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Deeper Insight into the Mechanisms Behind Sputter
Damage in Silicon Solar Cells Based on the Example of
Nanocrystalline Silicon Carbide

Alexander Eberst,* Binbin Xu, Karsten Bittkau, Weiyuan Duan, Andreas Lambertz,
Ansgar Meise, Marc Heggen, Rafal E. Dunin-Borkowski, Uwe Rau, and Kaining Ding

Transparent conducting oxides, like indium tin oxide, enable lateral charge
carrier transport in silicon heterojunction solar cells. However, their
deposition can damage the passivation quality in the solar cell. This damage
during the sputter deposition is a complex issue that has not been fully
understood, particularly in various silicon-based materials like amorphous
silicon, polycrystalline silicon, or nanocrystalline silicon carbide. The
degradation in passivation quality observed in, for example, amorphous
silicon is not only explainable by UV light degradation. This study explores the
origin of this degradation based on the example of hydrogenated
nanocrystalline silicon carbide by combining simulations with experimental
analyses. It delves into potential sources of damage during the sputtering
process and determines that neither primary nor secondary effects from
plasma luminescence or electron bombardment are likely contributors to the
damage. Similarly, the implantation of ions, as well as the creation of
vacancies and ionization of lattice atoms, are also considered improbable
causes. It is, however, proposed that the transfer of energy to the crystalline
silicon interface via phonons can factor into the degradation of the
passivation quality. This transfer might be a plausible explanation for the
damage observed in the passivation layers during the sputtering process.
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1. Introduction

State-of-the-art silicon heterojunction
(SHJ) or transparent passivating contact
(TPC) solar cells enable high device
voltages due to the excellent passivation
quality of the applied hydrogenated
amorphous silicon (a-Si:H) or hydro-
genated nanocrystalline silicon carbide
(nc-SiC:H) layers, respectively. In both
structures, the use of a transparent
conductive oxide (TCO) is often nec-
essary due to the low conductivity of
the thin layers applied. TCOs, such as
sputtered indium tin oxide (ITO), are
therefore critical to improve the lateral
charge carrier transport in the solar
cell structure.[1] However, the sputter-
ing process to apply TCOs exposes the
underlying layers, such as a-Si:H or
nc-SiC:H, to various influences. These
influences can detrimentally affect the
passivation quality of these layers, lead-
ing to a degraded performance of the
solar cells. This issue, known as ʻsputter
damageʼ, presents challenges in multiple

solar cell structures, including a-Si:H-based SHJ solar cells, poly-
crystalline silicon (poly-Si)-based solar cells, and nc-SiC:H-based
TPC solar cells.[2–6]

The origin of sputter damage remains unclear due to the mul-
titude of potential factors during the sputtering process. For in-
stance, due to the argon and oxygen plasma, UV radiation is
present. This is known to damage the passivation quality from,
for example, a-Si:H, but it cannot fully explain the extent of the
damage observed.[5,7] Similarly, in polycrystalline silicon-based
approaches, UV degradation is not evident,[6] while the passiva-
tion quality of nc-SiC:H is known to degrade when exposed to
pure O2 plasma.[2] The further identification of sources for both
recoverable and non-recoverable damage remains an ongoing re-
search area.

This study aims to combine simulations with experimental
approaches to identify potential origins of sputter damage in
silicon-based materials. It proposes a hypothesis regarding the
unclear source of passivation quality degradation, focusing on
hydrogenated nanocrystalline silicon carbide-based transparent
passivating contact solar cells.
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Figure 1. Overview of different influences on the sample during the sput-
tering process. The four main factors are influences from process-related
parameters, electrons, light emitted from the plasma, and ions, neutrals,
and compounds.

2. Background of Sputter Damage

Figure 1 shows an overview of some of the various species and
influences on the sample involved in the sputtering process. The
influences can be grouped into four categories, including effects
from the process environment itself, as well as electrons, light,
and ions or particles emitted from the plasma or the sputter
target.

