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ABSTRACT

High temperature passivating contacts for c-Si based solar cells are intensively studied
because of their potential in boosting solar cell efficiency while being compatible with industrial
processes at high temperatures. In this work, the hydrogenation mechanism of fired passivating
contacts (FPC) based on c-Si/SiOx/nc-SiCx(p) stacks was investigated. More specifically, the
correlation between passivation and local re-distribution of hydrogen resulting from the
application of different types of interfacial oxides (SiOx) and post-hydrogenation processes
were analyzed. To do so, the applied processing sequence was interrupted at different stages in
order to characterize the samples. To assess the hydrogen content, deuterium was introduced
(alongside/instead of hydrogen) and secondary ion mass spectroscopy (SIMS) was used for
depth profiling. Combining these results with lifetime measurements, the key role played by
hydrogen in the passivation of defects at the c-Si/SiOx interface is discussed. The SIMS profiles
show that hydrogen almost completely effuses out of the SiCx(p) during firing, but can be re-
introduced by hydrogenation via forming gas anneal (FGA) or by release from a hydrogen
containing layer such as SiNx:H. A pile-up of H at the c-Si/SiOx interface was observed and
identified as a key element in the FPC’s passivation mechanism. Moreover, the samples
hydrogenated with SiNx:H exhibited higher H content compared to those treated by FGA,
resulting in higher iVoc values. Further investigations revealed that the doping of the SiCx layer
does not affect the amount of interfacial defects passivated by the hydrogenation process
presented in this work. Eventually, an effect of the oxide’s nature on passivation quality is
evidenced. iVoc values of up to 706 mV and 720 mV were reached with FPC test structures
using chemical and UV-O3 tunneling oxides, respectively, and up to 739 mV using a reference
passivation sample featuring a ~25 nm thick thermal oxide.



1. INTRODUCTION

Over the past decade, the photovoltaic (PV) market has seen a tremendous growth. While
the annual installed PV capacity was still below 7 GW,, in 2008, it reached 100 GW,, in 2018
and this trend is expected to continue [1-3]. This evolution was enabled by a continuous
increase in solar cell efficiencies [4] and cost reductions for solar cells and PV modules [1].
One of the key factors for high efficiencies is the suppression of recombination losses at the
contacts, usually achieved by the deposition of a material that passivates the wafer surface,
deactivating defects that act as recombination centers [5,6]. A well-known example is the
heterojunction solar cell, where an intrinsic hydrogen-rich amorphous silicon layer is used to
passivate interfacial defects. This cell design reaches conversion efficiencies up to 26.7 % in an
interdigitated back contacted design, the current world record for single junction c-Si based
solar cells [7]. As these heterojunction devices rely on hydrogenated amorphous silicon layers
for passivation, they are not compatible with the most common industrial metallization
processes that require high-temperatures.

Recently, cells based on so called high temperature passivating contacts (HTPC) have
attracted attention thanks to conversion efficiencies >25.5% [8,9] combined with compatibility
with the high temperatures (>800 °C) typical of nowadays industrial processes. Most of these
passivating contacts are made of a thin (1.2 — 3.6 nm) silicon oxide (SiOx) layer capped with a
doped poly-silicon layer (poly-Si). The stack is then annealed at high temperature and
subsequently hydrogenated to provide chemical passivation [10-15]. This annealing is usually
performed in a tube furnace at temperatures > 800 °C and with heating ramps of 1-10 °C/min,
leading to a crystallization of the deposited silicon layers and in-diffusion of dopants into the
silicon wafer forming a shallow doped region below the poly-Si/SiOx stack [16].

In contrast to such approaches, the recently published fired passivating contact (FPC) is
fabricated in a single rapid thermal processing (RTP) step, also called firing [17]. This step is
used to metallize industrial solar cells [18,19]. Such a process typically requires temperature
>750 °C, which are reached with ramps of ~50 °C/s and maintained for a few seconds only.
The fabrication of an FPC thus requires a much lower thermal budget than HTPCs based on
long annealings. As firing is too short to promote dopant in-diffusion, excellent interface
passivation is needed to avoid recombination losses and to achieve high open circuit voltages
(Voc). Further, the high temperature ramps lead to fast hydrogen effusion, which can lead to
blistering. Avoiding such layer delamination is thus a challenge for the FPCs but could be
overcome by the addition of carbon into the Si-network [17]. The C content was tuned in order
to avert blistering while fostering layer crystallization, which was found to be beneficial for
surface passivation and charge carrier extraction. The integration of the FPC as rear hole
selective contact, co-fired with a screen printed Ag grid contacting a POCIs diffused front
emitter, resulted in a conversion efficiency of 21.9 % [17].

Hydrogenation is an essential processing step for HTPC (both annealed and fired), during
which interfacial defects are passivated, allowing to reach high Voc values. It also plays a key
role in surface passivation of many other type of solar cell architectures, and even in bulk quality
improvement [20,21]. In this work, the distribution and migration of hydrogen in FPCs is
analyzed by means of Secondary lon Mass Spectrometry (SIMS). The impact of hydrogen re-
distribution on surface passivation is studied. A special focus is set on the effect of the various
processing steps as well as the influence of the oxide nature on passivation and hydrogen
distribution. Deuterium has been incorporated in the samples analyzed by SIMS. The advantage
of this being that, in contrast to hydrogen, the deuterium signal is not affected by residual air
present in the chamber or humidity adsorbed on the sample surface. Moreover, the detection
capability of SIMS is higher for deuterium than for hydrogen.



