. Annealing in different atmospheres

Additional annealing of as-prepared samples in oxygen
atmospheres at 160-360 °C results in the increase of PL
intensity, R-band intensity increasing mainly (Fig. 5, a).
At the same time such treatment leads to appearance of
EX-center signal (Fig. 5, b).

Annealing of aged samples in hydrogen at 360 °C
leads to the increase of IR-band intensity while the
intensities of other bands decrease, R-band intensity de-
creasing mainly (Fig. 6,a). At the same time silicon dan-
gling bonds signal vanishes and intensity of EX-center
signal decreases essentially (Fig. 6,b).

4. Discussion

As it follows from data described above, for all values of
Cg; the peak positions of the three bands, R, O and G, do
not shift with Cg;. At the same time IR-band shifts to high
energy side with Cg; decreasing in the intermediate re-
gion. As one can see from Raman scattering spectra, the
size of the Si nanocrystals decreases with Cg; decreasing
in this region this correlates with the high-energy shift of
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Fig. 5. PL (@) and EPR (b) spectra of as-prepared (/) and an-
nealed at 180 °C in oxygen atmosphere samples.
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Fig. 6. PL (a) and EPR (b) spectra of one year aged (/) and
annealed at 360 °C in hydrogen atmosphere samples. Curve 3
on Fig. 5a corresponds to difference of curve 2 and curve 1.

IR-band. So, IR-band can be ascribed to exciton recom-
bination in silicon nanocrystals and blue shift of its peak
position during aging can be caused by a decrease of
sizes of Si crystallites due to their oxidation.

Since the other bands keep their peak positions con-
stant with Cg; changing we can conclude that these bands
are due to carrier recombination through defect levels.
Moreover this luminescence can be ascribed to intra-de-
fect transitions. The following suggest that these defects
are silicon oxide defects: 1) the O- and G-bands were ob-
served in silica optical fibers [18-20], silicate glass [11],
in Si0O;, films implanted by different ions without follow-
ing high-temperature annealing [7,9]; ii) R-, O- and G-
bands appear during aging at the air that can be attrib-
uted to oxidation process.
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G-band was ascribed to oxygen-deficient center, the
O-band was attributed to non-bridging oxygen hole
centers (NBOHC) [17,21,22] that is oxygen-excess de-
fect while the nature of R-band is not clear up finally.
This band was attributed to NBOHC (in non-oxidized
porous silicon [17]) as well as to EX-centers (in porous
silicon oxidized at high temperatures [21]). At the same
time both centers are oxygen-excess defects and have to
observed in oxidized samples.

It is known that EX-centers appear after high tem-
perature annealing of silicon substrate in oxygen atmos-
phere. Our results show that these centers can appear
during aging at room temperature also. Besides EX-
center number increases under low temperature anneal-
ing of as-prepared samples at the air. In both cases the
increase of EX-center number is accompanied by the in-
crease of R-band intensity. So we can conclude that R-
band is connected with EX centers.

The annealing in hydrogen atmosphere confirms this
conclusion because it shows the simultaneous decrease
of intensities of R-band and EPR signal from EX-centers.
The latter is due to passivation of oxygen dangling bonds
that are the part of EX-center.

It should be noted that since EX-center and NBOHC
are oxygen-excess defects they are located in SiO», i.e.
outside the interface area (SiOy region).

Let us discussed the location of EX-centers in more
detail. It is known that their number depends non-
monotonically on oxide thickness [23]. The appearance
of EX-centers have been observed when silicon oxide
thickness reaches 4 nm. Then their number sharply in-
creases up to 12.5 nm thickness. After this the decrease of
EX-center number takes place. It have been supposed
that this dependence is due to the reconstruction of sili-
con oxide structure with the increase of its thickness. Since
these centers were not observed in thick oxide layers we
can supposed that their appearance is connected with the
presence of crystalline silicon. So, in spite of EX-centers
are outlying from Si/SiO, interface we can conclude that
these centers can follow up this interface, i.e. EX-centers
appear interface centers.

As our results show the annealing of the samples in
hydrogen atmosphere besides the decrease of EX-center
number leads to the decrease of Py-center one. It obvi-
ously is the reason of the increase of IR band intensity.

As for O-band, the decrease of its intensity under an-
nealing in hydrogen can be explained by the passivation
of oxygen dangling bonds that are the parts of these
centers [22] as well as in the case of EX-centers.

5. Conclusions

Itis found that PL spectrum of as-prepared Si-SiO, sys-
tems contains one broad infrared band. Its peak position
shifts to high-energy side with the decrease of crystallite
sizes results, that allows to ascribe it to exciton recombi-
nation inside silicon crystallites. One-year aging in am-
bient air leads to the increase of infrared band intensity
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as well as the appearance of additional PL bands at
1.7 eV, 2.06 eV and 2.3 eV and EPR signal from EX-
centers. The peak positions of the last three PL bands are
independent on crystallite sizes. It is found that low-tem-
perature annealing in oxygen atmosphere results in the
main increase of 1.7-eV band intensity and simultaneous
rise of EPR signal from EX-centers. Low-temperature
annealing in hydrogen atmosphere leads to the opposite
effect. Results obtained give the evidence that 1.7 eV,
2.06 eV and 2.3 eV bands are connected with silicon ox-
ide defects. The first and second bands can be ascribed to
EX-center and NBOHC that are oxygen-excess defects.
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