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Hydrogen incorporation into SiO2 films grown by low-pressure chemical vapor deposition
(CVD) from SiH4/O2 mixtures is investigated by means of infrared spectroscopy (IRS), nuclear
magnetic resonance (NMR), elastic recoil detection analysis (ERDA), X-ray photoemission
spectroscopy (XPS), and nuclear reaction analysis (NRA). We find that hydrogen atoms are
preferentially bonded to O atoms, forming bulk SiOH groups, either isolated or clustered,
and H2O groups, with a minor incorporation of SiH groups, as well as geminal and surface
isolated SiOH groups. The proportion of clustered SiOH groups decreases upon increasing
the deposition temperature, which has been attributed to the faster dehydroxylation reactions
and higher surface mobility of the hydrogenated species involved in the film growth. Using
a novel method based on the combination of NRA and ERDA, we verify quantitatively that
the predominance of O-H over Si-H bonding implies a slight overstoichiometric character
(O/Si atomic ratio > 2) that is accentuated with increasing OH concentration.

Introduction

Hydrogen incorporation into SiO2 films grown by
chemical vapor deposition (CVD) techniques is the main
impediment to obtain as-deposited films with structural
characteristics close to those obtained by the thermal
oxidation of silicon at high temperatures.1 Nonbridging
SiOH and SiH groups break the network continuity and
thus are generally associated with the presence of
porous structures in the oxide matrix.2-5 Parasitic
capacitance, low breakdown field, and high dielectrical
permittivity are frequent nondesirable characteristics
in hydrogenated oxides.6,7 Hydrogen incorporation re-
sults also in low refractive indexes for SiO2-based optical
coatings, increased diffuse reflection, and important
losses in optical fiber transmissions.2,4,8-10 In addition,
SiO2-based ceramic membranes for hot gas separation
in industrial processes under aggressive conditions, such
as those imposed by coal gasification cycles, are required

to be thermally and chemically stable.11,12 Obviously,
the requirements for all these applications are compro-
mised by the incorporation of SiOH and SiH groups into
the oxide matrix.2,13

Despite these disadvantages, hydrogen incorporation
into SiO2 can be exploited to prepare porous nanostruc-
tured materials with interesting applications in the
domain of gas and liquid separation14 as well as in the
manufacture of ultra-large-scale integrated solid-state
devices.15 Moreover, SiOH surface groups, which provide
silica surface with a high reactivity, are important active
sites during the growth of silica16-18 and play a key role
in many applications in the field of analytical chemistry,
catalysis, and biochemistry.19 For all these reasons, a
fundamental understanding of the mechanisms deter-
mining the location of hydrogen in the oxide matrix and
its final concentration is needed.

Silicon oxide films are frequently obtained by chemi-
cal vapor deposition (CVD) from the SiH4/O2 reaction,
since this technique provides high-quality oxides and
the capability for achieving reasonable deposition rates
at relatively low temperatures (typically between 300
and 450 °C).20 At present, there is little question that
the ultimate reason for the low-temperature character
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of silane oxidation is the formation, through homoge-
neous branching-chain reactions, of highly reactive
species such as SiH3, H, O, OH, and HO2 radicals.21-24

Parallel to the production of these radicals, precursor
species with the general formula SiOmHn are also
formed in the gas phase.6,23,24 To date, the identity of
the SiOmHn species and the chemical mechanisms
through which they are formed have not been clarified.
What it is known is that a certain amount of these
hydrogenated species are trapped by the growing oxide
film without being completely dehydrogenated, leading
to nonnegligible concentrations of SiOH, SiH, and H2O
groups in the films.3,6,24-27

The main goal of this work is to study the incorpora-
tion of hydrogenated species formed during the SiH4/
O2 reaction into the resulting film. Chemical bonding
of hydrogen and its concentration in the oxide film have
been studied by different structural and analytical
techniques. As will be shown by this work, the small
departures from the stoichiometric composition (SiO2)
to which silica films are subjected are mostly deter-
mined by the type of hydrogen bonding in the oxide
matrix. Unfortunately, most analytical techniques are
unable to give precise measurements of the oxide
stoichiometry, due to the small deviations induced by
hydrogen in the oxide composition and to different
experimental limitations inherent to them (e.g., surface
sensibility and alterations of sample composition and
structure). For this reason, one of the most important
challenges of this work is to obtain a reliable estimation
of the oxide stoichiometry. For this purpose, we have
employed a novel method based on the combination of
nuclear reaction analysis with conventional elastic recoil
detection analysis. The main advantage of this method
over others commonly used in SiO2 characterization lies
in the possibility of determining the whole bulk oxide
composition (O/Si and H/Si atomic ratios) from consecu-
tive measurements taken in the same vacuum chamber
and from the same zone of each sample, which mini-
mizes significant experimental errors related to sample
degradation and lateral inhomogeneities.

