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Abstract—We investigate the degradation of n- and p-type tunnel
oxide passivating contact (TOPCon) under illumination and ele-
vated temperatures to elucidate the degradation mechanism and
identify mitigation strategies. Because the understanding regard-
ing surface-related degradation (SRD) differs between n- and p-
type TOPCon, we address different aspects for each layer type. Re-
garding p-type TOPCon, the focus is on the impact of the fast-firing
peak temperature, whose correlation has already been investigated
for n-type TOPCon but not for p-type TOPCon. It is found that the
degradation extent of p-type TOPCon is inversely correlated with
the peak temperature of the fast-firing step. This is consistent with
previous reports on n-type TOPCon, making a common degra-
dation mechanism for n- and p-type TOPCon likely. For n-type
TOPCon, samples processed by plasma-enhanced chemical vapor
deposition and low-pressure chemical vapor deposition (LPCVD)
exhibit markedly different degradation extents. We attribute the
lower degradation extent observed for LPCVD layers to its higher
phosphorus concentration. We propose a unified mechanism for
the degradation of both, n- and p-type TOPCon, that explains the
various experimental data: hydrogen diffuses from a hydrogen con-
taining dielectric layer (e.g., silicon nitride, SiNx) through the highly
doped poly-Si layer toward the Si/SiO2 interface, where interface
defects are formed. Based on this pathway, the degradation can
be mitigated either by reducing the hydrogen content within the
dielectric layers or by hindering the diffusion of hydrogen to the
Si/SiOx interface—for example, by increasing the poly-Si dopant
concentration.

Index Terms—Silicon, solar cells, surface-related degradation
(SRD), tunnel oxide passivating contact (TOPCon).

I. INTRODUCTION

IN RECENT years, tunnel oxide passivating contact (TOP-
Con) based solar cells have become the dominant technology
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in the PV market and are expected to maintain this dominance
for the next five to ten years [1]. The main technological ad-
vancement comes from the TOPCon rear layer stack, consisting
of a thin tunneling silicon oxide (SiOx) and a highly n-doped
polysilicon layer, which we will refer to in the following as
n-type TOPCon. Using a thin SiOx and highly p-doped polysil-
icon layers, a similar stack can be manufactured, termed p-type
TOPCon in this work. These layer stacks provide excellent
charge carrier selectivity while maintaining very high surface
passivation [2]. For the latter, hydrogen is necessary to saturate
remaining dangling bonds at the Si/SiOx interface, thus achiev-
ing low recombination [3], [4]. Hydrogen often comes from
hydrogen-containing dielectric layers such as silicon nitride,
SiNx. With improvements in technology, average module sales
prices per Wp decrease with every passing year [1]. While
this is good news, this also means that the long-term stability
of TOPCon modules becomes increasingly important for the
levelized cost of electricity [5]. Therefore, this study addresses
a known but poorly understood instability: the surface-related
degradation (SRD) of n- and p-type TOPCon.

SRD has been observed under illumination and elevated tem-
peratures – conditions known to occur in installed photovoltaic
modules. The term SRD was originally used to describe the
degradation of surface passivation of dielectric layers, such as
aluminum oxide, Al2O3, or silicon nitride, SiNx [6], [7], [8],
[9], [10], [11]. However, a surface-related degradation was also
reported for n-type TOPCon in 2020 independently by Winter
et al. [12] and Kang et al. [13]. Both studies identified SRD
to be firing-induced, i.e., only fired samples show SRD while
unfired references remain stable. Because the samples featured
dielectric layers acting as hydrogen sources during the fast-firing
step, they suggested that the degradation could be related to
hydrogen. Kinetically, the degradation is followed by a regen-
eration. Ratnapagol et al. [14] reported that firing induces not
only the defect precursor but also the defect itself, which later
regenerates. In addition, they demonstrated the cyclability of
SRD, which can be induced again after a full regeneration by a
second fast-firing step [14].

Liu et al. [15] provided insights into the underlying mech-
anism by applying different surface polarizations with corona
charging, enhancing the degradation extent in some cases. They
explained their results with hydrogen diffusing from the SiNx

layer toward the Si/SiOx interface, where they suspect hydrogen
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to play a role in the formation of surface defects causing the
degradation.