2. EXPERIMENTAL

2.1. Fabrication

Symmetrical test structures were fabricated on double side polished (DSP) or shiny etched
(SE) p-type float zone (100) wafers. The DSP wafers had a thickness of 280 wm and a resistivity
of 3 Qcm, while the SE wafers, purchased from a different supplier, had a thickness and
resistivity of 200 um and 2 Qcm, respectively. The first processing step consisted of a wet
chemical cleaning, ending with a hot HNOs treatment (69 %, 80 °C, 10 min) growing a ~1.3
nm thin wet chemical SiOx layer on the wafer surfaces [22,23]. Next, a ~25 nm thick
hydrogenated amorphous a-SiCx(p):H (~2.5 at.% of carbon [17]) layer was deposited by Plasma
Enhanced Chemical Vapor Deposition (PECVD) at 200 °C. Subsequently, the samples were
fired for 3 s at ~800 °C. During this step, the initially amorphous film (a-SiCx(p):H) crystallizes
into nanocrystalline nc-SiCx(p) and hydrogen effuses from that layer. Re-hydrogenation was
then performed either via a forming gas anneal (FGA) for 30 min at 500 °C, or via hydrogen
diffusion from a ~70 nm thick sacrificial layer of SiNx:H. The latter was deposited at 250 °C in
an in-house built PECVD tool and optimized for release of H during a subsequent 30 min
hotplate annealing at 450 °C [16]. After this hydrogenation step, the SiNx:H layer was removed
in a HF solution. Ellipsometry measurements indicate a refractive index of ~2.0 for these
SiNx:H layers. More details about the fabrication process can be found in [17]. Note that the
standard hydrogenation route used in this paper is the one by sacrificial SiNx:H layer. FGA was
applied only once for comparison.

For the samples to be analyzed by SIMS, deuterium was added into the layers by replacing
the Ha gas flows by D> during the FGA and a-SiCx(p):H/D and SiNx:H/D PECVD processes.
Note that during these PECVD depositions, SiH4 and NHz or trimethylborane (TMB) gas flows
were present alongside D2. Thus, both deuterium and hydrogen have been incorporated in these
layers. The term hydrogenation is used indifferently whether deuterium is diffused alongside
hydrogen for passivation or not.

Due to its higher mass, deuterium has a lower diffusivity than hydrogen [24]. Thus, the
kinetics of the hydrogenation process are expected to be different. However, the passivation
mechanism should be identical, as the nature of both isotope’s bond with Si is the same.
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Fig. 1: Schematic illustration of the fabrication process using a sacrificial SiNx:H/D layer for hydrogenation.
Note that a chemical cleaning was performed prior to the oxidation. Deuterium was incorporated into the layers
by replacing the H. gas flows by D, in the two mentioned PECVD processes.

Different experiments were performed, investigating the effect of various parameters on the
hydrogenation of the FPC. In the first one, the distribution and migration of hydrogen during
the processing sequence and its effect on passivation was studied. To do so, deuterium was
incorporated into the samples and their passivation and chemical composition were measured
at different steps of the processing sequence: 1) after a-SiCx(p) deposition, 2) after firing, and



3) after hydrogenation (FGA or SiNx:H/D). All samples for this study were fabricated on DSP
wafers, as a flat surface is needed for SIMS measurements.

In a second experiment, the wet chemical oxide (HNO3) was replaced by a ~25 nm thick
thermally grown oxide (90 min in an oxygen ambient at 900 °C, applying N2 ambient while
ramping the temperature up and down [25-28]) in order to determine more accurately the
location of the deuterium in this layer (1.3 nm being smaller than the SIMS’s depth resolution).
A reference sample without oxide layer (HF stripping of the SiOx before the SiCx(p) deposition)
was also processed. For both samples SIMS and lifetime measurements were performed in the
as-deposited and hydrogenated state, and compared to the previous samples featuring a wet
chemical oxide.

In a third experiment, the effect of the interfacial oxide’s nature on the passivation quality
was investigated. The samples were fabricated on SE wafers, as no SIMS analysis was
performed, and their lifetimes measured after hydrogenation (deposition of SiNx:H, hotplate
treatment, stripping of the SiNx:H in HF). Three different types of interfacial oxides were
compared with each other, namely chemical oxide, grown in hot HNO3 [22,23], UV-Ozone
(UV-03) oxide, grown by exposing the wafer to UV radiation in ambient air (2 min each side)
[29-31], and thermal oxide, grown in a tube furnace (grown as detailed above) [25-28]. The
thicknesses of the interfacial oxides were ~1.3 nm for the chemical and the UV-O3 oxides and
~25 nm for the thermal oxide, as measured by ellipsometry. Note that the latter sample has to
be considered as a reference, as such a stack with a homogenous 25 nm thick SiO: layer could
not be applied as contact. Unfortunately, growing a homogeneous, 1.3 nm thin thermal oxide
at 900 °C is very challenging (and reducing the oxidation temperature affects the oxide quality
[32]). Thus, a thickness of 25 nm was chosen, in order to enable comparison with the other
experiments, where such thick thermal oxides were wanted.

Finally, the effect of the SiCx layer on the hydrogenation process was studied. To do so,
intrinsic, p-type and n-type a-SiCx layers were deposited on both sides of SE wafers covered
with a ~25 nm thick thermal oxide. After firing and hydrogenation, the SiCy layer was stripped
by a selective etch-back in a 20 % KOH solution at 60 °C. Lifetime measurements were
performed after each processing step. Note that the samples with an intrinsic SiCx layer were
not fired. Indeed, the SiCx(i) was found to be more prone to blistering than the doped SiCx
layers. Thus, the firing step was replaced by a long hotplate (HP) anneal (7h @ 500 °C) to
effuse hydrogen out of the SiCx(i).

2.2. Characterization

The passivation quality of the samples was assessed by measuring the photoconductance
decay using a Sinton WCT-120 instrument, recording the injection dependent effective minority
carrier lifetime (zerf) and computing the implied open circuit voltage (iVoc) at 1 sun [33-35],
implementing the Auger correction published by Richter et al. [36]. The dark saturation current
density (Jo) was extracted from this data according to the method published by Kimmerle et al.
[37]. The Jo values are given per wafer side. From the lifetime, the effective surface
recombination velocity (Serr) was computed according to Sproul’s equation [38]. The value of
the diffusivity needed for this computation was determined with the help of PV Lighthouse’s
mobility calculator [39].

