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ABSTRACT

The DEPx ,developed by OTB Solar, uses the ETP
technique for the deposition of a silicon nitride ARC on
silicon solar cells. With this technique very high deposition
rates can be achieved and experiments were carried out
with Shell Solar to investigate the quality of these ultra
high-rate deposited silicon nitride layers. An optimization
study which focused on mass density and thermal stability
showed that mc-Si solar cell efficiencies of >15% can be
reached with silicon nitride grown at >5 nm/s.

INTRODUCTION

Plasma deposited amorphous hydrogenated silicon ni-
tride (a-SiNx:H) is currently the choice-material for antire-
flection coatings (ARC) on silicon solar cells because of
its good optical properties and passivating capabilities. Its
tunable refractive index and low absorption makes it a
suitable material for an ARC. Furthermore, the hydrogen
that it contains can be released during the high tempera-
ture “firing of the contacts” step and introduced into the
multicrystalline silicon (mc-Si) substrate. There the hydro-
gen can passivate defects like silicon dangling bonds and
impurities by neutralizing their electrical activity which
otherwise enhances charge carrier recombination. Pas-
sivating these defects then increases the open circuit
voltage (Vo) and to some extent the short circuit current
(Isc) which are the output parameters that together with
the fill factor (FF) determine the solar cell efficiency. So
together with the /s increase caused by the extra photons
that enter the cell, which would have been reflected with-
out the ARC, the silicon nitride layer gives an enormous
efficiency boost.

Plasma enhanced chemical vapor deposition (PECVD)
is the favored silicon nitride deposition technique for solar
cell processing. It provides high quality silicon nitride lay-
ers at relatively low deposition temperatures and high
deposition rates. This is especially true for deposition by
the expanding thermal plasma (ETP) technique [1-3] that
can achieve deposition rates well above 20 nm/s. OTB
Solar uses this ETP technique on its high-throughput
PECVD tool, the DEPx [3], for in-line or batch-wise proc-
essing of silicon solar cells. The DEPx uses three ETP
sources, that can provide a very homogeneous deposition
of the silicon nitride layers, by placing them in a configura-

tion that gives the right overlap of the Gausian shaped
plasma expansions. The silicon nitride is grown from an
Ar-NHs-SiH4 plasma on the silicon solar cells at a low
pressure of 0.1-0.3 mbar. The wafers are inserted by fast
load-locking from atmosphere and placed on magnetically
propelled carriers that are operated by a linear motor sys-
tem. Currently, Shell Solar uses two of these tools for the
in-line processing of mc-Si solar cells in Gelsenkirchen,
Germany. Experiments were carried out with OTB Solar to
investigate the passivating capabilities of these high-rate
deposited silicon nitride layers and to optimize the deposi-
tion process for chemically textured, screen printed mc-Si
solar cells. Bulk passivation induced by ETP deposited a-
SiNx:H has already been demonstrated [3-9] and key layer
properties that determine the amount of passivation were
identified [5-9]. The experiments reported in this paper
have focused on these layer properties during the optimi-
zation and show that the level of passivation achieved by
these ultra high-rate deposited a-SiNy:H films is similar to
that of low rate deposited state-of-the-art silicon nitride
grown by conventional PECVD reactors. This resulted in
mc-Si solar cells with >15% efficiencies processed on the
DEPx at deposition rates >5 nm/s.

EXPERIMENTAL

A schematic of the set-up used for the experiments is
shown in Fig. 1.

Fig. 1. Schematic layout of the PECVD tool. The carriers
travel on a closed track, passing through various modules
(load-lock in, pre-heat, deposition, cooling, load-lock out
and cleaning).



It is not a laboratory type set-up, but the actual silicon
nitride deposition tool that is used for the in-line or batch-
wise processing of silicon solar cells, the DEPx. This
modular designed set-up is the result of the industrializa-
tion of the ETP concept by OTB Solar and is described
more thoroughly elsewhere [3].

The optimization experiments with Shell Solar were
carried out under different processing conditions. Total
gas flows and gas flow ratio’s as well as deposition pres-
sure, temperature, and plasma power were varied in order
to obtain clear trends and to find an optimum. For each
setting a group of eleven mc-Si wafers, that represents a
wide range in mc-Si wafer quality, was processed.
Neighboring cells of the same wafer quality were therefore
distributed over the different groups. Monocrystalline sub-
strates were included in each group of eleven wafers and
analyzed with spectroscopic ellipsometry (SE) and Fourier
transform infrared spectroscopy (FTIR) to determine the
relevant layer properties. Also Rutherford backscattering
spectroscopy (RBS) and elastic recoil detection (ERD)
measurements were carried out. As a reference, one
group was processed on a conventional PECVD tool (tube
oven) which provided an already optimized silicon nitride
ARC for comparison and which is capable of producing
>15.5% solar cells. The other process steps for the solar
cell production were kept identical and were carried out at
Shell Solar GmbH in Munich, Germany. As a measure of
the amount of passivation achieved by the a-SiNx:H lay-
ers, the relative change in the product of the open circuit
voltage and the short circuit current (Voexlsc) was chosen,
measured without encapsulation of the cells.

