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Abstract. Plasma-enhanced chemical vapour deposition (PECVD) SiNx is the typical choice as anti-reﬂection
coating (ARC) for Silicon based solar cells. However, there still exists a room for improvement in passivation
quality of SiNx while maintaining good optics for the front side of a solar cell. In this paper, we studied in detail
the optical and electrical properties of SiNx layers by varying the chamber pressure and substrate temperature in
an industrially used inline PECVD tool. Both the optical as well as electrical properties of SiNx layers were found
to be signiﬁcantly inﬂuenced by the chamber pressure and substrate temperature. A trade-off between excellent
optics and low surface recombination is observed with an increase in chamber pressure, whereas higher substrate
temperature generally led to better passivation quality. The Si-H bond density, which is expected to directly
inﬂuence the quality of surface passivation, increased at high pressure and at low substrate temperature. Based
on our investigations, a good compromise between optics and surface passivation is struck to prepare optimized
SiNx layers and apply them as passivation layers for the front side of passivated emitter and rear cell (PERC)
solar cells. The best solar cells show high short-circuit current density (jSC) of 39.9 mA/cm2 corresponding to the
SiNx layers with low parasitic absorption, good antireﬂection property, and excellent passivation of the surface
and bulk silicon. The current-voltage (I-V) results are found to be in agreement with internal quantum efﬁciency
(IQE) measurements of the solar cells.
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1 Introduction
Amorphous hydrogenated silicon nitride (a-SiNx:H) prepared by Plasma-Enhanced Chemical Vapour Deposition
(PECVD), is the most common type of anti-reﬂective
coating (ARC) used in crystalline silicon based solar cells.
PECVD SiNx layers have an optimal refractive index and
low parasitic absorption coefﬁcient and thereby augment
the surface texture of silicon substrate, increasing the
photocurrent generation of the solar cell. Furthermore,
PECVD leads to a high amount of hydrogen species
incorporated in the SiNx layer, which can passivate bulk
and surface defects during deposition or by diffusing to the
interface after thermal treatment [1,2]. Although a-SiNx:H
deposited by PECVD is known to exhibit positive ﬁxed
charges [3,4], chemical passivation of defects by H-species is
considered to be the major driving force behind excellent
* e-mail: asmaa.mohamed.okasha.mohamed.okasha@ise.
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surface passivation quality, regardless of the substrate
doping. For example, Richter et al. reached surface
recombination velocity (SRV) of 64 cm.s1 for 70 nm
a-SiNx:H on 1 V.cm n-type Si using PECVD with
microwave (MW) induced plasma excitation [5]. Mäckel
et al. used a mixture of SiH4/N2/H2 to deposit a-SiNx:H
layers that showed good passivation performance. After
forming gas annealing and rapid thermal ﬁring, Mäckel
et al. attributed the change in lifetime to the change in Si-H
bond density [6]. They achieved SRV of 4–6 cm.s1, which
correlates to an effective minority charge carrier lifetime
(t eff) of 1200 ms on 1.25 V.cm p-type Si.
Wan et al. studied the effect of deposition parameters
on the layer properties of a-SiNx:H deposited in a combined
MW/radio frequency PECVD reactor [7]. Soppe et al.
deposited layers with refractive indices of 2.2 and achieved
a reasonable passivation quality (SRV < 30 cm.s1) on
p-type FZ wafers after thermal annealing [8]. Nagel et al.
reported on a-SiNx:H layers with refractive indices of 2.1
that served as good passivation layers for n+ p silicon solar
cells [9].
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In this study, we report on the effects of varying the
PECVD deposition parameters on a-SiNx:H layer properties with the aim of reaching high light transmission and
good passivation for the front side of Passivated Emitter
and Rear Cell (PERC) architecture. We show a correlation
between the deposition parameters, antireﬂection property, bond densities and passivation quality of the layers.
Spectroscopic ellipsometry and Fourier transform infrared
spectroscopy (FTIR) are mainly used to gain insight on the
inﬂuence of parameter variation on optics and structural
properties of the deposited layer, respectively. Finally,
PERC solar cells are fabricated with PECVD SiNx
deposited using selected parameter combinations. The
solar cells are characterized using current-voltage (I-V)
and quantum efﬁciency (QE) measurements and the
results are discussed to correlate the electrical properties
of solar cells with optical and structural properties of the
deposited SiNx layers.

