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In this work, the effect of hydrogen flow and thermal annealing on the com-
positional and optical properties of non-stoichiometric silicon oxide (SiOx)
films with embedded silicon nanocrystals is reported. The SiOx films are ob-
tained by hot filament chemical vapor deposition technique at three different
hydrogen flow levels, namely, 50 sccm, 100 sccm, and 150 sccm. The SiOx
films are characterized by different techniques. It is found by x-ray photo-
electron spectroscopy (XPS) that with increasing hydrogen flow, the SiOx films
contain higher silicon (Si) concentration. When the hydrogen flow decreases,
the absorption edge of the as-grown SiOx films, as obtained from the trans-
mittance spectra, shifts from 300 nm to 500 nm, and this opens the possibility
of band gap tuning. Increasing the hydrogen flow level in turn means that the
SiOx films contain higher Si concentration, as confirmed by the XPS profile
composition measured in the SiOx films. After thermal annealing, the SiOx
films transmittance spectra showed a further shift of the absorption edge
toward larger wavelengths. The Fourier transform infrared (FTIR) spec-
troscopy reveals film composition changes induced by the hydrogen flow
variations. In addition, the FTIR spectra reveal the bands attributed to the
hydrogen presence in the as-grown SiOx films. The bands become more in-
tense with increasing hydrogen flow, but they rapidly disappear after the
thermal annealing. The as-grown SiOx films exhibit wide band photolumi-
nescence (PL) spectra with the main components at 688 nm, 750 nm, and
825 nm. The SiOx film deposited at 100 sccm hydrogen flow level shows the
strongest PL intensity. According to PL results, the thermal annealing of the
SiOx films generates the PL quenching in all samples due to hydrogen evap-
oration. The defects such as OH and Si–H groups in the as-grown SiOx films
not only modify the optical band gap structure, but they also play the role of
passivating non-radiative defects, which enhances the PL emission.
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INTRODUCTION

Non-stoichiometric silicon oxide films (SiOx,
x< 2) have already been intensively studied
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because of their technological importance for silicon-
based optoelectronic devices. Because SiOx is a
combination of stoichiometric oxide (SiO2), a non-
stoichiometric suboxide (SiOx, x< 2), and silicon
nanocrystals (Si-ncs), it is difficult to determine a
simple electron energy band diagram to study its
optical and electronic properties. However, through
theoretical studies using first principles methods it
has been possible to understand some its basic
optical and electronic properties.1,2 In SiOx, the
formation of Si-ncs embedded in the matrix is
noticeable and it implies optical effects due to
quantum confinement, which determines mainly
an efficient emission of visible light even at room
temperature.3–6 Further, such structures are highly
desirable for the integration of optical signals with
electronic data processing circuits in the same
chip.7–10 On the other hand, it has been established
that blue and green photoluminescence (PL)
observed in SiOx films is related to several emitting
centers in the silicon oxide, while the origin of the
PL band in the orange-red region is still a topic of
investigation by the scientific community.11–13 SiOx
can be prepared by different techniques within
which we find silicon ion implantation into the
thermal dioxide films,14 reactive sputtering,4,15 co-
evaporation,16 low-pressure chemical vapor deposi-
tion (LPCVD), hot filament chemical vapor deposi-
tion (HFCVD),17 and plasma enhanced chemical
vapor deposition (PECVD).18 A common feature of
all these techniques is that changes in the process
parameters allow controlling the silicon (Si) excess
in the SiOx films. In order to gain the radiative
emission of this material, thermal treatments are
generally needed to increase the luminescent prop-
erties of the SiOx films because they generate a
crystallization, which activates luminescence in the
material. Such luminescent mechanisms are greatly
influenced by the presence of chemical elements
used in the process to obtain the SiOx films. A few
techniques can produce Si-ncs in as-grown SiOx
films, so we find that one of them is the HFCVD
technique, similar as that which produces the
nanodiamond and carbon nanotubes.19–23 In this
work, the effects of the hydrogen flow level during
the deposition, as well as the effect of the subse-
quent thermal treatment on the compositional and
optical properties of SiOx films obtained by the
HFCVD technique, are evaluated. We point out the
influence of the hydrogen flow level on the Si excess
embedded in the SiOx films. It is important because
the optical energy band gap may be increased by
deposition parameters variation. Additionally, the
generation of some of the radiative defects such as
neutral oxygen vacancy (NOV), weak oxygen bond
(WOB), and the non-bridging oxygen hole center
(NBOHC), in the as-grown films contribute to the
PL phenomenon. This fact gives a possibility to
design SiOx films with specific structural and
optical characteristics just by controlling the hydro-
gen flow levels and growth temperature; these

characteristics can be used, in principle, in the field
of optoelectronic devices.

EXPERIMENTAL DEVELOPMENT

The SiOx films were deposited on quartz and n-
type silicon (100) substrates with 1–10 X-cm resis-
tivity, by the HFCVD technique in a range of
temperatures from 870�C to 890�C, using a fused
quartz rod as the reactive source. The deposition
time was 5 min for the SiOx films. The substrates
were cleaned with a metal oxide semiconductor
(MOS) standard cleaning process and the native
silicon oxide was removed with a hydrofluoric (HF)-
Buffer solution. A schematic diagram of the home-
made HFCVD-vertical configuration is shown in
Fig. 1.