The chemical composition of the layers was measured by SIMS, usinga CAMECA SC-Ultra
instrument with a 1 keV Cs* primary ions bombardment. Deuterium was analyzed as D™ and
DCs>". Ions were collected from an area of 60 um in diameter, with a depth resolution of ~4 nm
(not element dependent) [40]. A selection of samples was further characterized by Rutherford
Backscattering Spectrometry (RBS) with a 2 MeV He ion beam [41]. Measurements were
performed at the ETH Laboratory of lon Beam Physics using a silicon PIN diode detector under
168°. The hydrogen and deuterium content of the samples’ layers was determined by Elastic



Recoil Detection Analysis (ERDA) under 30° using a 2 MeV He beam and the absorber foil
technique [41]. The collected RBS data was analyzed by the RUMP code [42]. Note that the
depth resolution of H in Si of this measurement technique is about 50 nm [41]. Our layers being
thinner than that, the hydrogen and deuterium contents are given as a surface concentration
(at/cm?), corresponding to the total amount of H and D throughout the layer stack.

Layer thicknesses were measured using a UVISEL™ ellipsometer from HORIBA Jobin
Yvon S.A.S.

3. RESULTS

3.1 Hydrogen distribution and migration as a function of the processing step

Looking at the lifetime curves throughout the individual steps of the processing sequence
(Fig. 2a), it can be observed that the samples do not reveal any appreciable surface passivation
after SiCx deposition. The firing process then slightly increases their iVoc (< 605 mV,
corresponding to zegai0”em® < 50 ps). Finally, the post hydrogenation process provides a
significant improvement. It is interesting to observe that higher iVoc values were reached when
the hydrogenation was done with a sacrificial SiNx:H, rather than via FGA. SiNx:H
hydrogenation resulted in iVoc values up to 693 mV (zef@i0”en = 950 ps, Jo = 22 + 5 fA/cm?),
whereas FGA treated samples reached only 649 mV (zefi@i0”cn® = 190 ps). To gain a deeper
understanding of these iVoc trends, deuterium profiles were measured by SIMS (Fig. 2b),
analyzing negative secondary ions (high sensitivity to deuterium). First of all, it can be noticed
that the deuterium content in the a-SiCx(p):H layer in the as deposited state is high and
homogenous. Nevertheless, its iVoc is low due to the defective nature of the SiOx/c-Si interface.
During firing, deuterium effuses out of the SiCx(p) and its concentration drops below the
detection limit of the SIMS. Finally, the hydrogenation results in an increase of the deuterium
content in the SiCx(p) and a strong peak at the position of the SiOx layer. As expected from
lifetime results in Fig. 2a, the hydrogenation by a sacrificial SiNx:H layer introduces more
deuterium than the FGA, explaining the observed trends. This is consistent with the work by
Lelievre et al. and Dekkers et al., showing that part of the hydrogen released from SiNx:H is in
its atomic form, which diffuses more rapidly than molecular hydrogen from FGA [43,44]. Other
parameters potentially affecting the hydrogen diffusion are the process temperature (450 °C for
the hotplate treatment, vs. 500 °C for the FGA) and the concentration of hydrogen in the source
(~18 at.% for SiNx:H, vs. ~4 at.% for FGA).

The total deuterium concentration in the layer, measured by He ERDA, is given in Fig. 2b
for the as-deposited, fired and hydrogenated (by a sacrificial SiNx:H/D layer) samples: (2.0 +
0.4)-10%° at/cm?, < 0.1-10%° at/cm? and (0.4 £ 0.2)-10% at/cm?, respectively. Besides the
deuterium introduced through a D> gas flow, there is also hydrogen incorporated into the layers
through precursor gases like SiHs and TMB. The hydrogen content measured by He ERDA for
the as-deposited, fired and hydrogenated (by a sacrificial SiNx:H/D layer) samples were (44 +
5)-10% at/cm?, (3 £ 1)-10° at/cm? and (5.8 = 0.6)-10*° at/cm?, respectively. Note that these
values could be biased by adsorption of humidity on the sample surfaces before ERDA
measurements. This effect could explain the fact that the measured hydrogen content is above
the detection limit after firing, whereas it drops below this limit for deuterium. Assuming a
background signal of 3-10%° at/cm? of hydrogen, a H/D ratio of ~7 is measured after
hydrogenation. He ERDA measurements on the SiNx:H layer reveal a H/D ratio of ~1.6,
indicating a faster diffusion for hydrogen than for deuterium, in agreement with literature [24].
The as-deposited sample displays a homogeneous hydrogen and deuterium distribution
corresponding to a total combined concentration of H + D of (1.8 + 0.4)-10? at/cm®, i.e. >25
at.% according to [45]. This amount was found to be much lower after firing and hydrogenation,
as the layer crystallized, containing thus less structural defects to be hydrogenated.
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Fig. 2: (a): Minority carrier lifetime curves of selected samples at various processing stages, namely as
deposited, fired, FGA, SiNx:H hydrogenation (after deposition, hotplate anneal and removal of the SiNy layer
in HF), as a function of minority carrier density (MCD). The dashed line marks the MCD of 1 - 10'°c¢cm~2 at
which tepar0”cnin the text are determined. (b): Deuterium depth profiles (D SIMS intensities) for samples at
different processing stages. The total concentration of deuterium within the samples (Cp,total), measured by He
ERDA, is given for the as deposited, fired and SiNx:H hydrogenated samples.

3.2. Hydrogen distribution and migration for different thicknesses of the interfacial
oxide

The SIMS depth profiles showed that the deuterium accumulates mainly at the position of
the SiOx layer, which is in agreement with the work performed by Schnabel et al. [46] and
Dingemans et al. [47] using Al2O3:D as deuterium donor layer. However, as the thickness of
the chemical oxide is lower than the depth resolution of the SIMS (~4 nm), no conclusion about
the exact location of the deuterium can be drawn from these measurements. For a deeper
understanding of deuterium accumulation after the hydrogenation process, we analyzed the
SIMS profile of a sample grown with a thick thermal oxide, and compared it to those of samples
with a thin chemical tunneling oxide and no oxide (Fig. 3). For these measurements, DCs,"
secondary ions were analyzed, as this mode is less prone to matrix effects and thus a more suited
approach to compare signals coming from different materials.