During sputtering, the sample is heated, which may lead to
material degradation if excessive heating occurs. This is coupled
with exposure to the sputtering atmosphere, containing sputter
or doping gases such as argon (Ar) and oxygen (O), which can
further impact the properties of the material. Electrons escaping
from the plasma directly impact the sample and may induce sec-
ondary electrons and X-rays within the films. Such interactions
may also damage the sample.

Another significant factor is the light emitted by the plasma.
For example, the emission peak from the oxygen plasma at 9.5 eV,
and even higher energies for the argon plasma,[7] possess enough
energy to potentially break silicon-hydrogen bonds with binding
energies between 3.55 and 3.92 eV,[8–10] or the strong silicon-
silicon bonds with binding energies of ≈2.5 eV.[11]

Furthermore, ions, neutrals, and compounds present during
the sputtering process might also play a crucial role. These par-
ticles, whether accelerated toward the sample or neutralized and
then reflected toward the sample,[12,13] can be implanted in the
film. Implanted particles bring in additional energy to the sam-
ple and can penetrate the crystalline silicon interface, disturb-
ing the lattice and creating defects either along their path or at
the implantation sites. The energy transfer from the ions dur-
ing the braking process could further ionize layer atoms or cre-
ate phonons and vacancies. In amorphous silicon, Illiberi et al.
proposed that the impinging ions create a bound electron–hole
pair, known as an exciton. This exciton moves toward the crys-
talline silicon interface, recombines non-radiatively, breaks the
silicon (Si)-hydrogen (H) bond through the released energy, and
displaces the H necessary for passivation.[5] Moreover, phonons
can have energies according to their dispersion relation,[14] which
they release when they dissipate, for example, due to lattice de-
fects at the crystalline silicon interface. The released energy of

Figure 2. Measured effective lifetime curves for samples symmetrically
passivated with the TPC structure. Lifetime curves for the as-deposited
state, as well as after the ITO deposition, after an annealing step, and
with the ITO etched away are presented. The as-deposited and ITO etched
curves are nearly identical. The dashed line indicates the minority charge
carrier concentration of n = 1015 cm−3, at which the effective lifetime is
determined.

multiple phonons could displace the hydrogen necessary for
chemical passivation, while the created vacancies could strain the
lattice, influencing passivation.

Sputter damage is typically categorized based on its recover-
ability. Non-recoverable damage includes the creation of addi-
tional defects at the interface[15] that may not be passivated due
to ion implantation, or the loss of hydrogen[16] required for pas-
sivation due to excessive heating of the sample during the sput-
tering process, losing it for the purpose of passivation. On the
other hand, recoverable damage could result from the displace-
ment of atoms and the breaking of bonds essential for passiva-
tion, like hydrogen or silicon.[4] As the hydrogen remains in the
sample, it is available for re-passivation of the created dangling
bonds. Subsequent annealing or light soaking treatments allow
displaced atoms to regain enough energy to return to their orig-
inal location and reform the bond, re-passivating the previously
created defect.[4,5]

3. Influence of the Sputtering Process on the
Material Properties

In silicon carbide-based TPC structures, an initial degradation in
passivation quality, particularly in terms of implied open-circuit
voltage (iVOC), is observed. However, this sputter damage is al-
most entirely reversible through a low-temperature annealing
step at 230 °C for 20 min, as indicated in Figure 2. The remain-
ing damage of ≈3 mV might be due to a distortion of the effective
lifetime curve at low injection levels caused by the ITO layer.[17]

After the ITO is removed, the effective lifetime curve is nearly
identical to the as-deposited curve. This strong initial degrada-
tion could either imply a microstructural change in the material
or an alteration in the hydrogen configuration.

