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Hydrogenated silicon nitride films (SiNx:H) deposited by plasma-enhanced
chemical vapor deposition (PECVD) have been studied to passivate defects
with hydrogen in the bulk of multicrystalline silicon wafers. Extensive anal-
ysis of the PECVD process was carried out to identify the parameters that
control the SiNx:H material composition and that mainly influence its mass
density and hydrogen content. In addition, the incorporation of a hydrogen gas
flow is presented as a strategy to increase the refractive index while
enhancing the mass density. Satisfactory results in terms of the effective
minority-carrier lifetime of the wafers have been achieved with highly
hydrogenated SiNx:H films and with slightly hydrogenated films densified by
introducing a hydrogen flow, evincing the importance of the mass density in
the passivation process. These hydrogenated wafers could be employed in
silicon heterojunction solar cell fabrication, improving their quality, reducing
their costs, and enhancing their sustainability.

INTRODUCTION

Hydrogenated silicon nitride (SiNx:H) prepared
by plasma-enhanced chemical vapor deposition
(PECVD) is a highly versatile material with optical
and structural properties suitable for a large num-
ber of applications.1,2 Among these applications is
the manufacture of solar cells based on the indus-
trial diffusion technology.3-5 The excellent optical
properties of SiNx:H allow this material to be used
as an antireflective coating (ARC) in diffusion solar
cells. In addition, its high hydrogen content ([H])
also enables the passivation of defects of the silicon
substrate bulk, which is especially important when
using multicrystalline silicon wafers (mc-Si) with a
large number of defects such as grain boundaries,
dislocations, and metal impurities owing to their
production method.6,7 The passivation takes place
when the finished solar cells are subjected to a fast
firing at temperatures above 600�C in order to form
a good ohmic contact.8 In this thermal process, some
of the atomic hydrogen from the SiNx:H diffuses into
the bulk of the mc-Si wafer, passivating its defects.

However, this procedure of bulk passivation can-
not be used in silicon heterojunction solar cells
(HIT) due to the high temperature required in the
thermal treatments to passivate the defects and
when firing the contacts. The reason is that the
junctions of HIT cells are not formed by doping part
of a solid, as is done in conventional cells based on
thermal diffusion, but by deposition of thin films
onto a silicon wafer at low temperature (<
250�C).9-11

On the other hand, the ARC layers employed in
HIT solar cells must be electrically conductive to
compensate for the high sheet resistance of the
doped amorphous silicon emitter. For this reason,
instead of dielectric SiNx:H as ARC, high-quality
transparent conductive oxides (TCO), typically
degenerate semiconductors such as aluminum zinc
oxide or tin-doped indium oxide, are used in HIT
solar cells.12 However, these TCOs cannot be
employed for bulk passivation. In general, in this
configuration with TCOs, HIT solar cells are char-
acterized by high efficiencies of more than 26%,13,14

mainly due to the use of excellent n-type monocrys-
talline silicon wafers, the good surface passivation,
and the formation of heterostructures that allow
high open-circuit voltages to be obtained.15
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In the case of silicon heterojunction solar cells to
be fabricated with mc-Si, one step of bulk condi-
tioning must be implemented to passivate defects,
but being compatible with their typical manufac-
turing process at low temperatures. In addition,
since the junctions are formed by depositing thin
layers onto the wafer surfaces in the fabrication of
this type of solar cell, the cleaning and conditioning
processes are of critical importance. It is thus of
great interest to develop passivation methods that
do not alter the surface not introduce additional
cleaning steps into the manufacture process to
maintain their typical high efficiency.

Taking advantage of the excellent properties of
SiNx:H, we propose herein the use of these films to
passivate defects in the bulk of p-type mc-Si wafers
as a step before the manufacture of HIT solar cells
due to be necessary annealing treatments to diffuse
hydrogen into silicon substrates. The SiNx:H mate-
rial was deposited by PECVD using pure silane
(SiH4) and nitrogen (N2) instead of ammonia as
precursor gases. The substitution of ammonia for
nitrogen offers all the advantages implied by the use
of an inert gas, greatly simplifying its implementa-
tion in PECVD equipment already installed in our
laboratory.

