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We present an overview of the properties of silicon oxynitride material (SION) deposit-
ed by Plasma Enhanced Chemical Vapor Deposition (PECVD) for photovoltaic applica-
tions. SiON films were deposited using silane (SiH,), ammonia (NH3) and nitrogen pro-
toxide (N2O) as precursor gases in a low frequency PECVD. Varying the gas flow mix-
ture leads to a whole range of SiON layers starting from the silicon oxide to the silicon
nitride with unique stoichiometries and properties. Thanks to spectroscopic ellipsometry
measurements we have confirmed the suitability of SION for antireflection coating lay-
ers due to the range of the refractive indexes attainable. SiON structure was analyzed by
X-ray photo-electron spectroscopy. We have thus highlighted the critical role of oxygen
behavior on the SION network and the progressive replacement of nitrogen by oxygen
atoms when the oxygen precursor increases. The type of chemical bonds present in Si-
ON layers was also investigated by infrared spectroscopy. The SiON layers also contain
a non-negligible amount of hydrogen which might be useful for passivation applica-
tions. The behavior of hydrogen content was thus analyzed by elastic recoil decay anal-
ysis and desorption characterization. A typical rapid thermal annealing was performed
on the SiON samples in order to simulate the solar cells contact annealing and to inves-
tigate its impact on the dielectric film properties. It was found that hydrogen becomes
weakly bonded to the films and strongly decreases in quantity with the annealing. The
surface passivation effect is presented in the last part of this paper. The trend before and
after a rapid thermal annealing showed opposite results which could be explained by the

high porosity of the layers and the formation of Si-O bonds.

KEYWORDS : SiON, XPS, FTIR, ERDA, Surface passivation, Solar cells



1. INTRODUCTION

Silicon nitride (SiN) and silicon oxynitride (SION) are widely used in the microelec-
tronic field as in Si-based large-scale integration circuit technology or in optoelectronic
devices. In the photovoltaic field, the refractive index of the amorphous hydrogenated
form of SiN (SiNy:H) was found to be ideal as it causes very low absorption in the solar
spectrum range and excellent passivation properties on the silicon surface and within the
silicon bulk in the case of multi-crystalline material [1]. For that reason, in the previous
decade, silicon nitride has become a standard to realize the front antireflection coating
of industrial solar cells. Plasma enhanced chemical vapor deposition process (PECVD)
is currently one of the preferred deposition method for the SiN films due to a lower
thermal budget than the other CVD processes and a high amount of hydrogen in the
layer.

At the present time, the SiON stays a suitable material for optoelectronic devices and
integrated circuits such as waveguides or thin-film transistors [2, 3, 4]. But until recent-
ly, this material was not a serious candidate to compete with SiN for photovoltaic appli-
cations.

The situation might yet change. The amorphous hydrogenated form of the SiON dielec-
tric (SiOxNy:H) presents some similar aspects to SiN: it can be deposited at low temper-
ature by PECVD, it exhibits low absorbance and an adjustable refractive index below
1.5 and up to 3.0 [5, 6] by changing the precursor gas flow ratio during the deposition
process. Thus, these properties can be suitable for photovoltaic industry especially for

the antireflection multi-layers coatings by adjusting carefully the optical index and the



thickness of the film [7]. Multi antireflection layers can increase the short circuit current
more than two percent for cell under air which may be used for high efficiency or spe-
cific module technology [8]. With the use of SION, multi antireflection layer can be
performed in the same reactor at relatively low temperature (< 400 °C). The passivation
effect of SION is also under investigation to look for an alternative to the actual alumin-
ium back surface field, which is responsible for high constraints on the back side of the
thin silicon solar cells. From this point of view, a layer of SiN can be used but its pas-
sivation effect could be limited due to its high positive fixed charge density [7]. On the
other hand, stack structures consisting of SiN and/or silicon oxide layers (abbreviated
SiO afterwards) are a promising way to optimize the rear surface passivation without
the use of high temperature process [9, 10, 11]. Finally, the low SiON refractive index
make this layer suitable to act as a rear surface reflector for infrared photons which are
less absorbed in the silicon.

Although a lot of studies have been done on the SiON material deposited by PECVD,
the microelectronics and photovoltaics objectives are not completely similar. For that
reason, the optimization of the SiON films will be different in both cases.