To investigate these possibilities, Fourier-transform infrared
(FTIR) and Raman spectroscopy were employed. Figure 3a,b
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Figure 3. FTIR and Raman measurements before and after ITO deposition and subsequent annealing. No change in the measured microstructure is
visible.

display the FTIR spectra for the Si- carbon (C and Si-Hn bond-
ing regimes, respectively, while Figure 3c presents the Raman
spectra of the sample at different processing stages: before ITO
deposition, after ITO deposition, and post-annealing. Before the
post-ITO-deposition measurements, the ITO is removed by a dip
in hydrochloric acid to enable an undisturbed measurement. No-
tably, no discernible differences are observed between these three
states in either characterization technique. Moreover, when the
ITO layer is removed by etching, electrical conductivity measure-
ments, as shown in Table S1 (Supporting Information), show
no variation before and after ITO deposition or subsequent an-
nealing in any processing combination. Since the conductivity is
largely dependent on grain sizes, which correlate with the inten-
sity of the FTIR Si-C peak,[18] no overall microstructural changes
are found.

On the other hand, the iVOC is primarily influenced by the hy-
drogen content, which is expected to be visible in variations in
the Si-Hn peak intensities. The absence of any detectable change
across the three processing stages suggests that transmission
FTIR might not be sensitive enough to detect the changes at the
crystalline silicon interface as the passivation quality is severely
degraded. Furthermore, the impact of sputter damage might be
masked by the strong Si-Hn signal from the nc-SiC:H bulk. For a-
Si:H, a more sensitive approach using attenuated total reflection-
FTIR revealed changes in the Si-Hn FTIR signal. As highlighted
by Demaurex et al.,[4] particularly the high stretching mode is re-
duced following ITO sputtering. While annealing restores passi-
vation, it fails to revert the Si-H configuration to its original state,
resulting in a permanent deformation of the Si–H mode com-
pared to its initial condition.[4]

4. Influences of the Process Conditions, Light and
Electrons

Figure 4 presents the iVOC for different variations of the refer-
ence sputter process, including scenarios where only the process
gases are introduced without plasma ignition, and with the sam-
ple heater deactivated, both before and after ITO deposition and
annealing. The usual degradation is observed in the reference
process. The process without plasma ignition does not cause any
degradation, indicating that the gas atmosphere itself does not
damage the passivation quality of the sample. On the other hand,
deactivation of the sample heater leads to an increase in dam-

age compared to the reference process. However, in all cases,
the damage is reversible through the subsequent annealing step.
This observation suggests that, while the gas atmosphere is not
harmful, the heater temperature is a critical parameter to control
the initial damage. The increase in damage when the heater is off
could imply an in situ annealing effect from the heater, though
an alternative explanation is considered later in the study.

To distinguish between the effects of plasma-emitted light and
the impacts of electrons and ions on the sample, the sample is
shielded using various filter glasses that block different wave-
length ranges of plasma emission. Figure 5a,b display photolu-
minescence lifetime (PL) images post-ITO deposition and post-
annealing, respectively. Figure 5c shows the emissions from ar-
gon and oxygen plasma along with the transmission through
the different filter glasses applied. Filter A partially blocks the
highest-energy vacuum UV (VUV) light from the plasma, while
filter B blocks a broader part of the UV spectrum. Filter C allows
only the transmission of light with an energy below the UV-A
regime, and filter D effectively blocks all plasma-emitted light.

Despite previous findings that oxygen plasma can degrade the
passivation quality of nc-SiC:H based contacts,[2] no such degra-
dation was observed in this study under any filter glass, even
those transmitting VUV light. The initial nanometers of the de-
posited ITO might already sufficiently shield the sample, and any
exposure to plasma luminescence before the shielding effect of
the ITO film might be too short or with a too low intensity to
cause any degradation. The recoverability of the sputtering dam-
age is again highlighted in Figure 5b, where the undamaged ar-
eas covered by filter glass are nearly undetectable in the PL image
post-annealing, save for some residual degraded shades possi-
bly resulting from sample handling. Consequently, light emitted
from the plasma is ruled out as a source of damage, leaving elec-
trons and ions as the remaining possible sources of degradation.

The investigation of the effect of electrons on sputter damage
includes both simulations and experimental approaches. In the
simulations, variables such as the hydrogen concentration (cH)
in the material, the incident energy of the electrons (Eelectron

in ),
and the crystallinity (XC) of the material is varied. As an exam-
ple, Figure 6a illustrates the normalized intensity (Inorm) against
the sample depth (d) for various Eelectron

in values. The simulations
reveal that even at an elevated incident energy up to 500 eV, the
electron penetration depth remains within the first 10 nanome-
ters. The penetration depth is affected by the crystallinity of the
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Figure 4. Effects of the process gases and the heater temperature compared to the reference process on the implied open-circuit voltage. While the
process atmosphere has no impact, the reduced heater temperature significantly increases the sputter damage.

