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Si nanocrystal-containing SiOx (x < 2) produced by thermal
annealing of PECVD realized thin films
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Abstract

This paper is focused on the description of relationship between deposition parameters (flow rates of SiH4 and N2O precursor gases) and
properties of SiOx films. The silicon-rich silicon oxide thin films deposited using plasma enhanced chemical vapour deposition (PECVD) in
silane-nitrous oxide-helium discharges were thermally annealed at 1273 K for 1 h. Fourier transform infrared (FTIR) spectroscopy indicated that
the chemical composition was dominated by silicon suboxide containing silicon-nitride and silicon-hydrogen bonds. For the as-deposited films
and for the annealed films, Raman spectra show a band approximately at 480 cm−1, related to amorphous silicon and a band at 520 cm−1, related
to nanocrystallite silicon, respectively. Transmission electron microscopy analysis demonstrated that silicon nanocrystals (Si nc), having a mean
radius ranging between 3 and 6 nm were present in the annealed films. Using spectroscopic ellipsometry (SE) in the 0.2–0.88�m spectral range,
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he values of layer thickness, optical indices and component volume fractions were determined using the Fourouhi–Bloomer (FB) mo
s-deposited films and the Bruggeman effective medium approximation (BEMA) for the annealed ones.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Recently, considerable research effort was directed to study
he silicon-rich silicon oxide films in view of their important role
n device manufacturing technology such as memory devices
1]. The main advantage of SiSiO2 composites is their robust-
ess and the surface stability in comparison with porous silicon

2]. In the field of nanocrystalline materials, significant effort
as been dedicated to the formation and characterization of sil-

con nanocrystals (Si nc) embedded in SiO2 matrix. A variety
f methods such as co-sputtering[3], ion implantation[1] and
hemical vapour deposition[4] have been used for producing
ilicon nanocrystals embedded in SiO2. In this work, we used
igh temperature annealing of substoichiometric SiOx (0 <x < 2)

hin films deposited by plasma enhanced chemical vapour depo-
ition (PECVD). This technology is very promising because of
ood control of film quality, its easy integration in current micro-
lectronic technologies as well as low cost, high efficiency and
eproducibility.

This work has been devoted to study the properties of
con suboxide thin films. In particular, the possibility of vary
their composition with the operating process conditions
great interest for the control of Si nanocrystals formation. T
silicon-rich SiOx films within a large range of composition we
produced by PECVD using SiH4 and N2O as precursor gase
The formation of silicon clusters embedded in a dielectric sil
oxide matrix was investigated. The properties of as-depo
as well as of annealed films were studied by various phy
chemical techniques such as fourier transform infrared (F
spectroscopy, Raman spectroscopy, high resolution transm
electron microscopy (HRTEM) and spectroscopic ellipsom
(SE). We found that, by varying the flow ratio of the gase
precursors, it was possible to change the properties of the
The main is to observe the effect of deposition paramete
order to highlight the relationship with Si nc formation in eff
of annealing.

2. Experimental details
∗ Corresponding author. Tel.: +33 5 61 55 76 93; fax: +33 5 61 55 64 52.
E-mail address: bedjaoui@lget.ups-tlse.fr (M. Bedjaoui).

Silicon-rich silicon oxide (SiOx) thin films were prepared
by using a PECVD reactor[5] consisting of a vacuum bell
jar (133× 10−7 Pa) and a 13.56 MHz RF generator connected
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through a matching LC box to the excited electrode. The silicon
substrates were placed on the bottom grounded electrode. The
SiOx films were grown on intrinsic silicon and silica substrates.
All deposition processes were performed at 653 K, under a pres-
sure of 66.5 Pa and a RF power of 5 W. The source gases used
were SiH4, N2O and He, the N2O gas flow rate was kept con-
stant at 40 sccm for all samples. After deposition, the SiOx films
were annealed for 1 h at 1273 K in nitrogen atmosphere.