This work aims to study the optical, structural and electrical properties of SiON depos-
ited by PECVD on silicon substrates for solar cells applications. Firstly, the optical
properties of the layers deposited in our PECVD reactor will be presented. Secondly, we
will investigate the structure of these layers by X-ray photo-electron spectroscopy, Fou-
rier transform infrared spectroscopy and elastic recoil decay analysis measurements
with a special attention to the hydrogen content of our films. Finally, we will study the
passivation properties using minority carrier lifetime measurements, in order to show

whether the PECVD SiON is a suitable material for passivation purposes.



2. EXPERIMENTAL DETAILS

SiON layers were deposited with a mixture of ammonia (NHj3), pure silane (SiH,) and
nitrous oxide (N,O) as precursor gases in a semi-industrial Low Frequency PECVD
reactor (LF-PECVD). The reactor was developed by SEMCO-Engineering and presents
a vertical configuration chamber (figure 1).
We chose to keep the silane gas flow constant at 25 sccm, while varying both NH3 and
N.O gas flows in order to keep the total gas flow constant. Different SION stoichi-
ometries were obtained by varying the “Ox” ratio, defined as:

x=_ N0

N,O+ NH,

The Ox ratio is also an indicator of the oxygen and nitrogen content of the SiON layers:
Ox = 0.00 corresponds to a SiN layer deposition, whereas Ox = 1.00 gives a SiO layer.
This ratio will be used in the following as the main indicator to identify our samples.
A total of five different SiON layers, including a SiN and a SiO samples, were elaborat-
ed on <100> float zone 2 inches p-type silicon wafers with both sides polished and a
resistivity of 4-7 ohm.cm. The gas flows parameters for each sample are summarized in
the table 1.
A spectroscopic ellipsometer (Jobin Yvon UVISEL) was used to obtain the optical in-
dexes of the SiON layers, using the Tauc-Lorentz model [12]. The composition and the
structure of the SiION films were analyzed by XPS (X-ray Photo-electron Spectroscopy)
and ERDA (Elastic Recoil Detection Analysis) characterizations. In both cases, the
measurements were made deep enough in the layers to avoid carbon or oxygen outside

contaminations.



The XPS measurements were carried out in a VG Esclalab 220iXL system, with a base
pressure of 5.10™ torr, and using an AIK source (1486.6 eV) X-ray monochromatized
radiation. The energy measurements were made with a Thermo Electron hemispheric
analyzer in transmission mode. The spectra were obtained with a detector using six
channeltrons put in series. The pass electron energy was 20 eV with a 0.1 eV pitch. The
spectra resolution is 0.3 eV. The samples surface were etched using an Ar beam of 3
keV with a current density of 4 pA/mm? applied during 1 minute. The energy levels of
XPS were calibrated with Au single crystal. The spectra were processed using the VG
Eclipse Datasystem. The background contribution was included in the fitting process,
using the Shirley method [13].

The ERDA characterizations were performed on the 4 MV Van de Graaff accelerator of

the Nuclear Physic Institute of Lyon using 1.7 MeV Kkinetics energy alpha particles.

To study the hydrogen bonding environment we have used infrared transmission meas-
urements. We have operated a Fourier—Transform infrared spectrometer (FTS60 A, Bio-
Rad Inc.) associated with a Deuterated Triglycine Sulfate detector operating in the spec-

trum range of 1.6 to 20 micrometers to characterize the SION samples.

The loss of hydrogen in the SiON layers due to thermal treatment has also been investi-
gated in more details with Temperature Programmed Desorption (TPD) measurements.
The characterization process consists to put the sample under vacuum and to apply a
slow temperature ramp. The quantity of hydrogen that exodiffuses from the layer under

such a treatment is then measured by mass spectrometry.



Finally, we have studied the surface passivation properties of our layers by measuring
the minority carrier lifetime (MCL), using photoconductance decay (PCD) measure-
ments by a WCT-100 Photoconductance Tool from Sinton Consulting [14]. SiON layers
of 70 nm have been deposited on both sides of float-zone polished 1-10 ohm.cm silicon
wafers, n-type and p-type (<100> oriented). The high quality of the silicon wafer im-
plies that the effective lifetime measured depends essentially on the surfaces recombina-
tion velocity, since the bulk minority carrier lifetime is superior to 3 milliseconds in this

case.