The proposed method basically consists of deposit-
ing SiNx:H films on both faces of the wafers. Then,
the mc-Si wafers with as-deposited films are sub-
jected to rapid thermal annealing (RTA) treatments
in forming gas atmosphere to release the atomic
hydrogen from the SiNx:H layers and diffuse it
through the bulk. Finally, the SiNx:H films are
completely removed by immersion in dilute hydro-
gen fluoride (HF:DIW) solution at room tempera-
ture, leaving the mc-Si wafer surfaces ready for
deposition of the emitter and buffer layers in the
later steps of the HIT solar cell manufacturing
process. This method is simple and can be easily
incorporated into the manufacturing stages of low-
cost and more sustainable HIT solar cells. Obtain-
ing highly efficient HIT solar cells with mc-Si
wafers (after hydrogen bulk passivation) could be
interesting to maintain low cost levels for photo-
voltaic generation installations. The procedure will
be especially useful if monocrystalline silicon wafer
prices rise again as they did a few years ago16 or in
case of reduced supply of monocrystalline silicon
than demand. In the face of such a scenario, it may
become necessary to resort to mc-Si, given the high
forecasts for new photovoltaic solar energy installa-
tions over the next decade.17

EXPERIMENTAL PROCEDURES

Preparation and Characterization of SiNx:H
Material

To acheive efficient passivation, the SiNx:H films
must provide a sufficient amount of hydrogen, and
this should be diffused throughout the bulk of the
wafer during the annealing treatments. Therefore,

both the optical and structural properties and the
composition of the material will have an essential
function in the passivation ability. Thus, an exhaus-
tive study of the deposition process was carried out
to identify which parameters critically affect the
properties and composition of the material.

SiNx:H material was deposited by a direct high-
vacuum parallel-plate PECVD-MVSystem reactor
at an excitation frequency of 13.56 MHz, using N2

and pure SiH4 as precursor gases.
For optical characterization, reflectance and

transmittance spectra in the wavelength range
from 300 nm to 2500 nm were obtained using an
ultraviolet-visible-near infrared PerkinElmer
Lambda 1050 spectrophotometer. From the spectra,
the refractive index at 605 nm (n605) and the film
thickness were calculated for SiNx:H deposited onto
soda-lime glass substrates. The films were charac-
terized according to procedures described in previ-
ous work.18

The hydrogen content [H] and its distribution in
the material structure were determined by Fourier-
transform infrared (FTIR) spectroscopy following
standard procedures.19-22 The infrared absorption
spectra were recorded from SiNx:H layers with
thicknesses between 200 nm to 300 nm, depending
on the parameters of the PECVD process, deposited
on Czochralski monocrystalline silicon wafers,
using a PerkinElmer Lambda Spectrum 100 FT-IR
spectrophotometer. This technique provides infor-
mation about the possible stoichiometry of the
material based on the position and relative intensi-
ties of its characteristic bands (Si-N, Si-H, and N-
H). From IR spectra, the bond densities (atm/cm3) of
the hydrogen bands were determined. The bond
density relation of the hydrogen bands (defined as
R* = log[N-H]/log[Si-H]) together with the refractive
index are very useful tools to estimate the stoi-
chiometry, that is, how enriched in N atoms or Si
atoms the SiNx:H films are.

In addition, the chemical composition in bulk of
some SiNx:H films and the presence of chemical
impurities were evaluated by combining x-photo-
electron spectroscopy (XPS) and fixed-angle
sputtering.

Hydrogenation Process and Bulk Passivation

For the passivation process, SiNx:H layers with a
thickness of 80 nm were symmetrically deposited on
both sides of 1 X cm to 3 X cm p-type textured mc-Si
wafers with thickness of 200 lm, previously laser-
cut to an area of 4 cm2. Prior to deposition, the
wafers were chemically etched in 5% FH:DIW
(hydrogen fluoride diluted in 18.2 MX cm resistivity
deionized water) solution at room temperature for 5
min to remove the native oxide.

Symmetrical SiNx:H/mc-Si/SiNx:H structures
were annealed in an RTA furnace in a forming gas
atmosphere for 6 s. Distinct temperatures (650�C
and 750�C) were applied to SiNx:H films with
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different compositions to establish the material
properties and the annealing processes most suit-
able to efficiently passivate the wafer bulk. Finally,
the SiNx:H layers were completely removed with a
5% HF bath at room temperature. The bulk passi-
vation process is shown schematically in Fig. 1.