The HFCVD technique consists in dissociating
molecular hydrogen in atomic hydrogen by using six
tungsten filaments heated at �2000�C. Once the
atomic hydrogen (H) is obtained, it reacts with the
quartz source and produces the precursors that are
transported to the substrate. Nowadays, the more
accepted chemical reactions between the atomic
hydrogen and the solid quartz source is the follow-

ing: 2H0ðgÞ þ SiO2ðsÞ ! SiOðgÞ þ H2OðgÞ, where
water (H2O) and silicon monoxide (SiO) are the
molecular precursors of this reaction. After these
precursors are transported to the substrate by the
molecular hydrogen flow and diffusion process, a
subsequent chemical reaction is carried out, which
is as follows: SiOðgÞ þ H2OðgÞ ! SiO2ðsÞ þ H2ðgÞ, it
is schematically indicated in Fig. 2.

The SiOx films were deposited taking into account
three different hydrogen flow levels, namely,
50 sccm, 100 sccm, and 150 sccm using quartz rods

Fig. 1. A schematic diagram of the homemade HFCVD system.
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(5.3 cm length, 2 mm diameter) as source. The
growth temperature depends on the source-sub-
strate distance. The filament-source distance and
the source-substrate distance, where the latter
determines the growth temperature, were fixed at
3 mm and 5 mm, respectively. After deposition, the
SiOx samples were thermally annealed at 1100�C for
60 min in nitrogen atmosphere. Table I shows the
experimental conditions of the samples deposited.
The compositional and optical properties of the SiOx
films were obtained using different spectroscopic
techniques. The film thickness was measured using
a Dektak 150 profilometer (Veeco Instruments Inc.,
Plainview, NY, USA); in this case five different scans
were done for each sample. X-ray photoelectron
spectroscopy (XPS) analysis was carried out using
an Escalab250Xi Thermo Scientific spectrometer
with a monochromatic Al radiation XR6 and energy
of 1486.68 eV. Fourier transform infrared (FTIR)
spectroscopy measurements were done using a
Bruker system model vector 22 (Bruker Instru-
ments, Bellirica, MA, USA). Transmittance spectra
of the SiOx films were measured using a UV–Vis–
NIR Cary 5000 system (Agilent technologies Inc.,
Santa Clara, CA, USA). The transmittance signal
was collected from 200 nm to 1000 nm with a
resolution of 0.5 nm. PL response was measured at
room temperature using a Horiba JobinYvon spec-
trometer model FluroMax 3 (Edison, NJ, USA) with
a pulsed xenon source whose detector has a multi-
plier tube, which is controlled by a computer. The
samples were excited using a 250-nm radiation and

the PL response was recorded between 380 nm and
1000 nm with a resolution of 1 nm. High resolution
scanning electron microscopy measurement was done
using a HRSEM Auriga model FE 3916, which
operates with a column GENIMI Schottky emission
working in the field from 0.1 keV to 30 keV range and
achieves a resolution of 1.0 nm @ 15 kV. High reso-
lution transmission electron microscopy (HRTEM)
measurement was done using a JEOL system model
JEM-2010, which operates at 200 kV.

RESULTS AND DISCUSSION

The thicknesses of the SiOx films as a function of
the hydrogen flow levels are shown in Fig. 3
through the box statistic charts; the mean, maxi-
mum, and minimum values are depicted, where the
width of each box denotes the standard deviation of
the measurements, and five different scans were
done for each sample. According to these results, we
take for granted that the hydrogen flow affects the
thickness of the SiOx films. Figure 3 reveals the
thinnest and the most uniform SiOx films, which
were obtained using a hydrogen flow level at 100
sccm (�1 lm). On average, the film thicknesses
were obtained from 1 lm to 8 lm and were contin-
uous-like, as is shown in Fig. 4, which was obtained
from SEM micrography. The insets in Fig. 4a and b
show a cross section of the SiOx films thickness and
is reported in another SiOx films work.15–29

The XPS-Si 2p spectra and their evolution in the
surface, volume (middle), and SiOx/Si interface

Fig. 2. Schematic stages of the deposit process that give rise to the formation of SiOx films.
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(depth) of the SiOx films deposited at 50 sccm,
100 sccm, and 150 sccm hydrogen flow levels for as-
grown and after thermal annealing are shown in
Fig. 5. This figure exhibits six graphics, the top set
correspond to the SiOx film deposited at 50 sccm
hydrogen flow level, the middle set at 100, and the
bottom set at 150 sccm, denoted Fig. 5a, b, c, d, e,
and f, respectively; all graphics consider both the as-
grown and annealed conditions. As is well known,
when Si is considered a single element, their
overlapped binding energies of the core shell levels
2p1/2, 2p3/2 both identified as 2p have peaks at about
99 eV. Nevertheless, when Si is taken as a com-
pound (e.g. SiO2) this peak shifts to a bigger binding
energy at about 103 eV. On the other hand, it is
widely accepted that the Si 2p photoelectron peak of
SiOx contains five components, one of which corre-
sponds to a non-oxidized state and the remaining
four to different oxidation states of Si.27,28 The four
oxidation states, as well as the non-oxidized state,
can be modeled as tetrahedral bonds units, in which
a central Si atom is bonded to (4 � n) Si atoms and n
oxygen atoms (Si–Si4�n On) with n = 0–4. In the
SiOx layer, the five oxidation states can be identi-
fied by the chemical structures, Si, Si2O, SiO, Si2O3 ,
and SiO2 , which correspond to the oxidation states
Si0+, Si1+, Si2+, Si3+ , and Si4+ respectively, where
the sub-oxides correspond to the three states Sin+

