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The composition, bonding configuration, hydrogen content, and paramagnetic defects of SiOx Hy
thin films were studied. Films were deposited by the electron cyclotron resonance plasma method at
room temperature using SiH4 and O2 as precursor gases. The film composition was measured by
heavy ion elastic recoil detection analysis and energy dispersive x-ray spectroscopy. Suboxide films
with compositions ranging from SiO2 to SiH0.38 were obtained. Infrared spectroscopy showed the
presence of different Si–O and Si–H vibration modes. The usual estimation of the oxygen to silicon
ratio by the wave number of the Si–O–Si stretching band was not accurate for films far from
stoichiometry. These off-stoichiometric films also showed a broader Si–O–Si stretching peak than
the stoichiometric ones, indicating a higher bonding disorder. The position of the Si–O–Si bending
and rocking modes did not depend on the film composition. On the other hand, the peak position of
the Si–H modes were found strongly dependent on the Si environment. By single-wavelength
ellipsometry at ⫽632.8 nm the refractive index n was found to range between 1.45 (SiO2 ) and
2.04 (SiO0.06H0.36). Electron spin resonance measurements showed that stoichiometric films
presented the well known E ⬘ center ("Si⬅O3 ) with concentrations in the 1016 – 1017 cm⫺3 range,
while for Si-rich films (xⰆ1) the Si dangling bond center (SiDB , "Si⬅Si3 ) was the only detectable
defect, with concentrations in the 1018 – 1019 cm⫺3 range. In near-stoichiometric films both E ⬘ and
SiDB centers were found. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1626798兴

I. INTRODUCTION

Si-rich SiOx films 共SROX兲 have a wide and increasing
interest in the field of Si-based device technology due to
several reasons:
共i兲 SROX layers are always present at the Si/SiO2
interface1 even on thermally grown SiO2 2 and also on many
high-K dielectric/Si interfaces.3 The presence of these suboxide layers and their characteristics are strongly dependent
on surface preparation, deposition process, annealing parameters, etc. These suboxides may generate interface defect
states which limit the dielectric performance when used in
MOS structures.1
共ii兲 Recently SROX films have found application in nonvolatile memory devices, where the use of a stack of dielectrics SROX/SiO2 reduces the erasing time and the threshold
voltage.4 – 6
共iii兲 Annealed SROX films show the presence of Si
nanocrystals 共nc-Si兲.7 Much work is being done on the electroluminescence properties of these nc-Si embedded in a
a兲
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SiO2 matrix.8,9 This is an interesting issue due to its potential
optoelectronic applications.
共iv兲 By now, to increase the electrical performance of
MOSFET devices there is a constant reduction in gate
lengths. Therefore, higher values of the capacitance per unit
area of the gate dielectric 关 C diel⫽()/t diel , where  is the
dielectric permittivity and t diel is the dielectric thickness兴 are
necessary. With thermally grown silicon dioxide (SiO2 ) as
gate insulator a gate oxide thickness of 2–3 nm will be
needed. The problem of using such a thin SiO2 film is the
occurrence of high gate leakage currents. SROX films, with a
higher permittivity value, between 3.8 (SiO2 ) 10 and 11.9
共Si兲,11 allow gates thicker than those made of SiO2 with the
same capacitance per unit area. But the problem with SROX
is its decreasing band gap when the Si content increases, so
the advantage in permittivity may be lost by gate leakages.
Some physical characteristics of SROX films that influence device performance and reliability are, among others,
the high hydrogen content and the presence of paramagnetically active defects 共e.g., dangling bonds兲.12 The hydrogen is
bonded in different configurations (Si⫽H2 , Sin O3⫺n
⬅Si–H, etc.兲13 depending on the film deposition process and
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on the suboxide composition. The bonded hydrogen and its
configuration can be detected by Fourier transform infrared
spectroscopy 共FTIR兲.14 The dangling bonds 共usually paramagnetic兲 play a key role in the device performance.15 Depending on the film composition, the dominant defect has a
different microscopic structure, changing its type from the
well known E ⬘ center ("Si⬅O3 ) in stoichiometric SiO2 films
to the Si-dangling bond defect ("Si⬅Si3 , in the following
SiDB) in SROX films far from the stoichiometry.16 The study
of defects in SROX films is scarce and few articles dealing
with this problem can be found in the literature.12,17
There are many different techniques to grow SROX
films.12,18 –20 A desirable objective is a low thermal budget in
the growing process. Not all deposition processes fulfill this
requirement. Low thermal budget is desirable because if the
gate growth process takes place at high temperatures, the
preceding processes 共mainly the implantations兲 may suffer
from degradation, resulting in nonfunctional devices. Plasma
processes are able to deposit thin dielectric films at low temperatures in short times, so much effort has been made to get
films with device characteristics from plasma-excited
gases.13,21–23 This plasma can be generated by different procedures; among them the electron cyclotron resonance
plasma method 共in the following ECR兲 shows various advantages:
共i兲 It is a remote plasma system due to the separation
between the plasma generation zone and the deposition
chamber. Then, only neutral atoms and radicals are able to
reach the substrate surface. As a consequence any damage
which could be generated by ion bombardment or plasma
irradiation is significantly reduced.24
共ii兲 The degree of activation of species is significantly
superior in ECR plasmas than in other plasma methods.25
共iii兲 With the ECR plasma method, high quality gate
dielectrics can be deposited at low deposition temperatures,26
achieving the objective of the low thermal budget.
The aim of this article is to analyze the bonding structure
of SROX films and the type and concentration of paramagnetic defects present as a function of the actual film composition. The analyzed films were deposited at room temperature by the ECR method. The deposition parameters were
adjusted to scan the range of compositions from stoichiometric SiO2 to SiHy .
II. EXPERIMENT