Experimental Section
Hydrogenated silicon oxide (SiOxHy) thin films were chemi-

cally vapor deposited on monocrystalline (100) oriented silicon
wafers (Virginia Semiconductors) polished on both faces. The
deposition system was a low-pressure hot-wall horizontal CVD
reactor.24 This reactor was fabricated from a quartz tube with
an inner diameter of 6.1 cm and a total length of 100 cm. The
length of the heating zone, which is centered in a 30 cm long
cylindrical furnace, is 10 cm. A horizontal graphite plate was
used as substrate-holder. The flow of the reactants, SiH4

(diluted at 2% in N2, 99.999% purity) and O2 (99.9992% purity),
was adjusted by means of mass flow controllers. Low-pressure
conditions were achieved by means of a vacuum system that
consists of a rotary pump boosted by a Roots pump. The base
pressure was 5 × 10-4 Torr. The process pressure was
measured by a capacitative gauge and controlled by means of

an electronically driven butterfly valve. SiOxHy films were also
deposited on (100) oriented GaAs wafers and Ta plates using
a low-pressure cold-wall CVD reactor described elsewhere.28

Both GaAs wafers and Ta plates were used instead of silicon
in the Si(d,p) NRA measurements described below in order to
avoid the substrate contribution. The deposition rate was
estimated from thickness measurements obtained by means
of a profilometer (Dektak 3030). In all deposition experiments,
the thickness of the films, which ranged from 0.1 up to 57 µm,
increased linearly with deposition time. As-deposited films
were characterized ex situ by different analytical techniques.

IRS (infrared spectroscopy) was employed to study the
chemical bonding in the films. IR-transmittance (T) spectra
were recorded using a double-beam dispersive spectrophotom-
eter (Hitachi 270-50) in normal incidence mode within the
4000-250 cm-1 range. To perform quantitative analysis, these
spectra were converted into absorbance (A) spectra through
the relation A ) -log(T).

High-resolution solid-state 29Si cross-polarization magic
angle spinning nuclear magnetic resonance (CP/MAS NMR)
of powdered SiOxHy samples were recorded at 79.49 MHz, by
spinning the samples at the magic angle (54°7′) in a Bruker
MSL-400 spectrometer equipped with a Fourier transform
unit. The spinning frequency was 4000 cps. SiOxHy films of
about 150 mg were deposited on monocrystalline NaCl sub-
strates, further recovered by ultrasound-enhanced dilution of
NaCl in H2O (5 min long), blown with dry N2, and, finally,
carefully packed in ZrO2 rotors. No change was detected in
the IR spectra of these films after the dilution/drying process,
which could respond to their extremely low surface area (<0.03
m2/g) and water diffusivity at room temperature (<10-12 cm2/
s).29 For the same reasons, the effect of this process on the
NMR measurements can be considered negligible. The stan-
dard CP/MAS pulse sequence was applied with a 6.5 µs 1H -
90° pulse width, 3 ms contact pulses, and 5 s repetition times,
being the spectral width 105 Hz. Chemical shifts are given with
respect to the TMS signal. Accumulations amounted to 5000
free induction decays (FID).

XPS (X-ray photoelectron spectroscopy) analysis was per-
formed with a VGS ESCALAB 210 instrument using non-
monochromatic Mg KR X-radiation (hν ) 1253.6 eV). XPS
allows us to identify elements and chemical states present in
the outermost ∼5 nm at the surface of the samples. The av-
erage near-surface composition, O/Si atomic ratio, has been
calculated using the XPS peak intensities and the correspond-
ing XPS sensitivity factors of the Si 2p and O 1s core levels.30

