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In realistic partial shading scenarios, the impact of low-intensity illumination needs to be considered.
However, there is barely any research available and the published results are contradictory. Here, it is
shown that the reverse bias behavior of perovskite solar cells under low-intensity illumination strongly
depends on the voltage scan rate. As explanation, a hypothesis is developed and experimentally verified
that is based on two antagonistic mechanisms: on one hand, illumination affects the mobile ions
conductivity, decreasing the breakdown voltage. On the other hand, an electrochemical reaction caused
by the reverse bias current increases the breakdown voltage. Since the two mechanisms occur on
slightly different time scales, it depends on the voltage scan rate which mechanism dominates. These
findings emphasize that more detailed research into the mechanism occurring in reverse bias and the

factors affecting the reverse bias breakdown is still necessary. Firstly, a deeper understanding would be
Received 21st May 2025 helpful for investigating the effect of realisti -ideal partial shadi ' kite modul
Accepted 31st July 2025 elpful for investigating the effect of realistic, non-ideal partial shading scenarios on perovskite modules.
Secondly, knowing how cell properties and external factors influence the breakdown voltage is
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1 Introduction

The power conversion efficiencies (PCEs) of perovskite solar
cells (PSCs) are leaping from record to record. With small-area
cells having reached nearly 27%, and even perovskite mini-
modules with 23.2% being revealed," it seems that the
commercial breakthrough is only a question of time.

However, there are still some hurdles that need to be over-
come first. One important challenge is the stability. Just like
with the efficiency, the bar is set by the dominating silicon (Si)
PV technology where panels generally come with a warranty of
25-30 years, guaranteeing that during this time, degradation
remains below 0.4-0.6% per year.”> That is a significantly longer
period of time than the age of the perovskite in PV technologies
in general (use in dye-sensitized solar cells since 2009).* One of
the longest reported outdoor tests of perovskite solar cells until
now lasted only around 2.5 years.*

Accelerated lifetime testing is required, where unrealistically
harsh conditions are used to imitate the effects of long-term
outdoor exposure. Here, challenges lie in only accelerating
those degradation pathways relevant to outdoor exposure and
in the need to translate the results of indoor tests into predic-
tions of outdoor lifetime of modules. While these challenges

“TNO, High Tech Campus 21, 5656 AE Eindhoven, Netherlands. E-mail: jonathan.
henzel@tno.nl
*Delft University of Technology, Mekelweg 4, 2628 CD Delft, Netherlands

This journal is © The Royal Society of Chemistry 2025

perovskite solar cells in regards to their reverse bias stability.

pose questions yet to be answered in full, there exists a frame-
work of defined testing conditions whose purpose it is to
improve the comparability of stability experiments on (among
other technologies) perovskite solar cells:®* the authors of the
ISOS protocols (International Summit on Organic Photovoltaic
Stability) name various stressors that can be expected to occur
under operating conditions and cause changes in perovskite
solar cells.” One such stressor is the occurrence of reverse biases
(RB).

Reverse biases are an especially serious problem in mono-
lithically interconnected modules which is the preferred
module design for thin-film PV technologies. There, a module
consists of thin, but long, stripe-like cells which are electrically-
connected in series. That means that one and the same current
is flowing through all cells. This monolithic interconnection
provides advantages but leads to problems when current is not
generated homogeneously across the module area. This can
occur, for instance, due to disparate aging or partial shading.®

During a typically considered partial shading event, a part of
a module, e.g. one cell, is completely shaded. This scenario has
been named ‘asymmetric’ partial shading by Dongaonkar et al.”
There, all cells but one are fully illuminated while the one
shaded cell operates in darkness and does not generate any
current. Since the shaded cell is series-connected to the illu-
minated cells, the shaded cell has to pass the current generated
by them. That leads to the accumulation of charge carriers at
the interfaces and the build-up of an electric field. This electric
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field is oriented in the opposite direction to the electric fields in
the illuminated cells. Therefore, the voltage dropping over the
shaded cell is negative. This voltage is called ‘reverse bias’.

This reverse bias grows, until either the shaded cell passes
the current generated by the other cells, or the maximum
voltage that the illuminated cells can generate is reached. This
maximum reverse bias is the sum of the open-circuit voltages
(Voe) of the illuminated cells. In this case, no current flows
through the cells of that module and no power can be extracted.
In the other, more realistic case, however, the shaded cell
breaks down, the current is passed and the module continues to
generate power at the price of the shaded cell operating in
reverse bias.

There are several publications available that investigate the
effect of partial shading on perovskite modules: a detailed
discussion of the effects of partial shading and possible
methods of mitigation (bypass diodes, module design, cell
geometries), including their problems, can be found in Wolf
et al.®* Experimental results of partial shading experiments on
perovskite (mini-)modules have been presented by Bogachuk
et al., Yang et al., Tayagaki et al, and Aninat et al.°** Addi-
tionally, inspiration can be found in the research that has
already been performed on other thin-film PV technologies:
when it comes to module design or interconnection strategies,
or considerations of realistic partial shading scenarios, lessons
from research on CIGS modules can come handy.”****

Nonetheless, the impact of reverse bias on a single solar cell
was the focus of most publications at present. Instead of
investigating the effects of a partial shading event on a perov-
skite module, a reverse bias is directly applied to a single
perovskite solar cell in the dark. This allows the investigation of
the effects of reverse biases without being hindered by the
problems of fabricating modules with enough cells to force
a shaded cell into breakdown while maintaining a device quality
that is relevant for degradation experiments. This method of
applying reverse biases to single cells has been successful in
demonstrating the devastating impact that this degradation
mode has on perovskite solar cells and in investigating the
degradation pathways that serve to quickly decrease the PCE.
The phenomenological works of Razera et al.*®* and of Bowring
et al.* form the basis of all research in this field. A more general
overview can be found in Wang et al."

An important point is that it seems that degradation is
driven by the reverse bias current and not by the reverse bias
itself.*®** It follows that the reverse bias breakdown (Vp) has to
be avoided in order to limit the reverse bias current and
therefore retard degradation. In modules, that necessitates the
use of bypass diodes that provide low-resistance current paths
above a certain voltage threshold. One question is how to
integrate bypass-diodes into the modules: the problems related
to this question are illustrated and discussed in Bowring et al.*
and Wolf et al.® Another hurdle to overcome is the cost effec-
tiveness which is directly related to the number of bypass diodes
required. The number of bypass diodes is, in turn, related to the
breakdown voltage of the perovskite solar cells that are to be
protected.® A larger (i.e. a “more negative”) breakdown voltage
reduces the number of bypass diodes needed.
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Accordingly, significant effort has been focused on manip-
ulating the breakdown voltage towards larger values by intro-
ducing additives or additional layers to the perovskite solar cell
layer stack.”**

An important aspect that has only very recently received
attention is the interaction between reverse biases and illumi-
nation. At the first glance, adding illumination to a phenom-
enon that occurs during a partial shading event (as defined
above) might seem less relevant. There are, however, two
scenarios during which the impact of illumination might be
important:

(1) Perfect shading, that is, complete darkness in the shaded
area, is probably quite rare in real operating conditions.
Whenever the object that is casting the shadow is located at
a distance from the module, some diffuse illumination will still
reach the ‘shaded’ module area. Additionally, when considering
the trend towards bifaciality, even perfect shading from one
side might not prevent diffuse illumination from the other side.