To evaluate this hydrogen passivation process,
80-nm intrinsic amorphous silicon (a-Si:H(i)) layers
were deposited on both surfaces of the as-cleaned
mc-Si wafers to reduce the superficial recombina-
tion. The effective minority-carrier lifetime (seff) and
effective diffusion length (Ld) values were deter-
mined. The a-Si:H(i) films were prepared by PECVD
in another vacuum chamber with the same MVS
equipment employed for the deposition of the
SiNx:H material, to avoid cross-contamination. Fur-
thermore, mc-Si wafers which were not subjected to
the bulk passivation process were also introduced
into the same deposition process as a-Si:H(i) for as
reference. The fixed PECVD deposition parameters
for the a-Si:H(i) material were pressure of P = 400
mTorr, temperature of T = 200�C, radiofrequency
power (RFP) of 1 W, and silane flow of U(SiH4) = 20
sccm for 15 min. These a-Si:H passivating layers
have been previously optimized by using high-
quality monocrystalline silicon wafers as reference,
until obtaining seff above 2.2 ms and an implicit
open-circuit voltage above 750 mV.

The effective minority-carrier lifetime was
extracted at the minority-carrier injection level
measured by means of the quasi-steady-state pho-
toconductance (QSSPC) technique developed by
Sinton and Cuevas23-26 using a commercial setup
(Sinton Consulting WCT-120). The measurements
were taken using the contactless symmetrical a-
Si:H(i)/mc-Si/a-Si:H(i) structures, and the quality of
the hydrogen passivation process was estimated by
comparison with measurements on reference mc-Si
without hydrogenation.

From s, the diffusion length (Ld) was obtained
using the diffusivity (D) of silicon according to Eq. 1,

Ld ¼
ffiffiffiffiffiffi

Ds
p

ð1Þ

The value of D employed was 30.44 cm2 s�1 on
average, as estimated from the electron mobility for
p-type silicon with a doping level of 6 9 1015 cm�3,
obtained from the value of the resistivity of the
wafers (1 X cm to 3 X cm).27,28 Ld is a useful
parameter to extract information about recombina-
tion processes in semiconductors. The goal in solar
cells is to reach Ld values larger than the thickness
of the absorbent (in this case, Ld >> mc-Si thick-
ness � 200 lm).

RESULTS AND DISCUSSION

Study of Deposition Process of SiNx:H Layers
by PECVD

The influence of the PECVD deposition parame-
ters on the optical and structural properties of the
SiNx:H films was analyzed. The preparation condi-
tions on which this study focused were the ratio of
the precursor gas flows (R = u(N2)/u(SiH4)) and the
RFP. The effect of the introduction of H2 into the
mix of starting gases was also studied.

Influence of SiH4 and N2 Flow Ratio

One of the preparation parameters that has
conventionally been considered key to control the
material structure and composition is the ratio of
the precursor gas flows.29,30 Thus, two sets of
samples were prepared, in which the ratio R was
varied while maintaining u(SiH4) fixed at 20 sccm
or 5 sccm (Table I). The other deposition parameters
were also kept constant (T = 260�C, P = 550 mTorr,
and RFP = 80 W).

The relation of the bond densities of the hydrogen
bands (R*) and the refraction indexes (n605) pre-
sented in Table I reveal that, for the deposition
regimen established using these stable values of
temperature, pressure, and RF power, both the
material structure and optical properties were
completely dominated by U(SiH4). Therefore, all
the samples prepared with the same U(SiH4) had
similar R* and n605, regardless of the U(N2) used.

