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Abstract

Multilayer structures composed of layers of silicon rich oxide (SRO) with high and low Si content have been prepared by low
pressure chemical vapor deposition. These multilayers were oxidized at 800, 900, 1000, and 1100 °C under dry oxygen to study
the possibility of photoluminescence production. Only the samples oxidized at 1000 and 1100 °C present this effect. The spectra
of the two photoluminescent samples can be deconvoluted in two asymmetric peaks positioned at 1.53 and 1.73 eV. The peak at
1.73 eV has been previously found in Silicon Rich Oxide with low Si content and without Si-nanocrystals, and has been ascribed
to defects in the silicon oxide matrix. The other peak has been attributed to defects in the Si-nanocrystals/SiO, interface.
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1. Introduction

Silicon rich oxide (SRO), also known as silicon rich silicon oxide or off-stoichiometric silicon oxide, is a
multiphase material composed of silicon oxides and Si agglomerates [1, 2]. Silicon nanocrystals (Si-nCs) grow by
segregation of the Si excess from the silicon oxides during thermal treatments at high temperatures [3]. An indicator
of the Si content in this material is the parameter Ro, which is the ratio of the partial pressure of the precursor gases
(for example N,O/SiHy4) when it is prepared by gas phase deposition methods like CVD (chemical vapor deposition).
When the Si-nCs are smaller than 5 nm in diameter (the Bohr radius for electrons in crystalline Si [4]) they may
behave as quantum dots exhibiting quantum confinement effects in three dimensions. Si-quantum dots present
photoluminescence (PL) that can be tuned according with the particle size. Because the quantum dots in SRO
present a relatively large size distribution, it is difficult to tune the properties in a directed way. An option to
constrain the size of the Si-nCs is to deposit SRO in multilayer structures (MLs) [5].

There are several reports about the PL of SRO, but their study is usually limited to SRO with Si-nCs smaller than
5 nm. For example, PL due to quantum confinement effects in Si-nCs has been observed in Si-implanted SiO, films
where the PL peak blue-shifted with oxidation time [6]; the largest particles in these films were about 5 nm. The
blue-shift has also been reported in sputtered SRO films when varying the Si-nCs sizes from 5 to 2.7 nm [7, 8]. In
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the same way an evident blue shift in the PL could be observed in evaporated MLs containing Si-nCs when the size
of the nCs decreases from 3.2 nm to 2.8 nm [5]. SRO films prepared by LPCVD (low pressure chemical vapor
deposition) present intense PL when they have a Si excess (excess compared with SiO,) lower than 8 at% (Ro =20
—30), and a weak emission for excess larger than 12 at% (Ro < 10) [9, 10]. One can observe an insignificant blue
shift in the PL when going from SRO Ro = 20 to Ro = 30 with particle sizes of around 2.75 nm and no observed
particles respectively, but no shift could be observed when decreasing the Ro to 10 (Si-nCs sizes of around 4.2 nm)
[9]. These observations may be evidence that the PL in this kind of films is dominated by defects. All results suggest
that the PL emission of SRO strongly depends on the size of the Si-nCs embedded in the oxide matrix,
independently if it is due to quantum confinement effects or to defects.

In the present work the PL of MLs containing SRO with high silicon content prepared by LPCVD is reported. It
is worthy to mention that ML structures of SRO prepared by LPCVD have been previously reported just by our
group [11]. The as-deposited MLs contain Si-nCs with average size of 13 nm and do not present PL. The present
report deals with the oxidation of these MLs to activate their PL. An emission mechanism of these structures is
proposed. Transmission electron microscopy (TEM) and ellipsometry were used to study the structural and
compositional properties of the MLs.

2. Experimental details

ML structures composed of stacks of SRO with Ro = 1 (SRO1) and SRO with Ro = 50 (SRO50) were deposited
on p-type Si (100) wafers with 30-50 Qcm resistivity. The deposition was done by LPCVD at 725 °C, using SiHy
and N,O as the precursor gases. The MLs are composed of 6 layers of 12 nm of SROS50 alternated with 5 layers of
22 nm of SROI. The ratio of the precursor gases was varied manually during the deposition to produce the different
layers. After the deposition the samples were annealed in N, at 1100 °C for 3 hr to segregate Si excess and produce
Si-nCs embedded in an oxide matrix. Finally, to vary the size of the Si-nCs, the MLs were oxidized at 800 °C for 30
min in dry oxygen, followed by additional 30 min of oxidation at 800, 900, 1000 or 1100 °C.

