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Abstract

Silicon oxynitride films covering the whole composition range from silicon nitride to silicon oxide have been

deposited by electron cyclotron resonance chemical vapor deposition from SiH4, O2 and N2 gas mixtures. The

composition of the films has been determined by heavy-ion elastic recoil detection analysis (HI-ERDA), providing

absolute concentrations of all elements, including H, and by Auger electron spectroscopy. Additionally, Fourier

transform infrared (FTIR) spectroscopy and ellipsometry measurements have been performed on the same samples for

optical characterization.

The concentration of the different species (Si, O, N and H) and the density of the films have been calculated and

compared to the theoretical values for stoichiometric films. The presence of N–H bonds and non-bonded H results in a

significant decrease of the Si concentration with respect to the theoretical value, especially for samples close to silicon

nitride composition. The decrease of the Si concentration results in a decrease of both the N and O concentrations. The

overall result is a decrease of the density and therefore a decrease of the refractive index with respect to stoichiometric

films.

The total H content determined by ERDA has been compared with the area of the FTIR N–H stretching band, which

is frequently used to obtain the H content. It has been found that the calibration factor for this band depends on

composition, increasing with increasing the O content. r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Silicon oxynitride is a very promising material
for both electrical and optical applications. The
interest arises from the possibility to change the

film properties between silicon oxide and silicon
nitride as the composition changes [1,2].

Among all the possible deposition techniques,
the electron cyclotron resonance (ECR) plasma
method meets the ultra large scale integration
(ULSI) low-thermal budget requirement and
reduces ion bombardment during deposition,
becoming a very promising technique for ULSI
technology [3].
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Silicon oxynitride films deposited by plasma
enhanced techniques are known to contain hydro-
gen, coming from the precursor gases, such as
SiH4. The presence of H and deviations from
stoichiometric density have been shown to influ-
ence film properties such as their refractive index
[4].

The aim of this paper is to study the role of such
H in detail. Based on composition and density
measurements, a model is derived to describe the
influence of H. The predictions of this model are
well in accordance with the experimental data.

2. Experiment

Silicon oxynitride films were deposited from
SiH4, N2 and O2 gas mixtures, using the ECR-
PECVD technique. Details on the deposition
system are given elsewhere [5]. All films were
deposited on high-resistivity silicon substrates,
intended for optical characterization. All deposi-
tions were performed at room temperature.

For this experiment, total gas flow was set to
10.52 sccm (standard cubic centimeter per minute)
for a deposition pressure of 0.9 mbar. The SiH4

flow was set to 1.76 sccm, while the relative flow of
N2 and O2 was changed in order to obtain sample
compositions ranging from silicon nitride to
silicon oxide.

The composition of the samples was measured
using the heavy-ion elastic recoil detection analysis
(HI-ERDA) technique. Samples were irradiated
with 150 MeV 86Kr ion beams, and the recoiled
species were identified by the time-of-flight (ToF)
mass separation technique. Details on the setup
for the HI-ERDA experiment are given elsewhere
[6,7]. The HI-ERDA technique allows for the
determination of the absolute content of all the
different atoms present in the film, including
hydrogen, without need for any reference sample.
The uncertainty of the measurements is of the
order of 3%. Furthermore, the atomic area density
(given in atoms/cm2) of the films is obtained,
within an error below 10%.

A different set of samples, deposited under the
same conditions was characterized by Auger
electron spectroscopy (AES) and the results are

compared to the HI-ERDA measurements, in
order to check the observed trends.

All samples were characterized by FTIR spec-
troscopy to obtain information concerning the
different bonds present in the films. Additionally,
ellipsometry measurements using PLASMOS
E2302 equipment operating at the He–Ne laser
wavelength (632.8 nm) were performed to obtain
the thickness and the refractive index of the films.
Incidence and outlet angles both were 701.

The volume density (atoms/cm3) of the different
species, Si, N, O and H was determined from the
HI-ERDA measurements and the ellipsometric
thickness and compared to the calculated density
of stoichiometric films.

