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Abstract

In this work, the structure and morphology of silicon oxynitride films deposited by the PECVD technique were studied. The films were
deposited under two different conditions: (a) SiON, with chemical compositions varying from SiO, to SizN4 via the control of a
N,O + N, + SiH, gas mixture, and (b) Si-rich SiO,N, films via the control of a N,O + SiH,4 gas mixture. The analyses were performed
using X-ray near edge spectroscopy (XANES) at the Si-K edge, transmission electron microscopy (TEM) and Rutherford backscattering
spectroscopy (RBS). For samples with chemical composition varying from SiO, to SizNy, the diffraction patterns obtained by TEM
exhibited changes with the chemical composition, in agreement with the XANES results. For silicon-rich silicon oxynitride samples,
the formation of a-Si clusters was observed and the possibility of obtaining Si nanocrystals after annealing depending on the composition

and temperature was realized.
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1. Introduction

Silicon oxynitride (SiO,N,) films have been widely stud-
ied for their use in the new generation of microelectronic
and optoelectronic devices due to the ability of controlling
their optical and electrical properties through the adjust-
ment of the chemical composition [1,2].

Since SiON,, is a ternary alloy, it possesses a complex
structure; thus, a detailed knowledge about the structure
and morphology of SiO.N, films becomes essential for
the improvement of optical and microelectronic devices.
The stoichiometric silicon oxynitride, given by the formula
Si,ON,, is a compound governed by the Mott rule [3-5],
where each Si atom is fourfold-coordinated with four O
and/or N atoms [4,5]. In the case of non-stoichiometric sil-
icon oxynitride (SiO.N,), as for all tetrahedral amorphous
non-stoichiometric alloys, two different models can
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describe its structure, the random bonding (RBM) and
the random mixture (RMM) models. The RMM assumes
that a-SiO,N,, films are formed by a mixture of two phases:
SiO, and SisNy. The RBM, on the other hand, considers
that these materials are constituted by Si-O and Si-N
bonds coordinated in five types of tetrahedral: SiO,N,4_,
where v =0, 1, 2, 3, 4 [3-5]. In the case of Si-rich material
Si-Si bonds are also present and thus the permitted tetrahe-
dra are of the type SiSiOxNy4.1r) Where j, k=0, 1, 2, 3, 4
and j + k < 4. For some applications such as MOS transis-
tors, capacitors and waveguides it is necessary a homoge-
neous film, related to RBM, to not change the dielectric
constant or the refractive index damaging the device per-
formance. On the other hand, for LED’s devices, the visible
PL at room temperature in Si-rich oxynitride films has been
attributed to the presence of amorphous silicon clusters in
the film, better explained by the RMM model [6].

In this work SiON,, films with chemical compositions
varying from SiO; to SizNy, as well as Si-rich SiO, N, films
were deposited by PECVD at low temperature. The struc-
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ture of the materials was studied using X-ray absorption
near edge spectroscopy (XANES) at the Si-K edge, high
resolution transmission electron microscopy (HRTEM)
and Rutherford backscattering spectroscopy (RBS).

2. Experimental

The SiON,, films studied in this work were deposited in
a standard 13.56 MHz RF PECVD capacitively coupled
system described elsewhere [7], from appropriate gaseous
mixtures of electronic grade (99.999%) silane (SiHy),
nitrous oxide (N,O) and nitrogen (N,).

All the samples were deposited at 320 °C, [8] and the RF
power density was kept at 500 mW cm 2. The SiH, flow
was fixed at 15 sccm, value high enough to lead to appro-
priate deposition rates for thick films production [9], but
sufficiently low to prevent undesirable gas phase reactions.
The films were deposited onto p type, (100), single crystal-
line silicon substrates in the 1-10 Q cm resistivity range for
XANES and TEM measurements and onto ultra dense
amorphous carbon for RBS measurements. The thickness
of the thick samples was determined with a Tencor 500
profilometer and the samples were deposited with approx-
imately 400 nm in thickness for TEM and XANES
analyses, and with 100 nm for RBS measurements. The
materials were deposited according to the conditions pre-
sented in Table 1.

The RBS experiments were performed at the LAMFI/
USP, Sao Paulo, using a He' beam with 2.4 MeV of
energy, charge of 30 C, current of 30 nA and detection
angle of 170°. The XANES measurements were conducted
at the SXS beamline [10] of the Brazilian Synchrotron
Light Laboratory (LNLS, Campinas, Brazil) in the 1835-
1855 eV range with 0.2 eV steps using a channel cut InSb
(111) monochromator. The spectra were collected at the
Si-K edge with total electron yield (TEY) detection mode.
The HRTEM analyses were performed at the Transmission
Electron Microscopy Laboratory, University of Chile,
using a FEI Tecnai F20 microscope operated at 200 keV.
The annealing treatments were performed under vacuum.

