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ABSTRACT

This work presents the comparative investigation of Siy(Al,03);_x and Six(SiO,);_, films with different
excess Si content, x, grown by RF magnetron sputtering. Their properties were investigated by means
of Raman scattering, X-ray diffraction, Electron paramagnetic resonance and photoluminescence
methods. As-deposited films with the x > 0.3 were found to be two-phase systems that contained an
amorphous Si phase. Contrary to Siy(SiO;);_x films, tensile stresses were observed for Siy(Al;03);_x
samples due to lattice mismatch between the film and quartz substrate. The Si nanocrystals (Si-ncs) were
formed upon annealing at 1150 °C for 30 min in nitrogen flow in both types of samples. Along with this,
for the films with the x > 0.3, amorphous Si phase was also detected, but its contribution was smaller in
the Si,(Al;03);_ films. Besides, the Si-ncs embedded in Al;03 host remained under tensile stresses after
annealing. For the films with the same x values, the Si-ncs in Al,03; were found to be larger than those
embedded in SiO,. Photoluminescence spectra showed that the main radiative channel in Siy(SiO2); x
films is exciton recombination in Si-ncs, while in Siy(Al,03);_y films the defect related emission prevails
due to higher amount of interface defects in the Si,(Al,03);_,. The nature of these defects is discussed.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

One of the important tasks of photonics and microelectronics is
the realization of low-cost integrated optoelectronic devices
fully based on well-developed Si-based CMOS technology (i.e.
all-in-one Si chip). In this regard, silicon nanocrystallites (Si-ncs)
attract considerable interest due to significant transformation
of their optical and electrical properties caused by quantum-
confinement effect [1-3].

Light-emitting Si-ncs embedded in dielectric hosts offer poten-
tial applications in optoelectronic devices because of their compat-
ibility with the existing manufacturing infrastructure for silicon
integrated circuits. Among different dielectric materials, silicon
oxide is the most addressed as a host for Si-ncs [4-7]. The proper-
ties of Si-ncs-SiO, systems have been widely investigated during
the last decades [2-9].

However, the downscaling of microelectronic devices requires
the elaboration of novel materials to overcome the bottleneck of
silicon oxide as a gate material. In this regard, other dielectrics
such as ZrO,, HfO, and Al,03; are considered as promising gate
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dielectrics [10]. It was also demonstrated that Si-ncs embedded
in such high-k host offer a wider application for non-volatile mem-
ories due to the higher performance of the corresponding devices
[11,12].

Among different dielectrics, Al,03 is not well addressed as pho-
tonic material. Meanwhile, it has relatively higher refractive index
(1.73 at 1.95 eV) in comparison with that of SiO, (1.46 at 1.95 eV)
at similar band gap energies offering better light confinement
which makes compact device structures possible. Recently, alu-
mina-based waveguides have been developed by sol-gel tech-
niques for optical communication [13,14].

It is worth to note that the reports on the properties of Si-rich
Al,03; materials are not numerous. Only few groups reported on
Si-ncs-Al,03; materials fabricated by ion implantation or electron
beam evaporation [15-17]. At the same time, magnetron sputter-
ing was not often considered for fabrication of Al,03 materials with
embedded Si-ncs [18-20] in spite of the relative simplicity of this
approach and its wide application for the fabrication of Si-ncs-SiO,
films [7,9]. Moreover, the films grown on silica substrates were not
practically investigated whereas such structures have an impor-
tance for optical communication.

The present paper deals with the comparative investigation of
Si-rich-Al,03 and Si-rich-SiO, films with different Si content. It
demonstrates the application of magnetron sputtering for the
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fabrication of such films. The study of the effect of post-deposition
processing on the evolution of microstructure of the films and their
optical and luminescent properties allowed to get information
about the Si-ncs formation and the nature of the emitting centers
in the films with different Si content as well as to find a way to con-
trol luminescent properties of these materials.

2. Materials and methods

The Si,(Al,03);_x and Si,(SiO,);_, films were deposited by radio
frequency magnetron co-sputtering of two separated targets (pure
Si and pure oxide (Al,03 or SiO,)) in pure argon plasma on an elon-
gated non-rotated silicon oxide substrate kept at 20 °C. Our ap-
proach permitted to vary excess Si content along the film length
(0.15 < x < 0.70) during one deposition run at fixed powers ap-
plied to the targets [6,19,20]. The length and the width of the film
were about 3 and 140 mm due to template use. An anneal treat-
ment of such long film gives the possibility to investigate simulta-
neous formation of the Si-ncs in the films with different Si excess.