3. Results and discussion

The FTIR results for samples deposited under
the same conditions have been reported in
previous studies [8,9]. The spectra show a single
dominant band associated to the stretching vibra-
tion of the Si–O and Si–N bonds. This band shifts
from around 860 cm�1 for silicon nitride samples
to 1070 cm�1 for silicon oxide. This behavior is
characteristic of single-phase homogeneous silicon
oxynitride and is explained assuming the random
bonding model and taking into account the
vibration frequencies of the five possible tetrahe-
dra SiOjN4�j, with the index j ranging from 0 to 4
[10].

Additionally, the N–H stretching band (which
shifts from 3330 cm�1 for silicon nitride to
3385 cm�1 for silicon oxide) and the N–H bending
band (around 1180 cm�1) are observed. Since
neither Si–H nor any O–H bands could be
observed it is concluded that the H present in
our samples is found mainly in the form of N–H
bonds. It is also possible for the hydrogen to be
present in the films in a non-bonded state, e.g.
trapped in microvoids, which is not IR active.
Evidence for the presence of such non-bonded
hydrogen has been reported for silicon nitride [11].

Stoichiometric films are assumed to have no H
and the only possible bonds are Si–N and Si–O.
So, for silicon oxynitride given by the formula
SiOxNyHz, stoichiometric films are characterized
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by z ¼ 0 and the following relationship [12]:

2x þ 3y ¼ 4: ð1Þ

The incorporation of H into the films results in a
deviation from the stoichiometric composition. In
order to quantify this deviation, the concentra-
tions of all the constituents of silicon oxynitride
(Si, N, O and H) have been measured and
compared to the stoichiometric values. Based on
the results, a theoretical model to describe the
influence of H in composition and density has been
developed. The model is explained in detail in the
following discussion.

According to the FTIR measurements, a negli-
gible concentration of Si–H bonds will be
assumed. Furthermore, from the HI-ERDA mea-
surements, a linear correlation between the H and
the N concentrations has been found

½H� ¼XHN ð2Þ

with XH ¼ 0:30070:009: This value includes both
H incorporated in the form of N–H bonds and
non-bonded H. According to this result, the N–H
bond concentration will be set proportional to the
N content:

½N � H� ¼XNHN: ð3Þ

The coordination number of a N atom is 3, while
for a N–H molecule it is 2. So, the presence of the
N–H bonds will reduce the number of Si–N bonds
provided by the N atoms, and the factor 3 in
Eq. (1) is accordingly reduced [12]

2x þ ð3 � XNHÞy ¼ 4: ð4Þ

Fig. 1 shows a plot of x as a function of y for both
series of samples, measured by HI-ERDA and by
AES. The dot line represents the relationship for
stoichiometric films given by Eq. (1). The solid line
is obtained by fitting the HI-ERDA values to
Eq. (3). A perfect agreement is observed between
the HI-ERDA experimental values and the theo-
retical behavior given by Eq. (4) to describe the
presence of N–H bonds. From the fit, the value for
XNH is obtained: XNH ¼ 0:2170:04: This value is
very similar to that reported in Ref. [12] using the
same analysis. This value is lower than that given
by Eq. (2), which is expected because XNH takes
into account bonded H only.

The results obtained by AES show the same
trend, supporting the results obtained. The fit of
these data to Eq. (4) provides the value:
XNHðAESÞ ¼ 0:2070:22: Due to the scatter of the
AES measurements the uncertainty of this value is
high. So, for the following discussion the HI-
ERDA value will be used.