The microstructure of the MLs was studied with TEM (Tecnai F30, 300 kV). A Null ellipsometer Gaertner L117,
which operates with a 632.8 nm laser at a fix 70° angle of incidence, was used to obtain the refractive index of the
samples. The PL emission spectra were obtained with a spectrofluorometer Jobin Yvon Fluoromax-3 at room
temperature; the samples were excited with light of 280 nm (4.42 eV), and a long-pass filter of 400 nm (3.1 eV) in
the detector was used.

3. Structural characterization

Analyzing several TEM micrographs of the MLs it was possible to do a statistical study of the sizes of the Si-nCs.
The size of the Si-nCs decreases upon oxidation temperature. This effect can be clearly observed when comparing
the size distributions of the MLs oxidized at 800 (Fig. 1) and 1100 °C (Fig. 2). The sizes of the nCs of the sample
oxidized at 800 °C remain close to the sizes in the sample without oxidation. The sizes of the nCs in the sample
oxidized at 800 °C can be separated into two ranges: one between ~12 and 20 nm, and the other between 6 and ~12
nm (see Fig. 1). The first range corresponds to the Si-nCs being confined by the thickness of the layers of SRO1 (22
nm), and the second range corresponds to Si-nCs occupying the voids between the larger crystals. In contrast, the
sample oxidized at 1100°C consists mainly of nCs smaller than 14 nm, but with some larger crystals still remaining
(Fig. 2). An explanation for this distribution could be that the Si-nCs close to the surface are stronger oxidized than
those close to the substrate, where some bigger nCs remain after the oxidation process.
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Fig. 1. Size distribution of Si-nCs in the ML oxidized at 800 °C. The dots in the figure represent the measured
values. The lines are guides for the eyes.
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Fig. 2. Size distribution of Si-nCs in the ML oxidized at 1100 °C. The dots in the figure represent the measured
values. The lines are guides for the eyes.

To confirm that the amount of Si in the MLs decreases with increasing oxidation temperature, the refraction
index of the samples was measured. From the obtained values it was possible to calculate approximately the volume
fraction of Si-nCs in the samples using the Bruggeman theory for an effective medium [12]. According to this
theory the MLs can be seen as an effective medium with effective refraction index, since the sizes of the Si-nCs and
the silicon oxide zones are much smaller than the wavelength of the laser light of the ellipsometer (632.8 nm). The
effective refraction index of the studied materials (ne) is related to the refraction index of each phase (ng; and n,,) as
well as to their volume fractions (Vg; and V). The Bruggeman equation for the two-component system is:
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y M Ty, Mo Ty
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ng +2n,, n, +2n,
where
VS[ + an =1 (2)

The volume fractions of Si-nCs in the different MLs are plotted in Fig. 3. For the calculation the values n,, = 1.46
and ng; = 3.85 were used. From the plot it can be inferred that the amount of Si transformed into silicon oxides
increases when increasing the oxidation temperature.
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Fig. 3. Plot of the volume fraction of Si-nCs in the MLs oxidized at different temperatures. The dots represent the
calculated values, and the solid line is a guide for the eye.