Several series of films were deposited onto a simplified
Radio Corporation of America 共RCA兲 cleaned highresistivity 共80 ⍀ cm兲 Si共111兲 substrates polished on both
sides. The substrates had dimensions of 1⫻1 cm2 . The deposition processes were carried out at a base pressure of
6⫻10⫺7 mbar in a homemade chamber attached to an Astex
4500 ECR reactor. Further details about the deposition system are given elsewhere.27 High purity SiH4 and O2 were
used as precursor gases. Films of several compositions were
obtained depending on the gas flow ratio, that we define in
this article in the same way as Bulkin et al.,18 i.e., as Rb
⫽ 关 SiH4 兴 /( 关 SiH4 兴 ⫹ 关 O2 兴 ). In this study, Rb . was varied between 0.2 and 1. For all depositions, the total gas flow, the
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total pressure and the microwave power were kept constant
at 10.5 sccm, 9.3⫻10⫺4 mbar, and 100 W, respectively. The
substrates were not intentionally heated and the deposition
temperature was in the 50– 60 °C range. The thickness of the
deposited films was about 250 nm, measured with a Dektak
profilometer. Low values of Rb 共below 0.4兲 resulted in stoichiometric, almost hydrogen-free SiO2 films, while higher
values 共in the 0.6 –0.9 range兲 yielded off-stoichiometric films
with high hydrogen content. These films will be referred as
SiOx Hy 共with x the oxygen to silicon ratio of the films and y
the hydrogen to silicon ratio兲. At Rb⫽1 no O2 was introduced into the deposition chamber. These films did not exhibit oxygen incorporation and will be referred to as SiHy .
The composition, the bonding configuration, the concentration of paramagnetic defects as well as the refractive index
of films were obtained by means of heavy ion elastic recoil
detection analysis 共HI-ERDA兲 and energy dispersive x-ray
spectroscopy 共EDX兲, Fourier transform infrared spectroscopy 共FTIR兲, electron spin resonance 共ESR兲, and ellipsometric measurements, respectively.
The HI-ERDA measurements were carried out with a
mass and energy dispersive time-of-flight 共ToF兲 setup.28 The
ions used as projectiles were 230 MeV 129Xe ions provided
by the ion beam facility 共ISL兲 of the Hahn-Meitner-Institut in
Berlin. The detection system with a solid angle of 0.4 msr
and the use of a large detection angle of 60° provided reasonable measuring statistics, even at ion fluences as low as
1012 ions cm⫺2 . The number of incident particles was measured with an accuracy of 2% using a ‘‘transmission Faraday
cup.’’ 29 Some samples showed hydrogen loss during the
measuring process. To obtain the zero dose hydrogen concentration, an effusion model, previously described,30 was
used. These measurements provided the absolute composition of the samples, i.e., the x and y values of the SiOx Hy
formula, without the need of calibration samples.
EDX measurements were performed with a Hitachi
S-4100 scanning microscope attached to a Si-Q-Detector
Pioneer of NORAN. The acceleration voltage was 5 keV and
the takeoff angle was 30°. The correction was calculated by
the Proza method.31 A certified SiO2 stoichiometric layer deposited by LPCVD was used as a calibration standard. Since
EDX was not able to detect hydrogen, these measurements
provided only information on the x value. The x values obtained by EDX were very similar to those obtained by HIERDA. In the following the averaged value of x measured by
EDX and measured by HI-ERDA will be used as the actual
oxygen to silicon ratio of the films.
FTIR
characterizations
were
done
in
the
400– 4000 cm⫺1 range with a Nicolet Magna-IR 750 series
II spectrometer working in the transmission mode at normal
incidence. The spectrum of the film was obtained by subtracting the spectrum of a bare-Si sample from the total signal (substrate⫹deposited film). Additionally, the baselines
of the resulting spectra were corrected and, thus, the main
characteristics were measured. Following articles of the
North Carolina State University group,13,32 the peak position
of the main Si–O–Si stretching band can be used to measure
the oxygen to silicon ratio of the films. We will compare
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FIG. 1. Oxygen to silicon ratio (x) of the films as a function of the gas flow
ratio R b : averaged x values from HI-ERDA and EDX 共䊏兲, estimate by the
equation x⫽0.020  st – 19.3 of the NCSU group 共see Refs. 14 and 33兲 共䊊兲.