Fig. 2 shows the calculated atomic densities for
O, N and Si as a function of composition. The
composition parameter a is defined as the ratio
between the number of Si–O bonds and the
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Fig. 1. Experimental relationship between x ¼ O=Si and y ¼
N=Si; measured by HI-ERDA and by AES, and theoretical

relationship for stoichiometric films (dashed line).
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Fig. 2. Measured atomic concentration (atoms/cm3) of O, N

and Si as a function of film composition. The dashed lines

represent the values for stoichiometric films. The solid lines are

obtained by taking into account the incorporation of H.
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total number of Si–O plus Si–N bonds. Assuming
2 Si–O bonds per O atom and 3 � XNH Si–N
bonds per N atom:

a ¼
Si � O½ �

Si � O½ � þ Si � N½ �
¼

2x

2x þ 3 � XNHð Þy

with x ¼
½O�
½Si�

and y ¼
½N�
½Si�

: ð5Þ

For stoichiometric films (XNH ¼ 0), this parameter
determines the probability of the different con-
stitutive tetrahedra [10]. Furthermore, according
to Eq. (5), the SiOxNy formula for stoichiometric
films can be written as (SiO2)a(SiN1.33)1�a. This
formula does not imply separation of two phases.
As previously stated, single-phase samples are
obtained. However, the meaning of a as the
fraction of oxide in the film is evidenced: a ¼ 0
means silicon nitride, a ¼ 1 means silicon oxide
and a ¼ 0:5 means the exact middle composition
between oxide and nitride. So, this parameter a
seems the most suitable one to represent composi-
tion.

For stoichiometric films, densities of 3.1 and
2.1 g/cm3 are assumed for silicon nitride and
silicon oxide, respectively [13]. For intermediate
compositions the density is assumed to change
linearly with the parameter a: The atomic con-
centrations are obtained by taking into account
Eq. (1) and the atomic weight of the different
atoms. The stoichiometric concentrations are
plotted in Fig. 2 as dashed lines.

The measured silicon and nitrogen concentra-
tions are significantly lower than those expected
for stoichiometric films, especially for samples
close to silicon nitride composition. Concerning
the oxygen concentration, a deviation from the
stoichiometric behavior to lower values is also
observed, but it is more significant for middle
compositions.

These results can be explained by taking into
account the effect of hydrogen. As it has been
previously shown, for the samples under experi-
ment, H is mainly incorporated into the films in
the form of N–H bonds. The proposed mechanism
is that the H atoms replace Si atoms in the lattice,
resulting in the observed decrease of the Si
concentration with respect to the stoichiometric
values. As the N and O atoms are bonded to Si,

the decrease in the Si concentration is responsible
for the lower concentrations of both N and O.

To check this hypothesis the following model
has been developed.

The H is assumed to be incorporated as N–H
bonds. So, the formula for silicon oxynitride films
SiOxNyHz, containing N–H bonds, will be written
as

ðSiO2ÞaðSiNmHnÞ1-a

with m ¼
4

3 � XNH
and n ¼ XNHm: ð6Þ

The parameter a has the same meaning than for
stoichiometric films. To calculate the Si, O, N and
H concentrations an iterative process was per-
formed. The stoichiometric values were used as
start input. From the N concentration, the bonded
H concentration is computed according to Eq. (6),
using the value for XNH obtained by fitting the HI-
ERDA results to Eq. (3). For the simplest model,
each bonded H atom is assumed to replace a Si
atom. So the corrected Si concentration is
obtained by subtracting the bonded H concentra-
tion from the Si stoichiometric concentration. The
corrected O and N concentrations are then
computed from Eq. (6). The process is repeated
starting with the corrected N concentration until a
self-consistent result is obtained.

Fig. 2 shows the results obtained by this model
for Si, O and N as solid lines. The results are in
perfect agreement with the experimental values.
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Fig. 3. H concentration measured by HI-ERDA and FTIR and

calculated density of N–H bonds as a function of composition.
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Fig. 3 shows the calculated N–H concentration
using the method described above, together with
the experimental H concentration measured by
HI-ERDA and the H calculated from the area of
the FTIR N–H band, according to the method
described by Lanford and Rand [14].