All films made with U(SiH4) = 20 sccm were
enriched in silicon, and the hydrogen atoms were
preferentially linked to Si atoms, as can be deduced
from the higher Si-H bond densities compared with
the N-H bond densities (R*< 1) and from their n605

> 2. On the contrary, when U(SiH4) was as low as 5
sccm, the material obtained was N rich with n605<
2 and N-H bond densities higher than the Si-H bond
density (R*> 1). Consequently, the flow relation (R)
is only a key parameter to control the material
composition when it is adjusted by varying U(SiH4).
Films deposited with similar flow relations, for
example, R = 9 and R = 10, but quite distinct
U(SiH4) values of 20 sccm and 5 sccm, had totally

Fig. 1. Proposed passivation process with SiNx:H before fabrication
of HIT solar cells. The bottom row illustrates the steps of optimization
of SiNx:H and the evaluation of bulk passivation.
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different compositions and optical properties. The
explanation can be found in the difference between
the stability of the SiH4 and N2 molecules. The Si-H
bonds of SiH4 are much weaker than the N-N triple
bond of the N2 molecule (H-Si: 393 KJ/mol; N-N: 941
KJ/mol) so that, maintaining the same applied RFP,
if u(SiH4) is too high, its depletion will control the
deposition process and the obtained SiNx:H will
have a high proportion of Si atoms in its
composition.

We also analyzed whether u(N2) affected other
material properties such as [H] and the mass
density. In this work, the effect of the deposition
parameters on the mass density was evaluated
directly by comparing the Si-N main band intensi-
ties divided by the film thickness and normalized at
the unit. The Si-N band intensity has been
described as a reliable qualitative estimation of
the mass density of a material.31 If we focus on the
samples prepared using a U(SiH4) of 5 sccm, an
appreciable decrease in Si-N band intensities is
observed when increasing u(N2) (Fig. 2), clearly
indicating a reduction in mass density. [H] rose
from 13% for the lowest u(N2) until reaching more
than 20% for the highest flows (Table I), also
evidencing a less dense material.

The correlation between u(N2) and the mass
density is associated with the high stability of N2

molecule. During the deposition process, N2 mole-
cules must remain in the space between the elec-
trodes for long enough that the supplied power can
break the strong N-N bonds and generate sufficient
nitrogen radicals in the plasma. The decrease of the
residence time caused by an increase of u(N2) leads
to the formation of fewer N radicals, which will
result in a deposited material that is deficient in
nitrogen atoms. Furthermore, it is possible that the
SiH4 depletion does not provide the amount of
hydrogen necessary to passivate the dangling bonds
of the silicon atoms not bonded to nitrogen, this
being the reason why the material is not very
compact. To corroborate the above, the chemical
composition in the bulk of some SiNx:H films from
this series was analyzed by XPS measurements
with etching in depth.

Assuming that the differences between the values
are small, certain trends can be seen in the per-
centage of the elements. When increasing u(N2), the
films contain a lower nitrogen percentage in their
composition (N from 47 at.% to 43 at.%), which is in
accordance with the decrease of the Si-N band
intensity observed in Fig. 2. It is worth noting the
substantial oxygen percentage in the bulk composi-
tion, possibly coming from ambient contamina-
tion,32 which also increases as more u(N2) is
introduced (O from 9 at.% to 12 at.%). To verify
that the film was indeed contaminated by ambient
oxygen, a sample consisting of a SiNx:H film covered
by a thin a-Si:H(i) layer (� 20 nm), deposited
following the same process, was analyzed by XPS.
This a-Si:H layer was intended to act as a barrier
preventing oxygen penetration into SiNx:H bulk.
The SiNx:H film covered with the a-Si:H(i) layer
exhibited a significantly lower oxygen percentage (4
at.% versus 11 at.%), confirming the ambient origin
of the oxygen.

In view of these results, we can say that, in the
deposition regimen studied, u(N2) does not practi-
cally affect the structure or optical properties of the
material but has an important effect on the mass
density and consequently on [H]. The deposited
material is less compact and is more exposed to

Table I. Hydrogen content [H], bond density relation R*, and refraction indexes at 605 nm of SiNx:H samples
deposited with different flow ratios (R) at two fixed U(SiH4) values

U (SiH4) (sccm) U (N2) (sccm) R n605 Si-H (at/cm3) N-H (at/cm3) R* [H] (%)

20 30 1.5 2.5 2 9 1022 3 9 1021 0.96 14
20 60 3 2.1 2 9 1022 3 9 1021 0.96 13
20 200 10 2.2 1 9 1022 3 9 1021 0.97 11
5 15 3 1.9 8 9 1020 2 9 1022 1.06 13
5 25 5 1.9 2 9 1021 4 9 1022 1.06 22
5 35 7 1.8 9 9 1020 3 9 1022 1.08 23
5 45 9 1.7 5 9 1020 3 9 1022 1.08 26
5 65 13 1.8 2 9 1021 3 9 1022 1.06 23

Fig. 2. Normalized FTIR spectra of SiNx:H samples with different
u(N2) and fixed /(SiH4)=5 sccm. We observe important variation of
Si-N band with the /(N2).
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contamination by oxygen when high flows of nitro-
gen are introduced.