The SiOx film composition (0 <x < 2) was controlled by vary-
ing the SiH4/N2O flow rate ratio (γ = QSiH4/[QN2O + QSiH4]).
Physicochemical, structural and optical absorption properties
of SiOx films, as-deposited and subjected to thermal anneal-
ing, were investigated by FTIR spectroscopy, Raman spec-
troscopy, HRTEM and SE. FTIR spectroscopy was used as a
non-destructive technique to obtain further information on the
structural and compositional properties of films and the types of
chemical bond present. The infrared analyses were performed
by means of a BIORAD QS 300 FTIR spectrometer. The IR
absorbance spectra of the silicon oxide films were compared
in the range of 400–4000 cm−1 (1.3–12.3�m) with a resolu-
tion of about 4 cm−1. The Raman measurements were carried
out with a Dilor UV spectrometer equipped with a charge-
coupled device multichannel detection system and a microprobe
focused on the sample. The incident beam at 363 nm line of argon
laser was used for the excitation. Dark-field plan-view HRTEM
analyses were carried out with a CM30 Philips microscope to
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present in amorphous SiOx and SiOxNy. A particular attention
was paid to the dependence of the stretching SiO Si, Si H
and Si N frequencies on the composition of SiOx and SiOxNy

films.Fig. 1(a) shows the typical FTIR results of the as-deposited
films for two different flow rate ratios,γ, andFig. 1(b) shows the
results after annealing in N2 at 1273 K for 1 h. The main feature
of the as-deposited sample spectra is the position of the stretch-
ing Si O Si bands around 1020–1030 cm−1. This frequency
decreases with increasing theγ flow rate ratio. This shift is due
to the substitution of O atoms by Si atoms in the network of
the substoichiometric films[13]. In addition, all the samples
show a subsidiary band located between 810 and 820 cm−1 cor-
responding to the SiO Si bending mode[12] and the Si O Si
rocking in the range 440–460 cm−1 [12]. Several other IR spec-
tral features are present. There are weak absorptions due to the
Si H bending in the range of 640–660 cm−1 which is corre-
lated to the SiH stretching between 2100 and 2260 cm−1 [14].
Besides, the IR spectrum appears to be noticeably influenced by
the presence of nitrogen in the as-deposited films; indeed, the
absorption region at about 860–880 cm−1 is due to the stretching
vibration of the Si N bonds[15], while a weak peak of the NH
stretching 3385 cm−1 [13] is observable only for the sample with
γ = 0.15 (Fig. 1(a)).

Compared to the film with the lowestγ values (γ = 0.15,
Fig. 1(a)), the sample withγ = 0.43 (Fig. 1(a)) contains a signif-
icant percentage of SiN bonding (860–880 cm−1) with respect
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etermine the nanocrystal size distribution. In order to s
ilicon-based films, optical techniques are particularly suita
ather easy to use, and non-destructive[6]. Most of the studie
imed at determining the optical properties of nc-Si were

ormed either by the use of a mixture of known materials[7] or
y a direct inversion of the optical parameters of thin films[8],
r else by a theoretical calculation[9]. Therefore, ellipsometr
rovided significant information on the dielectric function,
olume fraction of constituents and cristanallity of the lay
articular attention was devoted to the modifications of t
roperties caused by the effect of the incorporation of nc-

hin SiOxNy films. Up to now, ex situ spectroscopic ellipso
try measurements were performed in order to determin

hickness, composition and optical properties of the films.
E experiment is based on the measurement of the ellipsom
arameters defined byΨ and∆. They are related to the compl
eflectance ratioρ by ρ = rp/rs = tan(Ψ )exp(i∆) whererp andrs
re the complex reflection coefficients for a plane wave pola
arallel/perpendicular to the plane of incidence, respecti
llipsometric functions tan(Ψ ) and cos(∆) are the modulus o
and the phase shift betweenrp andrs, respectively. They ar
easured in the spectral range of 200–880 nm at 75◦ angle of

ncidence, using a rotating polarizer spectroscopic ellipsom
OPRA GES-5 with tracking analyzer.

. Results and discussion

The spectral positions of the infrared absorption bands
espond to the vibrational frequencies of the chemical gr
resent in the layer. As a matter of fact, a lot of works[10–12]
ere carried out to ascribe the position of the infrared b
,

e

ic

.

r

-

o the Si O stretching band in the spectra. Besides, the
pectrum of the as-deposited films is characterized by othe
ant absorption bands at around 2100–2127 and 640–660−1

hich suggest the presence of SiH groups in the layers[10].
The infrared spectra of the annealed samples reveal two

elevant changes; first, asγ values vary from 0.15 to 0.43, t
i O Si stretching absorption bands shift towards higher
uencies in the range of 1050–1075 cm−1. The heat treatme

nduces an evolution of the amorphous phase present i
s-deposited SiOx films towards a Si/SiO2 mixture. Anothe

nteresting effect is the disappearance of the SiN bonds and
he Si H bonds. This behavior of the spectrum is due to
artial conversion of the SiN and Si O phases to a mixe
i O N phase and the effective elimination of hydrogen fr

he films after the annealing treatment. These last observa
ould explain the unusual broadening of the band at 1070 c−1

fter annealing due to a residual SiOx network resolved into tw
ifferent components, SiO N and Si Si bonds.

