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The interest in developing optoelectronic devices integrated in the same silicon chip has motivated the study of Silicon nanocrystals
(Si-ncs) embedded in SiOx (nonstoichiometric silicon oxides) films. In this work, Si-ncs in SiOx films were obtained by Hot Wire
Chemical Vapor Deposition (HWCVD) at 800, 900, and 1000◦C. The vibration modes of SiOx films were determined by FTIR
measurements. Additionally, FTIR and EDAX were related to get the proper composition of the films. Micro-Raman studies in the
microstructure of SiOx films reveal a transition from amorphous-to-nanocrystalline phase when the growth temperature increases;
thus, Si-ncs are detected. Photoluminescence (PL) measurement shows a broad emission from 400 to 1100 nm. This emission was
related with both Si-ncs and interfacial defects present in SiOx films. The existence of Si-ncs between 3 and 6 nm was confirmed
by HRTEM.

1. Introduction

It is known that bulk silicon is the dominant semiconductor
material in microelectronics industry; however, limited to
the development of optoelectronic devices due to be an
indirect band-gap semiconductor.

Since the observation of intense photoluminescence from
porous silicon (PS) at room temperature [1], properties
of low dimensional silicon quantum structures have been
a subject of extensive investigations [2, 3]. Silicon-based
nanostructures have been published so far with the majority
devoted to the optical properties of nanocrystalline silicon
embedded in SiOx films. Although the phenomenon of
emission produced in the SiOx films has not yet been
satisfactorily explained, there are different theories about the
origin of the PL, such as quantum confinement [4], siloxanes
(Si6O3H6) [5], surface defects by bonds (SiH2)x [6], and
interfacial defects in networks Si/SiOx [7–9]. The widely
accepted theory is the Quantum confinement; this theory
says that Si-ncs produce a change in the bands structure by
increasing the width of the band-gap crystalline silicon and
making the direct transitions possible.

SiOx films are obtained by different growth techniques
such as: Sputtering [10], ion-implantation [11], catalytic-
CVD (Cat-CVD) [12], Plasma Enhanced Chemical Vapor
Deposition (PECVD) [13], and HWCVD [14]. The SiOx

films grown by different techniques have interesting char-
acteristics due to presence of large number of Si–Si bonds,
which are subsequently ordered and, therefore, they can be
considered as Si clusters embedded in SiOx matrix. In most
cases the Si clusters can be crystallized only under high
temperature annealing [15, 16] to form Si-ncs. However, it
is known that thermal annealing increases the technological
cost because it requires both high temperatures and long
annealing times on inert atmospheres.

In this paper, optical and structural properties of SiOx

films are reported, we demonstrated the presence of Si-
ncs in SiOx films grown by HWCVD technique without
using subsequent thermal process. The SiOx films were
characterized by FTIR (Fourier Transform Infrared), EDAX
(Energy-Dispersive X-Ray Spectroscopy), Micro-Raman,
PL, and HRTEM (High Resolution Transmission Electron
Microscopy) techniques.
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Figure 1: Detailed diagram of the HWCVD system.

2. Experimental Details

SiOx films were synthesized in an HWCVD reactor at
temperatures of 800, 900, and 1000◦C, using a solid source
of PS and atomic hydrogen.

The HWCVD technique involves the dissociation of
molecular hydrogen using a hot filament at about 2000◦C.
To reach this temperature, measurements of applied voltage
versus resistivity of tungsten filament are performed to
obtain the voltage necessary (84.6 V) and keep a temperature
of 2000◦C during the process. The growth of SiOx films by
HWCVD is as follows: molecular hydrogen is introduced
through the chamber with a constant flow of 20 sccm.
A tungsten filament heated to 2000◦C produces atomic
hydrogen which reacts with a solid source of porous silicon.
Gas precursors of Silane (SiH4) and silicon monoxide (SiO)
are generated and transported to the substrate forming SiOx

films.

The HWCVD technique used in this work, differs
from conventional Cat-CVD; which consist in the thermal
decomposition of reactant gases at the surface of a hot-
filament heated at temperatures in the range of 1500–2000◦C
[12]. HWCVD produces its gaseous precursors from the
interaction of atomic hydrogen and a solid source of PS or
quartz. This peculiarity of the HWCVD technique makes it a
potential alternative for the growth of SiOx films.