Table 1

Deposition conditions and chemical composition of all samples studied
Gaseous mixture Si O N
(sccm) (0/0) (0/(\) (O n)
SiH4:H2

a-Si 3:100 100 0 0
NzO:SiH4

SiO, 75:15 33 66 0
NzISiH4

Si3Ny 75:15 43 0 57
NzoINzisiH4

SiO,-type 60:15:15 33 65 2

Si3Ny-type 4:71:15 36.5 22 41.5
N,O:SiH,

Silicon-rich 3.8:15 65 16 19
7.5:15 47 27 26
11.3:15 43 32 25

3. Results

It was observed in a previous work that using a
N,O + N, + SiH,4 gaseous mixtures it is possible to obtain
films with chemical compositions varying from SiO, to
Si3N4 [11]. The XANES results at the Si-K edge for as-
deposited samples with chemical compositions varying
from SiO, to SizNy4 are shown in Fig. 1(a). The Si-K edge
of the sample produced with the highest N, flow is very
close to that of SisNy. Similarly, as the N, flow decreases,
the absorption edge shifts towards that of SiO,; behavior
attributed to an increase in the number of Si—-O bonds
and a decrease in the number of Si-N bonds. The spectra
corresponding to the three samples deposited with the
higher N, flow values exhibited a second structure at an
energy value intermediate between the SiO, and SizNy
edges, which can be related to a second absorption edge.
This second structure did not shift with N concentration,
but its intensity increased as the N, flow decreased [12].

The XANES results at the Si-K edge of Si-rich SiO\N,,
(Si=43, 47 and 65%) films before and after annealing
are shown in Fig. 1(b)—(d), respectively. The spectra of
CVD SisNy and thermal SiO, standard samples are also
shown for comparison purposes. For the sample with Si
content = 43% (Fig. 1(b)) it is observed that the as-depos-
ited sample presented only one absorption edge, starting at
energies close to that of Si-Si bonds, passing through val-
ues related to Si-N bonds until reaching the Si—O bonds.
After annealing at 7'= 750 °C the spectrum did not show
appreciable changes, while after annealing at 7= 850 °C
the spectrum presented two absorption edges, related to
the separation of two phases: one composed by Si—O and
Si-N bonds, and another one composed by Si—Si bonds.
The as-deposited sample with Si content =47%
(Fig. 1(c)) presented high intensities starting from energies
close to that of Si—Si bonds up to energies associated with
Si-O bonds, but now exhibiting three defined absorption
edges, one formed by Si-Si bond and another one by Si-
O and Si—N bonds. After annealing at 1000 °C, the sample
presented a better separation of these phases. The spectrum
of the sample with Si = 65% (Fig. 1(d)) was similar to that
of the SiO,N, sample with Si content = 47%, but with a
higher intensity associated to Si—Si bonds. The annealing
behavior of this sample was also similar to that of the sam-
ple with Si content =47%, although presenting an even
better separation of Si-Si and Si-O, Si-N bonds.

The HRTEM results for a-Si:H, Si3N4, and SiO, sam-
ples (with inserted diffraction patterns) are shown in
Fig. 2. For the a-Si:H sample (Fig. 2(a)) the presence of
nanocrystals 2-4 nm in size was observed, which is also evi-
dent in the diffraction pattern through the presence of well
defined rings and diffraction spots. For the SiO, sample
(Fig. 2(b)) an amorphous film was observed in the image,
while the diffraction pattern, in agreement with the image,
presented two diffuse rings. For the SizN; sample
(Fig. 2(c)) an amorphous film and a diffraction pattern with
two diffuse rings were also observed (similar to the SiO,
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Fig. 1. XANES at Si-K edge for: (a) as deposited samples with chemical composition varying from SiO, to SizNy. Si-rich SiON, samples with
concentration of Si = (b) 43%, (c) 47% and (d) 65% before and after annealing.

sample); however, the most intense ring was closer to the
image centre. In order to better compare the diffraction
patterns, intensity profiles as a function of k were extracted
from the experimental patterns. In Fig. 2(d) it is possible to
observe that the Si;N4 sample presents two intensities max-
ima, one present at k values between 2.4 and 4.3 nm ™' and
another one at 7.3 nm™'. The SiO, sample also presents
two intensities maxima but at different positions: at
approximately 2.3 and 8 nm~', respectively. The a-Si:H
film presents three maxima at approximately 3, 5 and
5.6nm".