these results with the actual x value obtained by HI-ERDA
and by EDX.
ESR characterization was performed at room temperature with a Bruker ESP 300E spectrometer operating in the X
band at a microwave power of 0.5 mW. This signal level is
low enough to prevent the saturation of the signal. In order to
enhance the ESR signal each film used was cut into five
pieces of 0.2⫻1 cm. These five pieces were stacked, so the
effective thickness of each sample was about 1250 nm. The
density of paramagnetic centers was quantified by comparison with the signal of a calibrated weak pitch standard.26
Thinner samples 共80 nm thick兲 were characterized by
ellipsometry to obtain the refractive index n of the SiOx Hy
films. These measurements were performed with a Gaertner
L116B ellipsometer operated at ⫽632.8 nm.
III. RESULTS
A. Structural characterization

Figure 1 shows the oxygen to silicon ratio (x) of the
SiOx Hy films, as obtained from HI-ERDA and EDX measurements. This value ranges from x⫽1.97 for the samples
deposited with Rb ratios below 0.4 to x⫽0 for the sample
deposited at Rb⫽1. This way, samples of the entire range
from stoichiometric SiO2 to SiHy were obtained by our deposition method.
In Fig. 2, the FTIR spectra in the 400–1450 and
1800– 2300 cm⫺1 ranges are displayed for some selected
samples with representative compositions. No vibrational
features were found in the other parts of the spectra. The
most intense feature in the spectra appeared around
1068– 1000 cm⫺1 with a shoulder at 1120 cm⫺1 . This is the
well known Si–O–Si stretching vibration, from which the
North Carolina State University physics group14,33 共in the
following, NCSU group兲 obtained the empirical law:
x⫽0.020  st⫺19.3,

FIG. 2. FTIR absorbance spectra of five representative SiOx Hy samples in
the 400–1450 and 1800– 2300 cm⫺1 ranges: 共s兲 stretching, 共b兲 bending, 共r兲
rocking.

for this discrepancy is probably the higher hydrogen content
of our samples as compared to those studied by the NCSU
group.13,32 This fact will be the subject of a forthcoming
article.
In Fig. 3 the full width at half maximum 共FWHM兲 of the
Si–O–Si stretching peak is plotted as a function of x. This
parameter gives an indication of the film quality, due to its
relation with bonding disorder, porosity, stress, etc.16,33–35
Thermally grown SiO2 presents a value of this parameter
around 75 cm⫺1 . 36
Figures 1, 2, and 3 show these results:
共i兲Rb⬍0.35: For these samples, x ranged between 1.97
and 1.95 and y between 0.034 and 0.046. As an example of
this type of films Fig. 2共a兲 shows the spectrum of a film
deposited with Rb⫽0.33. In this spectrum only Si–O related
vibrational modes were observed. The main vibration is located at 1068 cm⫺1 with a shoulder at 1121 cm⫺1 and a
FWHM of 87 cm⫺1 . This known feature is the Si–O–Si
stretching mode of a stoichiometric SiO2 film.37 The other
two detected peaks correspond to the Si–O–Si bending and