The filament-source distance was kept constant at 3 mm,
while the filament-substrate distance was 10 mm, 11.5 mm
and 13.2 mm, to obtain a deposition temperature of 1000,
900, and 800◦C, respectively. The growth time was 10
minutes for each sample. A detailed diagram of the HWCVD
system is shown in Figure 1.

For the different optical and structural characterizations,
SiOx films were deposited on two types of substrates. Quartz
was used for characterization of PL, HRTEM, Micro-Raman,

Table 1: Main bonds of the SiOx films grown at different
temperatures.

Vibration type
Vibration of SiOx obtained

in this work (cm−1)
Reference

1000◦C 900◦C 800◦C

Si–O–Si rocking 450 452 448 [17]

Si–O–Si bending 800 801 798 [17]

Si–O–Si
stretching

1080 1077 1066 [18]

SiH bending 878 880 881 [19]

SiH wagging 660 670 674 [20]

and silicon (n-type (100)) for FTIR and EDAX measure-
ments. The substrates of silicon were carefully cleaned with
an MOS standard cleaning process and the native oxide
was removed with an HF buffer solution before being
introduced into the reactor. PS layers used as solid sources
were prepared by anodic etching a p-type Si (100) wafer,
resistivity ∼0.04Ω-cm, in a 40% HF and ethanol electrolyte
(1 : 2).

FTIR absorbance measurements were performed on
a Bruker Vector 22 spectrometer in the range 400 to
4000 cm−1. The composition of the films was determined by
EDAX and FTIR by using the relation SiOx → aSi + bSiOx,
where a, b are called the silicon separation coefficient and
silicon oxide matrix coefficient, respectively.

Micro-Raman measurements were performed at room
temperature by using a He-Ne laser (632.8 nm). A laser with
a wavelength of 405 nm and 40 mW of power was used to
excite the sample in PL measurements; the range detected
by monochromator was from 400 to 1100 nm. Finally, a
HRTEM FEI Tecnai F30 STWIN G2 was used to observe the
presence of Si-ncs in SiOx films.

3. Results and Discussions

Infrared absorption spectra of SiOx films grown at 800, 900,
and 1000◦C on silicon substrates are shown in Figure 2(a).
Characteristics bands of SiO2 have been reported around
460, 800, and 1080 cm−1. The main absorption peak around
of 1080 cm−1 is associated with the Si–O–Si stretching mode,
while those at 800 and 460 cm−1 correspond to bending and
rocking modes, respectively. Results of infrared spectroscopy
of films grown at different temperatures are shown in Table 1,
where absorption peaks, their identifications, and references
are recorded.

We observe that as the substrate temperature decreases
(Table 1), the wavenumber of the main peak shifts from
1080 cm−1 (SiOx, x = 2) to 1066 cm−1 (SiOx, x < 2).
According to the FTIR analysis of SiOx films produced by
PECVD [17], the silicon atoms have a higher probability of
having one or more silicon atom neighbors, when x < 2.

In this way, it is likely that two phases coexist in the
films; the silicon oxide (SiOx) phase and another due to
silicon bonds [21]. The shift observed in the stretching
peak indicates phase separation in the films according to
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Figure 2: (a) Spectra FTIR of SiOx films grown at different temperatures, (b) graphics composition of the silicon oxide phase obtained by
FTIR and of the whole film found by EDAX.

Table 2: Composition data of the silicon oxide phase by FTIR and
composition data of the whole film found by EDAX.

Growth
temperature
(◦C)

Composition by
EDAX

Composition of
SiOx phase by

FTIR
Coefficient

x x a b

800 1.2 1.82 0.34 0.65

900 1.11 1.96 0.43 0.56

1000 0.72 2 0.64 0.36

the variation in the x value. By FTIR spectroscopy the x
value of the silicon oxide phase could be calculated by x =
(v − 918)/81 [17], where v is the shift Si–O–Si stretching
frequency. From this result, we find the x value of the silicon
oxide phase; x = 2, 1.96, and 1.82 for the samples grown
at 1000, 900, and 800◦C respectively, these data are shown
in Table 2. In general, we observe that the x value obtained
by FTIR is close to silicon dioxide (SiO2) stoichiometry
value.