Most published SRD studies have focused on n-type TOP-
Con. Results on p-type TOPCon are sparse and inconsistent:
A degradation of p-type TOPCon was observed by Madumelu
et al. [16], while Ratnapagol et al. [14] and Liu et al. [15]
(supplementary data) did not observe SRD. However, because
the surface recombination is significantly higher compared to
their n-type counterpart and also differs noticeably between the
studies (Madumelu: 10–20 fA/cm2, Liu: ∼35 fA/cm2, Ratna-
pagol: ∼100 fA/cm2), it is possible that SRD was masked in
Ratnapagol’s and Liu’s case by the worse surface passivation.

Because there is a different level of understanding regarding
the SRD of n- and p-type TOPCon, in this contribution the
focus is different for the two poly-Si doping polarities. Since
little is known regarding SRD in p-type TOPCon, we start
by investigating the dependence of SRD on the peak-firing
temperature. We find, both, a firing-dependent SRD consistent
with findings in literature on n-type TOPCon and a surprisingly
strong degradation in an unfired reference contrasting results
on n-type TOPCon. In addition, a second SRD later in time is
detected that does not seem to be dependent on the fast-firing
parameters.

For n-type TOPCon, we compare layers deposited with two
different methods, via plasma-enhanced chemical vapor depo-
sition (PECVD) and low-pressure chemical vapor deposition
(LPCVD). We observe significant differences in SRD extent,
with the LPCVD processing route showing minimal degra-
dation. A potential inverse correlation is found between the
SRD extent and the phosphorus doping concentration. Thus,
by increasing the doping concentration within the poly-Si layer,
manufacturers have a potential way to mitigate SRD which does,
however, require some adaptions to the process flow to maintain
high surface passivation. Our data support a hydrogen-driven
mechanism: SRD in n- and p-type TOPCon originates from
hydrogen in the dielectric diffusing through the poly-Si layer
toward the interface, where defects, potentially pinholes, are
formed. These insights suggest practical mitigation measures:
reduce hydrogen in the SiNx and/or hinder hydrogen transport
by increasing poly-Si dopant concentration.

II. METHODOLOGY

A. Sample Preparation

1) Preparation of P-Type TOPCon Samples: For the p-type
TOPCon samples, 5 Ωcm P-doped n-type M2 Czochralski (Cz)
silicon wafers are used with a thickness of 180 μm. The wafers
are cleaned and textured using a saw-damage etch, alkaline
texturing and a HCl/O3 + HF/HCl cleaning sequence. A 1.2
nm thin oxide is thermally grown, followed by a PECVD of 50
nm p-doped a-Si on both sides. Crystallization of the a-Si layer
was done by annealing the sample at 900 °C for 10 min. The
samples are capped with a 70 nm thick PECVD silicon nitride
(SiNx:H) featuring a refractive index n = 2.03, and are fired
at measured peak temperatures of 700, 725, 775, and 800 °C.
An unfired reference sample was retained. Afterwards, the M2

Fig. 1. (a) Evaluated surface recombination parameter J0s of p-type TOPCon
samples with different fast-firing temperatures during a degradation treatment
at 170 °C and 1 sun-eq. (b) and (c) show changes in J0s. In (b), the data is shown
in relation to the second data point, and the lines are three-state-fits to describe
the first degradation. In (c), the three-state-fit of (b) is subtracted from the data
in (b) to better highlight the second degradation (the earlier data points show a
higher transparency).

wafers are cut into 5.2 × 5.2 cm2 tokens. One token of each
sample is used in the degradation experiment.

2) Preparation of N-Type TOPCon Samples: For the n-type
TOPCon samples, 1 Ωcm P-doped n-type and 0.85 Ωcm Ga-
doped p-type M2 Czochralski (Cz) silicon wafers are used, both
with a thickness of 180μm. The wafers underwent a saw-damage
etch followed by a HCl/O3 + HF/HCl cleaning sequence. Af-
terwards, the wafers are split into two a-Si processing routes,
using a PECVD and a LPCVD tool. For the PECVD route, the
samples receive a 1.2 nm thin thermal oxide, followed by an
80 nm thick PECVD deposited n-doped a-Si. The samples are
annealed after a short HF dip at 900 °C for 10 min, resulting in a
polycrystalline (poly) Si layer. For the LPCVD route, the 1.2 nm
thin oxide is deposited thermally in the same LPCVD tool used
for the subsequent a-Si deposition, resulting in an 80 nm thick
n-doped a-Si, that is annealed at 860 °C for 15 min. Samples
of both routes are merged again for depositing dielectric layers
as hydrogen source. A variation is made, with a single PECVD
SiNx layer with a refractive index at 633 nm of n = 2.05, and
a double layer of a 4 nm thin atomic layer deposited Al2O3

followed by a PECVD SiNx layer with n = 2.15. Finally, the
samples are fired at a set temperature of 800 °C.