3. OPTICAL PROPERTIES

The refractive indexes and the thicknesses results are summarized in the table 2. The
refractive index incertitude is £ 0.02 and the thickness + 2 %. The values are in agree-
ment with the literature [15, 16, 17, 18]. As previously discussed [6], the absorption
coefficient k remains lower than 10 for wavelengths above 300 nm. For that reason,

front solar cells applications as antireflection coatings are possible.

The increase of the Ox ratio, and consequently the N,O flow, entails lower refractive
indexes. According to Mattson et al. [16], the refractive index is controlled by the oxy-
gen specific volume, in other words by the Si-O electron density bonds. The replace-
ment of the nitrogen atoms by the oxygen atoms induces a slight increase of the bond
angle of the Si-O-Si bridges, and results in a lesser Si-O electron density, which de-
creases the refractive index. The refractive index of the Ox = 1.00 layer is still above the
value observed for SiO,, since the layer has not the same stoechiometry and contains

hydrogen, as it will be shown in the following.



4. STRUCTURAL PROPERTIES

Most of the XPS results has been already published in a previous study [6]. In this sec-
tion, we will combine the XPS and the ERDA results to establish the complete stoichi-

ometry of the dielectrics layers.

4.1 ATOMIC COMPOSITION

The SiON chemical compositions are plotted on the figure 2. The incertitude was taken
to £ 2 % for the ERDA results, according to the approximate density of the layers, and
to + 4 % for XPS results because of some variations in the composition depending on

the depth of the analysis within the layer.

The main change in the composition from Ox=0 to Ox=1 comes from the oxygen and
the nitrogen contents. As expected, a higher N,O flow during the process leads to an
increase in the oxygen incorporation within the layer. Moreover the plot highlights the
fact that the relative oxygen content is almost opposed to the nitrogen one, while silicon
and hydrogen contents do not vary notably. This trend suggests a replacement of the
nitrogen atoms by the oxygen atoms during the increase of the Ox ratio. This replace-
ment is partly due to the higher oxygen precursor concentration during the deposition
process, but also to a more thermodynamic stability of the Si-O bond (4.7 eV) compared
to the Si-N bond (3.7 eV) [19]. This tendency has been previously observed for SION

layers deposited by PECVD with no ammonia in the precursor gazes [15, 20].



The amount of hydrogen within the layers is in accordance with other authors [15, 18]
and does not vary significantly between the samples (13 % — 18 %), except for the SiO
layer (4 %). This notable drop of concentration can be explained by the low hydrogen
content of the precursor’s gases, since no ammonia is used in that case. Naskar noticed
the same phenomenon for SiON samples based on N,O and SiH4 when the flow of SiH,4

becomes low [15].

4.2 XPS PEAK DECOMPOSITION

The XPS analysis does not only give the atomic composition of a material but brings
also information about the bonding environments within the layer.

Although our materials are amorphous, non-stoichiometric and contain a lot of hydro-
gen, a microscopic order is always observed within the layer. Two models are common-
ly used to describe this order: the random mixture model (RMM), and the random
bounding model (RBM) [21]. Both models are based on the silicon-centered tetrahe-
drons with in-plane triply coordinated nitrogen as bonding structures. For the RMM, the
bonding structure of the SION consists of a random mixture of silicon, nitrogen and
oxygen, where stable phases like SizN4 and SiO, prevail. In the RBM, the structure is
controlled statistically by the nearest nitrogen and oxygen atoms bonded randomly to

the silicon tetrahedrons.

4.2.1 SILICON 2p ELECTRON CONFIGURATION PEAKS
The 2p electron configuration of the silicon has been analyzed to investigate the degree
of organization of the SiION matrix, and to study its change with the progressive re-

placement of nitrogen by oxygen atoms. The associated XPS peak is located near an



electron binding energy of 100 eV. The peaks and the Gaussian fits for the five samples

are presented on the figure 3 and the table 3.