(2) Partial shading might not follow a simple pattern as
posited for the simplified asymmetric shading case where one
or more cells of a module are completely shaded.” A more
realistic scenario expects the ‘realistic’ shading case (named by
Dongaonkar et al.) where only a part of a cell area is shaded
while the remaining area is illuminated.” This illumination can
be of low-intensity as in the first scenario.

In CIGS solar cells, it was shown that illumination causes
a significant reduction of the breakdown voltage.***” This effect
would mean for the first scenario of incomplete but spatially-
homogeneous shading that the effective Vzp would be lower
than measurements in the dark show. This would have impli-
cations for the number of bypass-diodes required. Following the
second scenario of incomplete and inhomogeneous shading,
local, low-intensity illumination would lead to a locally lower
Vep. If a part of a cell that operates in reverse bias has a lower
Vep, We expect most of the reverse bias current to flow there.
This locally concentrated reverse bias current would lead to
locally increased degradation. Aninat et al. recently proposed
this explanation for locally increased partial shading degrada-
tion observed in a perovskite module."

Nevertheless, there have been only few publications that
mention the interaction of reverse bias with illumination in
PSCs: Jiang et al. observed that an illumination intensity of 0.1
suns did only have a negligible effect on the breakdown
voltage.”® Wang et al, on the other hand, found that the
breakdown voltage changes drastically upon adding low-
intensity illumination.”® They considered an illumination
wavelength-dependent mechanism as in CIGS but also
emphasized the possible importance of mobile defects.?

In all these publications, the topic of reverse bias under
illumination has only been treated peripherally. That means
that a detailed investigation with a proposed mechanism is still
missing. The qualitatively different observations regarding the
impact of illumination on the breakdown voltage in the pre-
sented literature serve as proof that there is a phenomenon
worth investigating. Together with the possibly great relevance
of this topic for the partial shading stability of PSCs, this

This journal is © The Royal Society of Chemistry 2025
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discrepancy serves as motivation for us to take a more detailed
look at the interaction of reverse biases with illumination.

In this publication, we present an investigation of this
interaction between reverse bias and illumination. We varied
various experimental parameters (scan rate, illumination
intensity, illumination wavelength) and built up on our results
by developing a mechanism to explain the observed
phenomena. Finally, we designed and executed experiments to
test our hypothesis.

2 The effects of illumination on the
reverse bias behavior in voltage sweeps
2.1 The voltage sweep experiment

Our samples are p-i-n structured, semi-transparent perovskite
solar cells with a triple-cation (Cs, Ma, FA), double-halide (Br, I)
absorber composition. The layer stack consists of glass/ITO/
PTAA/PVK/Cg0/SnO,/ITO. Details about fabrication and the
results of the initial characterization in the SI; the latter in SI
Fig. 1 to 3. The detailed measurement parameters used
throughout this publication if not mentioned differently are
available there as well.

There are three parameters whose impact on the breakdown
voltage we want to investigate: the illumination intensity, the
wavelength of the illumination, and the voltage scan rate. While
the former two parameters also play a role in the mechanism
described for CIGS,*® varying the scan rate reveals the impact of
mobile ions and other slow processes unique to PSCs.*®

To that end, we executed an experimental procedure that is
schematically depicted in Fig. 1. This experiment consisted of
reverse bias (RB-)JV measurements with a voltage range that is
extended into the reverse bias regime. We always performed
both a reverse (RV) sweep (from 1 V to —8 V or to the current
cutoff at —20 mA cm ™) and a forward (FW) sweep (from —8 V or
the current cutoff to 1 V). These RB-JV measurements were
executed using five different voltage scan rates (between 5 Vs *
and 0.1 V s™%). For every voltage scan rate, we performed eight
dark RB-JV measurements and seven light RB-JV measurements

RB-JV
RB-JV
(light)
RB-JV
=
RB-JV
‘ (light)

°8 tfark RB-JV measurements
« 7 light

(« 8 dark

« 7 light RB-JV measurements

* 8 dark

« 7 light RB-JV measurements

* 8 dark
* 7 light

RB-JV measurements

* 8 dark
* 7 light

RB-JV measurements
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(Fig. 1a). We call such a set of 15 RB-JV measurements
a “group”.

The dark and light RB-JV measurements were alternated in
order to use the latest dark measurement as baseline for the
following light measurement (see Fig. 1b and c). That way, we
were able to correct for changes to the cell due to previous
measurements. A set of a dark and corresponding light RB-JV
measurement is called a “pair”.

The illumination intensity (expressed as a ratio Pyjgn: = jgcght
Jse'™"™) was successively increased from light measurement to
light measurement. As light source, we used a blue (455 nm),
green (530 nm) or far red (735 nm) LED. The purpose of using
different wavelengths were the resulting different absorption
profiles which might reveal information about the role of the
interfaces between the absorber and the transport layers.

Fig. 1d shows how we analyzed the data: we corrected for the
photo-generated current by subtracting Jsc: Jrg = J — Jse. the
breakdown voltage Vgp, is defined using a fixed current density:
Vep = V@ — 10 mA cm > In general, we will describe the
absolute value of the breakdown voltage. Therefore, a “larger
Vep” means a more negative breakdown voltage. The difference
between the Vgp under illumination and the Vgp in the dark is
defined as the breakdown voltage shift AVgp.

2.2 Initial results

Fig. 2 shows representative results from this experiment, using
a blue LED as light source. Only the RV sweeps are displayed.
The FW sweeps and results from other cells can be found in the
SI (Fig. 4-6). The general observations match.

Fig. 2a displays the measurement results of a group of RB-JV
measurements, using the voltage scan rate 5V s~ '. The curves
are corrected for the photo-generated current as described
previously. The eight RB-JV measurements in the dark (“dark”
RB-JV) are displayed as black curves and the seven RB-JV curves
under illumination (“light” RB-JV) in various shades of red. The
lightness of the color corresponds to the illumination intensity
Piight, s0 that the darkest red curve belongs to the light RBjV
measurement with the smallest Pjgp,. The horizontal, dashed
line marks the current density selected to define Vgp.

. . 5
c) |—Reuv(dark) —— RB-JV (dark)

d)
RB-JV (light) / JA . —— RB-JV (light) Y
— -4 ,,/"
/
/
-5 FW‘ =54 /

& RV £

3 ’ g

£-10 g -0

= -

E £

vV

Fig.1 The experimental procedure and analysis: (a) shows the five groups of reverse bias (RB-) JV measurements that each consist of eight dark
and seven light RB-JV measurements. Within each group of measurements, one voltage scan rate was used. We started with the group with the
highest scan rate and proceeded towards the smaller scan rates. (b) Shows the first four RB-JV measurements of a group. Dark and light RB-JV
measurements were alternated and the illumination intensity Pjgn was increased light RB-JV-to-light RB-JV. (c) Shows one such pair of one dark
(black) and one light (red) RB-JV measurement. Each pair consists of a reverse (RV) sweep and a forward (FW) sweep. (d) Demonstrates how we
have analyzed the measured data. It shows the RV sweeps of a pair of RB-JV measurements after the correction for the photo-generated current.
The current density marked by a horizontal, dashed line is used for defining a Vp for the dark and one for the light RB-JV curve. The difference

between the two Vgp's is the breakdown voltage shift AVgp.