The background vacuum in the chamber was about 1 x 107> Pa
prior to the deposition. The RF powers applied on the SiO, and
Al,O3 targets were 60 and 80 W, respectively, whereas the power
applied to the Si cathode was 40 W in both cases. The deposition
time was chosen to grow the films with the thickness of about
1 wm. The as-deposited original films were annealed at 1150 °C
during 30 min in nitrogen flow to form the Si-ncs in oxide hosts
and then they were cut to smaller (1 cm in length) segments
(called hereafter as samples) to simplify the investigation of their
properties.

To investigate the microstructure and luminescent properties of
the films, a Horiba Jobin-Yvon T-64000 Raman spectrometer
equipped with confocal microscope and automated piezo-driven
XYZ stage was used. The measurements were performed at the
center of each segment. The micro-Raman scattering (n-RS) and
micro-photoluminescence (p-PL) spectra were detected in the
100-900 cm ™! and the 500-900 nm spectral ranges, respectively.
A 488.0 nm line of Ar-Kr ion laser was used as the excitation
source. The laser power on the sample surface was always kept be-
low 5 mW to obtain the best signal-to-noise ratio, preventing a la-
ser heating of the investigated sample. The spectral resolution of
the spectrometer was less than 0.15cm~'. X-ray diffraction
(XRD) study was carried out using a Philips X'Pert-MRD diffrac-
tometer with Cu Ky-radiation (2 =0.15418 nm) in a grazing geom-
etry (with the angle w ~ 0.5°). Electron paramagnetic resonance
(EPR) spectra were measured by means Varian-12 X-band spec-
trometer to obtain the information about the defect structure of
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the samples. The accuracy of the determination of g-factor values
was Ag = +0.0005. All our investigations were performed at 300 K.

3. Results
3.1. Raman scattering spectra

Our Raman scattering study showed that as-deposited Si,(Al,.
03);_x and Siy(SiO;);_x films with the x > 0.5 contained an amor-
phous silicon (a-Si) phase (Fig. 1a). The shift of the peak position
of the transverse optic (TO) band to ro.asi=460cm~' was
observed for Siy(Al,03);_x films contrary to that detected for
Si(Si0,);_x counterparts (wro.asi =480 cm~!). This latter corre-
sponds to the TO phonon peak position of relaxed amorphous sili-
con. The low-frequency shift observed for Si,(Al,O3);_, samples
can be ascribed to tensile stresses between the film and fused
quartz substrate due to the lattice mismatch between silica fused
substrate and the Si-rich-Al,O5 film. It is obvious that this effect
is negligible for the Si,(Si0;);_y films.

Annealing treatment at T4 = 1150 °C results in the increase of
TO phonon band intensity and its narrowing that is evidence for
Si-ncs formation in both types of the samples (Fig. 1b). When the
x decreases, the shift of the awrg_nc.si to the lower wavenumbers oc-
curs for Si,(SiO,);_x (Fig. 1b, inset) that can be ascribed to the de-
crease of Si-ncs sizes.

In all Siy(Al;03);_x samples, the wro.ncsi is shifted to lower
wavenumbers (517.3-518.7 cm~!) in comparison with the peak
position of TO phonon band of bulk Si (Wro-puiksi =521 cm™1).
But contrary to Si,(SiO;); _y films, for the Si,(Al;03),_ samples with
x=0.55-0.7 only, a slight shift of the wyo band towards the higher
wavenumbers is detected with the decrease of x (Fig. 1b, inset).

It is worth to note that along with Si crystalline phase, the amor-
phous Si phase was also detected in annealed samples (Fig. 1b,
(wr0-a-si = 160 and 480 cm™1)). However, for the samples with the
same x values its contribution is lower for the Si(Al,03);_, samples
than for the Si,(SiO;);_x counterparts.