A shift occurs when the oxygen concentration increases in the layer. This shift is partic-
ularly obvious when the SiN film and the SiON films are compared. Usually, a shift in
the electron binding energy can be attributed to a charge transfer caused by the atoms
electronegativity [22]. The electronegativities of silicon, hydrogen, nitrogen and oxygen
are respectively 1.74, 2.20, 3.07 and 3.50, considering the Allred and Rochow scale
[23]. Thus, the Si-O and Si-N bonds have both a strong ionic behavior and consequent-
ly, the shift can be mainly attributed to the energy difference between these two bonds.
Every peak exhibits a nearly-gaussian profile, independently of the stoichiometry. This
tends to prove that the film structure is dominated by a single amorphous phase as sug-
gested by the RBM. But the change of the full width at half maximum (FWHM) be-
tween the samples reveals some dispersions on the bond frequencies, and thus points
out structural disorders and different local bonding environments [24]. This indicates
that the layer could contain some local specific environments within the matrix (like for
instance the silicon nanocrystals for silicon-rich SiN as reported by [25]), or a more
various bonding environment due to oxygen incorporation.

To analyze the cause of the shift and the FWHM variation, XPS peaks are decomposed
according to the reference data from [7], [21] and [22]. The table 4 presents the results
of the decomposition for the five samples. The uncertainties on the peak contributions
are = 3 %. Note that we did not choose to introduce hydrogen environment in the data-
base because it would have involved too many possible chemical species with similar
electron binding energy. The hydrogen will be analyzed further by the decomposition of

the XPS nitrogen 1s peak configuration.

10



The decomposition of the SiN sample, presented in the figure 4, is in accordance with
previous work [7]. The layer is however richer in silicon than the reference silicon ni-
tride SizsN4 (The N/Si ratio is 0.75 compared to 1.33). The silicon bonding environment
thus reveals a high contribution of the Si-Ny4 species (SizsN4) with a silicon-rich contribu-
tion.

Unsurprisingly, the bonding environment tends to become oxygen-rich while increasing
the Ox ratio. This point is evident on the decomposition of the Si(2p) global peak, with
the disappearance of the species based on nitrogen. More interesting is the high contri-
bution of the Si-O,4 species related to SiO, right from the nitrogen-rich SION (Ox =
0.20) : nearly 40 % of the peak decomposition is associated with Si-O,4 although the
layer contains only 20% of oxygen (figure 2). Besides, as suggested by the high
FWHM, the bonding environment is more varied and four contributions are needed to
decompose correctly the richer nitrogen SiON films (Ox = 0.20 and 0.58) as shown in
the figure 4. The contribution of the Si-Oy4 species does not vary for the three intermedi-
ate SION: the decrease of the Si-N4 is counter-balanced by the increase of the Ox-Si-Ny

species.

The strong change in the matrix with the incorporation of oxygen is probably due to its
high reactivity with the silicon. As it was already mentioned, this reaction is thermody-
namically preferred to any others. This may explain the high contribution of the oxy-
gen-based environment despite the relatively low oxygen content (near 20 % on figure
2). The disappearance of the nitrogen environment when Ox increases is slow and fol-
lows the decrease of the atomic nitrogen contribution in the film (figure 2), as the table

4 and figure 4 tend to prove.
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4.2.2 NITROGEN 1s ELECTRON CONFIGURATION PEAKS

Contrary to silicon, N-O bonds are not thermodynamically privileged compared to N-H
or N-Si (2.1 eV against 4.0 and 3.7 eV respectively [7][19]). Thus, to analyze the hy-
drogen content through the study of the nitrogen peak N(1s) is easier than with the
Si(2p) peak.

Unfortunately, the nitrogen composition varies significantly with the Ox ratio and the
decomposition becomes harder for the nitrogen-poor films. Thus, we have chosen to
focus on the general trend of the peaks.