This journal is © The Royal Society of Chemistry 2025
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Fig.2 Representative results of the experiment using a blue LED. (a) Shows the Jgg = J — J Of the reverse (RV) sweeps witha scanrate of 5V s~ .
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1

The dark JV curves are shown in black, the light JV curves in various shades of red. The lightness of the color corresponds to the illumination
intensity. A dashed, horizontal line marks the current density used for defining Vgp. (b) Shows the results for a scan rate of 0.1V st in the same
way. There, a blue arrow marks the aborted early breakdown and a blue bracket the pre-breakdown of the RB-JV measurements under

illumination.

Looking at the black curves, we see that most of them are
nearly lying on top of each other. That means that also Vgp is
nearly constant among them. Only one curve, corresponding to
the first measurement, lies separate. Even then, however, the
spread is smaller than 0.5 V (see, SI Fig. 7).

Contrary to the dark RB-JV curves, the light RB-JV curves (in
red) do not lie on top of each other. Instead, we observe that
they shift towards smaller voltages with increasing Pj;gn, (dark
red to orange). Therefore, the Vpp's under illumination move to
smaller voltages. The difference between dark and light RB-JV
curves grows and therefore AVpp, increases.

In Fig. 2b, another group of RB-JV measurements from the
same experiment is displayed. Here, the scan rate was 0.1 Vs~
Again, the black curves are the results from measurements in
the dark while the red curves correspond to the measurements
with increasing illumination intensity.

Looking at the dark RB-JV measurements first, we see that
the black curves mostly overlap, again. One curve (corre-
sponding to the first measurement) lies partially separate from
the others. However, near the horizontal, dashed line, all black
curves are close to each other, so that the spread of Vg, is small.

If we turn our attention to the light RB-JV curves (in red), we
observe that the (absolute) current density begins to increase at
a very small voltage (V = —1 V, marked by blue arrow). With
increasing reverse bias, the current density proceeds to increase
only slowly, however. This is a new phenomenon that we call
‘pre-breakdown’ (blue bracket). At a voltage V = —4 V, the
current density suddenly increases steeply. Here, the actual
breakdown occurs. This happens for all light RB-JV curves at
nearly the same voltage. This means that Vgp is nearly the same
for all light RB-JV measurements with this scan rate. As the
difference between the dark and light RB-JV curves at —10 mA
cm™? is minimal, AVgp, is small.

31758 | J. Mater. Chem. A, 2025, 13, 31755-31769

We now proceed to comparing Fig. 2a and b, i.e. the results
from measuring with 5V s~ and 0.1 V s~ ": when looking at the
dark RB-JV curves first, we see a rather similar behavior. In both
cases, the spread of Vyp is small, with the first measurement as
outlier. Also, the Vgp, of both groups lie around V = —4.5 V and
not much more than 0.5 V apart from each other (see SI Fig. 7).
We conclude that the scan rate (within the selected range) has
only a limited impact on Vpp, in the dark.

Comparing the light RB-JV curves shows significant differ-
ences: at 5 Vs ' (a), the light RB-JV curves and their Vyp's shift
significantly with Pjign.. In contrast, at 0.1 Vs~ (b), the Vgp is
nearly unaffected by illumination. An additional difference is
visible in the low current density regime (Jrg = —3 mA cm ™ ?): at
5V s ' (a), the light RB-JV curves look like dark RB-JV curves that
have been shifted to smaller voltages. In contrast, the light RB-
JV curves at 0.1 Vs~ (b) show the pre-breakdown and therefore
completely different behavior than the corresponding dark RB-
JV curves.

Finally, we take a look at the positive voltage region: in
Fig. 2a, all the dark and light RB-JV curves lie on top of each
other. It seems that neither the successive measurements nor
the illumination has a lasting impact on the behavior in the
positive voltage region. That is different at 0.1 V s~ * in Fig. 2b:
there, we observe for both the dark and the light RB-JV curves,
that the current density begins to increase at smaller positive
voltages with every RB-/JV measurement. As these are the RV
sweeps that start at 1 V, it seems that the solar cells do not
return to their initial state in between the measurements.

The corresponding results obtained from the FW sweeps are
attached to the SI (Fig. 4) as they show qualitatively the same
behavior. Only at the smallest scan rate of 0.1 Vs~ ', a significant
difference can be observed: the ‘pre-breakdown’ is completely
absent in the forward sweeps (see also Fig. 6).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Summary of the results of the experiments: the breakdown voltage shift (AVgp), i.e. the difference in Vgp between the dark and the light
RB-JV curves, is shown as function of the illumination intensity Pjgn. (a) Displays the results from blue illumination including the results shown in
Fig. 2. (b) and (c) Show results from other cells for green and far red illumination, respectively.

The observations in regards to the Vpp's are summarized for
all investigated voltage scan rates and illumination wavelengths
in Fig. 3 by means of comparing the breakdown voltages. To
that end, the breakdown voltage shift (AVgp), i.e. the difference
between the Vpp, in the dark and in the corresponding light RB-
JV measurement, is plotted against the illumination intensity.

Fig. 3a shows results from the same cell as was shown in
Fig. 2 on which blue illumination was used. We see two very
different types of behavior: AVyp, is very small when using a scan
rate of 0.1 Vs~ (black squares). In contrast, all other scan rates
lead to AVyp's that range from 1 V to 2.5 V (orange, blue, green,
and red symbols). These are the results from using scan rates
=0.5 V s~ '. Additionally, a dependence on Piigy is visible for
these scan rates as well: at low illumination intensities, AVgp
increases steeply, but that increase levels off at Pz = 0.05.
This might point to a logarithmic dependence (see semi-
logarithmic plot in SI Fig. 8).

Fig. 3b and c show the results from experiments with
different illumination wavelengths (green and far red) on other
cells. It is clear that nearly the same behavior is observed as in
Fig. 3a. The differences that are visible (especially in regards to
0.5 Vs, Fig. 3b) fall within the cell-to-cell variation and do not
seem to be connected to the illumination wavelength (see the
results from more cells in SI Fig. 6). We consider 0.5 V s *
a boundary case where it varies from cell-to-cell whether it
resembles the “fast” or the “slow” voltage sweeps.

The fact that the observed phenomenon does not depend on
the wavelength of the illumination means that it does not
depend on the absorption depth. That leads us to the conclu-
sion that the mechanism responsible for the impact of illumi-
nation can occur in the whole perovskite layer.

2.3 Comparison with literature and open questions

Summarizing our observations, we can classify our results in
two groups: when using a small voltage scan rate (e.g. 0.1V s™ 1),
we observe the ‘pre-breakdown’ phenomenon but barely any
change to the breakdown voltage. Indeed, Vgp, even seems to be
slightly larger under illumination than in darkness. In contrast,

This journal is © The Royal Society of Chemistry 2025

the results when using a higher voltage scan rate (=1 Vs~ %) do
show a significant change of the breakdown voltage. Here, the
breakdown seems to occur at a far smaller voltage under illu-
mination than in darkness. The magnitude of that shift shows
a clear dependence on the scan rate and the illumination
intensity. The scan rate 0.5 V s~ ' seems to lie in the middle
between the two cases. Generally, we did not observe any
qualitative impact of the wavelength of the illumination in
either case.