3.2. XRD patterns

XRD signal was detected for Si,(SiO;);_x with x> 0.3 and for
Six(Al;03);_x with x> 0.5. The estimation of Si-ncs embedded in
Al,03 host, based on the Scherrer equation, was found to be about
14 nm for x > 0.5 and did not vary with x [17,18]. The Si-ncs formed
in the SiO, matrix were found to be smaller for the same x values
[5,7]. For x> 0.5 their mean size was about 5-6 nm and did not
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Fig. 1. Raman scattering spectra in as-deposited (a) and in annealed (b) Si,(SiO,); _x and Siy(Al,03); _ films with x = 0.68. The spectra are shifted in the vertical direction for
clarity. The inset in (b) shows variation of TO phonon peak position versus x for both types of samples.
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change with x, whereas for 0.3 < x < 0.5 the decrease of Si-ncs from
5 to 2.5 nm was observed with the x decrease [7].

3.3. EPR study

The presence of amorphous Si phase in as-deposited samples
was also revealed by EPR measurements. As one can see from
Fig. 2, the EPR spectra of the both types’ samples with x > 0.3
are dominated by the signal with g; = 2.0055 (Fig. 2) that corre-
sponds to the silicon dangling bonds (Si DB) and testifies to the
presence of amorphous Si phase. Its intensity reflects the total
number of these centers and decreases with decreasing x. The dan-
gling bond concentration estimated from the EPR spectra with
x = 0.7 is higher for Siy(Al,O3);_x samples (~10'° centers/cm?) than
for Siy(Si0,);_x ones (~10'® centers/cm?).

For the Si,(SiO,);_x with x < 0.3 the appearance of an aniso-
tropic signal with g, = 2.0018 was observed (Fig. 2, curve 2). The
g-factor of this signal was determined as the intersection of the
EPR signal with the zero-line. With decreasing x the intensity of
this anisotropic signal increases at first and then decreases. The
maximum intensity being at x=0.22 (not shown here). Such
dependence could mean that the corresponding EPR center is con-
nected both, silicon oxide and excess silicon. In this case the in-
crease of the intensity is due to the increase of the silicon oxide
phase while the decrease is caused by the decrease of excess Si
content. This conclusion is in agreement with the absence of this
anisotropic signal in films deposited from the silicon oxide target
only. This signal is similar to that observed for milled quartz, but
its nature needs additional study.

Annealing treatment results in the transformation of EPR spec-
tra of both types of samples. In Siy(SiO,);_y films with x> 0.3, an
asymmetric signal with gz =2.0062, whose intensity was found
to be slightly lower than that of the signal from Si DB related cen-
ters, is observed. Its intensity increases also with x (Fig. 2a). The
asymmetric shape of this signal and the shift of g-factor to higher
values as well as the decrease of its intensity, in comparison with
that of as-deposited samples, allow assigning it to superposition
of signals from Si DB and Py-like centers that appeared when Si-
ncs are formed [6]. When x < 0.45, an additional isotropic signal
with g, =2.0028 and a peak-to-peak width AH ~ 3.5 G appeared
instead of the anisotropic one with g, =2.0018. Its intensity, at
first, increases and then it decreases with the decrease of x. The
highest amplitude of this signal is observed for samples with
x=0.22 (Fig. 2c). The signal with g,=2.0028 was also observed
for oxidized silicon annealed additionally in oxygen-free ambient
at 960-1130°C and can be ascribed to S-centers, previously as-
signed to E’-like defects of type 0,Si=Si- and/or 0Si,=Si- [21], i.e.
this is an excess-Si defect in SiO, matrix (that can be considered
as a signal of non-stoichiometric silicon oxide). It is obvious that
such defects in Siy(SiO,);_x films can be built by excess Si atoms
which cannot form Si-ncs due to their low amount. Similar behav-
ior of the intensities of signals with g4 = 2.0028 (annealed samples)
and g, = 2.0018 (as-deposited ones) versus x allows to assume that
the former signal appears due to the transformation of the latter
one.

