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ABSTRACT
The degradation of perovskite solar cells due to reverse bias (RB) is one of the remaining challenges hindering the commerciali-

zation of the technology. To overcome this challenge, a thorough understanding of and control over the breakdown (BD) voltage

are crucial. A prerequisite for this is that the community “speaks the same language,” that is, that the reported BD voltages are

comparable. A review of literature data shows that the impact of measurement parameters is often unknown and seems to depend

strongly on sample properties. It follows that standardization is the only way to reach comparability. Here, a set of measurement

parameters to fill this gap is proposed. Additionally, various definitions of a “BD voltage” are used in parallel without any way of

relating them to each other; this metric and its determination need to be considered as well. After a thorough discussion of the

available definitions, the use of the point of maximum curvature is introduced. Its main advantage is the possible connection to an

analytical description of the BD mechanism. In this way, a starting point for scientists new to the field of RB stability is provided,

and the ground for a broader discussion in the community is prepared.

1 | Introduction

Concerns about the stability of perovskite solar cells (PSCs) and
modules are considered one of the remaining hurdles for the
commercialization of this technology [1, 2]. There are various
stressors that have been reported to cause degradation in
PSCs, for example, light [3, 4], temperature [5], atmosphere
[6, 7], and bias [8, 9]. The existing international electrotechnical
comission (IEC) standards were designed to test the silicon-based
field panels and have been shown to reflect the stability of thin-
film photovoltaic (PV) technologies insufficiently [10]. Therefore,
the ISOS (International Summit on Organic Photovoltaic
Stability) protocols were designed, which define experimental
conditions that can be used to investigate the impact of these
stressors and combinations of stressors on PSCs in a comparable
way [11].

The ISOS-V-1 to ISOS-V-3 protocols deal with electrical bias
stability, which includes the degradation caused by reverse
biases (RBs) [11]. In a module, RBs can occur when the

series-connected cells in a string do not generate the same cur-
rent. This can be caused by partial shading, when a part of the
module area is shaded while the remaining part of the module is
illuminated.

A simplified, standardized partial shading event has been
described in the work by Dongaonkar [12]: One cell of a module
is completely shaded and does not generate any current, while
the remaining cells are illuminated. Due to the series connection,
this one shaded cell has to pass the current of the current-
generating cells. That is only possible when this cell operates
at a negative voltage, that is, at a RB.

It has been shown that RB (on cells) and partial shading (onmod-
ules) can lead to significant and fast degradation of the power
conversion efficiency (PCE) in PSCs [9, 13, 14]. An overview
of the mechanisms involved in breakdown (BD) and degradation
can be found in the work by Wang et al. [15]. Interestingly, it
seems that the degradation rate scales with the RB current
and not the RB itself [16, 17]. It follows that—in order to avoid
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degradation in modules—the RB current needs to be limited as
much as possible during partial shading events.

Silicon PVs manufacturers employ bypass diodes for this pur-
pose. They are built into modules antiparallel to strings of cells
in order to offer a low-resistance current path in case of a RB.
However, this solution does not work for modules based on
PSCs and other thin-film PV technologies.

One reason is the monolithic interconnection strategy with its
long, thin cells that is preferably employed in thin-film PV tech-
nologies. That leads to problems with the use of external bypass
diodes (for more information, see ref. [18]). Another problem lies
in the difference in BD voltage between silicon solar cells and
PSCs. The BD voltage (VBD) is a metric that describes the voltage
where a RB current flows. A higher VBD means that one bypass
diode can protect a “longer” string, so more series-connected cells
[13, 18]. A smaller number of bypass diodes per module leads to
lower manufacturing costs. Typical BD voltages in crystalline-
silicon solar cells are reported to be −15V [19]. In contrast,
often-mentioned values for PSCs are−1 to−5V [20]. Recently, there
have been, however, also reports of higher BD voltages [21–24].

As the BD voltage is a decisive parameter for the RB stability,
significant effort has been put into investigating the BD voltage
mechanism of PSCs or into manipulating it toward higher (“more
negative”) voltages [16, 21, 22, 24–26]. However, a well-defined
measurement procedure and analysis method—as for the certi-
fied PCEs of PSCs—is missing for the BD voltage. Hence, how the
BD voltage is measured differs from publication to publication,
and information about procedures and parameters applied is
often lacking. Additionally, various definitions of the BD voltage
and thus methods to analyze the measured data are in use.