共1兲

where  st is the wave number of the Si–O–Si peak and x is
the oxygen to silicon ratio of the SiOx Hy . For comparison,
the x values estimated from Eq. 共1兲 are also included in Fig.
1. It can be seen that the data of both methods agree well for
compositions above 1.5, whereas the x value for silicon rich
SiOx Hy films is largely overestimated by Eq. 共1兲. The reason

FIG. 3. FWHM of the Si–O–Si stretching band as a function of x for all the
SiOx Hy samples analyzed. The line is a guide to the eye.
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rocking vibrations, located at 815 and 455 cm⫺1 , respectively. The FTIR spectra of these samples have the same
characteristics as the spectrum of a high quality SiO2 film.1
The HI-ERDA results showed that there was a small amount
of hydrogen 共about 1.2 at. %兲. This hydrogen could not be
observed in the FTIR spectra due to the detection limit of
this technique (⬃2%). If it is assumed that each Si, O, and
H atom has 4, 2, and 1 unpaired valence electrons, respectively, then the number of electrons of each species that can
form a bond can be found. H atoms are only bonded to Si,
since no O–H modes were found. The remaining concentration of nonsaturated Si electrons is the same as the concentration of unpaired O electrons. This way it is deduced that
only Si–H and Si–O bonds are present, and no Si–Si bonds.
Thus, the film can be considered as stoichiometric SiO2 with
a small H incorporation. In the following these films will be
referred to as stoichiometric samples.
共ii兲 0.35⬍Rb⬍0.6: For these samples x ranged between
1.89 and 1.79 and y between 0.25 and 0.23. As an example,
Fig. 2共b兲 shows the spectrum of a sample deposited at Rb
⫽0.59. The Si–O–Si related vibrations were present, but
their characteristics differed from those of stoichiometric
SiO2 : while the FWHM of the stretching vibration was
around 90 cm⫺1 共indicating a low bonding disorder38兲 the
wave number of the Si–O–Si stretching peak shifted from
1064 to 1045 cm⫺1 when Rb varied from 0.35 to 0.60. The
Si–O–Si rocking and bending peaks appeared at the same
wave number as for a SiO2 sample. In these films two additional peaks were detected: a small feature at 2269 cm⫺1 and
a more intense one at 880 cm⫺1 . These two peaks are related
to bonded H, and will be discussed later on. Previous results
obtained for rapid-thermally annealed SiOx Hy films33
showed that there was a significant amount of nonbonded H
incorporated in these films. Once more, it is deduced that H
atoms are only bonded to Si, since no O–H modes were
found. HI-ERDA showed that there were more remaining Si
electrons 共nonbonded to H兲 than O valence electrons, so it
can be concluded that Si–Si bonding and Si dangling bonds
are more favorable. The films deposited within this range of
Rb will be referred to as near-stoichiometric samples.
共iii兲 0.6⬍Rb⬍1: For these samples, x ranged from 1.17
(Rb⫽0.65) to 0.07 (Rb⫽0.9). At the same time y changed
from 0.50 to 0.38. Two spectra of these samples are shown in
Figs. 2共c兲–2共d兲. The wave number of the Si–O–Si stretching
peak shifted from 1045 cm⫺1 to 1013 cm⫺1 . The intensity of
all Si–O–Si related peaks decreased when x decreased. The
rocking as well as the bending modes vanished for x values
below 1.1. Figure 3 shows that in this range of Rb the
FWHM of the Si–O–Si stretching peak increased from
90 cm⫺1 共near-stoichiometric value兲 to about 140 cm⫺1 (x
⬍1.3). This result indicated that the increasing Si and H
content of the films promoted a significant increase in bonding disorder.39 There were also two hydrogen related peaks: a
feature at around 2100 cm⫺1 , and a more intense one at
640 cm⫺1 , which will be discussed later on. In the following
these films will be called off-stoichiometric SiOx Hy .
共iv兲 Rb⫽1: In this sample no oxygen was detected and
its y value is 0.36. The FTIR spectrum features of this
sample is shown in Fig. 2共e兲. As expected, this film did not
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FIG. 4. Comparison of the absorption coefficients at 880 and 2260 cm⫺1
共䊐兲 and at 640 and 2100 cm⫺1 共䊉兲. Solid lines: linear fits of the data.