As for the silicon, the nitrogen peaks seem to be Gaussian (figure 3). The nitrogen envi-
ronment is probably also dominated by a single amorphous phase. A shift of the N(1s)
peak to higher binding energy and a variation of the FWHM are also visible (table 5).
The larger FWHM obtained when the Ox ratio increases is probably caused by some
more various chemical environments with the oxygen complex. The reason of the shift
could be a consequence of the oxygen content increase. However, since N-O bonding is
non-thermodynamically privileged, hydrogen atoms may also play a role due to their
electronegativity. This hypothesis is strengthened by the behavior observed on the SiO
sample: a strong shift of the N(1s) peak occurs to lower energy for this layer although
oxygen was present in high concentration. But contrary to the oxygen, the hydrogen
concentration fall steeply between the SION (Ox = 0.87) and the SiO sample. Thus, the
disappearance of the hydrogen could explain the shift of the N(1s) peak. Note that the
FWHM reduction for the Ox = 1.00 sample suggests a more uniform bonding environ-
ment, but the signal of the nitrogen peak was too noisy to analyse the N(1s) peak unam-
biguously. The decomposition of the N(1s) peaks confirms that the evolution of the ma-

trix is driven by a progressive replacement of the nitrogen atoms by the oxygen atoms.
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Moreover, the hydrogen is probably localised preferentially near the nitrogen atoms, as

suggested by the shift of the N(1s) peaks.

4.3. INFRARED SPECTROSCOPY MEASUREMENTS

In the photovoltaic field, the hydrogen content of the film is very important for the pas-
sivation point of view [26]. It is thus necessary to investigate in more details how the
hydrogen is bonded within the films, and how it reacts when the layers are annealed
during the metallic front contacts formation at the end of the standard solar cell fabrica-

tion process.

One set of the samples was annealed in a lamp furnace under pure air atmosphere at
800 °C during few seconds. The annealing profile is shown in the figure 5, and is equiv-
alent to the standard annealing process for the contact formation. The Fourier-transform
infrared (FTIR) spectra obtained with these samples are shown in the figure 6. We will
describe the most important regions and confront them to the XPS results. A more de-

tailed analysis of the FTIR spectra has been already published in [6].

The predominant band between 800 cm™ and 1200 cm™ is mainly caused by the Si-N
and the Si-O groups in the stretching mode [20][28]. The peaks localised at 1180 cm™
and 3350 cm™ correspond to N-H bending and stretching vibration respectively [29]. At
2200 cm™ stands the Si-H stretching mode and lastly, the small peak at 3500 cm™ can
be identified as the H-O-H stretching vibration [17]. Note that the 2000-4000 cm™ spec-
tral region was magnified five times for appreciation.

Going from the SiN to the SiO films, the main peak moves from the Si-N stretching

mode to the Si-O stretching and rocking modes as expected from the previous XPS
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analysis: the oxygen atoms take progressively the place of the nitrogen atoms and the
oxygen reacts in priority with the silicon. This is confirmed by the decrease of the Si-N,
N-H and Si-H related peaks. The presence of water is also detected through the H-O-H
bond and the presence of absorption peaks in the 1400 — 1800 cm™ range, despite a
complete atmosphere purge in the FTIR chamber. The presence of water in SiON films
has also been reported by Yeh and Lee [30] for oxygen-rich samples deposited at 250
°C. The authors have suggested that the water presence was related to the decrease of
the incoming rate of SiH, radicals towards the surface during the deposition. This would
allow the hydrogen atoms in the plasma to remove the O-H bonded to silicon more easi-
ly, and to form water. Nevertheless, the quantity of water remains extremely weak in
our layers. Note that no water-related peak is visible for the annealed films, which con-
firms its formation during the layer deposition.

The hydrogen is mainly bonded to the silicon and the nitrogen for the nitrogen-rich Si-
ON, and to the nitrogen for the oxygen-rich SiON. Going from SiN to SiO, the Si-H and
N-H bonds quantity decreases slowly, until the almost disappearance of both contribu-

tions in the spectra, probably due to the formation of preferential Si-O bonds.

No noticeable change are observed in the FTIR spectrum after annealing. The N-H
stretching modes decrease in intensity (figure 7), and the Si-H stretching mode remains
only slightly visible for the SiN and the nitrogen-rich SiON films. A shift of the Si-O

stretching mode to a higher wavenumber is also visible (figure 8).