2 Methods
2.1 Preparation of a-SiNx:H
Shiny etched, p-type monocrystalline ﬂoat zone (FZ)
silicon substrates with a speciﬁc resistivity of 10 V.cm and
thickness of 250 mm were used for ellipsometry and FTIR
measurements. The FZ wafers underwent wet chemical
cleaning with hot HNO3 and a subsequent dip in diluted
HF. The deposition of a-SiNx:H layers was performed
using a Meyer Burger MAiA PECVD inline reactor
employing a linear microwave (MW) plasma source driven
at 2.45 GHz. A silane (SiH4) ﬂux of 200 sccm and an
ammonia (NH3) ﬂux of 600 sccm were used, and this gas
ratio was kept constant throughout the experiment. Silane
was fed to the plasma chamber from inlets on the sides
close to the wafers, whereas ammonia was fed into the
chamber via gas inlets far from the wafers and dissociates
in the microwave region as can be seen in the schematic in
Figure 1.
The deposition took place with the samples continuously transported underneath the linear plasma source.
The samples were deposited at substrate temperatures of
300 °C and 400 °C and a variation of chamber pressure in
the range of 0.10–0.30 mbar was performed. The deposited
samples then received a fast ﬁring process at a set peak
temperature of 820 °C for about 3 seconds. Infrared
absorption spectra were measured using a VERTEX 80 v
spectrometer (Bruker) from 400 to 4000 cm1. Ellipsometry measurements were performed at three incident angles
using M-2000 spectroscopic ellipsometer (J. A. Woollam
Co).
This tool measures the time-dependent complex
functions associated with Psi and Delta, and angles, as
such, (or rather their trigonometric functions  cos 2 Psi
and cos Delta) are obtained from it in a rather complex
calculation procedure using Fourier analysis [10]. IV
measurements were performed at standard test conditions
using a solar cell simulator with a reference cell that is
calibrated at Fraunhofer ISE Callab. Quantum efﬁciency of
the solar cells was measured using a LOANA tool (PV
Tools).

Fig. 1. Schematic cross-section diagram of the PECVD tool.

The formation of the a-SiNx:H layers can be explained
by the dissociation of ammonia and silane [7]. The
incorporation of the SiHx and NHx radicals control the
resultant amount of Si-H and N-H bonds, which depend on
the substrate temperature. At an elevated temperature, a
densiﬁcation of the ﬁlm occurs due to cross-linking, in
which Si–H and N–H breaks and Si–N forms [7]:
SiH þ NH ! SiN þ H2 :

ð1Þ

This mechanism explains the decrease in hydrogen,
Si-H and N-H bonds with increasing substrate temperature. Breaking of both of these bonds would lead to
dangling bonds and subsequently to the enhanced formation of Si-N bonds, resulting in denser layers. For high
concentrations of NHx radicals in the chamber, the
breaking of Si-H bonds is the limiting factor for the
formation of Si-N bonds.
2.2 Solar cell processing
Large area (156  156 mm2) 2.6 V.cm p-type CZ precursors
with alkaline texture, a homogeneous emitter and rear-side
passivation were supplied to Fraunhofer ISE by Solar
World Innovations GmbH. Test groups were passivated on
the front side by a-SiNx:H layers deposited using different
deposition process parameters. All the samples were then
processed together to create industrial PERC-type architectures and then characterized.