Instead of single signal with g; = 2.0055 detected for as-depos-
ited films, annealed Si,(Al,03);_x samples showed two signals with
g5 =2.0068 and gg = 2.0027 (Fig. 2d and e). The first of them dom-
inates for the samples with x > 0.45, while the other is observed at
X <0.45. The signal with the g5 =2.0068 can be attributed to the
superposition of Si dangling bonds and Py,-like centers that can
be the feature of both Si/SiO, and Si/Al,05 interfaces [22].The high-
er value of gs-factor in comparison with gs-one (2.0068 vs. 2.0062)
and the more pronounced decrease of EPR signal intensity, after
annealing in comparison with corresponding Si,(SiO;);_x samples,

allow us to conclude that in the case of Siy(Al,03);_y films the con-
tribution of DB in the signal is lower.

As was mentioned above, the gg = 2.0027 of the signal observed
for annealed Si,(Al,03),_ is close to the g, = 2.0028 of the signal in
corresponding Si,(SiO,);_x samples. Also, both signals have similar
peak-to-peak widths (~4.0 G vs. ~3.5 G). Therefore, it can be con-
cluded that the center with gg = 2.0027 in Si,(Al;03);_x is obviously
an S-center, being a characteristic feature of non-stoichiometric
silicon oxide. The dependence of its intensity on x (Fig. 2f) is also
similar to that obtained for the Si,(SiO,);_, films (Fig. 2c).

3.4. Photoluminescence

No PL emission was observed for the as-deposited Si,(Si05);_x
films, whereas weak PL band in the orange spectral range was de-
tected from the Si(Al,03);_ films with x < 0.5. Similar PL emission
was also observed in pure Al,03 film (Fig. 3) and can be assigned to
F2* centers [23].

Annealing of Si,(Si0;);_x films results in the appearance of one
broad PL band in red-near-infrared spectral range (Fig. 3). Its peak
position shifts from 1.4 to 1.8 eV when the x decreases from 0.45 to
0.3 and changes slightly for x > 0.5 [9].

Annealed Si,(Al,03);_, films demonstrate a PL spectrum in a
wider spectral range (Fig. 3). These spectra contain two broad PL
bands with maxima in “green-orange”! (2.06-2.18 eV) and “red”
(1.65-1.77 eV) spectral ranges. The second one is accompanied by
near-infrared tail or a weak band (at 1.55-1.60 eV). All mentioned
bands can be well-separated (for x=0.3-0.5) unless when they
strongly overlapped.

The “green-orange” band consists of two overlapped compo-
nents with maxima positions at ~2.06 and ~2.18 eV (Fig. 3). The
emission at ~2.18 eV is similar to PL emission from F" centers
in Al,O3 and it is clearly seen in the sample with x =0.3. This PL
band presents also in other spectra, testify that the Si-ncs are
incorporated into Al03 matrix.

4. Discussion

The investigation of structural properties of as-deposited
Si,(Si03)1_x and Siy(Al;03);_ films showed that one of their spe-
cific features is the presence of an amorphous Si phase. This phase
is detected by Raman scattering for the samples with x > 0.45,
whereas EPR data confirms its presence for the samples with
x> 0.3 that is due to the higher sensitivity of the EPR method.

The Siy(Al;03);_4 films were found to be tensile stressed con-
trary to the relaxed Si,(SiO,);_x ones. This can be a reason of higher
concentration of Si DB in the Siy(Al;03);_ films.

Comparison of XRD and Raman scattering data shows that after
annealing treatment the Si-ncs in Si,(Al,O03);_x Ssamples are
stressed. In fact, the peak position of the TO phonon band of the
Si-ncs for the samples with x > 0.5 is shifted to the lower frequency
side (Wro-ne_si = 517-518 cm™!) in comparison with that of bulk Si
(ro-bulk-si = 521 cm~1). At the same time, the mean size of the Si-
ncs, estimated from XRD data, is about 14 nm. It is obvious that the
contribution of phonon quantum confinement effect is negligible
in this case. This means that the Si-ncs in the Si,(Al,03);_x samples
are under tensile stress contrary to the Si-ncs in the Si (SiO3);_y
films. This is in agreement with Raman scattering data obtained
for the as-deposited samples.