Figure 5. A sample shielded with various filter glasses a) after ITO deposition and b) after subsequent annealing. No degradation in the shielded area
is visible and the surrounding damage is completely restorable. c) Light spectrum emitted from the plasma extracted from[7] and transmission spectra
of the filter glasses as given by the manufacturers.

Adv. Physics Res. 2024, 3, 2400036 2400036 (4 of 9) © 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 6. a) Simulated electron penetration depth into the layer for energies between 10 and 500 eV. The penetration depth for the estimated process
conditions is 3.9 nm. b) Photoluminescent lifetime image after scanning an area with a 500 eV electron beam. No degradation is visible in the scanned
area.

material, as shown in Figure S1a (Supporting Information). It
ranges from 3.7 nm for XC = 0%, which accounts for amorphous
channels between vertically growing grains,[19] to 5 nm for XC
= 100% within the grains. Figure S1b (Supporting Information)
indicates that the hydrogen content has a minimal impact, with
a consistent penetration depth ≈4 nm. Under assumed material
and process conditions with a XC of 80%, cH of 13 at%, and an
Eelectron

in of 270 eV, the maximum simulated penetration depth for
electrons is 3.9 nm. Given that the layer stack thickness exceeds
20 nm, the direct impact of electrons on the passivation quality
of the sample appears to be negligible.

Furthermore, the primary electron can potentially generate
secondary electrons and, in this process, X-ray radiation, as well
as braking radiation from the deceleration of primary electrons,
is considered. The carbon K

𝛼
line, with an energy of 277 eV, is the

lowest X-ray line among the involved elements.[20] Therefore, it
is expected that no secondary electrons and X-ray radiation from
secondary electron generation are emitted, as the incident energy
in the employed process is lower. Simulations varying the inci-
dent energy in Figure S2 (Supporting Information) show that X-
ray generation begins only at Eelectron

in of 290 eV and occurs within
the first few angstroms of the layer. The results of the simula-
tions indicate that the electron bombardment does not affect the
crystalline silicon interface and does not damage the passivation
quality of the crystalline silicon.

To underline the simulation results, an experimental verifica-
tion is conducted. A section of a symmetrically passivated TPC
sample is scanned using a scanning electron microscope with
an acceleration voltage of 500 V, as indicated in the PL image
in Figure 6b. The irradiated area shows no signs of degradation,
confirming the simulation predictions that direct electron impact
and secondary effects like X-ray and secondary electron gener-
ation are not the sources of sputter damage, as they should be
present at these high Eelectron

in . This finding also rules out braking
radiation from electron deceleration in the material as a damag-
ing factor.

5. Influence of Ions and their Secondary Effects

During the sputtering process, ions can be implanted in the un-
derlying layer or lead to secondary effects such as the formation

of vacancies, ionization of atoms, or generating phonons. This
ion implantation can disrupt the lattice structure of the layer and
produce defects. Simulations can model the ion impingement
process. Figure 7a–d displays the ion distribution for the single-
charged elements involved in the sputtering process: oxygen, ar-
gon, indium (In), and tin (Sn), under varying XC. Among these,
oxygen ions penetrate the deepest due to their smaller size, while
argon, indium, and tin all have similar penetration depths, which
increase for a decreasing XC. Even in amorphous layers, the max-
imum simulated penetration depth is only 5.9 nm for the oxygen
ions. The hydrogen concentration within the material does not
influence this penetration depth, as illustrated in Figure S4 (Sup-
porting Information). With incident energies of oxygen ions up
to 750 eV, including double-charged oxygen ions, the penetration
depth only reaches 8.9 nm, as shown in Figure S3 (Supporting
Information). For the material parameters assumed in the sim-
ulation, the maximum penetration depth of oxygen is simulated
to be 4.5 nm, which is still at a significant distance from the crys-
talline silicon interface.