3 Results
3.1 Ellipsometery analysis
WVASE program (J. A. Woolam Co.) was used to analyse
the results from ellipsometer measurements and to
determine the optical constants (n and k). We used a
Tauc Lorentz model [11] for ﬁtting the results as it is
applicable for amorphous materials with low absorption in
the visible and-/or UV region of the spectrum. The optical
constants for these layers, refractive index (n at 632 nm)
and the extinction coefﬁcient (k at 300 nm) are shown in
Figures 2 and 3, respectively.
At low chamber pressures, the expansion of the plasma
is likely to lead to the activation of both SiH4 and NH3
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Fig. 2. Refractive index of a-SiNx:H layers deposited at different
pressures and temperatures.
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Fig. 4. Deposition rate as a function of chamber pressure and
substrate temperature. For higher pressures, a decrease of the
deposition rate occurs at all temperatures.

where the sign ↑ refers to gas molecule formation. Hence,
Si-rich a-SiNx:H layers are formed at high chamber
pressure. Such layers have higher parasitic absorption of
incident light and therefore should be avoided for their
application as optimal anti-reﬂective layers in solar cells.
At low chamber pressure, dissociation of SiH4 occurs
more readily. The dissociation of SiH4 can be explained as
in equations (5) and (6) [8]:
SiH4 þ e ! SiH3 þ H þ e

ð5Þ

SiH4 þ e ! SiH2 þ 2H þ e :

ð6Þ

Fig. 3. Extinction coefﬁcient of a-SiNx:H layers deposited at
different pressures and temperatures.

3.2 Deposition rate
species; however, a higher dissociation rate of NH3 in the
plasma is expected to occur. Hence, in such conditions, NH3
is likely to have higher contribution in the layer formation,
which leads to the formation of SiNx layers with lower
density and higher nitrogen incorporation. Increasing the
chamber pressure leads to plasma conﬁnement, which
consequently decreases the mean free path length of the
species in the plasma and the corresponding likelihood of a
lower fraction of dissociated precursor molecules. In such a
scenario, a fraction of NH3 molecules is expected to reach to
the substrate without dissociation. Meanwhile, although
SiH4 is also likely to reach the substrate without
dissociations, the high reactivity of SiH4 molecules is
expected to form a Si-rich SiNx. NH3 dissociation near the
quartz tube was previously explained by Soppe et al. as in
equation (2) [8]
NH3 þ e ! NH2 þ H þ e :

ð2Þ

The most common reactions at the higher chamber
pressure are [8]:
SiH4 þ NH2 ! SiH3 þ NH3 ↑

ð3Þ

SiH4 þ H ! SiH3 þ H2 ↑

ð4Þ

Using ellipsometery, we measured the thickness of the
layers to calculate the deposition rate of various process
parameter combinations. Figure 4 shows the dependence
of the deposition rate of a-SiNx:H on pressure and
temperature.
Above a chamber pressure of 0.15 mbar, the deposition
rate decreases with increasing pressure. This behaviour,
observed at all substrate temperatures, potentially arises
due to the plasma conﬁnement. At a low pressure of
0.10 mbar, a different behaviour was observed, as seen in
the lower deposition rate in comparison to the deposition
rate at 0.15 mbar. This is possibly due to a larger
concentration of active species that could form due to
the expansion of the plasma and the resulting increase in
collisions between plasma species.
3.3 Etching rate
Etching of a-SiNx:H in 1% hydroﬂuoric acid (HF) is
previously shown to correlate to the density of the layers
and also to the bulk passivation quality [12]. The etching of
a-SiNx:H in HF is attributed to the breaking of Si-N bonds
and simultaneous replacement by Si-F bonds [13]. This
method is also employed in the present study to compare
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Fig. 5. Etching rate in 1% HF of layers deposited at different
pressures and temperatures.