Influence of RFP

To study the effect of RFP between 20 W and 80 W
(that is, 0.2 W/cm2 to 0.8 W/cm2), we employed a low
silane flow of u(SiH4) = 5 sccm to avoid the process
being dominated by silane depletion, thus the
deposited material could be a mixture of amorphous
silicon-silicon nitride in the low power regimen.

The study was carried out at three R values (13, 7,
and 3) corresponding to u(N2) values of 65 sccm, 35
sccm, and 15 sccm, respectively. For all the values of
R, we observed that the RFP deeply affected the
material composition, as can be seen from the
evolution of the bands in the FTIR spectrum
(Fig. 3). Increasing RFP shifted the Si-N main band
peak towards higher wavenumber due to the
replacement in the lattice of Si atoms by more
electronegative nitrogen atoms, which increases the
Si-N bond energy. Furthermore, the hydrogen
bands corresponding to the N-H bonds started to
appear, while the Si-H bands vanished. These
results indicate that the SiNx:H material was
enriched in nitrogen as the RFP was increased.33

Figure 4 shows [H] versus the ratio R* for the
three series of R assayed. The most hydrogenated
films were those prepared at the lowest and highest
RFP values, also corresponding to the lowest and
largest values of R*. In contrast, the films in which
R* was close to unity exhibited the lowest hydrogen
contents. We observed the same trend in the three
series; that is, the films with more [H] were also the
most enriched in both Si (Si-rich material) and N
(N-rich material).

Influence of H2 Flow

To assess the effect of introducing H2 into the
precursor gas mixture, a set of samples was

prepared with u(H2) varied from 0 sccm to 35 sccm.
The other deposition parameters were kept constant
at R = 7 with u(SiH4) = 5 sccm, RFP of 80 W, T =
260�C, and P = 550 mTorr. Incorporation of H2 gas
produced a remarkable change in both the material
structure and its optical properties, achieving a
material that was increasingly enriched in Si with
increasing u(H2). The Si-H bond intensity increased
while the N-H bond intensity decreased as U(H2)
was increased. As a consequence, n605 varied from
1.8 to 2.1 and R* decreased (from 1.08 to 0.98). For a
low u(H2) value of 5 sccm, significant variations in
the composition were not observed, as can be seen
from the similar distribution of FTIR bands and n605

values with respect to the sample obtained without
U(H2) (Fig. 5). However, the increase of the Si-N
band intensity and the large reduction of [H]
indicate a notable densification effect when using
a u(H2) value of only 5 sccm (Fig. 5, inset). The
hydrogen loses its densification ability as the flow is
increased, as can be deduced from the evolution of

Fig. 3. FTIR spectra of SiNx:H samples deposited by PECVD with different RF-Power, U(SH4)=5 sccm and U(N2)=65 sccm (R=13). Similar
trends were observed for series with R = 7 and R = 3.

Fig. 4. Hydrogen contents versus the relation R*=log [N-H]/log [Si-H]
for the three series of R with different RFP applied.
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[H] for the films with u(H2), acting exclusively on
their composition.

Considering these results, one can say that incor-
poration of H2 gas allowed the refractive index to be
adjusted to higher values, obtaining an Si-richer
material with enhanced mass density. Previously,
Si-rich films with n605 > 2 were also obtained by
using RFP values as low as 20 W, but impairing
their mass density, as seen by comparing the FTIR
spectra in Fig. 5.