show any Si–O–Si related peaks and only Si–H peaks were
found. In the following this film will be named SiH0.36 .
In the next paragraphs the Si–H bonding results will be
outlined in some more detail. Near-stoichiometric samples
showed a peak around 2260 cm⫺1 . This is the well known
Si–H stretching vibration of the H–Si⬅O3 configuration.
The spectra of these samples also exhibited a peak at
880 cm⫺1 which is not as well documented. The NCSU
group13 proposed that this peak corresponds to the bending
vibration of the H–Si⬅O3 group. Our results support this
assignment by two facts: both peaks appear in the same
samples, and a strong correlation between the absorption coefficient of both modes is observed. Figure 4 displays the
absorption coefficient of the peak at 2260 cm⫺1 versus the
absorption coefficient of the peak at 880 cm⫺1 共open
squares兲. The linear fit 共through zero兲 of these data gives a
proportionality factor ( ␣ 2260)/( ␣ 880 )⫽0.20⫾0.03, which is
in good agreement with the findings of the NCSU group.13
Thus, our results further confirmed the fact that the 2260 and
880 cm⫺1 peaks are related to bonded hydrogen in the
H–Si⬅O3 configuration.
As the Si content increased, the peak at 2260 cm⫺1
showed a more complex structure. When x decreased below
1.9 a shoulder in the 2060– 2200 cm⫺1 region appeared. This
shoulder is a first neighbors effect: when the Si atom of a
Si–H bond is not only bonded to oxygen but also to other Si
atoms, the wave number of the Si–H stretching vibration
changes. If the Si–H group is written as H–Si⬅(On Si3⫺n ),
then each of these groups presents vibrations at 2000, 2100,
2195, and 2250 cm⫺1 for n⫽0, 1, 2, and 3, respectively.39
They are strongly dependent on the chemical environment of
the bond,1 so significant shifts from these reported positions
are expected for SiOx Hy films with intermediate compositions.
Owing to the complex shape of the 2260 cm⫺1 Si–H
peak when the shoulder was present it was difficult to measure the exact wave number of the intermediate modes:
H–Si⬅(OSi2 ) and H–Si⬅(OSi2 ). Our results gave values
of 2200 and 2150 cm⫺1 for these modes, respectively. These
wave numbers may be affected by a significant uncertainty,
due to the very weak absorption of the intermediate modes.
In spite of this, they were in good agreement with the ones
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FIG. 5. Hydrogen content as a function of x for SiOx Hy films determined by
HI-ERDA. The line is a guide to the eye.

calculated by the NCSU group1 for intermediate SiOx Hy
compositions.
The other peak observed in the high wave number region
was a mode at 2150– 2050 cm⫺1 共see Fig. 2兲. It corresponds
to the H–Si⬅Si3 stretching vibration in a suboxide environment. This peak became detectable for x values below 1.6.
With increasing Si content this peak became more intense,
even masking the contributions of other intermediate modes.
For the samples with this peak a further intense vibration at
640 cm⫺1 was also detected 共see Fig. 2兲. This vibration is
known as the bending vibration of the H–Si⬅Si3 bond.40 In
Fig. 4 the absorption coefficient of the peak at 2100 cm⫺1 as
a function of the absorption coefficient of the peak at
640 cm⫺1 共solid circles兲 is also shown. The linear fit through
zero of these data gives a proportionality factor
( ␣ 2100)/( ␣ 640 )⫽0.41⫾0.04. Since there is a strong correlation between the absorption coefficient of the 2100 and
640 cm⫺1 peaks, these results also confirm that both peaks
are related to bonded hydrogen in the same configuration,
i.e., to the H–Si⬅Si3 group.
In the case of off-stoichiometric films three additional
peaks of low intensity were detected at 795, 840, and
885 cm⫺1 共see Fig. 2兲. Owing to their proximity in wave
number these peaks were hardly resolved. The peak located
at 795 cm⫺1 can be associated to a coupled mode between
Si–H bonds in the same plane as a Si–O–Si bond.41 The
couple of peaks at 840 and 885 cm⫺1 is a doublet 共waggingbending兲 for (Si⫽H2 ) n groups.14 The presence of this doublet indicates that there is a small amount of hydrogen
bonded in the form of a dihydride.
Finally, as presented before, the SiH0.36 film did not
show any Si–O related peaks, and only Si–H modes were
detected 关Fig. 2共e兲兴: the expected H–Si⬅Si3 bending vibration at 640 cm⫺1 , the H–Si⬅Si3 stretching vibration at
2060 cm⫺1 , and two faint peaks at 840 and 885 cm⫺1 which
are related to silicon dihydride. In this sample the peak at
795 cm⫺1 did not appear.
Figure 5 shows the total hydrogen concentration of the
films, measured by HI-ERDA, as a function of the oxygen to
silicon ratio. It can be seen that near-stoichiometric and offstoichiometric samples contain a very high amount of
bonded hydrogen 共20–27 at. %兲.
The refractive index n as a function of x is shown in Fig.