In order to determine the composition of the whole film,
qualitative studies in the SiOx films were done by EDAX. It
was found a composition ratio (x = O/Si) of 1.23, 1.17, and
0.72 for samples grown at 800, 900, and 1000◦C respectively
(Table 2). It is important to mention that the EDAX results
are for the whole film and the FTIR outcomes gives the
composition of the silicon oxide phase only. The actual Si
clusters and Si and oxygen of silicon oxide matrix were
detected by EDAX measurement.
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Figure 3: Micro-Raman of the films growth at 800, 900, and
1000◦C.

EDAX studies reveal a high concentration of silicon as the
filament-substrate distance decrease. The value of x decreases
indicating an increase in the content of silicon as shown in
Figure 2(b), where we plot the composition values of the
silicon oxide phase obtained by FTIR and the composition
of the whole film found by EDAX.
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Figure 4: (a) HRTEM images of the samples grown at 900◦C and 1000◦C, (b) histograms corresponding to the samples grown at 900 and
1000◦C.

Thus, it is suggested to have a mixture of two phases,
using the relationship SiOx = aSi + bSiOx for the compo-
sition of both silicon and silicon dioxide phases, we obtain
coefficients a, b, which are called the silicon separation
coefficient and silicon oxide matrix coefficient, respectively
[22]. Coefficients a, b are shown in Table 2. We can deduce
that the relatively high growth temperatures (800–1000◦C)
may induce diffusion of silicon atoms in silicon oxide
structure, causing phase separation and the formation of
silicon clusters embedded in a matrix of SiOx. This way, for
the film deposited at 800◦C, it is gotten a composition of
SiO1.2 → 0.34Si + 0.65SiO1.82.

Silicon clusters in amorphous phase or amorphous-
nanocrystalline phase are found in SiOx films. These

amorphous-nanocrystalline phases are detected by micro-
Raman measurements. In Figure 3, micro-Raman spectra
of the SiOx films grown at 800, 900, and 1000◦C; are
presented. The spectrum of the sample grown at 800◦C
presents two bands around 180 cm−1 and 480 cm−1. These
bands are related to disorder-activated modes in amorphous
silicon [23, 24]. For samples grown at 900 and 1000◦C: a
reduction in the amorphous bands takes place and a small
peak appears at 521.84 cm−1 [25]. The peak centered around
521.84 cm−1 has a full width at half maximum (FWHM)
of 6.58 cm−1 and 9.54 cm−1 for samples grown at 900 and
1000◦C respectively; these peak shows the presence of Si-ncs,
so the increase in substrate temperature helps to promote
the phase of Si-ncs. This effect could be explained as follow:



Journal of Nanomaterials 5

Energy (eV)

In
te

n
si

ty
 (

a.
u

.)

Wavelenght (nm)

0.2
3 2.

8
2.

6

2.
4

2.
2

2 1.
8

1.
6

1.
4

1.
2

0.18

592

805 847

945

0.16

0.14

0.12

0.1

0.08

0.06

0.04

400 500 600 700 800 900 1000 1100

(a)

In
te

n
si

ty
 (

a.
u

.)
Wavelenght (nm)

Energy (eV)

3 2.
8

2.
6

2.
4

2.
2

2 1.
8

1.
6

1.
4

1.
2

608

781

849 937

0.5

0.4

0.3

0.2

0.1

0

400 500 600 700 800 900 1000 1100

(b)

In
te

n
si

ty
 (

a.
u

.)

Wavelenght (nm)

Energy (eV)

3 2.
8

2.
6

2.
4

2.
2

2 1.
8

1.
6

1.
4

1.
2

911
847

806

594

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

400 500 600 700 800 900 1000 1100

(c)

Figure 5: PL of SiOx films grown at (a) 800◦C, (b) 900◦C, and (c) 1000◦C.

we assume that high temperature induces diffusion of silicon
to the formation of silicon clusters embedded in a matrix
SiOx, so while the process is taking place, exist an in situ
annealing caused by the high growth temperature. Thus,
when growth temperature significantly increases the clusters
start to crystallize to form the Si-ncs.

It has been reported that crystallization of silicon clusters
on annealing processes takes place at high temperatures

(1000–1300◦C) [15, 16]. In the highlights of these SiOx films
obtained by HWCVD, the crystallization of silicon clusters
was obtained at growth temperatures of 900◦C as suggested
the micro-Raman results.