Intensities were determined from the integrated areas under
the fitted peaks. A mixed Gaussian-Lorentzian peak shape
was used. Since XPS intensities are proportional to element
concentration (number of atoms per analyzed volume) and in-
tensity ratios were used for the quantitative analysis, the
results refer to atomic ratios, i.e., the number of atoms of a
chemical species divided by the total number of atoms in the
analyzed volume. The pressure in the UHV analytical chamber
was ∼10-10 Torr. The analyzer was operated in the constant-
pass energy mode, being 20 eV for the core level spectra. The
resolution of the electron-energy analyzer was ∼0.5 eV. Pre-
vious to the XPS measurements, the sample surface was
cleaned with 2 kV Ar+ ion bombardment using a differentially
pumped ion gun and 5 × 10-7 Torr in the analyzer chamber.
This cleaning process, designed to minimize the surface dam-
age, was maintained until the C 1s signal, due to the surface
pollution on the sample, was completely eliminated from the
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XPS spectra. In this way we ensure that the XPS measure-
ments are not affected by the sample exposure to the ambient
pollution, including water, after the deposition process.

ERDA (elastic recoil detection analysis) was performed in
the 2.5 MeV Van de Graaf accelerator at the Groupe de
Physique des Solides.31,32 A monochromatic 4He beam with
energies ranging from 1.9 up to 2.2 MeV was used in the usual
ERDA geometry (75° tilt of the samples). A 10 µm Mylar
absorber was placed in front of the Si surface barrier detector,
located at θlab ) 30°, to stop the forward scattered 4He
particles. Energy and composition calibrations were performed
by means of totally hydrogenated, (C8H8)n, and deuterated,
(C8D8)n, polystyrene thin film references prepared by spin-
coating. These references targets are stable enough under our
experimental conditions to be used as standard targets for
hydrogen quantitative analysis.33 The H content of these
samples was determined via their carbon content using the
procedure described in ref 34. The stability of the SiO2 samples
was checked by means of a multichannel analyzer. The results
presented in this work correspond exclusively to samples
showing hydrogen losses lower than 5%.

NRA (nuclear reaction analysis) was carried out in the same
ion beam facilities used for the ERDA experiments. Oxygen
content was determined by the 16O(d,p1)17O nuclear reaction.
The energy of the deuterium beam was set at 857 keV and
the detection angle θlab at 150°. Below this energy the reaction
cross section shows a 50 keV wide plateau, which provides
measurements with a precision better than 4% without any
correction for oxygen contents less than 7 × 1018 cm-2

(equivalent to 1.6 µm of 2.2 g/cm3 dense SiO2). A Ta2O5 thin
film grown by anodic oxidation of tantalum was used as
reference target. The silicon content of the films deposited on
the GaAs and Ta substrates was determined through the 28-
Si(d,p) and 29Si(d,p) nuclear reactions. The experimental
method is described in detail in the work of Vickridge.35 The
shapes of the cross sections were obtained by registering the
proton yield emitted by a 98 nm thick SiO2/GaAs sample as a
function of the deuterium beam energy. A 70 keV wide plateau
was found below 1850 keV for the 28Si(d,p1) + 29Si(d,p2)
reaction cross section, which gave a precision lower than 4%
for Si contents below 3.3 × 1018 cm-2 (equivalent to 1.5 µm of
2.2 g/cm3 dense SiO2). A stoichiometric Si3N4 thin film refer-
ence grown on GaAs by DECR-PECVD (Distributed Electron
Cyclotron Resonance-Plasma-Enhanced CVD) was used as
silicon reference target.

Results and Discussion
Hydrogen Incorporation. Figure 1 shows a typical

IR spectrum corresponding to a SiOxHy film obtained
by SiH4/O2 CVD, with a thickness of 1.0 µm. This
spectrum presents the following absorption bands: three
bands at 1072, 810, and 448 cm-1, corresponding to
three different vibration modes of the Si-O-Si struc-
tures (stretching, bending, and rocking motions, respec-
tively);36-38 a weak and wide absorption band at 3640
cm-1, associated with the stretching vibration of O-H
bonds;2 a narrow band at 608 cm-1, associated with
multiphononic excitations of the Si substrate;39 a band

at 2338 cm-1, owing to the presence of CO2 molecules
during the IR measurements;40 and a weak band at
1630 cm-1, corresponding to the bending vibration of
H2O molecules.41 The asymmetric shape of the main Si-
O-Si band (1072 cm-1) is known to proceed from the
overlapping of two pairs of longitudinal and transversal
optical vibration modes.3,5,39