The HI-ERDA values are significantly higher
than the calculated ones, especially for composi-
tion close to silicon nitride. The difference is
attributed to the presence of non-bonded hydro-
gen, which is known to be present in silicon nitride
films [11]. The low H concentration for silicon
oxide films (around 1 at%) and the observed
relationship between H and N suggest that the
incorporation of non-bonded H is also related to
the N concentration. The replacement of Si atoms
by H atoms described above may lead to the
formation of microvoids in the films, where non-
bonded hydrogen may be trapped. So, it is
tentatively concluded that the presence of non-
bonded hydrogen is linked to the presence of N–H
bonds.

The H concentration values obtained from
FTIR deviate from those provided by HI-ERDA
and also from the calculated N–H concentration.
The deviation is highest for silicon nitride films.
These results suggest that the H concentration
derived from FTIR is overestimated for samples
near silicon nitride with respect to samples with
higher O content. The results are obtained assum-
ing the calibration factor given in Ref. [14] for
silicon nitride, regardless of the actual composition
of the film. The trend in Fig. 3 suggests that the
factor should increase as composition approaches
silicon oxide. A similar trend is reported in Ref.
[12] when the H content calculated from FTIR is
compared to the N–H concentration obtained by
Eq. (2). The ratio between the area of the FTIR
N–H band and the H content measured by nuclear
reaction analysis (NRA) has also been reported to
depend on the composition for silicon oxynitride.
This dependence seemed to be related to specific
bonding configurations present in the films [15].
The shift of the N–H band maximum from 3330 to
3385 cm�1 as composition changes from nitride to
oxide further supports the conclusion that the
properties of the N–H band are affected by
composition.

Therefore, it is concluded that as composition
changes from silicon nitride to silicon oxide, the
calibration factor for the FTIR N–H band should
increase, as shown by the trend observed in Fig. 3.
So, the method to calculate H in silicon nitride
proposed in Ref. [14], may not be fully reliable
when applied to silicon oxynitride.

Finally, Fig. 4 shows the refractive index at
632.8 nm as a function of composition for samples
characterized by HI-ERDA and by AES. The
theoretical stoichiometric value is plotted as a solid
line, assuming a refractive index value of 2 and
1.46 for silicon nitride and silicon oxide, respec-
tively, and a linear dependence on the parameter a:
Although the expected linear behavior is observed,
the experimental values are slightly lower than
those for stoichiometric films, except for silicon
oxide samples. It has been shown that the
refractive index is related to the density of the
films, with higher values of the refractive index for
higher densities [4]. So, the results shown in Fig. 4
are perfectly consistent with the observed decrease
in density with respect to stoichiometric silicon
oxynitride due to the presence of hydrogen in these
films.

4. Conclusions

Single-phase homogeneous silicon oxynitride
films have been deposited within the full range of
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Fig. 4. Refractive index as a function of composition. The solid

line represents the values for stoichiometric films.
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compositions between silicon nitride and silicon
oxide. For the low SiH4 partial pressure used
during deposition in this experiment, hydrogen is
incorporated to the films in the form of N–H
bonds and as non-bonded hydrogen, while the Si–
H bond concentration is below the detection limit.
The hydrogen bonding to nitrogen replaces silicon
atoms, resulting in a decrease of the silicon atomic
concentration. As oxygen and nitrogen bond to
silicon, the decrease of the silicon concentration
results in a decrease of both oxygen and nitrogen
concentrations with respect to stoichiometric
samples. Furthermore, the substitution of silicon
atoms by hydrogen atoms may result in the
formation of voids, which are occupied by non-
bonded hydrogen. Density calculations based in
this substitution mechanism have been found to be
in perfect agreement with experimental data.

The measured H content by HI-ERDA has been
compared to the values obtained from the N–H
absorption IR band. The calibration factor of this
band has been found to increase as composition
approaches silicon oxide.

As a consequence of the incorporation of
hydrogen, the films have a lower density and
refractive index value with respect to hydrogen-
free stoichiometric samples.
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