Fig. 6. Normalized absorbance (absorbance divided by thickness) versus wavenumber for as-deposited layers.

the density of layers formed at different chamber pressures.
The deposited layers were etched for different durations,
and thickness was measured in between the etching steps
by spectroscopic ellipsometry. Figure 5 plots the etching
rate of a-SiNx:H layers deposited at different values of
chamber pressure and substrate temperature. Regardless
of the substrate temperature, the layers prepared at higher
chamber pressure showed higher resistance to HF etching.
This can be attributed to the formation of Si-rich layers at
higher pressure [12] and faster etching of Si-N rich layers
[14]. Si-rich layers often have better passivation quality
[12]. The effect of temperature is clear in the layers
deposited at low temperature 300 °C, which have higher
hydrogen content and are expected to exhibit high
porosity. Layers with low density will have higher etching
rates, which was the case for the layers deposited at 300 °C
compared to the layers deposited at 400 °C.
3.4 FTIR analysis
Fourier transform infrared spectroscopy (FTIR) measurements were performed in order to obtain details about the
structure of the deposited a-SiNx:H ﬁlms. An example IR
absorbance spectrum of an a-SiNx:H ﬁlm after subtracting
the background, baseline correction and normalizing the
absorbance by the measured thickness is shown in Figure 6.
Here, the following modes of vibrations can be
observed: Si-N stretching mode around 832 cm1 [15],
N-H wagging-rocking mode around 1180 cm1 [16], Si-H
wagging mode around 640 cm1 [15], Si-H stretching mode
around 2180 cm1 [15] and N-H stretching modes around
3340 cm1 [15].
Using the FTIR data, the bond densities of N-H and
Si-H bonds can be calculated by multiplying the Gaussianﬁtted area of the peak with the calibration factor k as per [17]:
4000
Z

AXY ¼ kXY

aðnÞdn

ð7Þ

400

where AXY is the bond density of X-Y bond, k is the
calibration factor.

Fig. 7. The Si-H (top) and N-H (bottom) bond densities for
a-SiNx:H before and after fast ﬁring.

The k values used here are:
kSiH = 5.91016 cm1 and kNH = 8.21016 cm1 [17].
The bond densities for different deposition parameters are
plotted for the cases before and after the fast-ﬁring process
in Figure 7.
Figure 7 suggests that, in general for all parameter
combinations, the Si-H and N-H bond densities measured
after the fast ﬁring process are lower than those measured
just after the deposition process. The decrease in the Si-H
and N-H bond densities in the layer after the ﬁring process
can be attributed to the effusion of H-species from the
SiNx layer due to the thermal budget applied by the fastﬁring step [18]. Additionally, in-diffusion of H species into
the Si-SiNx interface is reported to occur, which is the
basis for chemical passivation of the surface dangling
bonds [7]. Both Si-H bond density and Si content increase
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Fig. 8. I-V data for PERC-type solar cells with different front-side passivation schemes. Cell area is 242.84 cm2 and all cells feature
solder pads. In x-axis legend, P stands for chamber pressure and T stands for the deposition temperature.

with increasing pressure, potentially due to plasma
conﬁnement. This observation correlates very well with
the measured optical properties in Figures 2 and 3, where
an increase in the chamber pressure resulted in higher
values of n and k.
Additionally, lowering the substrate temperature
increased the Si-H bond density in a-SiNx:H layers. In
fact, the higher substrate temperature (400 o C) led to the
lowest hydrogen content in a-SiNx:H. A potential explanation is that there was an increase in effusion of hydrogen
species from the layers due to the breaking of weak Si-H and
N-H bonds at higher temperature [17].
3.5 Solar cell results
Passivated emitter and rear solar cells were fabricated to
investigate the applicability of the developed layers on the
target device. The measured parameters of the passivated
emitter and rear cells (PERC) after applying selected
a-SiNx:H layers as front side anti-reﬂection coatings is
shown in Figure 8. It can be observed that a-SiNx:H layers
deposited using different parameter combinations show
different optical and passivation properties for the front
side of PERC cells. Explanation of these results, discussing
the inﬂuence of chamber pressure and substrate temperature on solar cell characteristics, is presented in the
following sections.