(n = 1,2,3). In general, these oxidation states

contribute to the XPS Si 2p spectrum in the SiOx
films, and their remarkable presence depends on
the at.% concentration of each in the material.
Thus, we first have at the top left graphic in Fig. 5a
the Si 2p spectrum, which considers a SiOx film as
grown at 50 sccm hydrogen flow level. This spec-
trum has two different curves associated with the
three regions where the curves ascribed to the deep
and middle regions are overlapped and cannot be
distinguished clearly. These overlapped curves
exhibit a main peak at about 103 eV with a left
adjacent shoulder peak at about 100 eV. The inset
in this figure shows the deconvolution of the peaks
and three different oxidation states or sub-oxides
are obtained, while the curve associated with the
surface region presents two pronounced peaks

Table I. Experimental conditions of the grown SiOx films

Distance filament-source 3 mm SiOx deposited

Distance source-substrate 5 mm As grown Annealed

Flow level (sccm) 50 100 150 50 100 150
SiOx samples A50 B100 C150 A50TT B100TT C150TT

Fig. 3. Variations of the SiOx films thickness as a function of the
hydrogen flow level.

Fig. 4. SEM micrograph of the SiOx films (a) as-grown and
(b) annealed. Insets show cross section observed from the films
thickness.
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located at about 99 eV and 103 eV. They are
attributed to the oxidation state Si0+(Si) and
Si4+(SiO2), respectively, and any other variation
could be attributed to the presence of the subox-
ides.25,26 However, for the case of the overlapped
curves corresponding to the deep and middle
regions the oxidation state Si0+(Si) is not well
identified, which means that in these regions the
atomic percentage concentration of this state has
been reduced so that it tends to disappear. In
relation to the Si4+(SiO2) oxidation state, its at.%

concentration is practically unaffected being the
corresponding binding energy the same as that of
the surface region. In Fig. 5a the inset shows the Si
2p peaks, which have been deconvoluted in the
different silicon environments in order to clarify the
contribution of the Si0+(Si) and Si4+(SiO2) oxidation
states. On the other hand, at the top right graphic,
Fig. 5b, the Si 2p spectrum corresponds to the SiOx
film annealed and grown at 50 sccm flow level. As
observed, the thermal annealing applied on the
SiOx films affects mainly the XPS Si 2p spectrum

Fig. 5. XPS Si 2p spectra of the as-grown and thermally annealed SiOx films deposited at 50 sccm [with (a) as grown and (b) annealed], 100
sccm [with (c) as grown and (d) annealed], and 150 sccm [with (e) as grown and (f) annealed] hydrogen flow level. Insets show deconvolution of
some XPS spectra.
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associated with the surface region since the contri-
bution of the Si0+(Si) oxidation state has disap-
peared, leaving only the contribution of the
Si4+(SiO2) oxidation state whose binding energy is
kept the same as the as-grown case. Here the
contribution of the oxidation states has been
remarkably reduced such that there is a tendency
to a stable stoichiometric chemical structure corre-
sponding to the Si4+(SiO2) oxidation state. The XPS
spectrum of the deep and middle regions results
nearly identical as the as-grown case except that it
presents a slight reduction in the contribution of the
Si0+(Si) oxidation state. The inset in this fig-
ure shows the deconvolution of the Si 2p peak,
which stresses the contribution of the Si4+(SiO2)
oxidation state. The increasing electro-negativity of
the Si–O bond relative to the Si–Si bond leads to a
shift towards a higher binding energy of the core
shell level electrons in the silicon. With regards to
the middle graphics corresponding to the SiOx film
deposited at 100 sccm hydrogen flow level for the
case of as-grown film Fig. 5c, similar behavior is
observed as that in Fig. 5a. As can be observed, the
overlapped curves with a main peak at about 103 eV
with a left adjacent shoulder peak at about 100 eV,
and the surface region presents two pronounced