These results do fit to the observations in literature
described above: Jiang et al. used a voltage scan rate of 0.35 V
s ' for reverse bias measurements with illumination and did
not observe a significant impact of illumination.”® The closest
scan rate we used are 0.1 V s~' and 0.5 V s~ '. The former did
never show a significant impact of illumination, while for the
latter, the results varied from cell to cell. We explain this with
possible variations in material parameters, like mobile ions
concentration, caused by details of fabrication. The same
argumentation holds for the results of Jiang et al. However, the
lack of ‘pre-breakdown’ in their results is a more significant
difference. Later, we will show that this difference could be the
result of a pre-conditioning of the cells before the
measurement.

Wang et al. presented a significant impact of illumination on
Vap. Therefore, our observations seem to confirm the results of
Wang et al., although a direct comparison is difficult due to
differences in sample structure and experiment design."” So,
while there is an overlap between our observations and results
reported in literature, there remain open questions:

e Why does illumination greatly influence the breakdown
voltage when using high voltage scan rates?

e How can we explain the dependence of this breakdown
voltage shift on scan rate and illumination intensity?

e What causes the ‘pre-breakdown’ phenomenon and why is
the effect of illumination absent or even inverted at small scan
rates?

In the following section, we develop a hypothesis that is able
to explain the observed phenomena.
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3 A detailed explanation

3.1 Developing a hypothesis on the effect of light and scan
rate

Before we start formulating our hypothesis, we will give a short
introduction to the generally-accepted reverse bias breakdown
mechanism in perovskite solar cells that was proposed by
Bowring et al.:*®

This model posits that the breakdown mechanism is based
on tunneling facilitated by the accumulation of mobile ions at
the interfaces. Already without an external voltage, the built-in
field leads to ion migration towards the interfaces until the
bulk of the absorber is screened and most of the voltage drops
near the interfaces. When a reverse bias is applied, additional
mobile ions begin moving towards the interfaces until the
external field is also screened. This accumulation of charged
species leads to additional band bending which reduces the
width of the tunneling barrier, thus increasing the probability
for a tunneling event.*®

Avery simplified schematic of this breakdown mechanism is
displayed in Fig. 4a. There, a certain concentration of mobile
ions (red-filled circles) is present in the absorber of a PSC in
darkness. Upon the application of a reverse bias (—V) and with
enough time (At), these mobile ions move towards an interface
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with a transport layer (TL1). When they reach it, a reverse bias
current (Jg) begins to flow (red arrow).

In the publication of Bowring et al., several factors are
mentioned that add to the complexity of this mechanism:*® for
one, perovskite absorbers are generally polycrystalline materials
with grains separated by grain boundaries. It is well-known that
grain boundaries form channels for ion migration.**** Secondly,
there might be additional energy states within the tunneling
barrier, opening the door for a trap-assisted tunneling mecha-
nism. Additional factors could be macroscopic defects that are
practically unavoidable in large-scale layer deposition and the
impact of the electrodes on the electric field.***** It should also
be mentioned that there are also publications that discuss
a possible role of an avalanche breakdown mechanism in
perovskite devices.'”**

Finally, it was reported that the breakdown voltage is not
a static property but changes during the application of a reverse
bias: the breakdown voltage changes in time due to the slow
migration of mobile ions. Additionally, the reverse bias current
might itself cause an electrochemical reaction enhancing the
tunneling barrier.'® An enhanced tunneling barrier leads to
a lower probability for tunneling and thus a decrease of the
reverse bias current.
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Fig. 4 A schematic representation of the reverse bias breakdown mechanism (a) in the dark and (b) under illumination. The effect of illumination
is here presented as an increase of the mobility of the mobile ions by “photo-activation”. A simplified schematic of a PSC with transport layers
(TL1, TL2) and perovskite absorber (PVK) is depicted. The red-filled circles represent the mobile ions that are present in the dark while the orange-
filled circles with red edge represent the photo-activated mobile ions with a higher mobility. When a reverse bias is applied (—V), both species
move towards an interface which takes time (At). When they reach the interface, they contribute to the reverse bias breakdown mechanism and
allow tunneling. That increases the reverse bias current (Jrg), depending on the number of mobile ions at the interface. Its magnitude is expressed
as thickness of the red arrow.
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To develop our hypothesis, we can draw inspiration from
possibly related phenomena in PSCs: a phenomenon where the
voltage scan rate has a significant impact on JV measurements
under illumination is the jJV hysteresis. There, the voltage sweep
direction influences the results, ie. the measured power
conversion efficiency.*® The general consensus on the origin of
this hysteresis points toward the migration of mobile ion
species and non-radiative recombination at interfaces.*® Le
Corre et al. demonstrated the impact of a wide range of voltage
scan rates on the magnitude of hysteresis experimentally and
connected their results to ion mobility by way of simulation.*
They argued that a voltage scan at a very high scan rate (e.g.
1000 V s~ ') negates the impact of mobile ions as they cannot
react to the changing bias. On the other hand, at very small scan
rates (e.g. 0.01 V s~ '), the solar cell approaches steady-state as
the mobile ions have enough time to reach a new equilibrium in
between the measurement points.”® In between these extrema,
JV measurements show hysteresis. The scan rate where hyster-
esis reaches a peak in magnitude depends mostly on the
diffusion coefficient of the mobile ions.> Their experiments
were performed on solar cells considered to be “hysteresis-free”
as they did not show significant hysteresis at a typical scan rates
of about 0.1 V s~ *.2° That matches our cells (see SI Fig. 1-3).

We can therefore assume that the impact of the scan rate
must be connected to the ability of the mobile ions to react to
the changing electric field during voltages sweeps. This ability
depends on the mobility and concentration of the mobile ions
and on how much time they have to reach a new equilibrium (A¢
in Fig. 4a).

The impact of illumination on the mobile ions could come
about indirectly via the temperature or directly. In the
following, we will first investigate the possible effect of
a temperature increase due to illumination.

Temperature could play a role since it has an effect on the
mobile ions and on the reverse bias behavior. It has been re-
ported in two publications that higher temperatures lead to
smaller breakdown voltages."*® This has been linked to quicker
mobile ion movement.*® As the voltage scan rate determines
how long a cell is exposed to illumination, we could expect
higher temperatures at smaller scan rates. This should lead to
smaller Vg, values.

To get an idea about the temperature changes we can expect,
we used an infrared (IR) camera to track the surface tempera-
ture of a PSC. After a few seconds without illumination, we
switched on a blue LED, set to an intensity equivalent to Pyjghe =
0.25. As this illumination intensity is among the upper limit of
what we used during the voltage sweep experiments, this gives
us also the upper limit of temperature increase. The detailed
results can be found in the SI (Fig. 9). They show that even after
3 minutes of constant illumination (approximately the duration
of a complete voltage sweep at 0.1 V s~ '), the temperature has
only increased by about 3 K.

Therefore, the temperature cannot be expected to play
a significant role, especially at smaller illumination intensities
than Pjjgne = 0.25. Since most of the AVyp, is, however, already
visible at illumination intensities Pjg, = 0.05, another factor
seems to be responsible for affecting the mobile ions.