4. Photoluminescence

The PL spectra of the MLs oxidized at 1000 and 1100 °C are shown in Fig. 4 and Fig. 5 respectively. The rest of
the samples do not exhibit any detectable PL signal. SRO50 do not exhibit any PL signal. On the other hand, the PL
of the luminescent samples cannot be due to direct band-to-band transitions allowed by quantum confinement
effects in the nanometric layers of SROI. If the PL would originate from direct band transitions in the Si-nCs, a blue
shift should occur in the PL spectrum of the ML oxidized at 1100 °C compared with that of the ML oxidized at
1000 °C, since the sizes of the Si-nCs in this last sample are bigger. Nevertheless there is not any shift. A
deconvolution of the PL peaks was performed in order to give possible explanations to the PL. In both cases the PL
spectra can be deconvoluted in two asymmetric peaks centred at around 1.53 (band A) and 1.73 ¢V (band B), as
shown in Fig. 4 and Fig. 5.
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Fig. 4. PL spectrum of the ML oxidized at 1000 °C. It is deconvoluted in asymmetric peaks located approximately at
1.53 and 1.73 eV.
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Fig. 5. PL spectrum of the ML oxidized at 1100 °C. It is deconvoluted in asymmetric peaks located approximately at
1.53 and 1.73 eV.

The PL band B has been also observed in SRO with low Si content. For example, the PL of SRO with Ro = 30
prepared by LPCVD presents a maximum at 1.76 eV [10]. This material has a Si excess of around 6 at% [13]. This
Si excess does not allow the formation of Si-nCs, but Si sub-oxides [14]. According to this finding, the PL band B
from the MLs should be caused by defects in the sub-oxide matrix of the SRO1 layers. Actually there has been
reported just an insignificant blue shift in the PL when going from SRO Ro = 20 to Ro = 30 [9], giving evidence of
the defect-related PL. Some groups have attributed the PL with energy higher than around 1.7 eV to defects in the
oxide matrix [15], especially to non-bonding oxygen hole centres [16]. In the present case the sub-oxides may have
reached a configuration close to that in SRO with Ro = 30 upon oxidation, enabling the PL band B. The asymmetric
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shape of the band has been also observed in previous reports [17]. In the present MLs the asymmetry of band B
remains unaltered when the oxidation temperature is increased.

The position of the peak A also does not change when reducing the size of the Si-nCs, and therefore this peak is
not due to direct band transitions in the nCs. This PL peak should then originate from the interfaces between the Si-
nCs and the sub-oxide matrix, which is a defect-rich region [18]. The area of band A represents 36.5 % of the PL in
the sample oxidized at 1000 °C, and it is reduced to 21.7 % in the sample oxidized at 1100 °C. An explanation for
the smaller area of peak A in the sample oxidized at 1100 °C is that part of the Si-nCs are fully oxidized, reducing
the intensity of the interface-related PL. In fact the electron diffraction patterns of the two samples (Fig. 6) show that
the density of Si-nCs is reduced upon oxidation. The reduction of the density of Si-nC affects also the asymmetry of
A. The asymmetry of the band (a = RWHM/LWHM, where RWHM is the right width at half maximum, and
LWHM is the left width at half maximum) is 1.42 and 1.6 in MLs oxidized at 1000 and 1100 °C respectively.

Fig. 6. Electron diffraction patterns of the MLs: left) oxidized at 1000 °C, right) oxidized at 1100 °C. The patterns
fit with the metrics for Si.

The MLs oxidized at lower temperatures (800 and 900 °C) do not present PL properties. It is highly likely that
the nCs in these samples are not small enough for this emission process. Recently, it has been reported that the PL
related to the interface depends strongly on the nC size because quantum confinement effects in the nCs are
necessary [19]. Due to the quantum confinement the band gap of the Si-nCs increases when their size decreases, and
the breakdown of momentum conservation makes the '—L and I'>X transitions pseudo-direct. The defect states
are I'-like and electrons excited from the Si valence band relax to the conduction band edge, from which they tunnel
(resonantly) to the defect states and recombine radiatively [20].

5. Conclusion

ML structures containing SRO with high Si content were prepared and PL was activated in them by oxidation.
Only the MLs oxidized at higher temperatures present PL. These samples contain the smallest Si-nCs. It was
evidenced that the PL is generated by defects in the oxide matrix and by defects located at the interfaces between
nanocrystals. The first emission mechanism is independent of the existence of nanocrystals as is the case of SRO
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with low Si content. On the other hand, the interface-related PL depends on the size of the Si-nCs. When the Si-nCs
have a size at which the band gap of Si is pseudo-direct (a quantum confinement effect), the excited carriers can
tunnel to the interfacial defects, where the radiative recombination takes place.
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