To validate these simulation results, an energy dispersive X-
ray (EDX) line scan along the layer stack after the ITO deposition
is performed. The results of which are displayed in Figure 7e.
Due to the imperfect alignment of the sample, the interface of
the nc-SiC:H(n) is not sharply defined but is identified at the in-
flection point of the slope of the measured signal. This approach
suggests an approximate measured penetration depth of 3.7 nm
for oxygen, indicating that the simulations slightly overestimate
the actual penetration. The simulated and actual measured pen-
etration depths are summarized in Table 1. For heavier ions, the
measured penetration depth is even less than the simulated one,
suggesting that ion implantation is a superficial process. There-
fore, ion implantation as a cause for the observed degradation in
the passivation quality of the layer stack can be ruled out. This
leaves only the secondary effects of ion impact as potential rea-
sons for the degradation.

When oxygen ions accelerate during the sputtering process
and hit the surface layer, simulations indicate that ≈60% of their
energy is transferred to phonons, ≈35% to the electrons of the
sample layers, in the following named ionization, and ≈5% con-
tributes to vacancy creation. For larger ions, the energy distribu-
tion shifts slightly, channeling ≈5% less into ionization and more

Adv. Physics Res. 2024, 3, 2400036 2400036 (5 of 9) © 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 7. Simulated ion implantation depth of a) oxygen, b) argon, c) indium, and d) tin for crystallinities ranging from 0% to 100%. For the estimated
material conditions, oxygen penetrates the deepest with an implantation depth of 4.8 nm. e) EDX line scan of a sample after ITO deposition. The
measured deepest implantation depth is for oxygen with a depth of 3.7 nm.

Table 1. Comparison of simulated and measured implantation depth for
various ions. Oxygen penetrates the deepest into the sample.

Ion Measured Penetration
[nm]

Simulated Penetration
[nm]

In, Sn, Ar ≈1.7 nm 3.4 nm

O 3.7 nm 4.5 nm

into phonons, while the energy for vacancy generation remains
roughly constant.

The vacancies are generated if impinging ions penetrate the
layer and possess sufficient energy to displace a layer atom from
its lattice site, meaning the vacancies are shallower than the max-
imum penetration depth of the ion. The deepest silicon vacancy

is simulated at 4 nm in the layer. Vacancy movement, depicted
in Figure 8a, can occur through nearest-neighbor or second-
neighbor hopping. For carbon vacancies (V(C)) i), a silicon atom
may move to the carbon site, creating an antisite (Si(C)), leav-
ing a silicon vacancy (V(Si)), or an adjacent carbon atom may fill
the vacancy. This movement mechanism is likely the most preva-
lent, as the silicon antisite-vacancy complex is unstable.[21] Silicon
vacancies ii) can migrate directly by a neighboring silicon atom
filling the vacancy or through the formation of a carbon vacancy-
carbon antisite (C(Si)) complex. The carbon antisite might then
move on the silicon sublattice or the carbon vacancy moves on the
carbon sublattice. These migration processes have high energy
barriers of several electronvolts, and the movement and anneal-
ing of both vacancy types only occur at temperatures of 500 °C
for the carbon vacancy or 750 °C for the silicon vacancy.[22–26] As

Figure 8. Overview of the secondary effects of the ion impact. a) Movement processes for i) the carbon and ii) the silicon vacancy and b) Phonon
generation and propagation after the ion impact.

Adv. Physics Res. 2024, 3, 2400036 2400036 (6 of 9) © 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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low-temperature annealing of 230 °C is sufficient to completely
restore the degradation of the passivation quality, vacancy migra-
tion at these annealing temperatures seems impossible. Thus,
any low-temperature annealing should be insufficient to remove
the vacancies and restore the degradation of the passivation qual-
ity. Therefore, vacancies are likely not the origin of the sputtering
damage.

