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Abstract

The bonding rearrangement upon thermal annealing of amorphous silicon nitride (a-SiNx:H) films deposited by hot-wire chemical
vapor deposition was studied. A wide range of N/Si atom ratio between 0.5 and 1.6 was obtained for the a-SiNx:H sample series by
varying the source gases ratio only. Evolutions of Si–N, Si–H and N–H bonds upon annealing were found to depend strongly on the
N/Si atom ratio of the films. According to the above observations, we propose possible reaction pathways for bonding rearrangement
in a-SiNx:H with different N/Si ratios.
� 2008 Published by Elsevier B.V.

PACS: 68.60.�p; 68.55.Jk; 78.30.�j; 78.55.Qr

Keywords: Silicon; Solar cells; Photovoltaics; Chemical vapor deposition; Rutherford backscattering; FT-IR measurements
1. Introduction

Amorphous silicon nitride (a-SiNx:H) has been widely
used in crystalline silicon (c-Si) solar cells for anti-reflection
and surface passivation coatings [1,2]. In addition,
a-SiNx:H provides bulk passivation to the grain boundaries
of multi-crystalline silicon (mc-Si) solar cells by atomic
hydrogen in-diffusion, which is driven by a high-tempera-
ture annealing step, for example a ‘firing’ step [3,4]. Many
studies on hydrogen passivation suggest that both the sur-
face and bulk passivation capacity depends critically on the
atom densities and bonding structure (such as H content,
Si–N bond density, mass density and/or N/Si ratio) of
the deposited a-SiNx:H film [3–7]. To discern the determi-
native factor of surface and bulk passivation, a systematic
study on the bonding rearrangement and H out-diffusion in
a-SiNx:H upon thermal annealing is necessary.
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Many researchers have studied the effect of thermal
annealing on plasma-deposited a-SiNx:H [3,8–10]. How-
ever, a systematic experiment was seldom carried out for
a-SiNx:H deposited by hot-wire chemical vapor deposition
(HWCVD). This is of interest because passivation of mc-Si
solar cells by HWCVD a-SiNx:H has been shown to be as
effective as other methods of deposition, while much higher
deposition rates can be obtained [7]. In this paper, we report
a thermal annealing experiment of a series of a-SiNx:H with
N/Si atom ratio in the wide range from 0.5 to 1.6. It was
found that the evolution of Si–N, Si–H and N–H bonds
depends critically on the N/Si ratio of the sample.
2. Experimental

Eleven a-SiNx:H films were deposited by HWCVD on
c-Si wafers at a substrate temperature of 450 �C. A descrip-
tion of the deposition system can be found elsewhere [11].
The source gases, SiH4 and NH3, were catalytically decom-
posed at four resistively heated tantalum filaments held at
2100 �C, leading to a high deposition rate of about 3 nm/s.
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The NH3 flow was the same for all depositions, while the
SiH4 flow was varied to obtain different N/Si ratios ranging
from 0.5 to 1.6 in the resulting films. The deposition time of
each film was deliberately changed to keep the film thick-
ness at about 300 nm. The composition of the deposited
samples was determined with elastic recoil detection
(ERD) [12] using 50 MeV Cu8+ ions. Rutherford back scat-
tering (RBS) experiment [13] with 2 MeV He+-atoms was
used to accurately determine the mass density. The samples
were annealed in a tube oven in a nitrogen atmosphere for
different periods of time. The annealing temperature was
kept at 800 �C since temperatures around this value are
frequently used in the ‘firing’ step for mc-Si solar cell fab-
rication. The absorption peak intensity and bond configu-
rations of Si–N, Si–H and N–H bonds were evaluated from
Fourier transformed infrared (FT-IR) absorption spectra,
measured before and after each step of annealing. Correc-
tions for coherent and incoherent reflections were taken
care of [14,15] and intensive dry N2 purging was used dur-
ing the FT-IR measurement to minimize the ambient H2O
and CO2 signals.
Annealing time (min)

Fig. 1. Normalized Si–H and N–H peak intensities of three typical
a-SiNx:H samples with different N/Si ratio.
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Fig. 2. Ratios of Si–H (a) and N–H peak intensities (b) after 16 min of
annealing at 800 �C relative to the initial peak intensities. The data are
plotted as a function of N/Si ratio.
3. Results

Under our deposition conditions, film properties, such
as hydrogen content (CH), mass density, surface and bulk
passivation quality, were found to depend strongly on the
N/Si ratio [7,16]. The mass density increased, starting from
2.2 g/cm3 at N/Si of 0.5, with increasing N/Si ratio to a
maximum of 3 g/cm3 at N/Si of �1.3. From there on it
decreased again, down to 2.2 g/cm3 as N/Si increased up
to �1.5. Compared to the mass density, CH has just an
opposite trend and reached its minimum of �9 at.% at
N/Si � 1.3.

It was found that the evolutions of Si–H and N–H bonds
in a-SiNx:H behave in three different ways upon the thermal
annealing, depending on the N/Si ratio. Fig. 1 shows the Si–
H and N–H peak intensities of such three typical samples as
a function of annealing time. These peak intensities are nor-
malized to the initial values before annealing. (i) In the Si-
rich samples with N/Si 6 1.02, both Si–H and N–H peak
intensity decreased with the increasing annealing time (see
Fig. 1(a) for example). (ii) In the samples close to stoichiom-
etry with N/Si � 1.3, the N–H peak intensities still
decreased with increasing annealing time. However, anneal-
ing increased the Si–H peak intensities in the first 4 min and
then reduced them slowly afterwards (Fig. 1(b)). (iii) The N-
rich samples with N/Si of �1.5 initially had an as-deposited
Si–H stretching peak at �2210 cm�1. Annealing reduced
this Si–H peak within 4 min. Further annealing, however,
introduced a new peak at �2175 cm�1. After 16 min of
annealing, the new absorption peak increased up to 5 times
stronger than the initial peak at �2210 cm�1 and remained
almost constant till 60 min (see Fig. 1(c)). It can be seen in
Fig. 1 that Si–H and N–H of all types of samples nearly
reached saturation after 16 min of annealing at 800 �C.
Therefore, we will mainly show the film properties after
16 min of annealing in the following.