As shown in Fig. 3a, the sample without the interfacial SiOx has a similar amount of D in
the a-SiCx(p) than the other samples, in both as-deposited and hydrogenated states. Despite that,
surface passivation is poor (iVoc < 600 mV after hydrogenation). The comparison with Fig. 3b
illustrates that it is the previously observed accumulation of D at the SiOx layer that enables
high iVoc values. Finally, Fig. 3c shows that after hydrogenation, D accumulates at both
SiO2/nc-SiCx(p) and SiO/c-Si wafer interfaces whereas its concentration is low within the
SiO». Such results are in agreement with the hypothesis that hydrogen accumulates at defective
interfaces to passivate defects. In this specific case the H-accumulation at c-Si/SiOx enables to
reach high iVoc values [48,49]. The especially high iVoc value of 728 mV (zefai0”cn” = 3350
us, Jo = 1.4 + 0.5 fA/cm?) obtained for the sample with the thermal oxide layer indicates
potential for improvement for the thin interfacial oxides. It is also interesting to note that the
thick thermal oxide layer provides much better passivation in the as deposited state than the
chemical oxide.
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Fig. 3: Deuterium profiles (DCs;* SIMS intensities) for samples with (a) no interfacial oxide, (b) a chemical
tunneling oxide and (c) a thick thermal oxide, in the as deposited state (dashed line) or after hydrogenation
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corresponds to the c-Si wafer, whereas the a-SiCx(p) layer is located in the green region on the left. The iVoc
values of the samples (in mV) are given below the lines.

3.3. Effect of the interfacial oxide’s nature on the passivation quality

In this section the impact of various interfacial oxides on the passivation is studied. To do
so, SiCx(p) layers were deposited on SE wafers covered with a chemical oxide (~1.3 nm), a
UV-O3z oxide (~1.3 nm) or a thermal oxide (25 nm). The measured lifetime curves as a function
of the injection level are shown in Fig. 4.

A first observation is a trend to higher iVoc values when moving from chemical, to UV-Os,
to thermal oxide: 706 mV, 720 mV and 737 mV, respectively, corresponding to zefa0”cm® Of
555 ps, 1100 ps and 3170 ps, and Jo of 8.3 + 0.6 fA/cm?, 7.5 + 0.3 fA/cm? and 2.3 + 0.5 fA/cm?.
This improvement is believed to be linked to changes in the oxide’s chemistry, which, according
to literature, becomes closer to the stoichiometric ratio of 1:2 when switching from a chemical,
to a UV-Og, and then to a thermal oxide [29,50].

Note that while the samples with chemical and UV-O3 oxide can be compared directly, as
the type of interfacial oxide was the only parameter varied, care has to be taken when comparing
them with the sample with thermal oxide as the latter is thicker and has a different thermal
history. Nevertheless, these results show that the nature of this oxide has a major influence on
the final passivation quality.

A second observation is that all iVoc values are ~10 mV higher than in the previous
experiments, thus exceeding 700 mV even for the samples processed with a chemical oxide (as
previously published in [17]). The Jo value decreases from 22 to 8.3 fA/cm? for the samples
featuring a chemical oxide on a DSP and SE wafer, respectively, and increases from 1.4 to 2.3
fA/cm? for the DSP and SE samples with a thermal oxide. The reason behind this difference is
unclear. Potential factors are the nature of the surface and different bulk lifetimes (as these
wafers are provided by different suppliers). Furthermore, it should be mentioned that the
computation of Jo becomes inaccurate and dominated by experimental uncertainties when
approaching low values (< 4 fA/cm?) [37].

Finally, the 720 mV of iVoc reached for the sample with a UV-Oz3 tunnelling oxide layer,
corresponding to a Jo of 7.5 + 0.3 fA/cm?, confirm the high potential of the FPC.
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Fig. 4: Minority carrier lifetime curves, after hydrogenation, of samples
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3.4. Study of the influence of the SiCx layer’s doping on the hydrogenation process

A set of samples with p-type, n-type and intrinsic SiCx layers deposited by PECVD on thick
thermal oxides was prepared to investigate whether the doping of the nc-SiCyx layer affects the
hydrogenation process of the FPC, i.e. whether it influences the amount and charge state of the
H diffused to the c-Si/SiOx interface, thus affecting the passivation quality. Such an effect has
been reported by Yang et al. [51]. The usual processing sequence was completed with a
selective etch-back of the SiCy layer in a KOH solution, in order to eliminate a potential field
effect contribution by the doped layer to the surface passivation. Care was taken to selectively
etch the partially crystallized SiCx layer and not the underlying oxide layer, such that the
passivation of the interface was not compromised. The results are reported in Fig. 5.

As can be observed, all iVoc values remain < 690 mV until the SiNx:H deposition. Excellent
passivation can then be obtained thanks to the diffusion of hydrogen from the nitride layer
towards the c-Si/SiO> interface on a hotplate, reaching iVoc values > 740 mV for all SiCy layers
studied here. This value drops slightly (by 4-8 mV) after stripping of the SiNx layer. Similarly,
after etching off the SiCx layer, only a slight degradation in iVoc (by 1-8 mV) was observed,
the exception being the SiCx(i) which presented local blistering that probably induced
inhomogeneous etching and thus locally severe damage of the oxide layer altering the surface
passivation, as indicated by an increase in Jo from 2.3 + 0.5 fA/cm? to 13.2 + 0.9 fA/cm?,

Just after PECVD of the SiNx:H layer, a difference of ~40 mV in iVoc can be observed
between samples featuring a SiCx(p) layer and samples featuring a SiCx(i/n) layer. The origin
of this effect is still unclear and requires further investigation.