R = NH,/(SiH,+NH,)
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Fig. 2. Solar cell results of the different groups compared

with the reference group (15.5% efficiency) as a function
of partial ammonia flow and refractive index.

RESULTS

Fig. 2 displays the measured Vyexlsc relative to the ref-
erence group as a function of the partial ammonia flow (R)
and refractive index (n). The absolute efficiency obtained
using the calculated average fill factor (FF) of 0.75 is
shown as well. Fill factor values varied in the range from
0.74 to 0.76. Each data point represents the average
value of a group of eleven wafers. As can be seen from
Fig. 2, a wide range of refractive indices is obtained when
the total flow and ammonia to silane flow ratio are varied.
An optimum is found around n = 2.05, however, it is also
noticed that there still is a rather large spread around this
optimum. Only a small process window provides the high-
est relative Vooxlse. For example, silicon nitride layers that
have a refractive index of ~2.05, however, which were not
processed at the optimal deposition pressure and tem-
perature show lower efficiencies.

Furthermore, the best results are very near the opti-
mized reference with only 1% relative behind in Voex/sc,
which results in an absolute efficiency of 15.3%. More-
over, the silicon nitride layers that provide the highest
Vooxlsc are grown at a deposition rate of >5 nm/s and
demonstrate that ultra-high rate deposited films can reach
an equally high level of passivation as the low-rate depos-
ited layers grown by an optimized conventional reactor.

In the earlier studies [5,7-9] the importance of the
mass density of the silicon nitride films for passivation
was demonstrated. This is further investigated in Fig. 3
which shows the solar cell results as a function of the
mass density. The densities were determined with FTIR
spectroscopy and cross-checked with RBS. More informa-
tion can be found in previous reports [7,8].
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Fig. 3. Solar cell results of the different groups compared
with the reference group (15.5% efficiency) as a function
of film mass density.

Apparently a minimum density of around 2.3 g/cm® is
required to obtain good passivating silicon nitride layers.
Films that have lower densities show clearly a trend to
lower relative Vooxlse values. The deposition temperature
and layer stoichiometry were the first order parameters
that determine the film density.



Analyzing the monocrystalline substrates that were in-
cluded in the groups with FTIR spectroscopy can also
provide information on film stoichiometry and bonded hy-
drogen. This information can be obtained by measuring
the area of the absorption bands caused by Si-H and N-H
vibrational modes and also by measuring the wavenum-
ber of the maximum Si-H absorption. The position of this
maximum shifts from lower to higher wavenumbers when
more or less silicon atoms are present as backbonds of
the Si-H bond. This was demonstrated by Bustarret et al.
[10] and means that the position of this peak maximum is
a measure of the N/Si ratio. Thermal stability and the dis-
tribution of hydrogen were found to be important layer
properties by observing the position of this wavenumber
of the Si-H absorption band [7,8]. Fig. 4 demonstrates this
by showing the shifting of the Si-H wavenumber to ~2180
cm™ when increasing the annealing temperature, for films
with a different stoichiometry varying from silicon rich
(N/Si~0.75) to nitrogen rich (N/Si~1.25).

T ; T T T ; .
2 2190 * e e |
< I e
@

2 2180} |
3 I o

T B L

@ 2170+ ‘ |
) &

o o .

E 2160 o a—a a ® N/Si~1.25]
s = N/Si~1.00
§ P A N/Si~0.75

400 500 600 700 800 900 1000
Annealing temperature (°C)

Fig. 4. Wavenumber of the Si-H band as a function of
annealing temperature for different stoichiometric films
varying from silicon rich to nitrogen rich.

The shifting of three different stoichiometric films to
the same Si-H wavenumber indicates that a thermal sta-
ble film should have a stoichiometry that corresponds with
this wavenumber. This would imply that hydrogen should
be equally bonded to silicon as to nitrogen as can be seen
from Fig. 5, which shows the bonded hydrogen as a func-
tion of the wavenumber of the Si-H band.