peaks about 99 eV and 103 eV, attributed to the
oxidation state Si0+(Si) and Si4+(SiO2), respectively,
and any other variations could be attributed to the
presence of the suboxides.25,26 Again, the inset in
the figure shows the Si 2p peaks deconvoluted
emphasizing the contribution of the two oxidation
states already mentioned. In the Fig. 5d, showing
the 100 sccm annealed condition, the XPS Si 2p
profile presents a variation in the peaks about
99 eV, corresponding to the Si0+(Si) oxidation
states, where the deep, middle, and surface curves
present a decrease in their intensity peak. The inset
in the figure clarifies this through the Si 2p peak
deconvolution. This situation is contrary to the
thermally annealed SiOx films deposited at 50 sccm
hydrogen flow level, Fig. 5b, where the contribu-
tions of the Si0+(Si) oxidation states are absent, and
in this case the two peaks remain, Fig. 5c and d, a
deconvolution was realized to determine the oxida-
tion states. These results suggest that the hydrogen
environment variations have an important influ-
ence mainly on the surface regions of the SiOx films,
as expected since the higher the hydrogen flow level,
the higher the concentration of Si and O atoms in
the environment is, where such atoms are gener-
ated by the etching of the quartz (SiO2) source

Fig. 6. XPS depth composition profile of the as-grown and thermally annealed SiOx films deposited at 50 sccm [with (a) as grown and (b)
annealed] 100 sccm [with (c) as grown and (d) annealed] flow levels.
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affecting the chemical composition of the films.
Finally, the bottom graphics, Fig. 5e and f, corre-
sponding to the films grown at a 150 sccm hydrogen
flow level exhibit similar qualitative agreement
with those of Fig. 5c and d though not accurate
qualitatively around the peaks at 99 eV and 100 eV
due mainly to the increment of the hydrogen flow
level. The XPS composition profiles of the as-grown
and thermally annealed SiOx films deposited at 50
sccm and 100 sccm hydrogen flow levels are shown
in Fig. 6. This figure is composed of four graphics
organized similarly as those in Fig. 5 in relation to
the hydrogen flow levels at 50 sccm and 100 sccm;
these four graphics represent additional informa-
tion concerning the chemical elements’ atomic per-
cent present in the SiOx films. For this case, the
films have a thickness greater than 1 micron, and as
can be seen it was not possible to enter into the
substrate in these measurements; therefore, it is not
possible to get an additional contribution from the
substrate, which could be added to our results. The
upper-side graphics correspond to the atomic per-
cent for samples grown at 50 sccm hydrogen flow
level under the as-grown and annealed conditions.
The lower-side graphics correspond to the hydrogen
flow level at 100 sccm equally under the as-grown
and annealed conditions. From these graphics two
common features can be inferred: the first involves
the atomic percent variations of the chemical com-
ponents O1s and Si 2p. It can be seen from these
graphics that atomic variations are outstanding
only in the approximate range between 0 and 4 at
the etch level. The second common feature refers to
the uniformity of the atomic percent of the afore-
mentioned chemical constituents, which are present
beginning approximately at the 4 etch level. Addi-
tionally, another common feature can be found in
these graphics, which is related to the atomic
percent of the chemical element (carbon) C1s, which
decreases only in the approximated range between 0
and 2 at the etch level, and out of this range the C1s
is practically reduced to 0 at.%. It is observed from
Table II that the major C1s at.% corresponds to the
surface region with limits at 4.78% (as-grown) and
�7% (annealed), and it diminishes drastically in the
middle and the deep region with a concentration
profile <1%. With regards to Si excess, we detect
somewhat fluctuating variations in its

concentration profile. According to Table II, they
are found, when we consider the surface, middle,
and deep regions, in such variations we identify the
following values: 40.14–46.0% (as-grown, 50 sccm),
39.75–46.80% (as-grown, 100 sccm), 36.4–44.10%
(annealed, 50 sccm), and 37.14–44.68% (annealed,
100 sccm). From these data, we can draw two
important results: the first is that the Si excess
increases mainly in the middle and deep regions of
the deposited layer when the hydrogen flow level
increases; however, on the surface region, the Si
concentration is practically unaffected by the hydro-
gen flow level changes, although it increases with
the increment of the hydrogen flow level only after
the thermal treatment. With regard to the oxygen

Table II. Compositional results (atomic content, at.%) of the grown SiOx films obtained by XPS composition
profiles

Flow level

Surface Middle Deep

Si (at.%) O2 (at.%) C (at.%) Si (at.%) O2 (at.%) C (at.%) Si (at.%) O2 (at.%) C (at.%)

50 As-grown 40.14 55.07 4.78 45.43 53.73 0.83 46.01 53.98 0
100 39.75 53.77 6.46 46.39 53.60 0.63 46.80 53.19 0
50 Annealed 36.4 57.81 6.18 43.74 54.90 0.60 44.10 55.06 0.82
100 37.14 55.62 6.93 44.53 54.77 0.06 44.68 54.31 0.68

Fig. 7. UV–Vis transmittance spectra as a function of the hydrogen
flow levels of the as-grown (a) and annealed (b) SiOx films.
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concentration profile, according to the information
exhibited in Table II, firstly, we infer that it is
reduced with increasing hydrogen flow, which leads
to the same quantitative behavior in all regions, but
the stoichiometry of the films on the surface region
is worth noting in all cases when they were
annealed, because (nitrogen) N2 gas always con-
tains a tiny amount of (oxygen) O2 impurity which
oxidizes Si. Secondly, for the cases of both as-grown
and annealed at the 50 sccm hydrogen flow level,
the oxygen concentration diminishes in the middle
region relative to the surface and finally goes up at
the deep region, although with a value less than
that at the surface. In addition, for the cases of as-
grown and annealed at the 100 sccm hydrogen flow
level, the oxygen concentration monotonically
decreases starting with its higher value at the
surface region. The at.% of each element analyzed
within the SiOx films is registered in Table II.