Within a set of IR spectra corresponding to films as
thick as 3.2 µm prepared under a wide range of
experimental conditions (i.e., temperature ) 325-800
°C, [O2]:[SiH4] flow ratio ) 1-25, and total gas flow rate
) 100-500 sccm; total pressure ) 1.4 Torr in all cases),
the stretching Si-H absorption band, typically located
at 2270 cm-1 in SiO2,42 was always absent. To detect
this weak Si-H band in the IR spectra, we have
prepared a series of very thick samples in the 6-57 µm
range, at low (338 °C) and high (450 °C) temperature.
The deposition rate was set to the same value (∼ 20 nm/
min) for both temperatures by using different total gas
flow rates, 250 sccm at 338 °C and 50 sccm at 450 °C,
which allows us to analyze individually the effect of the
deposition temperature on the hydrogen bonding and
concentration with independence on the deposition rate
variation that otherwise would be associated with such
temperature difference.24 In both cases, total pressure
was maintained at 1.4 Torr and [O2]:[SiH4] flow ratio
at 20.

Figure 2 shows two IR spectra corresponding to the
thickest SiOxHy films grown at 338 and 450 °C, with
thickness of 45.5 µm and 57 µm, respectively. The
asymmetric O-H band observed in both spectra at 3640
cm-1 corresponds mostly to SiOH groups, although part
of the low wavenumber absorption could proceed from
H2O molecules embedded into the oxide matrix (see the
discussion below for details). The Si-H bonding, found
at 2264 cm-1, is only significant at low temperature.

A measure of the bulk concentration of hydrogenated
groups (XH, with X ) O or Si) can be obtained from the
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Figure 1. Infrared spectrum of a 1.0 µm thick SiOxHy film
prepared by SiH4/O2 CVD under the following conditions:
temperature, 410 °C; total pressure, 1.4 Torr; [O2]:[SiH4] flow
ratio, 15; total gas flow rate, 150 sccm.

3988 Chem. Mater., Vol. 13, No. 11, 2001 Ojeda et al.



ratio between the number of X-H and Si-O-Si bonds
per unit area, given by the following approximate
equation:43

where A(ν) is the IR absorbance spectrum, after sub-
traction of the baseline, as a function of the wavenum-
ber, ν. The integrals of the O-H, Si-H, and Si-O-Si
bonds were calculated for the 3640, 2264, and 1072 cm-1

bands described above, respectively. kO-H was deter-
mined to be 6.2 × 1016 cm-1 by comparing ERDA, 16O-
(d,p1)17O NRA, and IRS measurements taken from the
thickest high-temperature film (57 µm). According to ref
42, we assumed kSi-H ) 10 × 1016 cm-1. Finally, kSi-O-Si
was determined from the slope of the curve representing
the total content of oxygen atoms, as measured by 16O-
(d,p1)17O NRA, as a function of the integral of the Si-
O-Si band at ∼1070 cm-1. This calculation involved a
set of nine samples prepared under a wide range of
experimental conditions and yielded kSi-O-Si ) (1.41 (
0.03) × 1016 cm-1, which is in good agreement with
values reported in other works.44,45

The concentrations of OH groups (including both
SiOH and H2O species) found at both temperatures are
very similar, with OH:SiOSi bond ratios of 0.168 and
0.146 for the low- and high-temperature films, respec-
tively. The Si-H bonds were only measurable for films
thicker than ∼10 µm grown at low temperature, for
which we obtained a low SiH:SiOSi bond ratio of just
0.016 (i.e., SiH:OH ) 0.09). Despite the predominance
of the O-H hydrogen bonding, SiH groups may play an
important role during the oxide growth. The fact that
these groups are eliminated upon increasing the deposi-
tion temperature could respond to their rapid conversion
into SiOH groups during the film growth.7 This hypoth-

esis is consistent with molecular orbital calculations on
Si-O-H and Si-H bonded clusters,46 which show that
SiOH groups are more stable than SiH ones. In agree-
ment with these results, the insertion of an O atom
between a Si-H bond has been reported to be an
energetically favorable process in silane clusters and
hydrogenated silicon surfaces.47