FIG. 6. Refractive index (n) at ⫽632.8 nm as a function of x for SiOx Hy
films. The line is a guide to the eye.

6. It can be seen that for samples with x above 1.2 the n
value was 1.46⫾0.03 in all cases, i.e., an n value comparable
to the one of thermally grown SiO2 . 42 As x changes from
x⫽1.2 to x⫽0 the refractive index increased from n⫽1.46
to n⫽2.04. These results are consistent with the work of Lin
et al.12 who showed that the increase of the refractive index
for SiOx Hy films is a direct consequence of the growing silicon content in the film.
B. Content of paramagnetic defects

The ESR derivative spectra of some representative
samples are presented in Fig. 7. In these spectra several types
of paramagnetic defects can be observed:
共i兲 A narrow line with g ranging from 2.0004 to 2.0010
and a width 共peak-to-peak first derivative兲 ⌬H pp of about
3–5 G. This line can be assigned to the well-known E ⬘ center, whose origin is essentially a silicon dangling bond in a
"Si⬅O3 configuration.15,16 This defect was observed in the
spectra a and b of Fig. 7, corresponding to stoichiometric
and near-stoichiometric samples, respectively.
共ii兲 Another wider line (H pp of about 6 –9 G兲 with a g
value in the range 2.0045–2.0055. In the literature two defects with similar features are reported: the bulk silicon dangling bond center in "Si⬅Si3 configuration, that some authors call D center16 and the well-known interface P b center
("Si⬅Si3 at the SiO2 /Si interface with a g value of 2.00543兲.
This defect, which will be called in the following as SiDB ,

FIG. 7. ESR spectra of four significant as-deposited film compositions:
stoichiometric 共a兲, near-stoichiometric 共b兲, and off-stoichiometric 共c兲 and
共d兲.
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FIG. 8. Total defect concentration of paramagnetically active defects as a
function of x. The dominant kinds of defects are depicted by ellipses in the
figure. The line is a guide to the eye.

appears in the spectra b, c, and d of Fig. 7, corresponding to
near-stoichiometric and off-stoichiometric samples.
共iii兲 Finally, near stoichiometric samples also exhibit a
very weak doublet, separated by 74 G. This is the E ⬘ H defect, a dangling bond of a Si atom which is bonded to one H
and two O atoms, i.e., in a "Si⬅O2 H configuration.15
The type and concentration of each defect were strongly
dependent on the film composition,44 as can be observed in
Fig. 7. The total amount of paramagnetic defects as a function of x is depicted in Fig. 8. In this figure the dominant
kind of defect is indicated. It was not possible to separate
unambiguously the contribution of both types of defects. Figure 8 shows that the dominant kind of defect changed from
E ⬘ in SiO2 films to SiDB in off-stoichiometric samples. SiO2
samples presented a low concentration of defects, around 7
⫻1016 cm⫺3 (1016 cm⫺3 is the detection limit of this technique兲. On the other hand, near-stoichiometric samples had
the highest defect content of all compositions, with a total
defect concentration in excess of 1019 cm⫺3 . In these
samples a change of the dominant kind of defects undergoes:
for x⬎1.7 both E ⬘ and SiDB centers were present, but E ⬘
centers were dominant. On the other hand, in the samples
with x⬍1.7 both centers were also found but the dominant
one was the SiDB . For x values below 1.0, only the SiDB
defect was detected. On the contrary of what could be expected from the FTIR results 共the FWHM of the films indicated that off-stoichiometric films were more disordered兲, the
total defect concentration decreased from the nearstoichiometric value when x decreased.
The 74 G doublet appeared only in samples with Rb
values between 0.3 and 0.55 共stoichiometric/nearstoichiometric limit, see Fig. 8兲. It was detected only in these
samples since these were the only ones containing H that had
a high E ⬘ concentration.
IV. DISCUSSION
A. Stoichiometric films
„ x Ä1.97– 1.95, y Ä0.034– 0.046…