On the other hand, the UV–Vis transmittance
spectra of the SiOx films deposited on the quartz
substrate at 50 sccm, 100 sccm, and 150 sccm
hydrogen flow levels are depicted in Fig. 7. Fig-
ure 7a shows two regions of high transmittance
corresponding to the as-grown samples. It is iden-
tified that the first region corresponds to the curves
associated with the hydrogen flow levels at 100 sccm
and 150 sccm, which ranges from 350 nm to
1000 nm; in this region, the high transmittance T
of both curves lies in the rank of 60% � T � 65%.
For this case neither the transmittance intensities
nor optical absorption edges are different in both
curves, where their transmittance edge is located
about 350 nm, and also, the intrinsic oscillations
due to interference effects of radiation in the films
are not perceptible as consequence of the film
thicknesses which are enough wide that the reso-
nant effects vanish. On the other hand, the second
region is located in the range from 350 nm to
1000 nm; in this region the transmittance lies in
the rank 55% � T � 60% corresponding to the curve
associated with the hydrogen flow level at 50 sccm.
For this case the transmittance edge is located at
�475 nm. It is noteworthy that both regions of high
transmittance converge to the same value of trans-
mittance (�60%). In relation to the thermally
annealed samples, Fig. 7b, the first outstanding
characteristic is that the overlapped curves are now
split each one exhibiting a different absorption edge
so we have three different curves. The threshold
wavelength for the main transmittance curve (50
sccm) is placed at approximately 275 nm, and this
curve reaches the highest transmittance around
75% at 650 nm and 900 nm. Similarly, the trans-
mittance curve corresponding to the hydrogen flow
level at 100 sccm has a threshold wavelength
around 325 nm and a maximum intensity at
�70%. The third curve, corresponding to the hydro-
gen flow level at 150 sccm, exhibits a shift in the
threshold wavelength towards a longer wavelength
of about �400 nm and a region of strong

transmittance that ranges from 550 nm to
1000 nm, with less transmittance (�50%) than that
of the 50 sccm and 100 sccm cases. We stress that
oscillations due to interference effects of radiation
confined inside the film, which had been absent in
the case of as-grown condition are now present for
the transmittance curve at 50 sccm hydrogen flow
level, indicating that the SiOx film has had a
reduction in its thickness in such a way that the
resonant effects of electromagnetic radiation are
now visible as a consequence of dehydrogenation
effects. These effects have generated a modification
of the atomic structure of the films due to the
reduction of the density of Si–H bonds, which in
turn must modify the electronic band structure and
then the energy band gap (Eg) of the films.28–30

However, as can be seen, for the transmittance
curves associated to the hydrogen flows levels at
100 sccm and 150 sccm this phenomenon about
oscillations is not too perceptible because in this
case the dehydrogenation process results have little
effect on modifying considerably the atomic

Fig. 8. (ahv)1/3 versus energy (hv). Example in order to obtain the Eg

approximated value by using the relationship known as Tauc plot of
the as-grown film deposited at 100 sccm hydrogen flow level.

Fig. 9. The Eg (right) and Si atomic concentration variations (left)
versus hydrogen flow levels in the thermally annealed SiOx films.
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composition of the films in such a way that it yields
a reduction in the film thickness, despite a decre-
ment in the density of the Si–H bonds. This

indicates that dehydrogenation effect induced by
the annealing process, which is faster in the film
deposited with a lower hydrogen flow level, is a key
factor in the optical properties of the films. Accord-
ing to the qualitative and quantitative behavior of
the transmittance spectra, it may be concluded that
the hydrogen flow level produces, on the one hand,
changes in the SiOx films’ stoichiometry and in their
thickness, which produces a shift of the absorption
edge, and on the other hand, this same stoichiomet-
ric change plays an important role in the energy
absorption mechanism due to the presence of Si–H
bonds in the material structure. The higher hydro-
gen flow level produced a greater density of Si–H
bonds. When comparing the transmittance spectra
of as-grown SiOx films with those of the annealed
SiOx films, it is found that both spectra show an
inverse behavior related to their intensities and
threshold wavelengths of absorption. By and large,
we can asseverate that the variations in the hydro-
gen flow level generate a wavelength-shift of the
absorption edge, which in turn indicates a decrease
of the Si excess. For the case of as-grown SiOx films,
the overall trend seems to be that the lower the
hydrogen flow is, the lower transparency of the SiOx
sample will be, but for the case of the annealed
samples the opposite is true. It is remarkable that
both as-grown and annealed SiOx films are optically
active in the visible range. In addition, the
notable effect of the thermal annealing process is
that it makes easier the formation of absorbing/
emitting states (defects or Si-ncs).