Moreover, part of the energy of the incident ion is trans-
ferred to the electrons of the bombarded layer. This might ex-
cite electrons or generate free electrons. The resulting free elec-
trons do not impact the passivation of the sample, as previously
shown through electron beam irradiation. A proposed mecha-
nism for damage in amorphous silicon suggests that ions gen-
erate bound electron–hole pairs, called excitons, as indicated by
Illiberi et al..[5] These excitons are supposed to migrate to the crys-
talline silicon interface and recombine non-radiatively, displacing
hydrogen atoms with the released energy and thus affecting the
passivation quality of the crystalline silicon. Even though, given
that the diffusion length for minority charge carriers in both in-
trinsic and p-type amorphous silicon, as well as silicon carbide, is
over 100 nm,[27,28] the movement of excitons over tens of nanome-
ters, in the case of TPCs, in these materials seems highly im-
probable. Unlike minority carriers that require another charge
carrier of opposite polarity for recombination, excitons consist
of bound pairs of both carrier polarities. The high density of de-
fects in doped amorphous or nanocrystalline materials provides
numerous potential trap states for immediate recombination of
excitons, as the electron and hole are already in close vicinity of
each other. Consequently, it is plausible that the release of mobile
hydrogen from non-radiatively recombining excitons is no sig-
nificant factor in degrading the passivation at the crystalline sili-
con interface. Other direct electron-related damage mechanisms
from free electrons or X-ray generation have been previously
disregarded.

Another possible interaction involves the excitation of an elec-
tron by the incident ion without its ejection from the atom. This
excited electron relaxes to its ground state, releasing the excess
energy, possibly as UV radiation. However, due to the absence of
data comparing the intensity of this UV emission with the UV
radiation emitted from the plasma, it is challenging to conclude
the significance of this effect.

Phonons, which are quantized lattice waves, exist in acous-
tic and optical modes. In the acoustic mode, typically lower
in energy, lattice ions within the same unit oscillate in phase,
whereas in the optical mode, generally higher in energy, they
oscillate in opposite phases. In crystalline silicon carbide, the
highest phonon energies are identified at 120 meV in the opti-
cal branch and 80 meV in the acoustic branch.[14] The mean-free
path of phonons in crystalline materials can extend to hundreds
of nanometers.[29,30] However, given that phonons require a lat-
tice structure for propagation, their impact on amorphous mate-
rials, where sputter damage is also observed, should be minimal.

In amorphous silicon, phonon-like modes with mean-free
paths exceeding 100 nm have been found,[31,32] significantly in-
fluencing heat transport within the material. Consequently, it
is plausible that the energy conveyed through phonons and
phonon-like modes is substantial. These phonons might trans-
port the energy from the incident ion through layers such as
nc-SiC:H. If the lattice is disrupted at the nc-SiC:H/SiOX/c-Si in-

Figure 9. Expected energy profile at the crystalline silicon interface for the
phonon dissipation process with subsequent annealing. The movement
of hydrogen atoms is sketched at the top.

terface, the phonons cannot further propagate and dissipate, re-
leasing their energy. This process, including the initial ion im-
pact and the phonon propagation, is schematically depicted in
Figure 8b. If multiple high-energy optical phonons dissipate si-
multaneously, the released energy could be sufficient to break
silicon-hydrogen bonds, displacing hydrogen, creating an open
silicon bond, and degrading the passivation quality of the crys-
talline silicon. Since hydrogen remains in close proximity to the
broken bond, lower temperature annealing can effectively reat-
tach hydrogen to the open silicon bonds, re-passivating the sam-
ple and potentially reversing the damage. As this might alter the
hydrogen configuration at the crystalline silicon interface, this
process could account for the shift in FTIR spectra observed by
Demaurex et al.[4] The energy profile proposed for this mecha-
nism is illustrated in Figure 9.