Location and Bonding of the OH Groups. The
asymmetric shape of the O-H bands shown in Figure
2 proceeds from two fundamental contributions: (1) the
presence of SiOH clusters consisting of two or more
interacting (vicinal) SiOH groups with different degrees
of bonding strength between them41,48-50 and (2) the
presence of molecular water in different configura-
tions.41 Isolated and geminal SiOH groups trapped into
the oxide matrix (nondistinguishable from each other
by IRS)19 give absorption around 3650 cm-1,7 represent-
ing the strongest signal in our spectra. Vicinal SiOH
groups with increasing degrees of interaction, either
trapped into the oxide matrix or located at surface sites,
contribute to the low-frequency asymmetry of our
SiO-H band, giving absorption at frequencies ranging
from 3650 to 3520 cm-1, depending on their mutual
interaction strength.41,48-50 Free and H-bonded H2O
molecules embedded into the oxide matrix could con-
tribute to the 3425-3225 cm-1 range41 of our O-H
band. This band is wider at low temperature, with a
fwhm of 176 cm-1 against 148 cm-1 for the high-
temperature sample, which indicates a higher clustering
degree of SiOH groups at low temperature and/or a
higher incorporation of H2O molecules. Isolated and
geminal SiOH surface groups, normally found around
3750 cm-1,7,48,50 are absent in our spectra.

The short-range chemical environment of the proto-
nated 29Si nuclei in the SiOxHy films has been studied
in detail by means of CP/MAS NMR. It is worthy to
mention that this technique provides an enhanced
sensitivity to the protonated 29Si nuclei (i.e., to those
forming part either of SiOH or SiH groups) with
detriment to the nonprotonated ones (i.e., those at SiOSi
groups). Figure 3 shows two NMR spectra corresponding
to films prepared under the same conditions exposed
above, i.e., at low (338 °C) and high temperature (450
°C). The high-temperature sample exhibits the most
resolved spectrum, with two well-defined peaks at
-107.2 and -99.9 ppm, corresponding to Q4 (SiO4) and
Q3 (isolated SiOH respectively HOSiO3) structures,
respectively.19,51 By contrast, the broader spectrum of
the low-temperature film denotes a much higher degree
of interaction between the protonated 29Si nuclei (SiOH
groups), in agreement with the IRS results. Although
less significant, a band around -80 ppm can also be
observed in this low-temperature spectrum, which could
be attributed to the SiH species detected in the corre-
sponding IR spectrum (Figure 2).52,53 For both temper-
atures, a small peak around -93 ppm, which could be
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Figure 2. Si-H and O-H IR absorption bands for 45.5 and
57 µm thick SiOxHy films prepared at low (338 °C) and high
(450 °C) temperature, respectively, under the following condi-
tions: total pressure, 1.4 Torr; [O2]:[SiH4] flow ratio, 20; total
gas flow rate, 250 sccm for 338 °C and 50 sccm for 450 °C.
The oscillations observed in both spectra proceed from optical
interferences at the oxide film.

XH:SiOSi )
kX-H‚∫X-H

A(ν) dν

kSi-O-Si‚∫Si-O-Si
A(ν) dν
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assigned to Q2 (geminal SiOH respectively (HO)2SiO2)
structures,19,54 seems to be present. However, this peak
becomes too confused with the spectra noise to guaran-
tee the reliability of this assignment. In conclusion,
NMR results support that hydrogen atoms are mostly
arranged in isolated and interacting SiOH groups, with
a negligible or less important contribution of SiH and
geminal SiOH groups. Moreover, the proportion of
interacting SiOH groups, i.e., the degree of SiOH
clustering, is higher at low temperature in comparison
with the high-temperature conditions, in accordance
with the IRS results.

As it follows from the IR spectra, isolated SiOH
groups are trapped into the oxide matrix. However,
neither IRS nor NMR results allow us to determine
unambiguously whether the interacting SiOH groups
are exclusively trapped into the growing film or partially
located at surface sites, that is, whether the SiOH
clustering occurs exclusively in the film bulk or partially
at the surface of a supposed porous structure. This
question is directly related to the film compactness, a
complex issue not clarified to date and supposedly
affected by the incorporation of SiOH and H2O groups
into the oxide matrix.2-5 In a recent study on SiO2 thin
films grown by SiH4/O2 thermal CVD,55 Dultsev et al.
observed by adsorption porometry the formation of open
nanopores (2.7-10 nm in radius) occupying up to 15-
20% of the film volume, although for a lower deposition
temperature (150 °C), higher SiH4 partial pressures
(0.33-0.8 Torr), and a lower [O2]:[SiH4] ratio (0.5) than
those used by us (338-450 °C, 0.02 Torr, and 20,
respectively). They attributed this porous structure to
the codeposition of silica nanoparticles previously formed
in the gas phase. Under our conditions, we have
observed by high-resolution transmission electron mi-
croscopy (HRTEM) that SiH4/O2 CVD leads to compact
amorphous SiO2 films with a homogeneous microstruc-
ture, even at 338 °C, that is, with no evidence for the
formation of pores or voids.56 Refractive index measure-
ments obtained by ellipsometry are in good agreement