In order to know the approximated values of the
Eg of the films, we use the relationship known as
Tauc plot29–31 as shown in Fig. 8, where: ahm ¼
Aðhm� EgÞn, Eg is the optical energy bandgap
corresponding to a particular band transition in
the film; A is a constant and m the transmission
frequency, which determines the photon energy hv,
and the exponent n characterizes the nature of the
band transition. The absorption coefficients a(k)
were determined from transmission spectra with
the following relation: aðkÞ ¼ � ln½TðkÞ�=d, where
T(k) is the transmittance, and d is the thickness of
the SiOx films. a versus hv is shown in Fig. 8. On
the other hand, values of n = 1/2 and 3/2 correspond
to direct allowed and direct-forbidden transitions;
n = 2 and 3 are related to indirect-allowed and
indirect-forbidden transitions, respectively.32 From
a plot ðahmÞn versus hm, the Eg can be obtained by
extrapolating the curve through a straight line,
which is prolonged to zero ordinate. The Eg of the
as-grown samples shows a random behavior with
values at 2.34 eV, 3.16 eV, and 2.87 eV, correspond-
ing to 50 sccm, 100 sccm, and 150 sccm, respec-
tively. However, for the case of the thermal
annealed samples, Eg clearly decreases with
increasing the hydrogen flow level as it can be seen
from Fig. 9. The Eg of the as-grown SiOx films lies in
the energy range between 3.21 eV and 2.34 eV,

Fig. 10. (a) The FTIR spectra of as-grown SiOx films, (b) deconvo-
lution of the as-grown SiOx films FTIR spectrum, and (c) FTIR
spectra of the thermally annealed SiOx films.
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whereas that one for the thermally annealed films
lies from 4.33 eV to 2.95 eV. When x takes values
lower than 2.0 in (amorphous) a SiOx the valence
band edge moves up, as the increased Si–Si bond
states are gradually overlapped with the oxygen
nonbonding states (ONS) and finally spread out into
the Si valence band.32,33 Simultaneously, the con-
duction band edge also moves down. The final result
is that the Eg decreases nonlinearly when Si
concentration continually increases.33 These results
agree with the XPS ones, because the Si excess
increases with the hydrogen flow level. Overall, the
trend for the thermally annealed samples seems to
be that the Eg increases when increasing the Si at.%
and the Si excess decreases when reducing the
hydrogen flow level, as shown in Fig. 9. Therefore,
in accordance with the behavior of Eg in Fig. 9, an
important conclusion can be drawn which is that
the decrement of Eg is strongly dependent on the
increment of Si excess which in turn is increased as
increasing the hydrogen flow level.

Figure 10 shows the FTIR spectra obtained from
the SiOx films. The IR vibration bands are listed in
the Table III. All spectra show the absorption
characteristic peaks attributed to SiO2, which cor-
respond to the stretching vibration modes
(1082 cm�1), bending (812 cm�1), and rocking
(458 cm�1) for Si–O–Si.4,13–24 Before thermal
annealing, these peaks show a shift-wavenumber
induced by the hydrogen flow level variations. This
suggests a change in the silicon excess, as is shown

in Fig. 10a. The stretching vibration mode has a
wide peak for SiOx films at 50 sccm flow level, which
indicates that different types of Si–O bonds give
shape to this peak, as shown in Fig. 10b, and it
correlates with the XPS results of the Si 2p for the
same SiOx films, as observed in insets of Fig. 5a, b,
c, and d. Table IV displays the numerical values of
the peak positions of Si–O bonds, obtained from the
fitting of the IR stretching band and according to
the random bonding model, with which a correlation
of both XPS and FTIR characterization techniques
can be made. It is clear from Fig. 5a, b, c, and d
(lower) that the XPS data reveal the four-oxidation
state Sin+ (n = 1, 2, 3, 4) and the elemental silicon.
Both, XPS and IR exhibit the presence of Si2+, Si3+

and Si4+. Indeed, we corroborate the existence of Si–
O bonds in the FTIR spectra. From this information
it can be deduced that the hydrogen flow level and
the growth temperature define the stretching peak.
After thermal annealing, the shifts disappear and
the position of the vibration modes corresponds to
that of SiO2, thus indicating a phase separation of
Si-ncs and SiO2. The FTIR spectra intensity
increases due to the influence of the hydrogen flow
level, as observed in Fig. 10c. Additionally, all
samples (before and after thermal annealing)
exhibit a peak around 609–613 cm�1 , which has
been associated with Si–Si bonds. Before thermal
annealing, a vibration band approximately at
885 cm�1, assigned to Si–H bending and Si–O
modes of Si–O–H,31–33 appeared with a shoulder

Table IV. Correlation between FTIR and XPS peaks position of the as-grown film deposited at 50 sccm
hydrogen flow level

Bonds and
wavenumbers (cm21)

Wavenumber (cm21)
obtained by FTIR

Binding energy (eV)
obtained by XPS

1 Si with 2 atoms of O 1020 1027 100.78
2 Si with 3 atoms of O 1060 1037 102.18
3 Si with 4 atoms of O 1120 1089 103.28

Table III. IR vibration bands14219 of the grown SiOx films before and after thermal annealing