B. Degradation Methods

To investigate the degradation of our samples, we use a
combination of a hotplate with precise temperature control and
LEDs with spectrum in the visible light. The p-type TOPCon
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samples are degraded at a set temperature of 170 °C and an
illumination intensity set such that the measured short circuit
current of a reference solar cell equals the short circuit current
measured under AM1.5g ( => 1 sun-eq.). The n-type TOPCon
samples are investigated at 140 °C and an illumination intensity
of 2 sun-eq. The samples are repeatedly taken off the hotplate to
measure their recombination properties with photoconductance
decay (PCD) and photoluminescence (PL) measurements. The
samples are investigated for a total time of more than 1000 h.

C. Measurement Methods

PCD measurements with a WCT-120 from Sinton Instruments
are used to determine the effective lifetime τ eff over a wide range
in excess charge carrier density Δn. A specifically developed
evaluation method comprising a long and short flash measure-
ment is used to extent the range ofΔn (compare Appendix). The
data are then fitted to obtain information on the surface recom-
bination via the surface recombination parameter J0s (compare
Appendix and study [17]). PL images are used to assess lateral
inhomogeneities.

III. EXPERIMENTAL RESULTS

In this section, we present the data of n- and p-type TOPCon
subsets individually, whereas the Discussion section combines
all data toward a unified model of SRD in passivating poly-Si
layers.

A. Twofold Degradation of P-Type TOPCon

First, we investigate n-type wafers, symmetrically passivated
with a SiO2/poly-Si(p+)/SiNx layer stack, fired at different peak
temperatures Tpeak. Fig. 1(a) shows the J0s data after fast-firing
(time t = 0) and during a degradation treatment at 170 °C and
1 sun-eq. It can be seen that the initial J0s scales inversely with
Tpeak, which can be attributed to an improved hydrogenation
[4]. During the degradation, all samples show an increasing J0s,
followed by a regeneration. After ≈ 250 h, a second increase in
J0s is observed.

Fig. 1(b) shows the change in J0s calculated with respect to the
first data point during degradation. This allows better assessment
of the degradation extent for the different samples. For the fired
samples, the first degradation (“1st deg.”) is strongest for the
sample with Tpeak = 700 °C. The degradation extent decreases
with increasing Tpeak, ending with a change below 1 fA/cm2

for the sample with Tpeak = 800 °C. Interestingly, the unfired
reference sample shows the largest degradation, around five
times higher than the extent of the sample fired at 700 °C. To
our knowledge, this is the first time SRD is observed in an
un-fired TOPCon sample. The first degradation is well described
by a simple three-state model [18] given by the transition from
precursor to degraded state and finally to the regenerated state
[c.f., lines in Fig. 1(b)].

The second degradation (“2nd deg.”) is visible after ≈ 250
h. It is possible that the degradation is already starting earlier
but is not visible in the data due to the opposing trend of the
first degradation’s regeneration. To better estimate the second

(a)

(b)

(c)

Fig. 2. Evaluated J0s values of p-type (a) and n-type. (b) Samples with n-type
TOPCon, deposited with two different methods and two different dielectric layer
stacks for hydrogenation. (c) Change in J0s of n-type samples, calculated from
the data shown in (b). Lines are three-state-model fits.

degradation, we subtract the three-state-fit from ΔJ0s, obtaining
a different ΔJ0s with respect to the second degradation, shown
in Fig. 1(c). Given the higher uncertainty due to fitting, the
data need to be interpreted with greater caution than the data
in Fig. 1(b). With this in mind, the data do not show a significant
difference for the various peak temperatures, at least within the
investigated time period. Finally, we want to note that also the
unfired sample is similarly affected by the second degradation.

B. Process Influences on the Degradation of N-Type TOPCon

Regarding the degradation of n-type TOPCon, we investigate
process influences on SRD with the aim to 1) better understand
the phenomenon and 2) find process options to reduce or even
prevent SRD. To this end, we compare two different process
routes that mainly differ in the amorphous silicon (a-Si) deposi-
tion technique: via LPCVD and via PECVD. The routes differ in
two more ways. First, the SiOx deposition is implemented within
the LPCVD process, while it is a separate process for the PECVD
route. The resulting oxide thicknesses are similar, although
potential stoichiometry differences cannot be fully excluded.
Second, the PECVD route uses a slightly higher annealing
temperature and duration (900 °C for 10 min) compared to the
LPCVD route’s 860 °C (15 min).
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Fig. 3. Active phosphorous concentration obtained from ECV measurements
for the two deposition methods. Left and right graph show the same data on a
linear and logarithmic y-scale, respectively.