However, this difference vanishes after hydrogenation, indicating that the final amount of
defects passivated by hydrogen (diffused for 30 min at 450 °C) is independent of the layer
doping. Further experiments aiming at investigating the impact of the layer doping on the
kinetics of this hydrogenation process are required. Moreover, the fact that the SiCx layer can
be removed without major passivation loss indicates that, in the present case of a ~25 nm thick
thermal SiO., the doped SiCx layer does not contribute to the passivation. Assuming that the
fixed charge density in the thermal oxide is low [52,53], the high iVoc values can be
predominantly attributed to the accumulation of hydrogen at the c-Si/SiO- interface. Whether
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it is chemical passivation alone or if, and to which extent, interfacial charges play a role, remains
an open question.
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Fig. 5: iVoc values as a function of the processing step of samples
fabricated with a p-type, n-type or intrinsic SiCx layer on p-type SE
wafers with a 25 nm thick thermal oxide. The values for the best sample
processed are also shown. The passivation qualities of the SiCx(p)
samples after firing were too low to measure an iVoc.

In samples with ultra-thin tunnelling oxides additional mechanisms might come into play
such as superficial changes in carrier concentrations within the wafer, induced by the doped
SiCyx layer (leading to band-bending) [17]. But the observations from section 3.1 suggest that
hydrogen passivation of the c-Si/SiOx interface is also the key element to reach high lifetime
values with ultra-thin oxides.

In this experiment, iVoc values up to 739 mV after hydrogenation and stripping of the SiNx:H
layer were reached, corresponding to a zegiai0”en” Of 3260 s, a Jo of 2.7 + 0.7 fA/cm? and a
Seff@10”em” OF 3 cml/s. According to literature, these values correspond to state-of-the-art
passivation levels of p-type silicon wafers [36,53-61]. Note also that the present samples have
no in-diffused doped region, as stated previously, and that these oxides were grown at 900 °C,
a comparably low temperature, and without addition of trichloroethane (TCA). Both, an
increased oxidation temperature and an addition of TCA may improve the passivation quality
of the thermal oxide [27,62], but also increase the process’ complexity.

4. CONCLUSION

The combination of lifetime measurements with SIMS analysis elucidated the key role of
hydrogen in passivating defects at the c-Si/SiOx interface to reach high iVoc values. Moreover,
it could be observed that hydrogen almost completely effuses out of the SiCx(p) during firing
and is later re-introduced during the hydrogenation step. Performing this hydrogenation step
via a SiNx:H sacrificial layer was demonstrated to be more efficient than FGA, which could be
correlated with a higher amount of deuterium diffused into the contact and especially to the
oxide-wafer interface. Further investigations revealed that in the case of ~25 nm thick thermal



oxides, the accumulation of hydrogen at the c-Si/SiO: interface is the predominant factor
enabling excellent passivation levels, and that the doping of the SiCx layer does not affect the
amount of interfacial defects passivated by our hydrogenation process. Furthermore, it was
observed that the nature of the interfacial oxide has a major impact on the passivation quality.
iVoc values up to 720 mV could be reached using an ultra-thin UV-O3 tunneling oxide, and up
to 739 mV on a reference passivation sample using a ~25 nm thick thermal oxide.

Acknowledgments

The authors gratefully acknowledge support by the Swiss National Science Foundation (SNF)
under Grant no. 200021L_172924/1. The work was co-funded by the Luxembourg National
Research Fund (FNR) through grant INTER/SNF/16/11536628 (NACHQOS). Xavier Niquille is
thanked for the wet chemical cleaning of the wafer and the growing of the UV-O3z oxides. The
authors also thank Brahime El Adib (LIST) for his technical assistance with SIMS depth
profiling, Christoph Peter (ISC Konstanz) for non-contact corona-Kelvin measurements (not
shown), as well as Gizem Nogay and Josua Sttickelberger for fruitful discussions.

Conflict of interest
The authors declare no conflict of interest.
Copyright

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/

Accepted manuscript (peer-reviewed). Final article published under:
https://doi.org/10.1016/j.s0lmat.2019.110018

References:

[1] VDMA, International Technology Roadmap for Photovoltaic (ITRPV) - Results 2018, ITRPV. 10th Editi
(2019) 1-38. https://itrpv.vdma.org/web/itrpv/download.
[2] G. Masson, I. Kaizuka, Trends 2018 in Photovoltaic Applications, 2019.

[3] S. Philipps, W. Warmuth, Photovoltaics Report 2018, 2018.
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/studies/Photovoltaics-
Report.pdf.

[4] NREL, Best Research-Cell Efficiencies, (2019). https://www.nrel.gov/pv/cell-efficiency.html (accessed
March 21, 2019).

[5] A. Metz, D. Adler, S. Bagus, H. Blanke, M. Bothar, E. Brouwer, S. Dauwe, K. Dressler, R. Droessler, T.
Droste, M. Fiedler, Y. Gassenbauer, T. Grahl, N. Hermert, W. Kuzminski, A. Lachowicz, T. Lauinger, N.
Lenck, M. Manole, M. Martini, R. Messmer, C. Meyer, J. Moschner, K. Ramspeck, P. Roth, R.
Schoénfelder, B. Schum, J. Sticksel, K. Vaas, M. Volk, K. Wangemann, Industrial high performance
crystalline silicon solar cells and modules based on rear surface passivation technology, Sol. Energy Mater.
Sol. Cells. 120 (2014) 417-425. doi:10.1016/j.solmat.2013.06.025.

[6] A. Cuevas, Physical model of back line-contact front-junction solar cells, J. Appl. Phys. 113 (2013)
164502. doi:10.1063/1.4800840.

[7] K. Yamamoto, D. Adachi, K. Yoshikawa, W. Yoshida, T. Irie, K. Konishi, T. Fujimoto, H. Kawasaki, M.
Kanematsu, H. Ishibashi, T. Uto, Y. Takahashi, T. Terashita, G. Koizumi, N. Nakanishi, M. Yoshimi,
Record-Breaking Efficiency Back-Contact Heterojunction Crystalline Si Solar Cell and Module, in: 33rd
Eur. Photovolt. Sol. Energy Conf. Exhib. Rec., Amsterdam, Netherlands, 2017: pp. 201-204.
doi:10.4229/EUPVSEC20172017-2BP.1.1.