These films were deposited with an excess of O2 , which
was able to replace most of the hydrogen from the plasma
excited SiH*
4 species. Hence, only few H atoms were incorporated into the film, as HI-ERDA measurements showed.
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Another effect of the high amount of O2 during the deposition is the absence of Si–Si bonds. If these bonds would
exist, the resulting film could not be stoichiometric SiO2 .
The indication of the stoichiometry of the film results from
the comparison of remaining Si electrons with valence O
electrons, from the wave number of the Si–O–Si stretching
peak and from the value of the refractive index, which all
were consistent with those reported for thermally grown
SiO2 . These films presented E ⬘ defects in a low amount and
when the O2 content in the plasma decreased E ⬘ H defects
were also found. The occurrence of E ⬘ defects is not surprising since this defect consists of a nonsaturated bond in a
"Si⬅O3 configuration. But most silicon bonds are saturated
with oxygen 共if that would not be the case, the films would
not be stoichiometric兲 and, therefore, this defect type appeared in very low concentrations, and it was the only type
detected.

B. Near-stoichiometric samples
„ x Ä1.89– 1.79, y Ä0.25– 0.23…

The results obtained from these samples can be explained as follows: the structure of near-stoichiometric films
is very similar to the one of stoichiometric SiO2 , as FTIR
and ellipsometric results indicate. In stoichiometric SiO2
each Si atom is bonded to four oxygen atoms. To decrease
the overall oxygen to silicon ratio, if an oxygen atom is taken
out of the SiO2 network, two Si atoms are each left with a
nonbonded valence electron. These nonsaturated electrons
can be saturated by hydrogen creating a H–Si⬅O3 group; a
Si–Si bond can be formed; or the electron can remain unbonded creating an E ⬘ dangling bond defect. Si–Si bonding
should be scarce, because a high amount of these bonds
would distort the network 共due to differences in bonding distances兲 giving a higher value of the FWHM in the FTIR
spectra. It is also known that the formation of Si–Si bonds is
energetically less favorable than the formation of Si–H
bonds.45 Therefore the number of Si–H bonds is significantly
higher than in the stoichiometric case. The Si dangling bonds
not saturated with hydrogen cause the intense ESR signal. As
the formation of a Si–H bond is more favorable than having
an unbonded electron,46 the total amount of bonded hydrogen is about two orders of magnitude higher than the dangling bonds concentration.33
In these near-stoichiometric films most Si atoms with a
dangling bond are bonded to three oxygen atoms, so the
main kind of defect detected was the E ⬘ center. As stated
before, the SiDB signal can have two sources: P b centers at
the SiOx /Si interface, and bulk D centers. Since the P b center is a surface defect, it cannot explain the high SiDB content
detected for these films. Following the random bonding
model 共RBM兲,47 for these compositions the fraction of Si
atoms bonded to three other Si atoms should be marginal,
and very few D defects should be measured. In our case
there is a significant amount of SiDB defects, much higher
than what could be expected following the RBM. Inokuma
et al.17 found this same discrepancy, which they interpreted
as a transfer of electrons between the dangling bond centers
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with a different number of oxygen neighbors, were the bulk
"Si⬅Si3 configuration is favored (D center兲.
Concerning Si–H bonding, the main Si–H stretching
peak appeared at 2260 cm⫺1 . This indicates that most of the
hydrogen was bonded in a H–Si⬅O3 configuration, as it was
expected from the RBM. The appearance of a shoulder in the
low wave number zone of the peak when x decreases indicates that the H–Si⬅(O2 Si) and H–Si⬅(OSi2 ) groups were
also present.