This journal is © The Royal Society of Chemistry 2025
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The temperature could, however, be playing a role in the
differences in AVgp of the fast voltage sweeps (=0.5 V s ).
There, we observe larger AVgp values with smaller scan rates
(see Fig. 3). That could be explained by higher temperatures due
to longer scan durations. However, there is evidence against
this temperature effect playing an important role here, as well:
the difference between the AVgp, of the different scan rates stay
constant for all illumination intensities. This observation
argues against an impact of the temperature increase due to
illumination. Therefore, we conclude that the illumination
influences the mobile ions via a different mechanism than the
temperature.

The impact of illumination on the mobile ions has been an
object of research, based on the observation that the capaci-
tance of solar cells at small frequencies increases significantly
upon addition of illumination.*” As origin of this observation,
a reduction of the activation energy of mobile ions and the
additional creation of defects were discussed.*®** However,
conclusive answers even to fundamental questions regarding
mobile ions species or mechanisms of ion migration or inter-
action with illumination are missing. Recently, Schiller et al.
showed that the capacity-increase is caused by the photo-
induced electronic currents being modulated by mobile ions
and can therefore be explained without a change to ion mobility
or ion concentration.*” However, they still found evidence of
a photo-conductive effect, meaning that illumination does
indeed impact the ion conductivity. They did not specify
whether it is the concentration or the mobility of the mobile
ions that is affected by light. Developing a mechanism of
interaction between light and ions was beyond the scope of
their publication.*” They did, however, argue that any interac-
tion between illumination and mobile ions has to be mediated
by photo-generated charge carriers.*

With that, we can incorporate the effect of illumination: light
increases the conductivity of mobile ions, i.e. the concentration
and/or mobility. These, in turn, affect the reverse bias behavior
of perovskite solar cells. This is displayed in Fig. 4b. There, the
effect of illumination is depicted as the photo-activation of
mobile ions which increases their mobility. The mobility affects
how fast the mobile ions move under a certain reverse bias (—V):
due to the higher mobility under illumination, the photo-
activated mobile ions reach the interface earlier than in dark-
ness. More ions at the interface leads to stronger band bending
and therefore a higher tunneling current. Thus, Jgg is larger
under illumination. This is shown in Fig. 4b as a thicker red
arrow than in a. We should note that similar considerations are
valid for the case of an increased concentration of mobile ions.

These considerations are sufficient to formulate answers to
the first two of our questions:

Ilumination leads to an increase of the conductivity of the
mobile ions. Therefore, it takes less time under reverse bias
until the accumulation of mobile ions at the interface is
significant. This accumulation leads to a larger reverse bias
current.

We can translate that explanation to a fast voltage sweep:
when the voltage sweep crosses a minimum reverse bias
threshold, the mobile ions begin to move towards the
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interfaces. While they are moving, the sweep continues and the
reverse bias increases and accelerates them further. At some
time At, the mobile ions reach the interface and reverse bias
current begins to flow. The voltage that is applied at this time At
appears as the breakdown voltage. A higher mobility (e.g. due to
illumination) means that the mobile ions are faster. As they are
faster, they reach the interface earlier, i.e. At is smaller. As At is
smaller, the observed breakdown voltage appears smaller.

In the same way, an increased concentration means that,
after the same A¢, a larger number of mobile ions has reached
the interface. This means that a significant Jzg begins flowing
earlier which again appears as a smaller Vpp,.

The same argumentation also holds for the dependence of
AVgp on the scan rate:

We observed that under illumination AVgp increases with
smaller scan rate (see Fig. 3). This observation complies with
our argumentation because the smaller scan rates give the
mobile ions more time to react to the applied bias, i.e. “reach
the interface”. At is the same as before, but the voltage sweep is
slower. That means that the voltage sweep has not progressed as
far when the mobile ions reach the interface. That appears as
a smaller breakdown voltage. Since the impact of scan rate on
the dark Vpp is nearly negligible, the difference between dark
and light Vp, increases and therefore AVgp increases as well.

Finally, the illumination intensity was also observed to play
a role. At low intensities, AVpp, increases steeply, but at higher
intensities, the increase levels off (see Fig. 3). That means that
additional photons have less of an effect at already higher
illumination intensities (higher being here =0.05 suns). The
same observation was made for CIGS solar cells.”® There, they
connected this illumination intensity-dependence to the excess
charge carrier density. The same might be true for PSCs, as the
interaction between mobile ions and light likely works via
photo-generated charge carriers in the absorber.*®

Thus, we successfully formulated explanations for our
observations during fast voltage sweeps. They are based on the
illumination affecting mobile ions and the accumulation of
mobile ions at the interface affecting the breakdown voltage.
The voltage scan rate affects the breakdown voltage only indi-
rectly by determining which voltage is applied when enough
mobile ions have arrived at the interfaces and have triggered the
reverse bias breakdown. Instead, time (At) seems to be the
decisive parameter.

However, our hypothesis in its current state does not explain
the fundamentally different results at small scan rates (0.1 V
s'). We would expect even smaller breakdown voltages than
when we are using higher scan rates. Instead, we observe the
pre-breakdown phenomenon, but barely any effect of illumi-
nation on the breakdown voltage. Therefore, we need to add an
additional component to our hypothesis.

Like the reverse bias breakdown mechanism, this one was
originally put forward in the publication of Bowring et al.*® They
observed an increase of the breakdown voltage over time while
applying a constant reverse bias and proposed an electro-
chemical reaction at an interface as explanation.'® This
electrochemical reaction is expected to enhance the tunneling
barrier and consequently increase the breakdown voltage, or
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decrease the reverse bias current. We follow one of the authors’
proposals in regards to the mechanism and will assume in the
following that this electrochemical reaction is the neutraliza-
tion of mobile ions by charge carriers that constitute the reverse
bias current. For the sake of comprehensibility, we will call
them neutralized mobile “ions”, even though they are, of
course, not ions anymore after being neutralized. Neutralized
mobile ions do not cause band bending which means that the
electrochemical reaction leads to the tunneling barrier
increasing in width. This reduces the probability of tunneling
and decreases the reverse bias current.

The reaction rate of an electrochemical reaction is propor-
tional to the current I.** That means for our case, that the
number of neutralized mobile ions N, ., at a time At is deter-
mined by the charge Q that has flowed through the device until
At:

Al

Nneul & ‘
J1=0

Idt = rt gdt (1)

J1=0

This is the point where the voltage scan rate comes into play:
during a measurement with a smaller scan rate, it takes more
time for the cell to reach Vpp, and the cell operates in the reverse
bias regime for longer (At is larger). Therefore, during this
longer time, more charge is flowing through the cell and more
mobile ions are neutralized. It follows that there are less mobile
ions present at the interface and band bending is less
pronounced. Thus, Vpp appears to be larger. In contrast, when
using a higher scan rate, the time that the solar cell spends in
reverse bias is shorter. Therefore, the effect of the electro-
chemical reaction is less strong and the Vgp appears to be
smaller. Again, it is the time At that is the decisive parameter.
The difference between a sweep with 1 V s " and 0.1 V s™'
regarding the charge flowing through the cell is shown in the SI
Fig. 10.