with these observations.56 Through a study based on
temporal and spatial analysis of atomic force microscopy
(AFM) images,57 we have found that such a compact
growth obeys the high surface mobility of the adsorbed
film precursor species, which are able to smooth the
surface morphology over distances above 60 nm, coun-
teracting the shadowing effects resulting from the
random walk of the impinging species around the rough
film surface. The lower temperatures used by Dultsev
et al. imply a lower surface mobility and the higher SiH4
partial pressures and lower [O2]:[SiH4] ratio a higher
formation of silica nanoparticles in the gas phase, both
effects being coherent with the porous structure found
by these authors. Thus, under our conditions, SiOH
clustering is expected to occur predominantly in the film
bulk rather than in a supposedly porous surface. This
picture is compatible with the IRS results, basically
because we have not detected isolated SiOH surface
groups.

The decrease of the SiOH clustering degree observed
when increasing the deposition temperature can be
understood considering that, during the growth of silica,
SiOH surface groups are preferential sites for adsorp-
tion and reaction in comparison with other surface sites
commonly present at silica surfaces under similar
conditions,16 mostly non- or slightly strained siloxane
bridges (tSi-O-Sit). In this way, at low temperature,
those hydrogenated species becoming trapped by the
growing film are more likely to appear in interacting
configurations forming SiOH clusters. However, at high
temperature, the surface mobility of the adsorbed
hydrogenated species and the dehydroxylation reactions
between adjacent SiOH groups are enhanced, which
should retard the formation and further growth of SiOH
clusters during the deposition process, as our experi-
ments suggest.

Influence of [O2]:[SiH4] Flow Ratio. The OH:SiOSi
bond ratio, as deduced from eq 1, and the H/Si atomic
ratio (y coefficient in SiOxHy as measured by ERDA)
were obtained for different [O2]:[SiH4] flow ratios during
the CVD process, ranging from 1 up to 25. Total
pressure was maintained at 1.3 Torr, deposition tem-
perature at 450 °C, and total gas flow rate at 500 sccm.
The results are shown in Figure 4, where two regimes

(52) Sindorf, D. W.; Maciel, G. E. J. Am. Chem. Soc. 1983, 105, 1487.
(53) Brandt, M. S.; Ready, S. E.; Boyce, J. B. Appl. Phys. Lett. 1997,

70, 188.
(54) Petit, D.; Chazalviel, J.-N.; Ozanam, F.; Devreux, F. Appl. Phys.

Lett. 1997, 70, 191.
(55) Dultsev, F. N.; Nenasheva, L. A.; Vasilyeva, L. L. J. Electro-

chem. Soc. 1998, 145, 2569.

(56) To be published.
(57) Ojeda, F.; Cuerno, R.; Salvarezza, R.; Vázquez, L. Phys. Rev.

Lett. 2000, 84, 3125.

Figure 3. 29Si CP/MAS NMR spectra corresponding to films
grown at low and high temperature prepared under the
conditions described in the previous figure.

Figure 4. Influence of [O2]:[SiH4] flow ratio on the OH
concentration, as determined by IRS, and H/Si atomic ratio,
as determined by ERDA, in the resulting SiOxHy films.
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can be distinguished. For [O2]:[SiH4] < 2, the OH:SiOSi
bond ratio decreases rapidly with increasing [O2]:[SiH4]
ratio. The OH:SiOSi bond ratio remains constant for
[O2]:[SiH4] larger than 2, where the H/Si atomic ratio
is also nearly constant. Note that in this region the IRS
and ERDA data satisfy reasonably the expected relation
H/Si ) 2OH:SiOSi. Reliable measurements of the H/Si
ratio were only possible for [O2]:[SiH4] > 2, owing to the
important hydrogen loss (>30%) during the ERDA
experiments shown by the oxide films with high OH
concentration.

The surface composition of the samples prepared at
different [O2]:[SiH4] flow ratios has been studied using
XPS. Figure 5 shows the [O2]:[SiH4] flow ratio depen-
dence of the O/Si atomic ratio. Initially the O/Si atomic
ratio of the deposited film decreases with the [O2]:[SiH4]
flow ratio. However, at [O2]:[SiH4] flow ratios higher
than ∼15 the composition SiO2 is obtained. From a
qualitative point of view, this behavior is similar to that
shown by the OH:SiOSi bond ratio (see Figure 4), which
suggests that the composition of the film is largely
determined by the concentration of OH groups embed-
ded into it.