C. Off-stoichiometric films
„ x Ä1.17– 0.07, y Ä0.25– 0.38…

In Sec. III it was shown that these samples had a more
disordered structure than SiO2 films, indicated by the high
value of the FWHM. This disorder was due to the high Si
and H content of the network. These films could not be considered as a rigid SiO2 network with oxygen vacancies. The
high relative content of Si made the network more flexible:
Si–Si bonds were favored, as indicated by the intensification
of the H–Si⬅Si3 related peaks. The mixture of Si–Si and
Si–O bonds made the bonding distance and bond angle more
variable along the network, resulting in a high value of the
FWHM. The decrease in the total paramagnetic defect concentration when compared to near stoichiometric samples
can be explained as follows: if two Si dangling bonds are
close, it is very likely that these dangling bonds can interact
creating a Si–Si bond. The formation of this bond was possible in these films because the network was less rigid. The
high H content is also responsible that most of the Si dangling bonds are saturated with a H atom. This dependence of
total paramagnetic defect concentration with x was also previously found by Inokuma et al.17
In off-stoichiometric samples the presence of Si bonded
to three other Si atoms is dominant, as predicted by the RBM
and confirmed by the position of Si–H related peaks. Thus,
the SiDB must be the D defect. On the other hand, in these
samples the Si⬅O3 group was marginal due to the low O
content. This was the reason for the absence of E ⬘ centers.
The FTIR spectra showed that the Si–H stretching vibration had its most intense feature at 2060 cm⫺1 . Lucovsky
et al.1 proved that the wave number of the Si–H stretching
mode depends not only on the first neighbors of the bond but
also on the chemical environment, i.e., on the suboxide character of the film. When x was above 1.0 the observed wave
numbers of all Si–H stretching modes corresponded exactly
to those predicted by the model proposed by the NCSU
group.1 But, for oxygen to silicon ratios lower than 1.0 the
measured wave numbers of the Si–H stretching modes were
significantly higher than the values predicted by this model.
The reason for this discrepancy again is the high hydrogen
content of our films; the model is based on the effective
electronegativity of the second neighbors of the Si–H bond.
In the model it is assumed that, as x decreases, oxygen atoms
共electronegativity equal to 3.44兲 are substituted by Si atoms
共1.9兲, with a small amount of H 共below 10%兲. In our samples
this is not valid, since the H content is well above 20%.
Hydrogen has an electronegativity value of 2.2, so the Si–H
bond is surrounded by a more electronegative matrix than in

the case considered by the NCSU group1 This higher effective electronegativity of the matrix resulted in a shift of the
Si–H stretching peak to higher wave numbers, as observed
in the FTIR spectra.
D. SiH0.36 film

In these samples the wave number of the H–Si⬅Si3
stretching peak (2060 cm⫺1 ) was larger than that reported in
the literature for a-Si:H films (2000 cm⫺1 ). This discrepancy can be explained in the same way as described above
for off-stoichiometric films. In the SiH0.36 samples, the peak
at 795 cm⫺1 does not appear. This peak is generated by a
Si–H bond vibrating in the same plane as a Si–O–Si bond.
Therefore, since these samples did not have Si–O bonds, this
peak was not found.
V. CONCLUSIONS

The structural properties of ECR deposited SiOx Hy films
were studied. The composition of the samples was measured
by HI-ERDA and EDX. The structural arrangement of the
samples was determined via FTIR. The samples presented
compositions between SiO2 and SiH0.36 . HI-ERDA and
FTIR analysis of the samples also indicated a high amount of
bonded hydrogen 共more than 1022 at cm⫺3 in silicon rich
films兲. A clear correlation between the peaks at 2260 and
890 cm⫺1 has been found, so the correspondence of these
peaks to the H–Si⬅O3 stretching and bending vibrations,
respectively, has been proved. The four stretching modes of
the H–Si⬅(On Si3⫺n ) group were detected. The most intense
ones were the H–Si⬅O3 and H–Si⬅Si3 groups. Intermediate modes were faint and thus hard to resolve. The ellipsometric measurements showed a variation of the refractive
index 共at ⫽632.8 nm.) from 1.42 to 2.04 when the oxygen
to silicon ratio varied from x⫽1.2 to x⫽0. The strong influence of the film composition on its defect structure was confirmed by ESR measurements, which showed a change of the
dominant type of paramagnetic defects from E ⬘ to D as the
oxygen to silicon ratio of the samples varied from SiO2 to
off-stoichiometric suboxides.
From the structural characterization it is concluded that
stoichiometric samples contain a low amount of defects, and
are good quality, almost defect free SiO2 . Near stoichiometric samples show the same network structure as SiO2 ,
but the oxygen deficiency and the rigidity of the network
result in a high amount of dangling bonds. The bonding configuration of off-stoichiometric samples is more disordered
than in the near stoichiometric case, but with a lower content
of defects. This is justified by the higher flexibility of the
network of the off-stoichiometric samples. This flexibility
permits the formation of Si–Si bonds 共with the annihilation
of two dangling bonds兲, and the high amount of hydrogen
also passivates many dangling bond defects.
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