As the influence of measurement parameters is generally
unknown and the relationships between the different metrics
that are called BD voltages are unclear, the published BD voltages
cannot be directly compared with each other. That hampers the
efforts to find more generally applicable methods of controlling
the BD voltage. It also means that we cannot compare different
designs and layer stacks.

In this publication, we discuss how to characterize the RB behav-
ior of PSCs. To that end, we take a look at the measurement
parameters and conditions playing a role in RB voltage sweeps
and their impact on the measurement result. Furthermore, we
consider the pros and cons of various BD voltage definitions
and demonstrate the superiority of using the point of maximum
curvature (PoMC) for that purpose.

2 | How Is the Breakdown Voltage
Measured?—Definitions and Implications

In the following, we will use the term “RB BD” for the reversible
increase of the current that occurs when a voltage sweep into the
RB regime is performed. Here, the current follows an approxi-
mately exponential dependence on the voltage and can be
described by a tunneling/Zener or, possibly, an avalanche BD
mechanism. Its effect on the PCE is a gradual degradation.
This BD is depicted in Figure 1a as an RB–JV curve with reverse
(RV) and forward (FW) sweeps (for details of the measurement
procedure, see SI, Table S1). The RV sweep starts in the positive
voltage regime and ends in the negative. The FW sweep returns
from a negative voltage to the positive voltage regime. To judge
the impact on the efficiency, the (standard) JV curves from meas-
urements before and after this RB–JV sweep are shown as an
inset (find measurement details in SI, Table S2). It should be
noted that the word “BD” points at the BD of the diode, which
is not intrinsically damaging to the solar cell. The solar cell does
not necessarily “BD” in the sense of losing its functionality.

This reversible behavior stands in sharp contrast to the “thermal
BD” that is depicted in Figure 1b (for measurement details, see SI,
Table S1). Here, a sudden, very steep increase of the current to
�1400mA cm−2 is observed. Its effect on the sample is destruc-
tive as it is likely accompanied by the formation of shunts. There
might also be a component of thermal runaway where localized
heating due to localized current flow leads to a locally-increased
conductivity with the two effects escalating toward the destruc-
tion of the sample. The inset shows the (standard) JV curves

FIGURE 1 | (a) Comparing the reversible “reverse bias breakdown” and (b) the irreversible “thermal breakdown.” The insets show standard JV

curves from measurements before (black) and after (red) the RB–JV measurements. A detailed description of the measurement parameters used for the

RB–JV measurements can be found in SI, Table S1. The parameters of the JV measurements in the insets can be found in SI, Table S2.
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before and after this RB–JV measurement and clearly illustrates
the destructive effect of this thermal BD: Shunts dominate the
cell behavior and the PCE is reduced to nearly 0% (find measure-
ment details in SI, Table S2).

Furthermore, we will generally talk about absolute BD voltage
values. Therefore, a “higher BD voltage (VBD)” is one that is more
negative. Additionally, we will use the abbreviation “JVmeasure-
ment” for the standard voltage sweep whose purpose it is to mea-
sure the PCE of solar cells. When the voltage range is extended to
more negative voltages in order to investigate the RB behavior,
we will refer to it as “RB–JV measurement."

2.1 | Procedures and Parameters in Literature

With these initial definitions out of the way, we can start discus-
sing how the BD voltage is measured. Normally, researchers per-
form a voltage sweep while measuring the current, similar to the
JV measurement that is performed in order to determine the effi-
ciency and other standard solar cell parameters. When it comes
to performing an RB–JV sweep, there are several measurement
parameters to decide on:

• Upper limit (often the starting voltage of the RV sweep)

• Lower limit (either the end voltage of the RV sweep or a
current cutoff )

• Scan rate

• Sweep direction (hysteresis measurement)

• External factors: illumination, temperature, and atmosphere

What can we find in literature on PSCs in regard to these
parameters? We have summarized the ranges that can be found
in literature in Table 1. A table showing the detailed parameters
can be found among the data underlying this article (see the Data
Availability statement). It should be noted that the values men-
tioned there are partially assumptions based on the parameters
used for standard JV measurements in the same publication or
the limits of data that are displayed in graphs.

The extremely wide range used for these parameters is clearly
visible and demonstrates why we consider it important to discuss
their impact on the measurement result.