The behavior shown by the O/Si ratio in Figure 5 is
contrary to that usually observed in SiO2 CVD, in
particular in plasma CVD58-60 and SiH4/N2O thermal
CVD systems,61 where the O/Si ratio decreases as the
oxidant partial pressure decreases. In these systems,
due to the effect either of the plasma or of the high
temperatures, SiH4 is decomposed in the absence of the
oxidant agent, and the silane fragments (SiHn with n
) 0, 1, 2 or 3), being highly reactive unlike SiH4, lead
to the formation of a substoichiometric oxide (SiOx with
x < 2) or simply hydrogenated silicon in the limit where
the oxidant partial pressure is null. By contrast, under
our low-temperature conditions, SiH4 molecules are not
decomposed in the absence of O2 (SiH4 decomposition
starts above 500 °C),62,63 since O2 is needed to initiate
the branching-chain reaction through which the film

precursor species are formed. In fact, we have observed
that for [O2]:[SiH4] ) 0 the deposition rate is negligible
(nondetectable). Once deposited, the SiOmHn precursor
species lead to an overstoichiometric oxide (SiOx with x
> 2) due to the predominant incorporation of OH groups
into the film (see discussion below). The overstoichio-
metric character of our films is accentuated as the [O2]:
[SiH4] decreases, because of the increasing concentra-
tion of OH groups. In O2-rich mixtures the dehydrogena-
tion reactions are enhanced,64 which results in a lower
OH concentration and thus in an O/Si ratio closer to 2.

Oxide Stoichiometry. As the XPS/IRS data sug-
gests, the x and y coefficients in the SiOxHy formula are
not fully independent. For instance, oxides incorporating
H atoms exclusively as SiOH groups are formed by
SiO4-n(OH)n structures (n ) 0, 1, 2, or 3) (see Figure
6a). All these structures follow a unique chemical
formula given by SiO2+0.5yHy, leading to overstoichio-
metric oxides. In the case of H2O molecules embedded
into the oxide structure, the validity of this formula
remains, since the O/H atomic ratio for water is 0.5.
Oxides with pure Si-H bonding are formed by SiO4-nHn
structures (n ) 0, 1, 2, or 3), which follow the substo-
ichiometric formula SiO2-0.5yHy (see Figure 6b). In an
intermediate situation (e.g., Figure 6c), having both
O-H (including SiOH and H2O species) and Si-H bonds
with relative proportions R and â respectively (R + â )
1), the oxides are represented by the general formula
SiO2+(R-â)×0.5yHy. Therefore, the O/Si atomic ratio in the
oxide film is determined by at least two independent
factors, i.e., the total hydrogen concentration (y) and the
relative concentration of OH (R) or SiH (â) groups (note
that R - â ) 2R -1). However, in real cases this
relationship is more complex due to the presence of
other defects. In particular, the presence of -O-O- and
-O··· defects in the oxide matrix tends to increase the
oxygen-to-silicon ratio in the film, whereas tSi-Sit
and tSi··· defects tend to reduce it (the symbol ··· denotes
a dangling bond). The different values of the x and y
coefficients in the SiOxHy formula are represented in
Figure 7, which shows two straight lines corresponding(58) Pan., P.; Nesbit, L. A.; Douse, R. W.; Gleason, R. T. J.
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Figure 5. Influence of [O2]:[SiH4] flow ratio on the O/Si
surface atomic ratio, as determined by XPS, in the resulting
SiOxHy films. Figure 6. Possible local structures in hydrogenated silicas

and their contribution to the oxide stoichiometry.
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to oxides containing hydrogen bonded exclusively to
oxygen (x ) 2 + 0.5y) or silicon (x ) 2-0.5y) atoms. The
shadowed area between these two extreme lines limits
the zone for oxides with different proportions of O-H,
Si-H, oxygen-excess (-O-O- and -O···) or silicon-
excess (tSi-Sit and tSi···) defects, whereas the rest
of the area (not shadowed) corresponds to oxides that
necessarily have a certain concentration of oxygen- or
silicon-excess defects, since these defects provide ad-
ditional oxygen or silicon atoms over those provided by
the OH and SiH groups, respectively.