With that in mind, we have found a mechanism that has the
potential to counteract the effect of illumination on the reverse
bias breakdown. One increases and one decreases the break-
down voltage. In reality, both mechanisms are interdependent
and act in parallel. This is schematically displayed in Fig. 5.

There, a simplified PSC is depicted with transport layers
(TL1, TL2) and the perovskite absorber PVK. Under illumina-
tion, photo-activated mobile ions are present with a high
mobility. Under the influence of the reverse bias (—V), they drift
towards an interface. After some time (At), the first mobile ions
reach the interface and contribute to the reverse bias break-
down mechanism. A current (Jgg) starts to flow (red arrow).

This reverse bias current leads to the neutralization of some
mobile ions. They turn into black-filled circles with a red edge.
These do not affect the reverse bias breakdown anymore. Thus,
this neutralization compensates for the additionally arriving
mobile ions. As many mobile ions are neutralized as newly
arrived at the interface. Therefore, the current does not
increases (the a red arrow is as thin as before).

In a voltage sweep, the slowly increasing reverse bias
increases the number of arriving mobile ions faster than they
are neutralized. We observe a slow increase of the current.
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Fig. 5 A schematic representation of the two counteracting mecha-
nisms: a simplified PSC is depicted with transport layers (TL1, TL2) and
the absorber layer (PVK). Within the absorber, the photo-activated
mobile ions are depicted as orange-filled circles with red edge. Under
the reverse bias (—V) and in time (At), they move towards the inter-
faces. There, the mobile ions contribute to the breakdown mechanism
and allow reverse bias current (Jgg) to flow (red arrow). However, the
reverse bias current neutralizes some of the photo-generated mobile
ions (they turn into black-filled circles with a red edge). After
neutralization, they do not affect the reverse bias breakdown anymore.
Therefore, this neutralization slows the increase of Jgg down.

Therefore, there must be a limiting factor to the neutralization
reaction. That also explains why we observe the normal, expo-
nential breakdown at a high reverse bias. At some point, it
seems that the accumulation of mobile ions surpasses the
neutralization reaction. Then, the near-balance between the two
antagonistic mechanisms is broken.

3.2 Applying the hypothesis

This combined hypothesis, consisting now of two counteracting
mechanisms, can explain our remaining observations con-
cerning the light RB-/V measurements with a smaller scan rate
(0.1 Vs™). In the following, we will take a closer look at the RB-
JV curve of such a measurement and apply our hypothesis to
explain the relevant observations. This light RB-JV curve (cor-
rected for the photo-generated current) is displayed in Fig. 6
where we have defined five different regions that we will discuss
in more detail:

Region A (marked in red) contains the pre-breakdown that is
only present in the RV sweep. Until this point (V = —1 V), only
the first component of our hypothesis (the standard reverse bias
breakdown mechanism including the effect of illumination) is
playing a role. An early breakdown like in the RB-JV curves with
high scan rates begins to appear. Here, the reverse bias current
starts to increase, i.e. charge carriers are flowing. They exert
their influence via the second component of our hypothesis (the
electrochemical reaction) and partially counteract the effect of
the reverse bias: a part of the mobile ions arriving at the inter-
face is neutralized and therefore does not contribute to the
band bending. The early exponential breakdown is aborted.

In region B (marked in green), a near-balance between the
two antagonistic mechanisms is established. It seems that the
increase of the voltage barely has an additional impact on the
number of mobile ions at the interface. Most of the newly
arriving mobile ions are neutralized, so that the reverse bias
current increases only slightly.

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 A single light RB-JV curve after correction for the photo-
generated current from a voltage sweep experiment with a scan rate of
0.1V s Both RV and FW sweeps are shown. Five regions of interest
are marked in color. (A) Shows the aborted early breakdown, (B) the
period of near constancy of the current density, and (C) the actual
reverse bias breakdown. (D) Highlights that the ‘pre-breakdown’ is not
present in the FW sweep, and (E) shows the drastically changed
behavior in the positive voltage region of the FW sweep.

In region C (marked in blue), the exponential breakdown
finally occurs. It seems that the breakdown mechanism gains
supremacy over the inhibiting mechanism at a similar voltage
as in the dark. A possible reason for this change could be that
illumination activates a second species of mobile ions with
a higher mobility than the (original) species that is present in
the dark. Then, the onset of region C would mark the voltage
where the original ion species begins to play the dominant role
in the reverse bias breakdown again.

Region D (marked in pink) highlights the low-current density
regime of the FW sweep where the ‘pre-breakdown’ behavior is
not visible. In this part of the measurement, the reverse bias is
slowly decreasing. That means that the driving force behind the
reverse bias breakdown diminishes. However, as long as the cell
is still operating in reverse bias and there is still reverse bias
current flowing, there is no impetus for turning the neutralized
mobile ions back into their original states (e.g. reducing them).
Thus, the state that leads to the pre-breakdown does not recur
in the FW sweep. Instead, it looks very similar to the sweeps in
the dark.

To formulate it in a simpler way: the RV sweep looks at the
cell before and during a ‘reverse bias current treatment’ (the
sweep itself). The reverse bias current during this ‘treatment’
increases Vgp. The FW sweep, on the other hand, looks at the
cell after the application of this ‘reverse bias current treatment’,
when the Vgp has already been increased. Thus, the ‘pre-
breakdown phenomenon’ is not present.

Finally, region E (marked in violet) shows the behavior of the
cell in the positive voltage region in the FW sweep. It might be
interpreted as a discharge of charge that has been stored in the
cell. This might be connected to the re-ionization of previously
neutralized mobile ions.

J. Mater. Chem. A, 2025, 13, 31755-31769 | 31763


https://doi.org/10.1039/d5ta04100g

Published on 28 August 2025. Downloaded by Technische Universiteit Delft on 10/7/2025 12:53:50 PM.

Journal of Materials Chemistry A

Thus, we have demonstrated that our hypothesis can explain
the observed phenomena. In order to strengthen our case,
however, we have performed additional experiments designed
to test the hypothesis. They will be presented in the following
section.

4 Testing the hypothesis

We have developed a hypothesis and applied it to explain the
previously described phenomena. It is based on two antago-
nistic mechanisms: firstly, illumination affects the conductivity
of mobile ions. These mobile ions play a decisive role in the
reverse bias breakdown. Secondly, the charge flowing through
the solar cell in reverse bias leads to a increase of Vgp and
therefore limits the RB current. The scan rate is involved by
determining the time that mobile ions have to react to the
voltage. Additionally, the scan rate also determines how long
the solar cell remains in reverse bias and through that, how
much charge flows through it. The time (At) is a core element of
our hypothesis.

4.1 Experiment 1: the effect of illumination in (quasi-)
steady state

In order to test our hypothesis, we have designed an experiment
that allows us to investigate the effect of illumination on the
reverse bias behavior outside of voltage sweeps. In that way, the
effect of time, independent of voltage scan rate, should be more
obvious. The experimental procedure is schematically displayed
in Fig. 7. We inject a fixed current density Ji,; into the solar cell
in the dark and measure the voltage V(¢). We wait until the
voltage has stabilized and the cell has reached a quasi-steady
state. Then, we add illumination with a blue LED. According
to our previous results, the wavelength of the illumination does
not have a significant impact. We show that this is also true for
the (quasi-) steady state experiment in the SI (Fig. 11). The
illumination intensity is chosen such that Pjgp¢ ~ 0.1/i;. In that
way, the solar cell continues to operate in a similar reverse bias
regime as in the dark. We continue measuring the voltage with
the light switched on.