Vibration mode

Peak positions (cm21)

As-grown Annealed

Flow level (sccm) 50 100 150 50 100 150
Si–O rocking 460 453 457 460 463 469
Si–O bending 800 798 800 819 812 810
Si–O stretching 1024 1008 1020 1095 1097 1091
Si–Si 613 609 611 611 609 609
Si–H wagging 645 650 649 – – –
Si–H bending 885 881 881 – – –
Si–H stretching 2262 2258 2258 – – –
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at 810 cm�1 related to the Si–O bending vibration
mode. On the other hand, with increasing hydrogen
flow level, the intensity of the Si–O bending vibra-
tion mode decreases and the corresponding peak
shifts, at the same time that the peak at 870 cm�1

increases, and the Si–O bending vibration band
becomes less apparent. These bonds are present in
the films due to the incorporation of hydrogen in the
experimental process. After the thermal treatment
applied to the films, the band at 885 cm�1, disap-
peared due to hydrogen evaporation at high tem-
perature and the characteristic absorption peaks of
SiO2 were more noticeable. The Si–O stretching
vibration band shifted to higher frequencies after
thermal annealing indicating a phase separation.
Simultaneously, its width is reduced as a result of
an increment in the oxygen concentration, as has
been revealed by the XPS analysis. Also, before
thermal annealing, all samples exhibited not only a
peak around 645–664 cm�1 , but also around 2258–
2262 cm�1 as indicated by the insets of Fig. 10a,
which in turn are associated with Si–H wagging and
Si–H stretching bonds or neutral oxygen vacan-
cies.34–36 Although the Si–H wagging bonds are
practically imperceptible in the main Fig. 10a they
are well identified in the upper inset as well as the
Si–H stretching bonds are also well identified in the
lower inset. The bands associated to these Si–H
bonds have disappeared after the thermal annealing

due to hydrogen evaporation at high temperature,
as is shown in the insets of Fig. 10c.

Figure 11 exhibits the PL spectra of as-grown (a)
and thermally annealed (b) SiOx films. From
Fig. 11a, corresponding to films under as-grown
condition, we can readily see that the major influ-
ence of the hydrogen flow level (100 sccm) manifests
in the PL spectrum because it possesses not only the
greatest intensity, but also the well-defined struc-
ture, which has three noticeable peaks. The first
peak is placed around 688 nm, the second one
around 750 nm, and finally, a third sharp peak
around 825 nm. The middle PL spectrum, corre-
sponding to the 50 sccm hydrogen flow level,
although noticeably reduced in its intensity, holds
a similar shape as the aforementioned first spec-
trum; however, its peak located around 688 nm has
practically vanished. The bottom PL spectrum
corresponding to the highest hydrogen flow level is
almost collapsed in its intensity although it

Fig. 12. HRTEM micrograph of a thermally annealed SiOx film, (a)
Si nanocrystals, (b) Si-ncs at large scale.

Fig. 11. The PL spectra of as-grown (a) and thermally annealed (b)
SiOx films.
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maintains a well-defined small peak around
825 nm. A wide PL spectrum is observed for all
the samples under as-grown condition. Although
the variations induced by the different hydrogen
flow levels are well defined in the PL spectra, such
variations do not reveal a well-defined tendency. It
is clear that such variations modify substantially
the appearance of the PL spectra, mainly in their
corresponding intensities, which depend strongly on
the hydrogen flow, particularly for the case of the
hydrogen flow level at 150 sccm where their peaks
practically disappear. For this case, keeping in mind
that the PL efficiency is the result of the competition
between the radiative and the nonradiative recom-
bination process we can deduce that diffusion of the
atomic hydrogen into the network of the film not
only contributes to the reduction of the nonradiative
centers, but also generates defect states in the Si–Si
bonds, which act as nonradiative centers overcom-
ing the contribution of the radiative centers to yield
a PL quenching. A similar situation is present in the
PL spectrum for the hydrogen flow levels (100 sccm
and 50 sccm), but for this case the contribution of
the radiative centers is stronger in such a way that
the PL efficiency is increased. With regard to the
thermally annealed SiOx films, whose PL spectra
are shown in Fig. 11b, two important features are
outstanding, the first reveals a drastic reduction in
the intensity of the PL spectra, as seen for the
hydrogen flow levels at 100 sccm and 150 sccm,
whose intensities are the weakest. The second is
related to the structure of the PL spectra, which
exhibits drastic reductions in the peaks in such a
way that the PL curves are practically roughened
without outstanding peaks. It is relevant to empha-
size that the spectrum shape corresponding to the
hydrogen flow level at 50 sccm hardly keeps its
original feature after the thermal treatment since it
is extinguished and also its intensity becomes
weaker. In general, a reduction of the PL intensity
in all PL spectra after thermal annealing has been
observed, and then we have an important result: the
appearance of the PL quenching phenomenon,
which is more accentuated for the samples grown
at 100 sccm and 150 sccm hydrogen flow levels,
offering the weakest PL intensities. In these weak
broadened PL spectra, the hydrogen has disap-
peared, according to the information provided by the
FTIR results. Accordingly, this physical situation
leads to infer that the atomic hydrogen penetrated
into the SiOx film and bonded to the Si atom, it
passivates the defect states associated with the
nonradiative transitions and enhances the PL effi-
ciency, but when it disappears in the films due to
the effusion of the atomic hydrogen this fact opens
the way to the PL quenching phenomenon in these
non-stoichiometric silicon oxide films. At the begin-
ning when these samples are growing the oxygen
vacancies are formed with the Si excess, which is
being incorporated along with the atomic hydrogen,
but later when the annealing process is applied the