As mentioned above the peak position of Raman band of the Si-
ncs in Siy(Al,053);_x for the samples with x = 0.6-0.8 shifts slightly
to higher frequencies with the decrease of x that cannot be caused

! For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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Fig. 2. EPR data for Si,(SiO,);_x (a—-c) and Siy(Al,03);_, (d-f) samples with x = 0.70 (a and d), 0.32 (e) and 0.22 (b). EPR spectra for Si,(SiO,);_ (a and b) and Si,(Al,03),_x (d and
e) measured for as-deposited (AD) and annealed samples; (c and f) the dependence of the integrated intensities of the two main EPR signals versus x for Si,(SiO,);_ (c) and
Siy(Al,03);_x (f). The star in (d) and (e) marks the signal of the superfine component of the MgO:Cr>* reference.

by the change of crystallite sizes because the decrease of Si content
should result in the decrease of Si crystallites and lead to opposite
shift of Raman line. The observed shift is obviously caused
by the decrease of amorphous Si phase content that is in agree-
ment with the decrease of intensity of TA phonon of amorphous
Si (wra-asi=150cm™!). Thus, the size of the Si-ncs in the
Six(Al;03);_, films cannot be estimated from Raman data.
Another situation occurs in the Siy(SiO,);_ films. With the de-
crease of x a shift of the wro-nc-si to the lower wavenumbers takes
place (Fig. 1b, inset). Also, an increase of the full-width at half
maximum of this phonon band is observed (not shown). The sizes
of Si-ncs embedded in SiO; host can be estimated from the fitting
of Raman scattering spectra. Based on such analysis the increase of
Si-ncs mean size from ~2.7 to 6.0 nm was found for Si,(Si03);_x

samples when x increases from 0.3 to 0.5, whereas for x > 0.5, the
size of the ncs does not change. These results are in a good agree-
ment with XRD data.

Raman scattering spectra of annealed films showed also a high-
er relative contribution of amorphous Si phase in Si,(Si0;);_x in
comparison with that of Siy(Al,03); . This is in agreement of
EPR data. In fact, higher contribution of the Si DB signal in the
EPR spectra of Siy(SiO,);_, samples is obviously caused by higher
contribution of the amorphous Si phase. This can be due to a faster
crystallization of the amorphous Si clusters in Al,0s host in
comparison with that in SiO,. This is in the agreement with the
data of Ref. [15]. These clusters can be present in the films after
deposition as well as to be formed upon annealing due to phase
separation. It is interesting that in Siy,(Al,03);_x samples with low
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Fig. 3. Room-temperature PL spectra of annealed Si,(SiO;);_ (1) and Siy(Al,03);_x
(2,3) samples with x=0.30 (1.2) and x = 0.50 (3). The excitation wavelength was
488 nm. The spectra for SiO, (4) and Al,05 (5) are given for comparison.

x values the EPR signal that is characteristic of non-stoichiometric
silicon oxide is observed. Since this signal appears under thermal
treatment, we can conclude that silicon suboxide phase is formed
under phase separation process.

The results obtained showed also that the mean size of Si-ncs in
Al,03, estimated from XRD measurements for x > 0.5, exceeds that
of the Si-ncs in SiO, for the films with the same x values. This can
be also caused by a faster crystallization of amorphous Si clusters
in Al,O3 host compared with that in SiO,. In spite of the difference
in Si-ncs sizes these films have one thing in common. For the sam-
ples with x > 0.5 the mean Si-ncs size does not change with x. This
can be connected with the presence of amorphous Si inclusions in
as-deposited films. In this case their crystallization can contribute
to the appearance of Si-nc in addition to the phase separation pro-
cess. For x > 0.5 this contribution can be crucial. If these inclusions
are big enough (that can be expected for high Si excess) they will
form as amorphous Si films and the crystallite sizes will be deter-
mined by the temperature and duration of annealing. Indeed, rapid
thermal annealing of Si,(Al,03);_x samples results in the formation
of smaller the Si-ncs, but their mean size was also found to be inde-
pendent of x for x > 0.5 [20].

Obtained data show significant difference in PL properties of
Si,(Si03);_x and Si,(Al,03);_y films. For Si,(Si0;);_y films, evolution
of PL peak position versus x correlates with the variation of Si-ncs
mean size. This allows ascribing it to exciton recombination in
Si-ncs. Thus, in these films exciton recombination in Si-ncs is dom-
inant radiative channel.