We performed this experiment on various cells, using two
different values for Jin;. A measurement with a current density of
Jinj = —10 mA cm? allows the investigation of the breakdown
voltage as this current density was used for defining Vgp in the
voltage sweeps. The illumination intensity (following Pjgne ~

Stabilization ' LED ON

Start
Jini-injection

Measurement of V(t)

Fig. 7 A schematic representation of the experimental procedure of
the quasi-steady state experiment. Here, a fixed current is injected
while the voltage is measured. After a period of stabilization of the
voltage in the dark, the LED is switched on.
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0.1/ip;) corresponds to Pjjghe = 0.05 in the RB-JV measurements.
A representative voltage curve is displayed in Fig. 8a.

The second value is Ji,j = —1 mA cm 2. Here the illumination
intensity (following Pighe ~ 0.1]in;) is equivalent to Py, =~
0.005. The idea behind this choice is that voltage and current
density are smaller which should slow the processes driven by
either of them. Additionally, it is the current density regime
where the pre-breakdown phenomenon is visible in the voltage
sweeps with a small scan rate. The results of this version of the
quasi-steady state experiment are displayed in Fig. 8b.

We will first look at the results in Fig. 8a: there, the first
observation is that the voltage increases in the first second and
then decreases again over an initial period of 20 s. The voltage
in the first few seconds is around —5 V, which fits the break-
down voltages observed during the voltage sweeps in the dark
quite well. After 40 s, the voltage seems to stabilize at a slightly
smaller voltage (V = —4.3 V). Here, we switched on the LED.

After the addition of illumination, we observe that the
voltage decreases but only by AV = 0.05 V. This decrease lasts
for less than 1 ms (measurement period), then another process
leads to an increase of the voltage by AV = 0.15 V over a period
of t = 2 s. Afterwards, other processes are taking over which are
hard to distinguish from the processes generally occurring
within the cells during reverse bias.

Focusing on the second version of this experiment in Fig. 8b
with Jipj = —1 mA cm 2, we observe the (quasi-)stabilization of
the voltage after ¢ = 60 s at a voltage of V = —3.5 V. Upon
addition of illumination, the voltage decreases drastically to V
~ —2Vwithint = 5 s. Over the following 70 s, the voltage slowly
increases again until it reaches the voltage it showed before we
added illumination.

The behavior of the solar cell in the first seconds in the dark
is probably heavily influenced by the history of the solar cell and
possibly by the sudden injection of a reverse bias current
(capacitative effects). This undefined behavior was the reason
for waiting for the voltage to stabilize before adding illumina-
tion. Therefore, discussing this effect in more detail is beyond
the scope of this publication.

More interesting for us is the reaction to the addition of
illumination: in Fig. 8a at Jisj = —10 mA cm™ >, we observe a very
fast reaction in the form of a small voltage decrease and then
a slower voltage increase. However, both voltage changes are
barely significant if compared to the voltage applied as they
amount to only a few percent. Therefore, it seems that the
addition of illumination barely has an impact on Vpp at this
current density level. At Ji;; = —1 mA cm ™2, we observe the
opposite: the voltage shifts significantly and then very slowly
returns to the initial value. Do these results fit to the previous
experiments?

If a voltage sweep is slow enough, the solar cells should reach
a quasi-steady state in between the measurement points.
Therefore, we will compare the results from the quasi-steady
state experiment with the results from the voltage sweeps with
a smallest employed scan rate 0.1 V s~ .

There, we had observed only a very slight change of Vg, (see
Fig. 3, black squares). That corresponds to a very slight change
of the voltage at /gy = —10 mA cm 2. In the quasi-steady state
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Fig. 8 Representative experimental results from the quasi-steady state-experiments with blue illumination: (a) shows the results for Ji,j = —10
mA cm™2. (b) Shows the results for Jinj=—-1mA cm™2. In both cases, the red arrow and bulb symbol marks the time when the illumination is
added.
experiment at Jgpg = —10 mA cm™ >, we also have not seen illumination, thus affirming the same observations regarding

a significant voltage shift upon addition of illumination
(Fig. 8a). Thus, the results from slow voltage sweeps and from
quasi-steady state measurement are in agreement in regards to
the impact of illumination on Vgp.

In the low current density regime (=—3 mA cm 2), we had
observed the pre-breakdown behavior in the slow voltage sweeps
(see Fig. 2c and 6). This phenomenon was only present in the RV
sweep and not in the FW sweep. In the quasi-steady state exper-
iment, we should see results equivalent to the RV and FW sweeps
clearly separated in time. That is exactly what Fig. 8b shows: the
initial decrease of the voltage upon addition of illumination
corresponds to the pre-breakdown phenomenon. There, we
observed a significant difference between dark and light RB-JV at
this low current density level, too. With further flow of charge
through the solar cell, this voltage decrease slowly vanishes and
a state close to the dark is regained. That corresponds to the
results of the FW sweep where we barely saw a difference between
the dark and light RB-JV curves.

The same experiments using different cells showed qualita-
tively the same results. They are presented in the SI Fig. 12 and
13.

With these additional experiments, we have confirmed the
important role that time is playing in the processes surrounding
the interaction of illumination and reverse bias. In the low
current density-regime, we have observed significant and slow
changes to the voltage over timescales ranging from 1 s to 100 s.
These findings do not only confirm our hypothesis of time being
the decisive factor, but also support our explanation for the pre-
breakdown phenomenon specifically: the difference between
RV and FW sweep lies in the amount of charge that has flowed
through the cell which is determined by the time the cell has
spent in reverse bias. In the high current density-regime, we
observed only insignificant changes to the voltage due to

This journal is © The Royal Society of Chemistry 2025

Vep from the slow voltage sweeps.

4.2 Experiment 2: voltage sweeps after a pre-conditioning
step

While the experiments in Section 4.1 already provide experi-
mental support for our hypothesis, a more direct confirmation
is desirable: so, we have performed a modified version of the
previously presented voltage sweep experiment. The experi-
mental procedure is displayed in Fig. 9a—c. It consists of a group
of RB-JV measurements with a scan rate of 1 V s™'. As before,
eight measurements are performed in darkness and seven in
various states of illumination. Dark and light JV measurements
are alternated. However, this time, a pre-conditioning step
before the first JV measurements is added to the procedure. We
pre-condition the solar cell by injecting a current density of —10
mA cm™? for 60 s in the dark. Additionally, we start and end the
RB-JV measurements at V = 0 V in order to prevent recovery
while the cell is forward biased.

The idea behind this experiment is the following: previously,
we argued that the RB-JV measurements with a small scan rate
(e.g. 0.1V s™') do not show a significant impact of illumination
on Vpp because a large amount of charge is flowing through the
cell during the measurement and increases the tunneling
barrier and with that Vgp, (see Fig. 5). The same is not true for
the JV measurements with a higher scan rate (e.g. 1 V s 1),
because the higher scan rate means a faster sweep and less time
spent in reverse bias. Therefore, less charge flows through the
cell and so, the effect of illumination that decreases Vgp
dominates (see Fig. 4).