Fig. 2 shows the J0s values during a degradation test at 140 °C
and 2 sun-eq. for p-type Si [see Fig. 2(a)] and n-type Si samples
[see Fig. 2(b)]. For the p-type wafers in Fig. 2(a), PECVD
samples show degradation followed by regeneration. Note that
no noticeable difference is observed between the two dielectric
layer stacks, i.e., with or without Al2O3 and different SiNx

refractive index. In contrast, the LPCVD samples remain stable
throughout the treatment. However, the LPCVD samples show
a significantly higher surface recombination. Even their lowest
J0s values exceed the maximum J0s of the PECVD samples. This
raises the question whether the LPCVD samples are genuinely
“degradation-free” or whether any SRD is masked by the poorer
surface passivation.

To clarify, we examine the n-type samples in Fig. 2(b). Here,
overall lower J0s values are observed, with a particular decrease
for the LPCVD route. The PECVD samples again show clear
degradation-regeneration behavior. The LPCVD samples also
show a degradation-regeneration behavior, but with much lower
extent. Particularly, in the case of the samples with an Al2O3

interlayer (diamond symbols) the J0s value of the PECVD sam-
ple degrades above the LPCVD sample’s J0s value. Supposing
the mechanisms of SRD are the same for p- and n-type base, we
can conclude that the LPCVD sample do exhibit SRD, albeit to
a lesser extent.

Fig. 2(c) shows the change in J0s for the n-type sam-
ples, better visualizing differences in degradation extent. In
addition, a three-state-fit is applied to the data [c.f. lines in
Fig. 2(c)], which describes the data well. We want to highlight
the different kinetics between the two PECVD samples (blue
data): the sample with n = 2.05 shows earlier degradation and
earlier regeneration. Since this sample has a higher lifetime,
more excess charge carriers are present during the degradation
treatment under constant generation. It is, therefore, conceivable
that SRD is a carrier-induced phenomenon. This is in accordance
with results from Kang et al. [13], who observed SRD in the
dark and under illumination, with the dark case showing lower
degradation rates.

To probe the origin of the process dependence, we measure the
electrically active phosphorus (P) concentration by electrochem-
ical capacitance-voltage (ECV) measurements. Fig. 3 shows the
active P concentration for the LPCVD and PECVD routes. For
the PECVD deposition/anneal combination, active [P] in the

Fig. 4. Maximum change in J0s from the first and second degradation observed
in Fig. 1, and the maximum degradation extent reported for n-TOPCon by Chen
et al. [19] and Kamphues et al. [20].

poly-Si is ≈ 2.3 × 1020 cm-3. For the LPCVD route, the active
[P] in the poly-Si is found to be approximately 40% higher.
In addition, the [P]active tail in the silicon bulk is higher and
deeper, as best seen in the right graph. These data suggest an
inverse correlation between the active P concentration and the
SRD extent, with a higher concentration resulting in reduced
degradation. The following Discussion section is based upon this
interpretation. However, we emphasize that other differences be-
tween the two processing routes cannot be excluded. This could
entail the tunneling oxide or further differences in the poly-Si
potentially affecting the H diffusivity, such as different grain
sizes, crystallization degree or density of defects. To this end,
further research into the impact of the doping concentration and
other parameters of the poly-Si/SiO2/Si structure is necessary.

IV. DISCUSSION

Given the broad dataset, we discuss what can be inferred about
the underlying mechanism and the implications for mitigating
SRD. First, Fig. 4 shows a comparison of the SRD extent of
p-type TOPCon from Fig. 1 with literature results on SRD extent
of n-type TOPCon for varying peak temperatures. The data by
Chen et al. [19] and Kamphues et al. [20] show the SRD extent
decreasing with higher peak temperatures. This is comparable to
the trend of the first degradation observed in our p-type TOPCon
(dark blue data). From this, we derive the first assumption that
n-type and p-type TOPCon are affected by a similar degradation
mechanism. The second degradation (light blue data) seems to
behave differently, and we will discuss it further below.