As a tentative method to determine the chemical
formula fitting the composition of the SiOxHy films, we
plotted the x coefficient (O/Si ratio as measured by XPS)
against the y coefficient (H/Si ratio as measured by
ERDA). However, this method showed a high dispersion
and no evident x-y correlation, which can be explained
by the combined use of surface- and bulk-sensitive
techniques (XPS and ERDA respectively) and/or to the
effect of the lateral inhomogeneities when using differ-
ent irradiation areas (about 1 cm2 for XPS against 1
mm2 for ERDA). To solve these problems, we used RBS
(Rutherford backscattering spectroscopy) instead of XPS
to measure the O/Si bulk ratio. Although the Si and O
levels in the RBS spectra decreased slightly with
increasing the hydrogen concentration in the film (due
to a decrease of the stopping power), no change was
detected in the ratio between the areas behind them,
even optimizing the experiment geometry and the
signal-to-noise ratio of the spectra. This lack of sensibil-
ity of RBS to the O/Si ratio was also observed in
simulations performed with the rump code65 and seems
to be a limitation inherent to this technique.

Finally, in an attempt to determine reliably the
chemical composition of our films, NRA and ERDA
techniques were employed jointly to measure the O/Si
(x) and H/Si (y) ratios in a series of samples deposited
for this purpose on GaAs wafers in a cold-wall reactor
under different conditions (temperatures in the range
370-420 °C and total pressures in the range 3.8-4.5
Torr, maintaining the [O2]:[SiH4] flow ratio and the total

gas flow rates at constant values of 20 and 250 sccm,
respectively). We compared these data with those
obtained for a SiO2 film deposited at 450 °C on Ta and
further annealed at 700 °C for 4 h in a N2 atmosphere.
This thermal treatment allowed us to obtain a densified
SiO2 sample with a low hydrogen content (H/Si ) 0.04
( 0.02) and a stoichiometric composition (O/Si ) 1.97
( 0.06). NRA and ERDA experiments were performed
consecutively in the same chamber, and the deuterium
and 4He ion beams were directed to impinge on the same
spot (around 1 mm in diameter) of each sample. In this
way we minimize the effect of possible lateral inhomo-
geneities. The results, which were checked for reproduc-
ibility, are presented in Figure 7, showing a fair x-y
increasing correlation, with the x and y values falling
around the straight line corresponding to a pure O-H
hydrogen bonding. Therefore, these results support that
the stoichiometry of our films is determined to a large
extent by the bulk concentration of OH groups and
demonstrate the capability of the NRA/ERDA method
to determine precisely the stoichiometry of silica films
grown by CVD.

Conclusions

Hydrogen incorporation into SiH4/O2 CVD silica films
and their stoichiometry have been investigated by IRS,
29Si CP/MAS NMR, XPS, NRA, and ERDA. From NMR/
IRS results it follows that SiOH groups are mostly
incorporated in isolated and interacting configurations,
with a much smaller concentration of geminal SiOH
groups. Isolated and interacting (clustered) SiOH groups
seem to be trapped into the oxide matrix rather than
covering a supposed porous surface. The clustering
degree of the SiOH groups decreases with increasing
the deposition temperature, which could respond to the
increasing rate of the dehydroxylation reactions between
the adjacent SiOH groups and to the increasing mobility
of the hydrogenated species adsorbed on the growing
film surface (plausibly SiOmHn species and water mol-
ecules). SiH groups, probably due to their high reactiv-
ity, are incorporated in a low proportion with respect
to the OH groups. In accordance with the predominance
of O-H over Si-H bonding, XPS results indicate that
the film surface has an overstoichiometric character (i.e.,
x > 2 in SiOxHy) which, from a qualitative standpoint,
is accentuated as the bulk OH concentration increases.
The oxide stoichiometry has been successfully deter-
mined by means of a novel method based on NRA/ERDA
measurements, which was demonstrated to have a much
higher sensibility to the small departures that suffer
SiO2 CVD films from the stoichiometric composition
than others methods frequently used in SiO2 charac-
terization, typically combinations of XPS or RBS and
ERDA or IRS. NRA/ERDA results have confirmed that
the oxide stoichiometry is determined by the OH
concentration in the film.
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Figure 7. Theoretical relationship between the x and y
coefficients in SiOxHy films according to the hydrogen bonding
and presence of defects in the oxide structure. Solid circles
correspond to the experimental x and y coefficients, as deter-
mined by NRA and ERDA, respectively, in SiOxHy films
prepared in a cold-wall reactor.
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