Bulk Passivation of Multicrystalline Silicon
Wafers

As discussed above, the effectiveness of the pas-
sivation by the SiNx:H material does not depend
exclusively on its grade of hydrogenation, as the
annealing processes also play an essential role.
Therefore, both the annealing temperature and
material properties should be chosen appropriately.
For this reason, three sets of samples of SiNx:H
previously analyzed with n605 values of > 2.1, � 2,
and < 1.9, where the hydrogen was preferentially
bonded to Si, shared between Si and N, and
preferentially bonded to N, respectively, were
assayed. For each refractive index, in addition to
samples with different [H], samples with distinct
mass densities were also selected since this material
property has been shown to greatly influence the
passivation of defects, thus denser films have been
reported to provide improved passivation
parameters.34-36

In the passivation method described herein, after
depositing the SiNx:H films, the wafers were sub-
jected to RTA processes in forming gas atmosphere.
Two temperatures were studied: 650�C and 750�C.
The aim is to identify which combination of RTA
temperature and SiNx:H composition provides the
best passivation parameters and determine the
impact of the mass density on the effectiveness of

the passivation. The bulk passivation ability was
estimated by QSSPC measurements once the
SiNx:H layers had been removed by immersion in
diluted HF:DIW solutions at room temperature and
a-Si:H(i) films had been deposited on both faces of
the mc-Si wafers.

Table II summarizes the bulk passivation results
for the mc-Si wafers after RTA treatment at 650�C.

For this temperature, appreciable improvements
in s and Ld were observed compared with reference
values of mc-Si wafers without H passivation (s0<
23 ls and Ld < 173 lm). As can be seen from
Table II, greater lifetimes (s > s0) and diffusion
lengths (Ld>> thickness of mc-Si wafers � 200 lm)
values were attained with rich-Si samples with n605

> 2.1 (samples F and G). The best bulk passivation
result (s = 60 ls) was obtained when the SiNx:H was
also highly hydrogenated at [H] = 21 at.%. However,
it is worth noting the lifetime of s = 39 ls obtained
with the slightly hydrogenated sample (G) with only
[H] = 12 at.%. This is due to the densification caused
by the incorporation of u(H2) into the precursor
gases (see the Si-N bands in FTIR spectra in Fig. 6).
The compactness favors hydrogen diffusion in its
atomic form over its molecular form, achieving more
efficient passivation.34 At 650�C, Ld above 300 lm is
also achieved by using films with n605< 1.9 and a
high hydrogen content of 23 at.% (sample B).

Then, similar samples were subjected to a higher
temperature (750�C) to mobilize hydrogen bonded
as N-H of the SiNx:H films with n605< 2 and observe
whether it affected the bulk passivation. After this
annealing treatment, one can highlight only the
result of s = 48 ls and Ld = 381 lm, obtained using
the films with high hydrogen content ([H] = 23 at.%)
(sample B). However, s was not as high as that
achieved with films subjected to RTA at 650�C, even
though their [H] values were comparable. This is
probably due to effusion of atomic hydrogen of the

Fig. 5. Evolution of FTIR spectra and hydrogen content (inset) of SiNx:H samples deposited by PECVD with incorporation of U(H2) into the gas
mixture. Incorporation of H2 gas allowed an Si-richer material (see Si-H band) with enhanced mass density (see evolution of Si-N band) to be
obtained. At a low RFP of 20 W, the Si-richer material was also obtained previously (see Si-H band).
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Si-H bonds in the SiNx:H films that are Si rich when
the annealing occurs at temperatures higher than
650�C.

If we examine the best passivation results for
each RTA temperature (i.e., samples B and F), we
can appreciate that SiNx:H films present a high
hydrogen content. The passivation could be even
better if an intense Si-N band in FTIR spectra is
obtained (as for sample G with u(H2)), again
highlighting the key role of mass density in the
passivation effectiveness.

Regarding the viability of this bulk passivation
method using SiNx:H for solar cells, we achieved
diffusion lengths considerably above the thickness
of mc-Si wafers, so we can conclude that such mc-Si
wafers, after this H-passivation process, could be
used as absorbents in HIT solar cells. Furthermore,
as can be inferred from these passivation values,
there is not an appreciable deterioration or contam-
ination on the surfaces of the mc-Si wafers, which is
especially important for heterostructures to avoid
surface recombination. Thus, no additional cleaning
steps would need be introduced, and the surfaces

would be ready for deposition of subsequent layers
in the HIT solar cell manufacturing process.