Regarding this first degradation of n-type and p-type TOPCon,
we observe two key features: The dependence on the fast-firing
peak temperature (see Figs. 1 and 4) and the inverse correlation
of the SRD extent with the active dopant concentration (see
Figs. 2 and 3). To explain these features, we propose the follow-
ing hypothesis for the first degradation’s mechanism:

Hydrogen diffuses from the hydrogen source (here the SiNx

layer) toward the interface, as suggested by Liu et al. [15]. At
the interface, the hydrogen concentration affects the surface
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recombination rate [21]. Passivation quality is optimal at an
intermediate hydrogen concentration and deteriorates if the in-
terface hydrogen concentration is too high [21]. Diggs et al. [22]
offered an explanation for this phenomenon: their theoretical
work shows that an increasing hydrogen concentration results
in the formation of pinholes, and that those pinholes dissolve
again when hydrogen leaves the system. Thus, we suggest that
hydrogen arriving from the SiNx can lead to exceeding the
optimal hydrogen concentration at the interface, causing pinhole
formation. In this view, the observed SRD regeneration could
result from hydrogen leaving the interface and the subsequent
dissolution of pinholes.

Based on this hypothesis, hydrogen diffuses through the
highly-doped poly-Si layer on its way toward the interface. It
is known that dopant atoms can trap hydrogen, forming dopant-
hydrogen pairs [23], [24]. Thus, a higher concentration of phos-
phorus atoms, either electrically active or inactive, increases the
available traps. This can explain the difference in degradation
extent between the PECVD and LPCVD samples in Fig. 2. The
LPCVD samples have higher P concentration in the poly-Si.
Therefore, more hydrogen is trapped in the poly-Si on its way
toward the interface, less hydrogen reaches the Si/SiOx interface,
fewer defects are formed, and overall SRD extent is lower.

To explain the dependence on the peak temperature, it is
important to consider what happens with hydrogen during the
fast-firing step. During the fast-firing step, hydrogen diffuses
from the SiNx layer into the silicon bulk. The hydrogen con-
centration in the Si bulk increases with peak temperature [25].
Consequently, the hydrogen content of the SiNx decreases with
higher peak temperature [16], as more hydrogen diffuses into
the bulk or is released to the atmosphere. Thus, with higher peak
temperature less hydrogen remains in SiNx to diffuse toward the
interface during the degradation treatment, resulting in lower
SRD extent—consistent with the trends in Fig. 4.

We also note the lower SRD extent of the p-type TOPCon
samples compared to the n-type TOPCon samples in Fig. 4.
This could be well explained by process variations between the
different studies, but may also arise due to hydrogen having a
higher binding energy to boron than to phosphorus [24]. If this
hypothesis is correct, we would expect an even lower SRD extent
in Ga-doped a-Si layers, since the binding energy of hydrogen
binding to gallium is even higher than to boron.

Regarding the second degradation, the onset of such a second
SRD was also observed by Madumelu et al. [16] in both, n-type
and p-type TOPCon. It is possible that the second SRD observed
in this and Madumelu’s study is due to the same mechanism. In
this work, all samples independent of the fast-firing conditions
degrade similarly. This makes it difficult to draw any conclusions
on the degradation mechanism, so we can only speculate. One
possibility could be SRD due to hydrogen moving from within
the bulk toward the interface. Such an SRD mechanism has
already been proposed for dielectric layers [25], [26], [27].
It is conceivable that the same happens in poly-Si passivated
wafers, with the defects being potentially the same interface
pinholes induced by excess hydrogen that diffused from the bulk.
However, more research is necessary to understand the second
surface degradation phenomenon.

Based on the measured data and the proposed hypothesis,
we can infer mitigation strategies for the first degradation that
revolve around limiting the diffusion of hydrogen toward the
interface. An option could be the reduction of hydrogen in the
SiNx, for instance by using a higher peak temperature, or using
a hydrogen-lean SiNx layer. Another approach could revolve
around creating additional hydrogen traps in the poly-Si, for
example by increasing the doping concentration or inducing
other hydrogen traps, such as vacancies. Of course, any process
adaptations must remain within the process windows determined
by the other important solar cell parameters.

Finally, we want to highlight a notable difference between the
SRD of n-type and p-type TOPCon. SRD in n-type TOPCon is
typically “firing-induced” [12], [13], whereas the unfired p-type
TOPCon sample in this study showed stronger degradation than
the fired samples. Exploring this difference could pinpoint to
prerequisites for SRD and clarify the exact mechanism. While
the developed hypothesis can account for the experimental
findings reported here, further work is necessary to verify the
model.