Figure 4(a), shows the HRTEM images for samples
grown at 900◦C and 1000◦C. HRTEM images confirmed the
existence of Si-ncs with a mean square value about 5 nm. The
average size found for sample grown at 900◦C was 3 nm and
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for sample grown at 1000◦C varied between 3 and 6 nm as
shown the histograms in Figure 4(b).

Amorphous silicon clusters detected by Micro-Raman
cannot be observed by HRTEM, only silicon crystals of
nanometer size are observed. For SiOx films grown at 800◦C,
we suggest that the growth temperature is not enough to
achieve crystallization in the silicon clusters. For films grown
at 900 and 1000◦C the silicon clusters begins to crystallize,
suggesting the formation of a nanocrystalline core in silicon
clusters. Thus, we proposed that silicon clusters consist in
Si-ncs (nanocrystalline cores) surrounded by an amorphous
silicon shell, where the size of the Si-ncs depends of the
growth temperature. The formation of silicon clusters is
carried out entirely by diffusion mechanism of silicon in SiO2

[26]. This diffusion is dependent on growth temperature, so
the higher growth temperature the diffusion of silicon atoms
is higher and clusters should therefore be larger.

Nanocrystal lattice spacing in HRTEM images was esti-
mated using the digital micrograph 3.7 software. Interplanar
distances of 0.313, 0.16 nm were measured; these distances
correspond to (111) and (311) planes of silicon [27]; respec-
tively. Fast Fourier transform (FFT) of the selected area in
the HRTEM images (red squares) produces a diffractogram,
in which it was possible to determine the structure of the
crystals formed (upper right side in Figure 4(a)).

PL measurements were performed at room temperature
in a range of emission from 400 to 1100 nm. SiOx films
grown at 800, 900 and 1000◦C show a broad PL emission
from 450 to 1100 nm (Figure 5). Peaks around 600, 800,
847 and 930 nm are observed after applying the appropriate
deconvolution. As is well known, several hypotheses have
been proposed to explain the PL origin of Si-ncs in SiOx

films. Quantum confinement (QC) and the model that
relates the PL with the presence of defects in the SiO2/Si-
ncs matrix and/or interface [7–9] are two of the main
mechanisms responsible for efficient light emission from
nano-sized structures based in silicon. In the SiOx films
grown by HWCVD, some interface defects may exist: the one
between crystalline core and amorphous silicon shell and the
one between silicon amorphous shell and the surrounding
matrix (SiOx).

Si-ncs observed by HRTEM are sufficiently small to
observe QC effect. PL peaks at 600, 800, and 847 nm are
generally attributed to the presence of silicon nanoparticles
[28, 29]. However this does not exclude the possibility that
defects such as Neutral Charged Oxygen Vacancies (NOV)
(Si–Si bonds), No Bridging Oxygen Hole Center (NBOHC),
positively charged oxygen vacancies (E centers), interstitial
oxygen molecules, and peroxide radicals [30–32] may be
responsible for the PL, because the emissions are located in
the same range of wavelengths.

The band emission in the infrared region with peak main
at 930 nm is related to defects, this range of emissions is not
allowed for emissions due to Si-ncs because there is a reduced
likelihood of QC. There is a linear relation between the PL
peak energy and the reciprocal of the square of crystallite
size [33], Thus for an peak energy around 930 nm, it is
likely estimated by the ratio d−1.39 [31, 33] a diameter of the
nanocrystal, d > 5 nm, which do not agree to the Bohr radius

of the bulk silicon (5 nm) [34], which is necessary for the
quantum confinement.

We propose that both effects must be responsible for the
phenomenon of PL; however a thorough study is needed to
support these assumptions.

4. Conclusion

Silicon nanocrystals in a SiOx matrix were synthesized by
the HWCVD technique. Characteristic peaks of SiO2 as well
as peaks due to the presence of hydrogen are detected by
FTIR. Using EDAX and FTIR characterization was obtained
the composition of the SiOx films, this composition is a
mixture of two phases; a phase due to the silicon and
the other phase due to silicon oxide. The crystallization
temperature of silicon clusters occurs around 900 and
1000◦C, this crystallization results in the formation of Si-
ncs. It is proposed that the Si-ncs observed by HRTEM are
surrounded by amorphous silicon. It is likely that the Si-ncs
observed by HRTEM between 3 and 6 nm are responsible of
the photoluminescence in films, however the Si-ncs should
be surrounded by defects which cause part of the emission,
so we proposed that both effects are producing the emission
in SiOx films.
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