Despite its rapidity, the annealing step reached 800 °C and was efficient enough to
break a significant amount of the weakest bonds in the SiON films. The FTIR spectra

highlight clearly a loss in bonded hydrogen within the layers after the annealing. We
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would have expected a higher decrease of the Si-H bonds due to its relative weak ener-
gy compared to the others (3.3 eV against 4.0 and 3.7 eV for N-H and Si-N bonds
[71[17]). In practice, some authors have observed a higher breaking rate for the N-H
bonds than for the Si-H, caused by the so-called cross-linking effect [31]. It is a synergy

effect between the Si-H and N-H bonds which leads to the reaction:

Si-H + N-H — Si-N + H,

This effect is not always effective and depends on the layer formation conditions. In our
case, the lost of N-H and Si-H bonds after annealing are both significant. The cross link-
ing effect seems to play a major role for the nitrogen-rich SiON since more Si-N bonds
are present after the annealing (figure 8). In the oxygen-rich films, this effect is not visi-
ble since the Si-O bonds formation is preferred and leads to a slight shift of the Si-O
stretching mode after annealing. Note that the annealing seems to affect also the Si-N
bonds in oxygen-rich SiON as the steep fall of the peak may suggest.

The bonded hydrogen seems to decrease evenly with the Ox ratio, although the ERDA
analysis points out only a slight decrease for atomic hydrogen, followed by a strong
drop for the SiO sample. This may indicate the existence of other forms of hydrogen

bonds.

4.4 HYDROGEN CHARACTERISATION

To investigate more precisely the various form of hydrogen in our SiON films, ERDA,
Raman and Temperature Programmed Desorption (TPD) measurements were used.
Both ERDA and Raman characterizations were performed on as-deposited and annealed

samples.
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The figure 9 displays the atomic hydrogen content for our SiON films determined by
ERDA before and after annealing. The data before annealing is the same than the one
presented on the figure 2. As assumed by the FTIR results, the annealing treatment de-
creases the hydrogen concentration, but not uniformly. Thus, another source of hydro-
gen should exist in the films. Trapped water could be a possible element but as shown in
the FTIR section, the quantity seems to be too small to explain the whole change in the
hydrogen content in the ERDA results. Moreover, this explanation could not work with
nitrogen-rich SiION films since no water is detected. Another hypothesis is the presence

of the dihydrogen molecules trapped in the SION matrix.

4.4.1 Raman analysis
The Raman spectra on the figure 10 show the contribution of the H, molecule (near
4120 cm™) [32] for the four nitrogen-richest films. We note that the spectra after anneal-

ing (not presented) show no evidence of dihydrogen molecules in any sample.

Although the Raman peak proves the presence of trapped dihydrogen molecules, the
signal remains too weak to bring a significant contribution to the total content of hydro-
gen within the layer. This is confirmed by the weak variation of the hydrogen content
for the SiN layer (figure 9) despite a clear loss of dihydrogen molecules with the anneal-
ing observed on Raman spectra.

The presence of trapped dihydrogen molecules in the nitrogen-rich SiON films could be
possible within denser films than the oxygen-rich layers, which could probably not keep

the H, molecules efficiently [30].
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4.4.2 HYDROGEN DESORPTION
The temperature ramp used for TPD measurements is linear, with a rate of 20 °C per
minute. This process is thus really different from the rapid thermal annealing profile

used for solar cell contact firing.

The desorption profiles shown on figure 11 are quite different, depending on the type of
SiON films. The strong signals observed at temperature higher than 750 °C are due to
the destruction of the films. The SiN film begins to release hydrogen near 450 °C,
whereas it starts at lower temperatures for the others samples. The desorption profile is
also weaker for the SiO film according to its low hydrogen content.

The most important point is the desorption threshold temperature localized near 200 °C
for most of the SION films, whereas all the films depositions are performed at 370 °C
(figure 1). This may be explained by the rapid cooling rate of the samples at the end of
the deposition process: the samples are extracted from the PECVD reactor in the ambi-
ent air when they are still hot. Thus, a rapid cooling could occur and may freeze the
SiON network suddenly. Consequently, a strong disorder might exist in the network, so
that a moderate temperature increase would allow the release of a part of the hydrogen
trapped in the films. For the SiN film, the higher density of the layer (2.6 versus 2.3 for
the SiO layer) could refrain the hydrogen exodiffusion at low temperature. In all cases, a
portion of the hydrogen is weakly linked to the SiON films. The FTIR spectra have
shown the presence of covalent hydrogen bonds like N-H and Si-H, which are strong
enough to be broken only above 400 °C, as suggested by the previous results for the SiN
sample [7][33]. The presence of dihydrogen and water in some SiON samples is thus
demonstrated, but despite being good candidates to exodiffuse at low temperature, their