In Fig. 3 the TEM results for the (a) SiO,-like and (b)
SizNy-like samples are presented. Both samples presented
amorphous characteristics, and the diffraction patterns of
both SiO,-like and Si3Ny-like sample presented two diffuse
rings, similar to the SiO, and Si;N4 samples. A comparison
of the intensity profiles is shown in Fig. 3(c).

HRTEM images before and after annealing at 750 °C of
a SiO,N,, sample with Si = 43% are shown in Fig. 4. It can
be observe that the as deposited sample (Fig. 4(a)) is amor-
phous and presents a diffraction pattern with two diffuse
rings, similar to those of Siz;Ny. After annealing at 750 °C
(Fig. 4(b)), the sample did not exhibit appreciable changes,
i.e., it remained amorphous with the same intensity profile
as a function of k, as shown in Fig. 4(c).

HRTEM images before and after annealing at 750 and
1000 °C of a SiON, sample with Si = 47% are shown in
Fig. 5. The sample before annealing (Fig. 5(a)) was amor-
phous, having a diffraction pattern characterized by diffuse
rings, in agreement with an amorphous material. After
annealing at 750 °C (Fig. 5(b)) and 1000 °C (Fig. 5(c)),
the sample did not present appreciable changes compared
to the as-deposited condition, maintaining its amorphous
structure. This behavior was confirmed by comparing the
intensity profiles as a function of k, Fig. 5(d), where no
appreciable changes can be observed after annealing.

HRTEM images before and after annealing at 750 and
1000 °C of the SiO.N, sample with the highest Si content,
Si=65% are shown in Fig. 6. The as-deposited sample
(Fig. 6(a)) presents an amorphous structure. After anneal-
ing at 750 °C (Fig. 6(b)) it can be observed that the diffrac-
tion rings become narrower, an indication that the sample
is acquiring short range order. The formation of Si nano-
crystals 2-4 nm in size after annealing at 1000 °C can be
observed, as shown in Fig. 6(c), in agreement with the dif-
fraction pattern which presents well-defined diffraction
rings and spots (more defined than in the sample annealed
at 750 °C). In Fig. 6(d) a comparison of the diffraction
intensities as a function of k for the SiO,N, sample with
Si=65% before and after annealing is presented. The
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Fig. 2. TEM images with inserted diffraction patterns for the samples (a) a-Si:H, (b) SiO, and (c) Si3Ny. (d) Comparison of intensities as a function of k&

function of a-Si:H, SiO, and Si;N, materials.
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Fig. 3. TEM images with inserted diffraction patterns for the samples (a) SiO,-like and (b) SizNy-like. (c) Comparison of intensities as a function of k of

SiO\N,, samples, SiO, and Si3N4 materials.

as-deposited sample presents only two maxima of intensi-
ties at k values close to those of a-Si, i.e., at 3.07 and
5.53 nm~'. After annealing at 750 °C it is shown that these
intensity maxima are better defined. After annealing at
1000 °C an increase in the intensity at 3.07nm ™' is
observed, while the diffuse peak previously located at
5.53 nm ' in the as-deposited sample splits into two peaks
located at 5.25 and 6.12 nm™'. These three peaks corre-
spond to the (111), (220) and (311) planes of crystalline
silicon.

4. Discussion

The XANES measurements of SiO.N, films deposited
with N,O + N, + SiH, gaseous mixtures and having a
low N content, i.e. SiO,-like, presented only one absorp-
tion edge, suggesting that under these conditions the mate-
rial is better represented by the RBM model, that is to say,
Si atoms bonded randomly with O and N atoms. On the
other hand, films with high N content, i.e. SizNy-like, pre-
sented a second structure in the absorption edge, one at
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Fig. 4. TEM images with inserted diffraction patterns for the sample Si = 43% (a) before and (b) after annealing at 750 °C. (c) Comparison of intensities as

a function of k of SiO,N, with Si = 43% and a-Si, SiO, and Si;N, materials.
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Fig. 5. TEM images with inserted diffraction patterns for the sample with Si = 47% (a) before annealing, (b) after annealing at 750 °C and (c) at 1000 °C.
(d) Comparison of intensities as a function of k of SiON, with Si =47% and a-Si, SiO, and Si3N4 materials.