The transmission of energy to the interface via phonons aligns
with earlier observations of increased damage at reduced heater
temperatures in this study. Lower temperatures lead to longer
mean-free paths of phonons, allowing more phonons to reach
the interface and making energy spikes high enough to displace
more hydrogen more probable, which increases the passivation
damage. While the increased damage at lower heater tempera-
tures could also result from in situ annealing, the temperatures
required to reverse sputter damage in silicon carbide surpass
those tolerable by amorphous silicon. Reduced annealing tem-
peratures significantly prolong the repair time of the damage,
up to several hours, or might not fully restore the damage at
all. At higher temperatures, hydrogen effusion from the amor-
phous silicon on the rear side of transparent passivated contact
solar cells severely degrades the passivation quality. Thus, the in-
creased damage at lower heater temperatures is likely primarily
due to the extended mean-free path of phonons, leading to more
phonons reaching the crystalline silicon interface.

6. Conclusion

This study focuses on the impact of sputtering on the passi-
vation of silicon-based materials, using hydrogenated nanocrys-
talline silicon carbide as an example. A comprehensive analysis
is conducted, combining simulations and experiments to explore

Adv. Physics Res. 2024, 3, 2400036 2400036 (7 of 9) © 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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both the direct and secondary effects of the various influences in-
flicted on the sample during the sputtering process. The findings
categorize sputter damage into recoverable and non-recoverable
damage. Non-recoverable damage involves direct harm to the in-
terface, such as ion implantation creating new defects. Recover-
able damage occurs when the energy from ions is transferred to
the crystalline silicon interface, leading to the de-passivation of
silicon bonds, which is promoted by mechanisms like breaking
silicon-hydrogen bonds and displacing hydrogen atoms. How-
ever, such damage can be reversed in subsequent annealing or
light soaking steps, as the displaced hydrogen can migrate back to
the now-open silicon bond and re-saturate it, thus re-passivating
the surface.

The study rules out the effects of the gas atmosphere present
during deposition as a potential source of damage, as no pas-
sivation degradation is observed in the absence of plasma ig-
nition. Conversely, reducing the sample heater temperature to
room temperature increases the damage significantly, but it re-
mains fully recoverable. This increased damage may be due to
an extended mean-free path of phonons, which affects the passi-
vation quality detrimentally.

Experimental evidence shows that plasma luminescence does
not degrade the passivation quality, as indicated by the absence
of degradation in areas shielded by filter glasses, which transmit
different parts of the emitted spectrum. Furthermore, exposing
the sample to a high-energy electron beam does not affect the pas-
sivation quality. Simulations underline this by showing that elec-
trons penetrate only up to 3.9 nm into the layer, and secondary
effects such as X-ray and secondary electron generation are also
ruled out as causes of damage.

The ion impact is thoroughly investigated through both simu-
lations and experiments. Present ions, particularly oxygen ions,
exhibit only superficial penetration within the first 3.7 nm and
induce secondary effects within this range. It is unlikely that va-
cancies generated by the ion impact would propagate through the
sample, given the high temperatures required for such move-
ment. Free electrons resulting from ionization are expected to
behave similarly to those in the electron beam experiments and
thus not contribute to degradation. Any potential UV light gener-
ated from excited electrons that relax back to their ground state,
whose intensity might be higher than the one generated by the
plasma, is a possibility that needs further investigation. However,
phonons or phonon-like modes, with mean-free paths exceeding
100 nm, enable long-range energy transfer. The simultaneous
dissipation of multiple high-energy phonons at the crystalline sil-
icon interface could break silicon-hydrogen bonds, displacing hy-
drogen. Given that the displaced hydrogen atom remains near the
broken bond, low-temperature annealing is effective in repairing
sputter damage.

7. Experimental Section
For conductivity measurements, Corning Eagle glass substrates were

utilized. The substrates for FTIR spectroscopy, Raman spectroscopy mea-
surements, and EDX imaging are double-side polished, Phosphorous-
doped, <111> oriented silicon wafers. These wafers were 280 μm thick
with a resistivity range of 1–5 Ω cm. Lifetime samples are prepared us-
ing double-sided textured, quartered M2-sized n-type wafers supplied by

LONGi. These wafers were 135 μm thick, have a resistivity of 1 Ω cm, and
feature a <100> crystalline orientation.