[8] A. Richter, J. Benick, F. Feldmann, A. Fell, M. Hermle, S.W. Glunz, N-Type Si solar cells with passivating
electron contact: ldentifying sources for efficiency limitations by wafer thickness and resistivity variation,

10


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.solmat.2019.110018

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]

[27]

Sol. Energy Mater. Sol. Cells. 173 (2017) 96-105. doi:10.1016/j.solmat.2017.05.042.

F. Haase, C. Hollemann, S. Schéafer, A. Merkle, M. Rienécker, J. Kriigener, R. Brendel, R. Peibst, Laser
contact openings for local poly-Si-metal contacts enabling 26.1%-efficient POLO-IBC solar cells, Sol.
Energy Mater. Sol. Cells. 186 (2018) 184-193. doi:10.1016/j.solmat.2018.06.020.

Y. Tao, V. Upadhyaya, C.-W. Chen, A. Payne, E.L. Chang, A. Upadhyaya, A. Rohatgi, Large area tunnel
oxide passivated rear contact n -type Si solar cells with 21.2% efficiency, Prog. Photovoltaics Res. Appl.
24 (2016) 830-835. doi:10.1002/pip.2739.

U. Rémer, R. Peibst, T. Ohrdes, B. Lim, J. Krtgener, E. Bugiel, T. Wietler, R. Brendel, Recombination
behavior and contact resistance of n+ and p+ poly-crystalline Si/mono-crystalline Si junctions, Sol. Energy
Mater. Sol. Cells. 131 (2014) 85-91. doi:10.1016/j.solmat.2014.06.003.

F. Feldmann, M. Bivour, C. Reichel, M. Hermle, S.W. Glunz, Passivated rear contacts for high-efficiency
n-type Si solar cells providing high interface passivation quality and excellent transport characteristics,
Sol. Energy Mater. Sol. Cells. 120 (2014) 270-274. doi:10.1016/j.s0lmat.2013.09.017.

J. Stuckelberger, G. Nogay, P. Wyss, M. Lehmann, C. Allebe, F. Debrot, M. Ledinsky, A. Fejfar, M.
Despeisse, F.J. Haug, P. Loper, C. Ballif, Passivating contacts for silicon solar cells with 800 °C stability
based on tunnel-oxide and highly crystalline thin silicon layer, in: Conf. Rec. IEEE Photovolt. Spec. Conf.,
IEEE, 2016: pp. 2518-2521. doi:10.1109/PVSC.2016.7750100.

G. Nogay, A. Ingenito, E. Rucavado, Q. Jeangros, J. Stuckelberger, P. Wyss, M. Morales-Masis, F.-J.
Haug, P. Loper, C. Ballif, Crystalline Silicon Solar Cells With Coannealed Electron- and Hole-Selective
SiCx Passivating Contacts, IEEE J. Photovoltaics. 8 (2018) 1478-1485.
doi:10.1109/JPHOTOV.2018.2866189.

J. Stuckelberger, G. Nogay, P. Wyss, Q. Jeangros, C. Allebé, F. Debrot, X. Niquille, M. Ledinsky, A.
Fejfar, M. Despeisse, F.J. Haug, P. Loper, C. Ballif, Passivating electron contact based on highly
crystalline nanostructured silicon oxide layers for silicon solar cells, Sol. Energy Mater. Sol. Cells. 158
(2016) 2-10. doi:10.1016/j.s0lmat.2016.06.040.

G. Nogay, J. Stuckelberger, P. Wyss, E. Rucavado, C. Allebé, T. Koida, M. Morales-Masis, M. Despeisse,
F.J. Haug, P. Loper, C. Ballif, Interplay of annealing temperature and doping in hole selective rear contacts
based on silicon-rich silicon-carbide thin films, Sol. Energy Mater. Sol. Cells. 173 (2017) 18-24.
doi:10.1016/j.s0lmat.2017.06.039.

A. Ingenito, G. Nogay, Q. Jeangros, E. Rucavado, C. Allebé, S. Eswara, N. Valle, T. Wirtz, J. Horzel, T.
Koida, M. Morales-Masis, M. Despeisse, F.J. Haug, P. Loper, C. Ballif, A passivating contact for silicon
solar cells formed during a single firing thermal annealing, Nat. Energy. 3 (2018) 800-808.
doi:10.1038/s41560-018-0239-4.

F. Ye, W. Deng, W. Guo, R. Liu, D. Chen, Y. Chen, Y. Yang, N. Yuan, J. Ding, Z. Feng, P.P. Altermatt,
P.J. Verlinden, 22.13% Efficient industrial p-type mono PERC solar cell, in: 2016 IEEE 43rd Photovolt.
Spec. Conf., IEEE, 2016: pp. 3360-3365. doi:10.1109/PVSC.2016.7750289.

S. Duttagupta, N. Nandakumar, P. Padhamnath, J.K. Buatis, R. Stangl, A.G. Aberle, monoPoly™ cells:
Large-area crystalline silicon solar cells with fire-through screen printed contact to doped polysilicon
surfaces, Sol. Energy Mater. Sol. Cells. 187 (2018) 76-81. doi:10.1016/j.solmat.2018.05.059.

A.G. Aberle, Surface passivation of crystalline silicon solar cells: a review, Prog. Photovoltaics Res. Appl.
8 (2000) 473-487. d0i:10.1002/1099-159X(200009/10)8:5<473::AID-PIP337>3.0.CO;2-D.

B. Hallam, D. Chen, M. Kim, B. Stefani, B. Hoex, M. Abbott, S. Wenham, The role of hydrogenation and
gettering in enhancing the efficiency of next-generation Si solar cells: An industrial perspective, Phys.
Status Solidi Appl. Mater. Sci. 214 (2017). doi:10.1002/pssa.201700305.

H. Kobayashi, Asuha, O. Maida, M. Takahashi, H. Iwasa, Nitric acid oxidation of Si to form ultrathin
silicon dioxide layers with a low leakage current density, J. Appl. Phys. 94 (2003) 7328-7335.
doi:10.1063/1.1621720.