lower energies related to Si3sN4 and another at higher val-
ues close to that of SiO, [11,13]. This hypothesis is compat-
ible with other author’s results [14] which describe a silicon
oxynitride sample having an intermediate stoichiometry by
a combination of the RBM and RMM models. This mate-
rial cannot described by the RBM model only due to the
instability of the Si, , tetrahedron caused by the electroneg-
ativity adjustment, which leads to preferential formation of
Siy ;3 and Si;; tetrahedra (where Si,,, are the number of

oxygen and nitrogen atoms, respectively). The TEM inves-
tigations revealed that all samples were composed of one
phase (an amorphous phase), while the diffraction patterns
analysis revealed that the intensity profiles of the samples
were in agreement with their chemical compositions
(SiOy-like and Si3;Ny-like samples presented intensity pro-
files similar to SiO, and Si3;Ny, respectively). However,
the two phases observed with XANES in SizNy-like sam-
ples could not be identified in the TEM, possibly because
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Fig. 6. TEM images with inserted diffraction patterns for the sample with Si = 65% (a) before annealing, (b) after annealing at 750 °C and (c) at 1000 °C.
(d) Comparison of intensities as a function of k of SiO\N, with Si = 65% and the a-Si profile.

of the low contrast between these two amorphous phases
with similar atomic numbers.

For Si-rich SiO,N,, samples deposited with N,O + SiH,
gaseous mixtures XANES analyses showed that the silicon
content plays an important role in relation to the structure
and thermal stability. The sample with Si = 43% presented
a homogeneous amorphous phase in both the as-deposited
condition and after annealing at 750 °C, better represented
by the RBM model. These results were confirmed by the
TEM images and diffraction patterns, which showed that
the sample was composed of a homogeneous amorphous
phase with characteristics similar to those of Si;Ny. This
sample presented two absorption edges after annealing at
850 °C; an indication of phase separation. One of these
two phases can be related to Si-Si bonds while the other
one to Si-O and Si-N bonds. Therefore, the sample
annealed at 850 °C can be better represented by the
RMM model.

However, XANES measurements also showed that sam-
ples with Si =47 and 65% could be better explained by the
RMM model since two absorption edges were observed in
the as-deposited condition, indicating the presence of one
phase formed by Si-Si bonds and another one formed by
Si-O and Si-N bonds. Diffraction analyses of these sam-
ples showed the presence of diffraction rings characteristic

of a-Si. For samples with Si content = 47% and annealed at
750 °C and 1000 °C the XANES results showed a more
organized structure revealed by an increase of the intensity
of the absorption edges (phase separation), while the TEM
images and diffraction patterns did not present appreciable
changes. Therefore, these materials did not crystallize. A
Similar result was obtained in the sample with Si con-
tent = 65% after annealing at 750 °C. However, the sample
with Si content = 65% annealed at 1000 °C showed evi-
dences of crystallization through an even more pronounced
phase separation revealed by XANES, TEM images evi-
dencing the presence of Si nanocrystals, and diffraction
patterns showing the presence of well defined diffraction
rings and spots corresponding to Si crystals. These results
are in agreement with Raman results presented elsewhere
[15], which demonstrated the presence of ¢-Si for that same
annealed condition, but only amorphous Si-Si bonds for
all the others conditions.

Although evidences of a-Si cluster formation in samples
with Si content =47 and 65% were obtained by XANES
and diffraction pattern analyses, it was difficult to observe
the presence of these a-Si clusters within the SiO,N,, matrix
using TEM, probably due to the similarities of densities
between these materials, resulting in a very low contrast
in the HRTEM image.



5. Conclusions

In this work the structure and morphology of Si-rich
SiO,N,, films and SiO,N,, films with chemical compositions
varying from SiO, to SizNy was investigated. The as-depos-
ited SiO.N, samples with chemical composition varying
from SiO, to SizN; were composed by a homogeneous
amorphous phase as revealed by TEM. However, XANES
analyses showed that SiO,-like samples were composed of
one single phase, while SisNy-like samples were composed
of two phases (one SiO,-like and other SizNy-like),
explained by a combination of the RBM and RMM mod-
els. For Si-rich SiO N, samples the possibility of obtaining
a-Si clusters and Si nanocrystals through the control of the
chemical composition was realized. It was also possible to
correlate TEM and XANES measurements with lumines-
cence effect measurements, allowing the optimization of
these materials for optical applications.
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