CONCLUSION

We propose herein the use of SiNx:H films
deposited by PECVD using pure silane and nitrogen
instead of ammonia as precursor gases to passivate
defects in the bulk of p-type textured mc-Si wafers
to be used as the absorber in HIT solar cells. We
present a simple method consisting of deposition of
SiNx:H films on both faces of mc-Si wafers, followed
by RTA treatment to release atomic hydrogen from
the SiNx:H layers and diffuse it through the bulk to
passivate defects. Finally, the SiNx:H films are
completely removed, leaving surfaces ready for use
in HIT solar cells.

First, based on an exhaustive study of the depo-
sition process, we identified the N2/SiH4 flow ratio
and the RFP as parameters having a clear impact
on the structure, composition, and optical properties
of the material. Regarding the flow ratio, the
adjustment of the material composition is practi-
cally dominated by U(SiH4). On the contrary, U(N2)

Table II. Effective minority-carrier lifetime (injection level at NA = 10215 cm23) and diffusion length of H-
bulk passivated mc-Si wafers after RTA treatment at 650�C for 6 s

n605 Sample R
U(H2)
(sccm)

RFP
(W) n605

[H]
(%)

seff
(ls)

Ld

(lm)

< 1.9 A 3 0 80 1.86 13 19 238
B 13 0 80 1.80 23 32 311
C 7 5 80 1.86 14 17 226

� 2 D 3 0 50 1.98 12 19 239
E 7 15 80 1.93 9 23 263

> 2.1 F 13 0 20 2.34 21 60 424
G 3 16 80 2.25 12 39 342

Fig. 6. FTIR spectra of SiNx:H samples for which the best H-bulk passivation results of mc-Si wafers were obtained. Samples F and G were the
best SiNx:H for RTA at 650�C with final lifetime of 60 ls and 39 ls, respectively, for passivated mc-Si wafers. Sample B was the best SiNx:H for
RTA at 750�C with final lifetime of 48 ls for passivated mc-Si wafers.
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mainly affects the mass density and consequently
[H]. The RFP strongly alters the material composi-
tion, enriching SiNx:H with nitrogen as it increases.
The films with the highest values of [H] corre-
sponded to both Si- and N-rich materials prepared
at low and high RFP values, respectively. Finally,
the introduction of an additional H2 gas flow was
demonstrated to be a useful strategy to adjust the
refractive index to higher values and enhance the
mass density of the material.

We then estimated the bulk passivation ability of
SiNx:H films with different refractive indexes,
hydrogen contents, and mass densities. The best
results (s � 60 ls and Ld> 400 lm, greater than the
thickness of the mc-Si wafers) were achieved by
using Si-rich SiNx:H layers that were highly hydro-
genated after RTA at 650�C. For this temperature,
good results were also obtained with Si-rich but
slightly hydrogenated films, for which the material
density was increased by introducing a hydrogen
flow, evincing the importance of the mass density in
the effectiveness of the passivation. Notable im-
provements were also observed (s � 48 ls) with N-
rich SiNx:H films with high hydrogen content
subjected to RTA at 750�C.

Considering the results of this investigation, it
can be concluded that such SiNx:H material pre-
pared by PECVD using N2 gas as nitrogen source
provides sufficient hydrogen and has appropriate
properties to be utilized in the bulk passivation
method proposed for mc-Si wafers.

Furthermore, this hydrogenation process is easily
reproducible, viable, and not complicated to incor-
porate as a previous step in the HIT solar cell
production chain based on low-cost and more sus-
tainable mc-Si wafers.

ACKNOWLEDGEMENTS

This work has been funded by the Spanish of
Ministry of Economy and Competitiveness under
projects CHENOC ‘Silicon HEterojunction solar
cells in Non-Conventional structures’ (ENE2016-
78933-C4-3-R). Program Oriented to the Challenges
of the Society - Spain National Plan for Scientific
and Technical Research and Innovation 2013-2016.
The authors would like to thank the Unit of
Microstructural and Microanalysis Characteriza-
tion of CIEMAT for XPS measurements and the CAI
of Physic-UCM for RTA treatments.

CONFLICT OF INTEREST

The authors declare that they have no conflicts of
interest.

REFERENCES
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