3.5.1 Dependence on pressure
For a-SiNx:H layers prepared at different chamber pressure
(0.10, 0.15 and 0.25 mbar) whereas maintaining a higher
temperature (400 °C), layers deposited at 0.10 mbar
exhibited relatively low passivation quality. Worse passivation resulted in a lower open-circuit voltage, VOC,
potentially due to high layer porosity compared to other
layers deposited at higher pressures. The layers deposited
at the lowest pressure are not optimally applicable as an
ARC, since the refractive index, at n = 1.94, is too low [9].
Layers deposited at 0.15 mbar (n ≈ 1.97) and 0.25 mbar
(n ≈ 2.06) are better suited to the target application (higher
n values are better for the overall module optics) and
showed lower nitrogen content, as per the estimation of the
N-H bond density from the FTIR spectra.
The reduction of the short-circuit current density, jSC,
from 0.15 mbar to 0.25 mbar can be attributed to an
increase in the extinction coefﬁcient k. The increase of jSC
between the two process pressures 0.10 mbar and 0.15 mbar
can be attributed to the increase in passivation quality as it
also led to a simultaneous increase in VOC value (see
Fig. 8d).
The ﬁll factor is observed to increase with an increasing
value of process pressure. One hypothesis here is that the
ﬁring process, including the silver paste composition, was
optimized for higher density a-SiNx:H layers like P0.25T400 (pressure of 0.25 mbar and a temperature of 400 °C).
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both the deposition pressure and temperature. Higher
pressure resulted in Si-rich layers, probably due to plasma
conﬁnement leading to low porosity. These layers also had
good passivation properties. Layers deposited at low
temperature showed higher hydrogen content, with higher
porosity and etching rates. The ﬁring process resulted in
lower hydrogen content due to the effusion of hydrogen
out of the layers and concurrent diffusion of hydrogen to
the silicon-silicon nitride interface. Hydrogen diffusion
would passivate dangling bonds and improve the
layers’ electrical properties. Higher IQE was found for
layers deposited at the low pressure of 0.15 mbar, which
also exhibited low light absorption. These results matched
the layers’ optical properties and the trend observed for
jSC.
Fig. 9. Internal quantum efﬁciency (IQE) of the applied
a-SiNx:H for front side passivation of PERC-type solar cells.

3.5.2 Dependence on temperature
For the layers deposited at different temperatures (300 °C
and 400 °C) and the same pressure (0.25 mbar), we can see
that the layers at higher temperature showed the best
performance in terms of jSC. This is in accordance with the
etching rate results, which showed that layers deposited at
higher temperature show less porosity and contain enough
hydrogen (from Si-H bond density), which is widely
reported to be necessary for good passivation.
For the best solar cell, an open-circuit voltage (VOC)
of 660 mV and short-circuit current density (jSC) of
40 mA/cm2 with a cell efﬁciency (h) of 20.9% was reached.
A higher VOC is attributed to an improved front-side
passivation achieved by implementing the best PECVD
a-SiNx:H layers.
In the same way, we can explain the results for Internal
Quantum Efﬁciency (IQE) and reﬂection (R) that are
shown in Figure 9. A signiﬁcant improvement was found for
the parameter set including the deposition temperature of
400 °C and a pressure of 0.15 mbar.
This is due to low reﬂection, high homogeneity and low
porosity (as shown in Fig. 5 for the etching rate) of the
deposited layer compared to that deposited at 0.10 mbar.
Additionally, there was an increase in transparency (lower
k values) than for the layers deposited at higher pressure.
For the layers deposited at 0.15 mbar, there was also an
improvement in jSC.
The layers deposited at different temperatures, but at
the same pressure, showed slightly better performance in
the IQE for layers prepared at low temperature (300 °C).
This may be due to the lower absorption (k values) for these
layers than those prepared at 400 °C.
The bulk and the rear side passivation are comparable
for all solar cells.

4 Conclusion
Amorphous hydrogenated silicon nitride (a-SiNx:H)
layers prepared by PECVD showed a dependence on
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