Si agglomerates displace the vacancies and atomic
hydrogen. This behavior is similar to that reported
in references,37–39 where, after annealing, the oxy-
gen interstitials could also change into WOB
defects. However, this reaction can be reversed by
using excessive thermal annealing energies, which
in turn explains the decrease in the PL intensity
from WOB defects. Therefore, the thermal anneal-
ing produces in the SiOx films an increased size of
the Si-ncs over the Bohr radius, allowing the
quenching of the PL due to the reduction of the
size quantum confinement effects associated to the
small size of the Si-ncs.

The mechanism of light emission that was con-
sidered in the as-grown SiOx films, which in turn
gives rise to a peak located around 688 nm, is
related to a type of defect (NBOHC, NOV, WOB, and
E¢).39,40 This defect is one of the principal radiative
recombination centers or the luminescence centers
produced during the growth process, as has been
corroborated in the FTIR spectra. Along with this
defect is also the contribution of Si-ncs embedded in
SiOx whose quantity is augmented by the concen-
tration of silicon excess. This Si concentration was
confirmed by means of the XPS profile. Therefore,
the light emission from the as-grown SiOx films is
induced by the combined action of such mecha-
nisms. Apart from this, we identify from such films
other PL band placed around 750 nm, which is
ascribed to the Si-ncs embedded in the SiOx
matrix.24 From the Fig. 11a it is noticeable that
the as-grown SiOx film deposited at 100 sccm
exhibits the highest PL intensity. In relation to
the thermal annealing process, it is found that when
the thermal annealing is applied to the samples
(Fig. 11b), a restructuring occurs (as shown in the
FTIR spectra) because the thermal effects cause a
phase separation and growth of Si-ncs, as confirmed
in Fig. 12a and b, there is clear evidence that at
large scales of Si-ncs, and a detailed structural
study is on course and will be published elsewhere.
Figure 12 shows different Si-ncs with different sizes
and crystalline orientations, and also a large
amount of Si-ncs was observed in Fig. 12b. When
SiOx films are submitted to the thermal annealing
process, the generated defects in such films are
desorbed, thus leading to a decrease in PL intensity.
This means that the hydrogen desorption in the
samples increments the presence of non-radiative
centers. A simple schematic diagram approach of
the band structure,30,41 which attempts to summa-
rize the main energy states localized in the SiOx due
to the size quantum confinement (Si-ncs) and inter-
facial states (Si-ncs/Si oxide), is shown in Fig. 13. In
this figure, the energy edges of conduction band of
bulk Ec(bulk) and valence band of bulk Ev(bulk)
determine the bang gap of the silicon, and the ones
Ec(NC) and Ev(NC) define the wide band gap of the
Si-ncs originated by the quantum confinement, we
see that these NC energy edges are deeply localized
in the conduction and valence bands of the bulk
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material, closely to these edges are situated the
remaining energy states coming from interfacial
states. Also, in this figure we represent the radia-
tive transitions which produce the emission peaks of
the PL and in general we include the nonradiative
transitions due to the relax of the hot electrons
which originates lattice vibrations (phonons) in the
material.

SUMMARY AND CONCLUSIONS

The SiOx films deposited by HFCVD technique
present noticeable variations in their compositional
and optical properties due to both the hydrogen
absorption coming from the hydrogen flow and the
subsequent annealing effect. The XPS results show
a high Si concentration and a low oxygen concen-
tration in the grown SiOx films. When the samples
were thermally annealed the Si concentration was
enhanced as incrementing the hydrogen flow level
and the optical energy band gap increased with
decreasing the hydrogen flow level. The FTIR results
reveal the presence of hydrogen in the as-grown
SiOx films, whose PL bands are more intense with
increasing the hydrogen flow level; however, the
hydrogen in Si–H bonds disappears, as confirmed by
the same FTIR spectra. Desorption of hydrogen has
a significant effect in the PL, because the effusion of
hydrogen atoms from the SiOx films increments the
number of non-radiative centers, which in turn
generates the PL quenching. Therefore, it can be
concluded that the mechanism of light emission is
given by a combined action of the Si-ncs embedded in
the SiOx films and the defects such as NBOHC.
Thus, the films obtained by HFCVD technique
exhibit different structural and optical characteris-
tics by the presence and absence of hydrogen atoms
in its network. The suitable conditions to deposit

SiOx films were established in this work, and they
have allowed obtaining samples with very good
absorption and light emission properties.
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