N.E. Grant, K.R. Mclntosh, Surface Passivation Attained by Silicon Dioxide Grown at Low Temperature
in Nitric Acid, 24th Eur. Photovolt. Sol. Energy Conf. 30 (2009) 1676-1679.
doi:10.1109/LED.2009.2025898.

D.E. Carlson, C.W. Magee, A SIMS analysis of deuterium diffusion in hydrogenated amorphous silicon,
Appl. Phys. Lett. 33 (1978) 81-83. doi:10.1063/1.90153.

J.G. Fossum, E.L. Burgess, High-efficiency p+-n-n+ back-surface-field silicon solar cells, Appl. Phys.
Lett. 33 (1978) 238-240. doi:10.1063/1.90311.

J. Snel, The doped Si/SiO2 interface, Solid. State. Electron. 24 (1981) 135-139. doi:10.1016/0038-
1101(81)90008-3.

A.W. Blakers, M.A. Green, Oxidation condition dependence of surface passivation in high efficiency
silicon solar cells, Appl. Phys. Lett. 47 (1985) 818-820. doi:10.1063/1.95994.

11



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]
[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

E. Yablonovitch, T. Gmitter, R.M. Swanson, Y.H. Kwark, T. Gmitters, A 720 mV open circuit voltage
SiO x :¢-Si:SiO x double heterostructure solar cell, Appl. Phys. Lett. Appl. Phys. Lett. Appl. Phys. Lett.
47 (1985) 1211-2510. doi:10.1063/1.96331.

A. Moldovan, F. Feldmann, M. Zimmer, J. Rentsch, J. Benick, M. Hermle, Tunnel oxide passivated
carrier-selective contacts based on ultra-thin SiO2 layers, Sol. Energy Mater. Sol. Cells. 142 (2015) 123—
127. d0i:10.1016/j.s0lmat.2015.06.048.

A. Fukano, H. Oyanagi, Highly insulating ultrathin SiO2 film grown by photooxidation, J. Appl. Phys. 94
(2003) 3345-3349. doi:10.1063/1.1597940.

G. Krugel, J. Rentsch, M. Hermle, K. Kaufmann, C. Hagendorf, F. Feldmann, A. Roth-Félsch, M. Zimmer,
A. Moldovan, Simple Cleaning and Conditioning of Silicon Surfaces with UV/Ozone Sources, Energy
Procedia. 55 (2014) 834-844. doi:10.1016/j.egypro.2014.08.067.

Y. Lee, W. Oh, V.A. Dao, S.Q. Hussain, J. Yi, Ultrathin Oxide Passivation Layer by Rapid Thermal
Oxidation for the Silicon Heterojunction Solar Cell Applications, Int. J. Photoenergy. 2012 (2012) 1-5.
doi:10.1155/2012/753456.

D.E. Kane, R.M. Swanson, Measurement of the emitter saturation current by a contactless
photoconductivity decay method, in: Proc. 18th IEEE PVSC, Las Vegas, USA, 1985.

R.A. Sinton, A. Cuevas, M. Stuckings, Quasi-steady-state photoconductance, a new method for solar cell
material and device characterization, in: Conf. Rec. Twenty Fifth IEEE Photovolt. Spec. Conf. - 1996,
IEEE, 1996: pp. 457-460. doi:10.1109/PVSC.1996.564042.

A. Cuevas, R.A. Sinton, Prediction of the open-circuit voltage of solar cells from the steady-state
photoconductance, Prog. Photovoltaics Res. Appl. 5 (1997) 79-90. doi:10.1002/(SICI)1099-
159X(199703/04)5:2<79::AlD-PIP155>3.0.CO;2-J.

A. Richter, SW. Glunz, F. Werner, J. Schmidt, A. Cuevas, Improved quantitative description of Auger
recombination in crystalline silicon, Phys. Rev. B - Condens. Matter Mater. Phys. 86 (2012) 1-14.
doi:10.1103/PhysRevB.86.165202.

A. Kimmerle, J. Greulich, A. Wolf, Carrier-diffusion corrected JO-analysis of charge carrier lifetime
measurements for increased consistency, Sol. Energy Mater. Sol. Cells. 142 (2015) 116-122.
doi:10.1016/j.s0lmat.2015.06.043.

A.B. Sproul, Dimensionless solution of the equation describing the effect of surface recombination on
carrier decay in semiconductors, J. Appl. Phys. 76 (1994) 2851-2854. d0i:10.1063/1.357521.

PV Lighthouse Pty. Ltd., Mobility calculator, (n.d.).
https://www2.pvlighthouse.com.au/calculators/Mobility calculator/Mobility calculator.aspx (accessed
March 20, 2019).

A.R. Chanbasha, A.T.S. Wee, Ultralow-energy SIMS for shallow semiconductor depth profiling, Appl.
Surf. Sci. 255 (2008) 1307-1310. doi:10.1016/j.apsusc.2008.05.030.

M. Nastasi, J.W. Mayer, Y. Wang, lon Beam Analysis: Fundamentals and Applications, CRC Press, 2015.
L.R. Doolittle, A semiautomatic algorithm for rutherford backscattering analysis, Nucl. Instruments
Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms. 15 (1986) 227-231. doi:10.1016/0168-
583X(86)90291-0.

J.F. Leliévre, E. Fourmond, A. Kaminski, O. Palais, D. Ballutaud, M. Lemiti, Study of the composition of
hydrogenated silicon nitride SiNx:H for efficient surface and bulk passivation of silicon, Sol. Energy
Mater. Sol. Cells. 93 (2009) 1281-1289. doi:10.1016/j.solmat.2009.01.023.

H.F.W. Dekkers, G. Beaucarne, M. Hiller, H. Charifi, A. Slaoui, Molecular hydrogen formation in
hydrogenated silicon nitride, Appl. Phys. Lett. 89 (2006). doi:10.1063/1.2396900.

A.H.M. Smets, M.C.M. Van De Sanden, Relation of the Si H stretching frequency to the nanostructural Si
H bulk environment, Phys. Rev. B - Condens. Matter Mater. Phys. 76 (2007) 1-4.
d0i:10.1103/PhysRevB.76.073202.