quantities remain too small to be significant.
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Another possibility to explain the low-temperature exodiffusion of hydrogen may be the
presence of hydrogen in the form of polar bond. This type of bond is essentially electro-
static, and is generally present in solution with high electronegative atoms; its energy is
clearly inferior to a covalent bond [34]. The best example for these hydrogen bonds is
the water where most of the individual molecules are linked to their neighbors, due to
the polarity of the H,O molecule. The presence of a similar type of bond is possible in
the SiON samples because the layers are rich in nitrogen and oxygen, both atoms with
high electronegativity. During the annealing time shown on figure 5, the plateau at
450 °C during 25 seconds can lead to the release of this weak-bonded hydrogen for the
SiON samples. But the SiN and SiO samples are only weakly affected by this plateau
because most of the hydrogen is strongly bonded (SiN), or it is in small quantity (SiO).
The decrease in H content is thus more important for SiON samples (figure 9), and the
release of hydrogen starts at lower temperature (figure 11). The TPD profiles differ-
ences between these three intermediate SION samples could be attributed to their re-
spective structural networks (see part 4.2) which might enhance the exodiffusion of the
hydrogen. Finally, if a part of the hydrogen is effectively bonded to high electronegative
atoms, the oxygen concentration can probably play a major role on the quantity of

weak-linked hydrogen.

5. SURFACE PASSIVATION PROPERTIES

The investigation about the hydrogen gives information about its quantity and its chem-

ical configuration within the layers. These parameters are known to be strongly related
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to the properties of the surface passivation layers. For example, in a silicon nitride
study, Mackel and Lidemann [35] have considered the Si-H bonds concentration as a
good indicator for the passivation quality of the layer. Surface passivation results ob-
tained from previous work on our silicon nitride layers are detailed in [7, 33].

The evolution of the minority carriers lifetime (MCL) is presented in the figure 12. For
clarity, only the results for n-type silicon are plotted, but the trend for p-type is exactly
similar, with slightly lower values due to the higher capture cross-section of electron in

p-type silicon [36].

Before annealing the passivation effect decreases slowly from SiN to SiO. The MCL is
one order of magnitude lower for the SiO than for the SiN sample. We have mentioned
that the Si-H bond density might be considered as an indicator of the passivation quality
[14]. In our case the hydrogen could be linked to the Py, centers (Sis=Si-), which are
reported to be the dominating defect in un-passivated SiO layer [37], and which can be
well passivated by the hydrogen [38]. In this point of view, the decrease of the MCL
seems to be well correlated with the decrease of the Si-H stretching mode observed with
the FTIR analysis. As we have already reported elsewhere [6], we can also expect a
lower fixed charges density in SiON than in the SiN layer, due to the reduction of the
K" centers concentration [1], i.e. the Ns=Si" defect, which follows the decrease of the
nitrogen content. This would also induce a reduction of the surface passivation when Ox
increases. Nevertheless, additional charges might be brought by the Pox and similar cen-
ters (O3=Si-, O,N=Si- and ON,=Si- defects) [1]. Although their charging states are not
necessarily positives, it is known that the Py« centers bring mainly a positive contribu-

tion in the silicon thermal oxide fixed charge density.
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After annealing, the results of the passivation change deeply: the nitrogen-rich samples
exhibit poor MCL and the situation is opposite for the oxygen-rich SiON. The pas-
sivation effect does not change much for the SiN film and stays quite efficient (MCL
near 100 ps). In our previous study, the strong MCL decrease for the nitrogen-rich Si-
ON was suspected to be caused by a lower density of the layer [6]. The strong hydrogen
desorption at low temperature (figure 11) partly confirms this point. Despite the for-
mation of Si-N bonds with the annealing (figure 8), the passivation is affected by the
loss of the weakly bonded hydrogen.