V. CONCLUSION

In this work, we investigate the surface degradation of n-type
and p-type TOPCon. Because little is known regarding SRD of
p-type TOPCon, we investigate the influence of the fast-firing
peak temperature. It is found that SRD also affects p-type
TOPCon, with the SRD extent decreasing with increasing peak
temperature. This observation is in accordance with literature
results on n-type TOPCon, suggesting a common reaction mech-
anism for SRD in n-type and p-type TOPCon.

To gain more understanding of the degradation mechanism,
the effect of two processing routes on SRD in n-type TOPCon is
investigated. We find a higher SRD extent in PECVD samples
compared to samples with LPCVD poly-Si. Upon further inves-
tigation, we attribute the difference in degradation extent to the
PECVD layers having lower phosphorus doping concentration
than the LPCVD layers.

To explain our findings, we develop a hypothesis for the un-
derlying reaction behind the degradation of passivating poly-Si
layers. In this model, hydrogen diffuses from the hydrogen
source, in our case silicon nitride, toward the interface. At
the interface, excess hydrogen results in the formation of de-
fects, potentially pinholes. Because dopants are known hydrogen
traps, some hydrogen becomes trapped within the highly doped
poly-Si on its way toward the interface. Larger doping concen-
tration leads to more trapped hydrogen. Thus, fewer hydrogen
atoms reach the interface, and the degradation extent is reduced.
While this explains our results in n-type TOPCon, the firing
dependence of n-type and p-type TOPCon can be explained
with another aspect the same model. During the fast-firing
step, hydrogen diffuses out of the silicon nitride into the bulk
and into the atmosphere. Higher peak temperatures leave less
hydrogen in the SiNx layer and more hydrogen in the bulk.
With less hydrogen available in the SiNx to diffuse toward the
interface, the SRD extent is lowered, explaining the fast-firing
dependence.
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Fig. 5. (a) Effective lifetime measured with a short flash, evaluated with a true
transient approach (grey), and measured with a long flash, using the generalized
continuity equation for evaluation. Optical factor was optimized to have both
data in agreement. (b) Fitting the effective lifetime data with respect to the
intrinsic, surface and a constant “background” lifetime.

APPENDIX

A. Evaluating PCD Data

As described in Section II-C, in this work, a method is devel-
oped to improve the analysis of surface recombination based on
the effective lifetime measured with PCD. Using the WCT-120
from Sinton Instruments, a short and long flash measurement
is conducted. The raw photoconductance data are first trans-
lated into sheet conductance using the attenuation correction
suggested by Black and Macdonald [28]. Using Klaassen’s
mobility model [29], [30], the sheet conductance is translated
into excess charge carrier density Δn. Because the mobility
model necessitates the total electron and hole density (p = p0 +
Δn, n = n0 + Δn), the equilibrium charge carrier densities n0
and p0 are required. Because the samples contain highly doped
poly-Si layers, the measured (dark) conductivity is influenced
by them and cannot be used to calculate n0 and p0. Instead, the
known wafer resistivity is used. With the measured evolution
of Δn, the effective lifetime τ eff can be calculated using the
continuity equation

τeff = Δn (t) /

(
G (t)− dΔn (t)

dt

)
(1)

with time t and generation rate G. The short flash measurement
is treated as a transient measurement, with G= 0. To this end, all
data with an illumination intensity higher than 0.05 sun-eq. are
ignored. For the long flash measurement, we use the generalized
formula (1). First, we cut off all data with Vref values below 1 mV,
since the data becomes increasingly noisy, negatively affecting
the resulting τ eff data. Second, the calculation of τ eff requires
an accurate calculation of G and thus an accurate optical factor.
To obtain a trustworthy optical factor, we employ a method
suggested by Sinton Instruments in their manual: Adapting fopt
until the generalized τ eff fits the transient data. To this end, we

minimize the mean square error between the two τ eff datasets
and use the fitted fopt.

As shown in Fig. 5(a), this method extends the Δn range
significantly beyond what a true transient measurement delivers,
while ensuring trustworthy lifetime through the optimization
of fopt. Finally, the τ eff data is fitted using the methodology
described in [17] to obtain a J0s value representing the surface
recombination. In addition, a constant “background” lifetime is
used to account for further potential recombination channels.
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