M. Schnabel, B.W.H. van de Loo, W. Nemeth, B. Macco, P. Stradins, W.M.M. Kessels, D.L. Young,
Hydrogen passivation of poly-Si/SiO x contacts for Si solar cells using Al 2 O 3 studied with deuterium,
Appl. Phys. Lett. 112 (2018) 203901. doi:10.1063/1.5031118.

G. Dingemans, W. Beyer, M.C.M. Van De Sanden, W.M.M. Kessels, Hydrogen induced passivation of Si
interfaces by AlI2 O 3 films and SiO2/AlI2 O3 stacks, Appl. Phys. Lett. 97 (2010) 2008-2011.
d0i:10.1063/1.3497014.

A. Aberle, S. Glunz, W. Warta, J. Kopp, J. Knobloch, Si0 2 -passivated High Efficiency Silicon Solar
Cells : Process Dependence of Si-SiO 2 Interface Recombination, in: A. Luque, G. Sala, W. Palz, G. Dos
Santos, P. Helm (Eds.), Tenth E.C. Photovolt. Sol. Energy Conf., Springer, Dordrecht, Lisbon, Portugal,
1991: pp. 10-14. doi:10.1007/978-94-011-3622-8_161.

B.E. Deal, E.L. MacKenna, P.L. Castro, Characteristics of Fast Surface States Associated with SiO2-Si

12



[50]

[51]

[52]
[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

and Si3 N 4-SiO2-Si Structures, J. Electrochem. Soc. 116 (1969) 997-1005.

B. Stegemann, K.M. Gad, P. Balamou, D. Sixtensson, D. Véssing, M. Kasemann, H. Angermann, Ultra-
thin silicon oxide layers on crystalline silicon wafers: Comparison of advanced oxidation techniques with
respect to chemically abrupt SiO2/Si interfaces with low defect densities, Appl. Surf. Sci. 395 (2017) 78—
85. doi:10.1016/j.apsusc.2016.06.090.

Y. Yang, P.P. Altermatt, Y. Cui, Y. Hu, D. Chen, L. Chen, G. Xu, X. Zhang, Y. Chen, P. Hamer, R.S.
Bonilla, Z. Feng, P.J. Verlinden, Effect of carrier-induced hydrogenation on the passivation of the poly-
Si/SiOx/c-Si interface, in: AIP Conf. Proc., American Institute of Physics, Lausanne, 2018: p. 040026.
doi:10.1063/1.5049289.

A. Cuevas, T. Allen, J. Bullock, Skin care for healthy silicon solar cells, in: 2015 IEEE 42nd Photovolt.
Spec. Conf., 2015: pp. 1-6. d0i:10.1109/PVSC.2015.7356379.

A.G. Aberle, S. Glunz, W. Warta, Impact of illumination level and oxide parameters on Shockley-Read-
Hall recombination at the Si-SiO2interface, J. Appl. Phys. 71 (1992) 4422-4431. doi:10.1063/1.350782.

S.W. Glunz, A.B. Sproul, W. Warta, W. Wettling, Injection-level-dependent recombination velocities at
the Si-SiO 2 interface for various dopant concentrations, J. Appl. Phys. 75 (1994) 1611-1615.
d0i:10.1063/1.356399.

M.J. Kerr, A. Cuevas, Very low bulk and surface recombination in oxidized silicon wafers, Semicond. Sci.
Technol. 17 (2002) 35-38. doi:10.1088/0268-1242/17/1/306.

S. Mack, A. Wolf, C. Brosinsky, S. Schmeisser, A. Kimmerle, P. Saint-Cast, M. Hofmann, D. Biro, Silicon
Surface Passivation by Thin Thermal Oxide/PECVD Layer Stack Systems, IEEE J. Photovoltaics. 1 (2011)
135-145. doi:10.1109/JPHOTOV.2011.2173299.

N.E. Grant, T. Niewelt, N.R. Wilson, E.C. Wheeler-Jones, J. Bullock, M. Al-Amin, M.C. Schubert, A.C.
Van Veen, A. Javey, J.D. Murphy, Superacid-Treated Silicon Surfaces: Extending the Limit of Carrier
Lifetime for Photovoltaic Applications, IEEE J. Photovoltaics. 7 (2017) 1574-1583.
doi:10.1109/JPHOTOV.2017.2751511.

T. Niewelt, A. Richter, T.C. Kho, N.E. Grant, R.S. Bonilla, B. Steinhauser, J.I. Polzin, F. Feldmann, M.
Hermle, J.D. Murphy, S.P. Phang, W. Kwapil, M.C. Schubert, Taking monocrystalline silicon to the
ultimate  lifetime limit, Sol. Energy Mater. Sol. Cells. 185 (2018) 252-259.
doi:10.1016/j.s0lmat.2018.05.040.

A. Cuevas, Y. Wan, D. Yan, C. Samundsett, T. Allen, X. Zhang, J. Cui, J. Bullock, Carrier population
control and surface passivation in solar cells, Sol. Energy Mater. Sol. Cells. 184 (2018) 38-47.
doi:10.1016/j.s0lmat.2018.04.026.

A. Descoeudres, Z.C. Holman, L. Barraud, S. Morel, S. De Wolf, C. Ballif, >21% Efficient Silicon
Heterojunction Solar Cells on N-and P-Type Wafers Compared, IEEE J. Photovoltaics. 3 (2013) 83-89.
d0i:10.1109/JPHOTOV.2012.2209407.

R.S. Bonilla, B. Hoex, P. Hamer, P.R. Wilshaw, Dielectric surface passivation for silicon solar cells: A
review, Phys. Status Solidi Appl. Mater. Sci. 214 (2017). doi:10.1002/pssa.201700293.

R.K. Bhan, S.K. Lomash, P.K. Basu, K.C. Cahabra, Interface Properties of Thermal SiO<inf>2</inf>using
1, 1, 1, Trichloroethane(TCA), J. Electrochem. Soc. 134 (1987) 2826—2828. d0i:10.1149/1.2100296.

13