At lower wavenumbers more silicon atoms are present
as backbonds because of a lower N/Si ratio and hydrogen
is more bonded to silicon. Higher wavenumbers corre-
spond with a higher N/Si ratio and hydrogen is more
bonded to nitrogen. At the cross-over the hydrogen is
equally bonded to silicon as it is to nitrogen and this cor-
responds with a wavenumber of the Si-H absorption band
of ~2180 cm™. These data points were obtained from the
groups that were grown with a varying ammonia to silane
ratio (n varies from ~1.9 to ~2.4, see Fig. 2).
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Fig. 5. Hydrogen bonded to silicon and hydrogen bonded
to nitrogen as a function of the wavenumber of the Si-H
band.

The importance of a thermal stable silicon nitride layer
can be deduced from Fig. 6 which displays the solar cell
results as a function of the wavenumber of the Si-H band.
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Fig. 6. Solar cell results of the different groups compared
with the reference group (15.5% efficiency) as a function
of the wavenumber of the Si-H band.

It shows that the optimum in relative Voclsc is indeed
found at a Si-H wavenumber of 2180 cm™, which demon-
strates that thermal stable layers provide the highest de-
gree of passivation.

DISCUSSION AND CONCLUSIONS

From Fig. 2 is was found that silicon nitride layers with
a refractive index of 2.05 provide the highest efficiency.
However, the spread of the results showed that not every
silicon nitride film with this refractive index will give the
same result. Also the mass density of the a-SiNx:H films
should be higher than a critical value, found to be ~2.3
g/cm3 in Fig. 3. This is caused by the fact that the optical
properties of the silicon nitride film determine for a large
part the efficiency. The product of layer thickness and
refractive index should be at the right optical thickness
that creates interference, but also the absorption should



be as low as possible. The extinction coefficient (k) of a
silicon nitride film (measured at 3.44 eV) increases with
more Si-Si bonds and can start to become larger than
zero at a refractive index higher than ~1.9. The optimal
refractive index for antireflection, however, lies at higher
values so the challenge is to increase n while keeping k
as low as possible. This can be achieved by increasing
the mass density of the silicon nitride film which causes a
higher n at the same k [9]. By focusing on this layer prop-
erty it was found to be possible with the DEPx to obtain
silicon nitride layers with zero k-values at refractive indi-
ces >2.0.

Silicon nitride films with a higher mass density also
provide a higher degree of passivation which could be
seen by the also increasing Voc next to /¢ (not shown
separately). This might be attributed to the fact that
denser films are better suited to retain the hydrogen that
is released during the firing step. Less voids are present
and the hydrogen is then more directed into the substrate
instead of lost into the ambient. Silicon nitride films with
an even higher mass density than 2.6 g/om3 might release
not enough hydrogen necessary for the complete passiva-
tion of the wafer. This might explain the saturation of the
relative Viclsc increase with higher densities and the slight
decrease which can be seen in Fig. 3. Denser films have
a lower hydrogen concentration and have a higher ther-
mal stability. Although, the amount of hydrogen normally
released during the firing is three orders of magnitude
larger than the concentration of deep level traps (like Si
dangling bonds) found in polycrystalline silicon [8,11].
Thus only a relative small portion of the released hydro-
gen would be required.

The distribution of hydrogen and the thermal stability it
produces appeared to be other important layer properties
according to Fig. 6. Layers with a different stoichiometry
showed lower efficiencies. An equal distribution of hydro-
gen between silicon and nitrogen induces a thermal stable
layer which was shown by Fig. 4 and Fig. 5. It has already
been shown [8,9] that the optical properties (layer thick-
ness, n, and k) can change a great deal during the firing
step which could partially explain the lower efficiencies.
Thermally instable layers would then deviate more from
the optimum optical properties after the firing step and this
might cause more reflection losses and absorption. Also
more hydrogen might be released into the ambient be-
cause these instable layers are usually less dense and
have more voids incorporated, which results in less pas-
sivation.

The necessary equal distribution of hydrogen might
suggest that the preferred way of hydrogen release for
passivating the mc-Si wafer is according to the reaction
Si-H + N-H — Si-N + Hz. The equal distribution of hydro-
gen would facilitate that all the hydrogen can be released
in this manner. This reaction would leave a strong Si-N
bond (3.45 eV) behind instead of the weaker Si-Si bond
(2.34 eV) or N-N bond (1.70 eV) which would result from
other reactions. This would keep the creation of voids to a
minimum and forms a dense layer which can retain the
hydrogen. Further investigations, however, are necessary
to elude the favored mechanism for hydrogen release with
respect to silicon passivation.

To conclude, it has been shown which criteria are im-
portant for high quality silicon nitride ARC’s, deposited
with the DEPx, that provide high efficiency solar cells.
And, that these criteria can be met even at a growth rate
of >5 nm/s which results in mc-Si solar cells with ETP
deposited ARC'’s of an efficiency of 15.3%.
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