Raman spectroscopy, a sensitive probe to the local a
rrangements and SiSi vibrations, was used to detect
resence and to study the structure of silicon particles in
eposited layers. It allows for a differentiation between am
hous and crystalline phases[16]. Fig. 2shows typical Rama
pectra of SiOx films, as-deposited and annealed at 1273 K
h, on silica substrate with two different flow rate ratios,γ = 0.43

n Fig. 2(a) andγ = 1 inFig. 2(b). The as-deposited sample sho
broad Raman band typical for amorphous silicon[17,18]and

entered at around 490 cm−1 (Fig. 2(a) and (b), dot spectr
ndicating that as-deposited films are amorphous. After an
ng, the amorphous band remains present and the spectra e
harp components at 513 and 520 cm−1 with γ = 0.43 (Fig. 2(a),
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Fig. 1. Transmission infrared spectra of SiOx films obtained at two different flow rate ratiosγ, as-deposited (a) and annealed at 1273 K for 1 h in N2 atmosphere
(b).

solid spectra) andγ = 1 (Fig. 2(b), solid spectra), respectively.
As a matter of fact, one can also find in the literature[17,18]that
the band at 520 cm−1 is related to the crystalline silicon while
the Raman peak located around 513 cm−1 can be attributed to
the incorporation of nanosilicon in the SiOx films. When the flow
rate ratio decreased fromγ = 1 to 0.43, the nanocrystalline sili-
con peak shifted down by approximately 7 cm−1. It suggested a
decrease in the silicon nanocrystallite size by a few nanometers,
after annealing. The band-shape modification of the Raman peak
has been used by many theoretical models[19,20] to evaluate
quantitatively the average size of nc-Si. According to the Zi et
al.’s confinement model[19] and Viera et al.’s studies[20], the

crystallite size is about 2 nm–3.6 nm, respectively. The Raman
results appear to indicate that the SiOx films obtained by PECVD
exhibit an amorphous state of the as-deposited samples and a
mixture of two phases in the annealed samples, an amorphous
matrix and ordered silicon domains or nanocrystallites. In order
to confirm the Raman measurements and to map the location of
Si nanocrystals embedded in the SiOx layers after the anneal-
ing process, we used HRTEM.Fig. 3 shows a HRTEM image
relative to SiOx film obtained with a flow rate ratioγ = 0.43,
after 1 h annealing at 1273 K. Let us the deposit was the same
as when the sample was characterized by Raman spectroscopy
(Fig. 2(a)). The analysis of the HRTEM image showed clearly

F epos a).
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ig. 2. Raman spectra of SiOx films obtained forγ = 0.43 (a) andγ = 1 (b), as-d
 ited (dot spectra) and annealed at 1273 K for 1 h in N2 atmosphere (solid spectr

Micron Ex. 1026, p
Micron v. YMT
IPR2025-001



M. Bedjaoui et al. / Materials Science and Engineering B 124–125 (2005) 508–512 511

Fig. 3. HRTEM micrograph and relative Si nc size distribution of a SiOx film
prepared with a flow rate ratioγ = 0.43 and annealed at 1273 K for 1 h in nitrogen
atmosphere.

that the amorphous SiOx contained a high density of small clus-
ters uniformly distributed in the matrix which was identified as
Si nanocrystals. On the other hand, the statistical analysis of the
crystal size distribution (histogram reported inFig. 3) obtained
from the HRTEM pictures showed a distribution of crystal size
ranging from 3 to 6 nm with a mean radius of 4 nm, in good
agreement with the particle size calculated from the Raman mea-
surements with the Viera et al.’s model[20]. The distribution had
a standard deviationσ of 0.7 nm, accounting for all the different
crystal sizes detected in the HRTEM micrograph.

In this paper, the complex optical indexN defined as
N = n − ik (where n is the refractive index andk the extinc-
tion coefficient) is obtained by fitting spectroscopic ellipsometry
measurements with an appropriate model in the wavelengt
range of 200–880 nm. The determination of the physical parame
ters depends on the choice of the optical model adopted to deriv
n and k from tan(Ψ ) and cos(∆) experimental data. Accord-
ing to our previous infrared and Raman spectra analyses, th
ellipsometric spectra show that the as-deposited films consist o
amorphous layers whereas the annealed films can be modelle
as mixtures of poly-silicon crystals, amorphous silicon com-
pounds and SiO2. Indeed, two suitable classes of models were