At the same time several radiative channels are observed in
Six(Al,03);_x films. The investigation of temperature dependence
of the PL spectra showed that the peaks positions and the intensi-
ties of PL, peaked at 2.06-2.18 and 1.65-1.77 eV do not change
with cooling [20]. This allowed ascribing them to radiative recom-
bination of carriers through defects in the matrix (probably, F-like
centers) and/or Si-ncs/host interface states. It is worth to note that
PL components at ~1.65-1.77 and ~2.06 eV were observed only
when Si-ncs are present in the film. This can be explained by their
location near Si-ncs or at Si-ncs/host interface.

At the same time the contribution of the near-infrared tail or
the band peaked at about 1.55-1.60 eV increases with cooling
[20] which is a typical feature of the Si-ncs excitons. However, its
PL intensity is much smaller than the emission of oxide-related de-
fects contrary to that observed in Si,(SiO,);_x films. This can be due
to high number of non-radiative defects at Si-ncs/Al,O3 interface.
These non-radiative centers can be Py-like centers. The obtained

EPR data allow then to concluding that the concentration of these
defects is higher in Si,(Al,03);_, samples than in Si,(Si0;);_x sam-
ples with the same x values. In fact, the pronounced shift of g-fac-
tor in annealed Si(Al,03);_x samples is the evidence that the
contributions of both Py-like centers and Si DB in EPR spectra are
comparable. In addition, the concentration of EPR centers respon-
sible for the signal from Si DB and Py-like centers in Siy(Al,03);_x
is higher than that in Si(SiO,);_, films with the same x values.

It is worth to point that obtained results showed some advanta-
ges of Siy(Al,03);_ in comparison with Si,(Si0,);_,. In particular, in
the former materials Si nanoclusters can be created and crystal-
lized at lower temperature and shorter duration of anneal treat-
ment. Such materials can be used, for instance, for the creation of
p-MOS or n-MOS nanomemory structures. In the case of activation
of n- or p-regions, the doping with P or B ions is required. Usually,
dopant's activation is carried out at 950 °C that is much lower
than the temperature of Si-ncs crystallization in Siy(SiO3);_y
films. Earlier we've shown that rapid thermal annealing at 1000-
1050 °C for 1 min allowed to create 5 nm Si-ncs in Al,O3 host con-
trary to 1100-1150 °C used for formation of similar crystallites in
Si,(Si03);_x with the same x values [19,20]. It is clear that such high
annealing temperature can stimulate the redistribution of dopants
and spreading of n- or p-regions, as well as the modification of
the interface between gate dielectric and silicon channel (see, for
example, [24]).

5. Summary

In this work structural and Iluminescence properties of
Si,(Si03)1_x and Siy(Al,03);_x films with different Si content pre-
pared by magnetron sputtering on quartz substrate were com-
pared. The formation of amorphous Si clusters upon deposition
process was observed in both types of the films for the samples
with x > 0.3. The annealing treatment at 1150 °C during 30 min re-
sults in formation of Si nanocrystallites (Si-ncs). Because of the
presence of amorphous Si inclusions in the as-deposited films,
two processes can contribute to their formation: the crystallization
of existing inclusions and the phase separation at high tempera-
tures. The first process can be responsible for independence of
mean sizes of crystallites for x > 0.5 that was observed in the both
types of annealed films. At the same time a number of differences
were found in the structural and photoluminescent properties of
the investigated films. Raman scattering and EPR spectra of the an-
nealed films showed the higher relative contribution of amorphous
Si phase in Siy(SiO,); _x in comparison with Si,(Al,03);_x as well as
the presence of tensile stress in Si-nc embedded in Siy(Al;03);_x
films. The first can be caused by the lower temperature for the
crystallization of amorphous Si clusters in Al,O3 host compared
with that in SiO,, while the second is due to mismatching between
the lattice parameters of fused quartz and the film. In addition, Si-
ncs mean sizes were found to be larger in Si,(Al,03);_ films than
that in Siy(SiO;);_x counterparts with the same x values. This can
be also caused by the faster formation and crystallization of the
amorphous Si clusters in Al,O3 host compared with that in SiO,.
It is shown that exciton recombination in Si-ncs is the dominant
radiative channel in Si,(SiO;);_x films, while the emission of oxide
or Si/matrix interface-related defects dominates in Siy(Al;03);_x
films. This can be due to high number of non-radiative defects at
Si-ncs/Al,O3 interface.
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