During this experiment, the pre-conditioning should bring
the cell into a state where Vgp has already been increased. By
avoiding positive biases during the voltage sweeps, we prevent
the cell from recovering between the RB-JV measurements.
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Fig. 9 The experimental procedure of the modified voltage sweep experiment. (a) After a pre-conditioning step, 15 RB-JV measurements are
executed of which eight are dark and seven are light RB-JV measurements. They start and stop at V = 0 V. (b) Dark and light measurements are
alternated and the illumination intensity increases from measurement to measurement. (c) We receive pairs of dark and light RB-JV curves.

Therefore, we expect to see a very limited impact of illumination
on Vpp despite using a high voltage scan rate.

The measurement results are presented in Fig. 10.

In Fig. 10a, the RB-JV curves are shown. The dark RB-JV
curves are plotted as black lines, the light RB-JV curves in shades
of red. Both RV and FW sweeps are shown. We see that the black
curves are nearly lying on top of each other as we had observed
in previous experiments. This time, however, the red curves are
also nearly inseparable. They are also shifted slightly to larger
voltages in comparison with the black curves. These results bear
a strong resemblance to the previous results from measure-
ments with 0.1 V s~ (compare Fig. 2b). In contrast to those,
however, there is barely any difference between RV and FW
sweep visible. In other words, the ‘pre-breakdown’ phenom-
enon is missing.

In Fig. 10b, the AVgp calculated from RV and from FW
sweeps are plotted against the illumination intensity. For
comparison, results from a previous experiment without pre-

5 1 L L 1
Scan Rate: 1 Vs

-10
V (dark)
V (light) ||

Jrs [MACM™?

-15 4

=20

after pre-conditioning

-5 -4 -3 -2 -1 0 1
V V]

conditioning are added to the graph. For the case with pre-
conditioning, we see that AVgp = 0 V for all illumination
intensities. Again, a strong resemblance to the previous results
with a small scan rate of 0.1 Vs~ is observed. The contrast to
the measurement results with the same scan rate but without
pre-conditioning (in light green triangles) is striking.

These results show that the behavior of our PSCs during
voltage sweeps is indeed influenced by the reverse bias current
before or during the measurement. That supports our hypothesis
that the main difference between small and high scan rates lies in
the amount of charge that flows through the solar cell. The
absence of a pre-breakdown after pre-conditioning fits to our
explanation of this phenomenon, too: we explained it with the
electrochemical reaction occurring during the voltage sweep and
increasing Vpp. Here, that process has already occurred during
the pre-conditioning and is therefore not visible in the voltage
sweep. Therefore, we speculate that a pre-conditioning or an
equivalent history of the solar cells could be a reason for the lack

b) 30 L : : : :
Scan Rate: 1 Vs™'
2.5 B i
i A 5 A
A
2.0 & i
ES
S 154 = i
2
2 104 I
4+— RV (from Figure 3c)
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Fig. 10 Results of the modified voltage sweep experiment using a blue LED: (a) shows the RB-JV curves (RV and FW sweeps) with a scan rate of
1V s~* after pre-conditioning the cell. The black curves correspond to measurements in the dark, the red curves to light measurements. (b)
Shows AVgp against the illumination intensity determined from the curves in (a) and for a case without pre-conditioning for comparison.
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of the pre-breakdown phenomenon in the RB-JV curves with
illumination in Jiang et al.>® However, this could also be explained
by possible differences in ion mobility or concentration.

With that, we have shown two additional experiments that
corroborate our hypothesis. As both the migration of mobile
ions and the electrochemical reactions in the reverse bias
regime are likely general, intrinsic phenomena that are not
restricted to specific perovskite formulations or device designs,
it should be also valid for different PSCs than the ones inves-
tigated in this study. Especially the results of /V measurements,
however, depend strongly on the concentration or mobility of
the mobile ions. These properties can vary strongly with the
perovskite formulation employed and even the details of fabri-
cation. Therefore, the scan rates necessary to observe the
phenomena described in this study and time scales on which
they occur, might differ. Additionally, the transport layers also
seem to play an important role in the reverse bias breakdown
mechanism and as a likely place for the electrochemical reac-
tion to occur. Therefore, variations in transport layer material
and device architecture might not modify the impact of illu-
mination directly but the Vgp in the dark and the electro-
chemical reaction. Finally, there are open questions regarding
the electrochemical reaction and the limiting factors to it.
Investigating them in more detail was beyond the scope of this
publication and was relegated to a future study.

5 Conclusions

The lack of stability against partial shading-induced degrada-
tion is one of the hurdles that the perovskite PV technology
needs to overcome before commercialization. Solving this issue
will require research effort on module and on cell level. One of
the key details of the latter is the reverse bias breakdown.
However, despite its importance, the mechanism of the reverse
bias breakdown and its interplay with important perovskite
solar cell properties (e.g. ion conductivity) or external factors
(e.g. illumination, temperature) have still not been investigated
in detail. Additionally, there are not even generally-agreed upon
measurement procedures in place, and how the breakdown
voltage is determined and defined in literature varies wildly.

In this publication, we observed that the reverse bias
behavior under low-intensity illumination shows a strong
dependence on the voltage scan rate. To explain this new
phenomenon, we developed and tested a hypothesis based on
two antagonistic mechanisms: on one hand, illumination
increases the ion conductivity (mobility and/or concentration)
which leads to smaller breakdown voltages than in the dark. On
the other hand, an electrochemical reaction driven by the
reverse bias current leads to an increase of the breakdown
voltage. The scan rate determines how long the solar cell spends
under reverse bias conditions and therefore how much time the
mechanisms have to take effect. While the first mechanism is
dominant in fast voltage scans, the second mechanism super-
sedes it at small voltage scan rates.

Our findings emphasize that more basic research on the
behavior of perovskite solar cells in reverse bias is required:
even well-known effects (i.e. of illumination on mobile ions

This journal is © The Royal Society of Chemistry 2025
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conductivity) can lead to surprising results when combined with
the rarely-regarded conditions in the reverse bias regime. While
the hysteresis phenomenon and its dependence on the voltage
scan rate has attracted much interest in the research commu-
nity, the equivalent phenomenon in reverse bias has not yet
been investigated in detail at all and is in most publications on
the reverse bias behavior not even reported. And despite the
temperature coefficient of the breakdown voltage being one of
the decisive properties distinguishing avalanche from
tunneling breakdown, a detailed investigation of the
temperature-dependence of the V,,4 in perovskite solar cells is
still missing. Furthermore, without a basic understanding of
the parameters influencing the voltage sweeps in reverse bias
(e.g- scan rate), it is difficult to define test conditions and
procedures that lead to comparable breakdown voltage values
across different perovskite solar cells.

Investigating these fundamental relationships is necessary
to understand the mechanisms underlying the reverse bias
behavior of perovskite solar cells. However, additional to
research on cells, actual partial shading investigations on
perovskite modules should be intensified. We expect that the
different sizes of cells in modules and the scribes play a role in
the partial shading stability as well. Only with such a thorough
understanding, we will be able to integrate highly stable cell
technology with intelligent module design to achieve the partial
shading stability that is necessary for the commercialization of
the perovskite PV technology.
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