For the richer oxygen films, the passivation slowly increases and becomes even similar
to that of the SiN layer with SiO. In these layers, the presence of a higher oxygen con-
centration seems to help in the creation of Si-O bonds as suggested by the figure 8.
Moreover, the exodiffusion of hydrogen from the SiO layer is clearly weaker than for
the other layers. These two tendencies may explain the better passivation effect obtained
with the oxygen-rich layers: the loss of hydrogen is counter-balanced by the formation
of Si-O bonds, which passivate the surface. Besides, since the exodiffusion of hydrogen
from the layer is slower in that case, it might also participate in the passivation im-
provement by decreasing the P, centers concentration and the other defects at the Si-

ON/Si interface.

6. CONCLUSION

We have contributed in the chemical and structural description of the silicon oxynitride

layers deposited by plasma enhanced CVD. This films have numerous advantages for
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photovoltaic applications. Their adjustable refractive index makes them suitable for
multi-layers antireflection coating, in combination with a silicon nitride layer.

The ERDA and XPS characterizations have underlined the strong influence of the oxy-
gen on the SiON network: the favourable formation of the Si-O bonds disturbs strongly
the SiON matrix and a part of the hydrogen becomes weakly bonded to the layer. Thus,
a rapid thermal annealing has a strong impact on the hydrogen content of the layer and
may degrade the passivation properties of the films.

The differences between FTIR and ERDA measurements for the bonded hydrogen and
the total hydrogen content suggest the presence of other forms of hydrogen within the
SiON layers. Although dihydrogen and water have been detected in the samples, their
quantities are not significant to explain the differences between the ERDA and FTIR
results. Thus, it is possible that the hydrogen is linked within the layer by another type
of weak chemical bonds, such as polar bonds.

Although the hydrogen does not contribute to the passivation as much as in the SiN lay-
er due to its strong exodiffusion, the formation of Si-O bonds for the oxygen-rich films
leads to a similar surface passivation. Consequently, in addition to antireflection coat-
ings, the PECVD SiO layer becomes a good candidate for the surface passivation of
solar cells. It is already widely studied in combination with SiN on the rear side of thin

solar cells.
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Sample

SiH, flow (sccm)

NH; flow (sccm)

N,O flow (sccm)

Ox =0.00
Ox=0.20
Ox =0.58
Ox =0.87
Ox=1.00

25
25
25
25
25

775
620
323
100
0

0
155
452
675
775

Table 1: Gas precursors flow for the five samples used in this study.
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Sample | Refractive index at 633 nm | Thickness (nm)
Ox =0.00 1.85 302
Ox=0.20 1.77 225
Ox =0.58 1.64 195
Ox =0.87 1.57 159
Ox =1.00 1.54 152

Table 2: Summary of the refractive indexes and thicknesses of the five samples

studied.
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Sample | Position (eV) | FWHM (eV)
Ox =0.00 101.9 1.92
Ox =0.20 102.9 2.38
Ox =0.58 103.1 2.25
Ox =0.87 103.0 2.01
Ox =1.00 103.5 1.82

Table 3: Silicon 2p peaks position and FWHM results for a Gaussian fit of the five

samples studied.
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Peak contribution (%) (FWHM (eV))

Sample
Six-Si-N, Si-N,4 O4-Si-Ny Si-O, Peak energy position
Ox =0.00 25 (1.57) 73 (1.41) - - Six-Si-N,  :101.0 eV
Ox =0.20 6 (1.31) 32 (1.18) 27 (0.94) 39 (1.26) Si-Ng4 :102.0 eV
Ox =0.58 3(1.58) 12 (1.92) 43 (1.55) 42 (1.57) O,-Si-N, :102.8eV
Ox =0.87 - 6 (1.60) 56 (1.40) 38 (1.56) Si-O4 :103.6 eV
Ox =1.00 - - 8(1.01) 89 (1.48)

Table 4: XPS Si2p peaks decomposition. The table gives the contribution of each

species to the experimental peak with their relative FWHM. The energy position of

the chemical species came from [7], [21] and [22].
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Table 5: Nitrogen 1s peaks position and FWHM results for a Gaussian fit of the

five samples studied.

Sample Position (eV) | FWHM (eV)
Ox =0.00 398.0 1.23
Ox=0.20 398.2 1.40
Ox=0.58 398.5 1.66
Ox =0.87 398.8 1.69
Ox = 1.00 397.6 1.30
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