The cleaning process of the wafers involves a DIO3 treatment, followed
by a dip in HF and a 10 min oxidation in a Piranha solution composed of
two parts hydrogen peroxide and one part sulfuric acid. The hydrogenated
nanocrystalline silicon carbide layers for all samples were deposited using
a Hot-Wire Chemical Vapor Deposition system from MRG Systems. This
system includes three curled rhenium filaments of 0.5 mm diameter. The
precursor gases for the deposition process consist of 7 sccm monomethyl-
silane diluted in 70 sccm hydrogen and 25 sccm nitrogen, which serves as
a doping source. A double-layer stack structure, beginning with ≈6 nm
deposited at a filament temperature of ≈1700 °C, followed by ≈15 nm
deposited at a filament temperature of nearly 1990 °C, was prepared. A
consistent filament-substrate distance of 71 mm was maintained, with the
chamber heater temperature set to 250 °C.

The ITO sputtering process, unless specified otherwise, was carried out
from a 97/3 tube target at an 8 cm sample-target distance in a vertical sys-
tem. The sputter power for this process is 5 kW, with a deposition pres-
sure of 3 μbar and a heater temperature maintained at 250 °C. The rotation
speed of the tube target is set to 9 mm s−1, and the gas flow rates for ar-
gon and oxygen were 197 and 3 sccm, respectively. If annealing was done,
it was performed on a hot plate at 230 °C for 20 min in ambient air.

For conductivity measurements, the ITO was removed by dipping the
sample in 37% hydrochloric acid for 18 min. Subsequently, for all con-
ductivity measurements, two coplanar silver pads are evaporated onto the
sample, and the conductivity was measured using a custom-built setup.
The FTIR spectrometer employed is a Thermofischer Nicolet 5700 FT-IR
transmission spectrometer, while the Raman spectrometer is a Renishaw
inVia model equipped with a 525 nm excitation laser.

The quasi-steady-state photoconductance measurement to determine
the effective minority carrier lifetime and the iVOC was conducted with a
Sinton WTC-120 lifetime tester. The iVOC is evaluated under one sun con-
dition, and the 𝜏eff at a charge carrier density of 1 × 1015 cm−3. Photolu-
minescence images were captured using a Xenics Cheetah 640-CL InGaAs
camera cooled to 0 °C. Four images taken during a single illumination cycle
allow for the calculation of the photoluminescence lifetime image accord-
ing to literature.[33] The photoluminescence image is then corrected to the
photoconductance lifetime as measured with the Sinton WTC-120 lifetime
tester.

Simulations for the electron impact utilize the freeware Monte Carlo
Simulation Of Electron Trajectory In Solids (CASINO),[34] while ion impact
simulations employ The Stopping and Range of Ions in Matter (SRIM)[35]

software. These simulations assume a stoichiometric SiC with an atomic
hydrogen concentration of 13 at% and a crystalline volume fraction of
80%, unless otherwise noted. Changes in crystalline volume fraction are
simulated by varying the density linearly from 2.4 g cm−3 for the amor-
phous case[36] to 3.21 g cm−3 for the crystalline case.[37] The incident en-
ergy of electrons and ions is approximated at 270 eV, aligning with the
target voltage in the sputtering system.

For electron microscopic analysis of the ITO on nc-SiC:H(n) layers, a
cross-sectional TEM lamella is prepared using Ga-focused ion beam (FIB)
cutting on a HeliosNanoLab400S FIB. The process (lift-out method) is
a multi-step process, including depositing a protective carbon layer, slic-
ing perpendicular to the surface, lifting out the slice with a micromanip-
ulator, mounting it on a Cu TEM support grid, and then polishing it to
the desired dimensions and thicknesses. The specimen is cleaned us-
ing a UV-based Hitachi HT ZONETEM II cleaner and examined through
high-resolution scanning transmission electron microscopy (HR-STEM)
on a Hitachi HF5000, operating at 200 kV and equipped with a spherical-
aberration (Cs) probe corrector. EDX analyses were conducted using dou-
ble EDX Ultra 100 detectors from Oxford Instruments.
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[1] M. Filipič, Z. C. Holman, F. Smole, S. De Wolf, C. Ballif, M. Topič, J.
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