The intensity ratios of Si–H and N–H peaks after ther-
mal annealing relative to the initial peak intensities were
found to be N/Si dependent. As can be seen in Fig. 2, more
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Fig. 5. The absolute variation of Si–H peak intensities after 16 min of
annealing at 800 �C versus that of Si–N peak intensities.
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N-rich samples maintained relatively more bonded H con-
tent in the film after 16 min of annealing.

Fig. 3 shows the Si–H peak positions of the eleven sam-
ples before annealing and after 16 min of annealing at
800 �C. The initial Si–H peak position increased almost lin-
early from �2140 to �2220 cm�1 as N/Si ratio increased
from 0.50 to 1.59. Thermal annealing decreased the width
of the Si–H peaks and shifted the peak positions to a higher
wavenumber in the Si-rich samples with N/Si < 1.02. The
newly developed Si–H in the N-rich samples (N/Si of
�1.5) showed a maximum intensity at �2175 cm�1, which
is about 35 cm�1 smaller than the initial peak position.
Thermal annealing hardly changed the Si–H peak position
of samples with N/Si of �1.3. A direct observation in this
figure is that Si–H peaks converge to a small range between
2170 and 2200 cm�1 after annealing.

A peak shift of the Si–N peak to higher wavenumber
was observed in almost all samples after annealing, indicat-
ing a change in the Si–N bonding configuration. Fig. 4
shows the difference between the Si–N peak intensity
before and after 16 min of annealing. The contribution of
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Fig. 3. Peak positions of the Si–H absorption peak before annealing (solid
squares) and after 16 min (open squares) of thermal annealing at 800 �C.

0.4 0.6 0.8 1.0 1.2 1.4 1.6
-300

-200

-100

0

100

200

300

400

500

600

V
ar

ia
tio

n 
of

 in
te

gr
at

ed
 

S
iN

 p
ea

k 
in

te
ns

ity
 (

cm
-1
)

N/Si ratio

Fig. 4. Sixteen minutes of thermal annealing changed the integrated Si–N
peak intensity of the a-SiNx:H films with different N/Si ratios.
the Si–O bond absorption, due to post-deposition oxida-
tion, was carefully eliminated from the Si–N peak intensity
calculation. As shown in Fig. 4, annealing for 16 min
reduced the Si–N peak intensities of the Si-rich samples
with N/Si ratio < 0.72. Amongst the other samples, the
most compact a-SiNx:H with N/Si ratio of �1.3 have the
strongest Si–N peak intensity increase. From Fig. 5, an
interesting observation is the linear correlation between
the variations of the Si–N and Si–H peak intensities, sug-
gesting a close link between the processes of forming or
breaking Si–N and Si–H bonds.

4. Discussion

As can be seen above, both Si–H and N–H bonds in Si-
rich material with N/Si < 1.02 lose hydrogen during
annealing. Reactions including Si–H and N–H bond break-
ing and H2 formation,

Si–Hþ Si–H! Si–SiþH2 " ð1Þ
Si–HþN–H! Si–NþH2 " ð2Þ

were previously proposed for this observation [8–10]. In the
most Si-rich sample, the decreased Si–N peak intensities
can be ascribed to reactions forming NH3 fragments [8].

In order to explain the Si–H increase after annealing in
a-SiNx:H with N/Si > 1.1, reaction

Si–SiþN–H! Si–Nþ Si–H ð3Þ
was suggested [8,10,17]. This so-called H migration pro-
cess, however, was not supported by Savall et al. [9]. They
suggested that the enhanced oscillation strength of Si–H
bonds after annealing can be attributed to a change in
the Si–H bond absorption. Although such large changes
in oscillator strength are possible [18], the observations in
Fig. 1(c), i.e. the diminishment of the initial Si–H peak
and the appearance of a new peak, do not agree with Sav-
all’s suggestion. In addition, the linear correlation between
the variations of Si–H and Si–N peak intensities (Fig. 5)
supports the possibility of reaction (3).
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The mass density determined by RBS shows that the a-
SiNx:H with N/Si close to 1.3 are the most compact. The
results in Fig. 2 imply that the H out-diffusion rate is not
directly correlated to the compactness of the films, since
no correlation between the two is found.

Bustarret et al. [19] suggested that the Si–H peak posi-
tion is an indication for the different back bonding struc-
tures of the Si–H bonds. The narrowing Si–H peak and
the converging peak position to �2180 cm�1 suggest that
Si–H bonds with one Si and two N back bonding atoms
are thermally most stable. However, more work should
be done to clarify this topic.

5. Conclusion

A thermal annealing experiment has been conducted on
a series of a-SiNx:H samples with different N/Si atom
ratios deposited by HWCVD. Three different types of evo-
lution behaviors were observed for the a-SiNx:H samples,
depending on their N/Si atom ratios. Bonded H atoms in
more N-rich samples are usually more stable upon thermal
annealing.
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