Fig. 4. Experimental (solid curve) and calculated (square data) ellipsometric
spectra of SiOx films obtained forγ = 0.43, as-deposited (a) and annealed at
1273 K for 1 h in nitrogen atmosphere (b). The square curves are obtained on
the basis of the FB and BEMA models for the as-deposited and annealed films,
respectively.

selected and tested to describe the sample optical properties.
One class used the Fourouhi–Bloomer dispersion model[21].
In this, we assumed that the films were homogenous and the
as-deposited films could be based on this model. Another model
used Bruggeman effective medium approximation (BEMA)[22]
which could be utilized to describe the optical properties of the
annealed films. In this case, the fit parameters were the layer
thickness and the volume fraction of different materials consti-
tuting the effective medium. Therefore, the complete physical
model should take into account the surface roughness and pos-
sible surface oxidation. Thus, a two-layer model plus a topmost
layer with a void fraction are required to reproduce the opti-
cal data of the as-deposited and annealed films. As an example,
the tan(Ψ ) and cos(∆) experimental spectra of as-deposited and
annealed sample obtained atγ = 0.43 are reported inFig. 4(a)
and (b), respectively. In the same figure, we have also included
the fits (solid lines) obtained with the different models discussed
in the above. The agreement between the experimental data and
the theoretical values is very good, as confirmed by the very low
standard deviation of the fit (σ = 0.000637 and 0.000323 for the
FB and BEMA models, respectively) indicates that the assumed
as-deposited and annealed model is appropriate and the obtained
results are reliable.

Fig. 5 shows the optical constantsn andk calculated with
the FB and BEMA fits. Two different samples obtained under
the same operating conditions at different flow rate ratios,
a . The
r
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s-deposited and annealed, were optically characterized
efractive indexn (Fig. 5(a)) and the extinction coefficientk
Fig. 5(b)) increase fromγ = 0.15 to 0.43, as the film compa
ess and the silicon content increase. These trends hold fo
s-deposited and annealed layers. In agreement with our
us FTIR and Raman observations, the refractive index curv
s-deposited films are a smooth and structureless spectra

7], confirming an amorphous state. The effects of the an
ng treatments on the optical functionn andk of each sampl
eveal more information. The annealed films are conveni
imulated by BEMA model involving appropriate mixtures
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Fig. 5. Refractive indexn (a, c) and extinction coefficientk (b, d) as a function
of wavelength for the SiOx films obtained for two different flow rate ratiosγ,
as-deposited (a, b) and annealed at 1273 K for 1 h in N2 atmosphere (c, d).

SiO2, a-SiOx and poly-Si. The BEMA modeling results show
an increasing contribution of poly-Si and a decreasing contri-
bution of SiO2 with increasingγ (seeTable 1). This behavior
may be attributed to the phase separation between SiO2 and
silicon after thermal annealing process. Besides, in each case,
a small amount of residual amorphous phase (a-SiOx) remains
present which explains the unusual broadening of the FTIR ban
at 1070 cm−1 (Fig. 1). According to the above observations it is
obvious that the mixture assumed in the BEMA model represent
favorably the true fraction of the individual components in the
layer. From this discussion, we can conclude that the anneale
films converge from a structure dominated by the SiO2 for the
lowestγ applied at deposition to a structure dominated by the
polysilicon crystals for the highestγ.

It is known that the variations of the optical properties are
due to the size reduction of nanocrystals[23]. In order to clar-
ify this assumption, we have reported inTable 1 the optical
band gap of several samples. The optical gapEg is determined
using the absorption coefficientα, and an intercept on the energy
axis of

√
α × E versusE plot. Before annealing, the optical gap

decreased asγ increased. This expected phenomenon could be
explained by the size and distribution change in the particles

Table 1
Fit values for the SiOx films obtained at different flow rate ratios,γ, as-deposited
(1) and annealed (2) at 1273 K for 1 h in Natmosphere

γ

0
0
0
0
0
0
0
1

s

formed. Other studies[4,9] attribute this behavior to the quan-
tum confinement effect, i.e., the gap energy is conditioned on
the size of the nanocrystals.

4. Conclusion

SiOx layers were grown by PECVD technique by varying the
flow rates of SiH4 precursor gases and keeping N2O constant
at 40 sccm. Using Infrared and Raman spectroscopy, transmis-
sion electron microscopy and spectroscopic ellipsometry, the
films were found to consist of an amorphous state in their
as-deposited form and of very small crystals (3–6 nm) cov-
ered by a native oxide in addition to an amorphous residual
formed after a high-temperature annealing. In particular, it has
been established that the value ofγ, flow rate ratio, strongly
affects both physicochemical and optical properties of the SiOx

films.
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