2.2 | Literature Survey: Impact of Measurement
Parameters

Could these measurement parameters have an impact on the
measurement results? Furthermore, are there practical consider-
ations to take into account when deciding on a set of parameters
to use? We endeavor to answer these questions in the following
sections.

As comparing the RB behavior of PSCs from different publica-
tions is difficult, we rely on articles in which the comparison
of measurement parameters is attempted. The motivation for
these experiments is often increasing the realism of measure-
ments or investigating the BD mechanism. However, a funda-
mental problem when it comes to determining the impact of
measurement parameters on results lies in the limited stability
of the PSCs: Any voltage sweep into the RB regime changes
the sample, if only temporarily. In a recent publication by
Wang et al., the dynamic RB behavior, that is, changes of the
RB behavior due to RB–JV measurements, is discussed in detail
[25]. It is likely that the movement of mobile ions is the origin of
this phenomenon. Often, the changes are completely reversible,
and the solar cell returns to its original state after some hours of
storage in darkness. This still makes the simple comparison of
two different measurement settings (e.g., two different voltage
scan rates) tedious. Ways around this problem, for example,
repeating measurements to estimate the effect of successive volt-
age sweeps, bring their own problems with them. This might be
one of the reasons why information on the impact of some mea-
surement parameters is sparse. Therefore, the quantitative results
should be considered with the appropriate care.

2.2.1 | Voltage Scan Rate

The voltage scan rate has been shown to have an impact on the
results of standard JV measurements on PSCs. Both the PCE (and
thus the other solar cell parameters) and the hysteresis are
dependent on the scan rate. The presence of mobile ions is named
as one of the origins of this effect [27–29].

According to the widely accepted mechanism of the RB BD in
PSCs, mobile ions also play an important role there [9, 30].
Under the influence of the RB, they accumulate at an interface
and cause band bending. This facilitates the tunneling of charge
carriers into the perovskite and thus the flow of an RB current.
Therefore, it stands to reason that the scan rate has an impact on
the RB behavior.

The influence of the voltage scan rate has been investigated in
several publications:

Bowring et al. compared the RB–JV measurements with scan
rates of 10 and 0.1 V s−1. They reported that a higher scan rate
leads to a higher BD voltage as the mobile ions do not reach
steady states faster than the voltage is changed [9]. In their case,
the RB–JV curve shifted by �0.1 V [9]. In contrast, Wang et al.
reported a lower BD voltage at higher scan rates, comparing 1,
0.5, and 0.1 V s−1 [25]. This contrasting result might be explained
by the difference in solar cell layer stack: Wang et al. investigated

TABLE 1 | Main measurement parameters of RB–JV measurements

and the range of values that can be found in PSC literature.

Parameter Range

Upper limit 0–2 V

Lower limit:
Voltage

−0.2 to −20 V

Lower limit:
Current density

−1 to −1000mA cm−2

Scan rate 0.02–10 V s−1

Sweep direction Mostly only RV; sometimes RV+ FW

Illumination Often unreported; darkness,
0.02–0.25 suns

Temperature Mostly unreported; −19°C to 45°C

Atmosphere Mostly unreported; ambient, at
controlled relative humidity 35%, in N2

Solar RRL, 2026 3 of 16

 2367198x, 2026, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202500875 by T

u D
elft, W

iley O
nline L

ibrary on [12/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the behavior of electron transport layer (ETL)-free PSCs, while
Bowring et al. used a more traditional p-i-n layout. In Henzel
et al., scan rates of 5, 2, 1, 0.5, and 0.1 V s−1 were compared.
However, it was concluded that the effect of performing several
(15) successive measurements (shifting the RB–JV curves by
about 0.5 V) was interfering with any conclusions regarding
the impact of only the scan rate [31].

A more significant impact of the scan rate was reported for the
combination of RB and low-intensity illumination by Henzel
et al. [31]. There, choosing different scan rates leads to qualita-
tively different RB–JV curves with strongly diverging behavior
in the high- and low-RB-current regime. They explained their
observations with an activation of mobile ions by the illumination.

Beyond the effect on the measurement result, there is also the
effect on the sample itself to consider. PSCs with limited stability
might degrade already during RB–JV measurements. After all,
they are operating in RB during the measurement. As degrada-
tion was shown to be a function of RB current and time, a lower
scan rate can be expected to lead to more degradation [16].

Some of the available data suggests that the impact of the scan
rate on the RB behavior (and therefore a VBD) is small. However,
it is doubtful whether any general validity regarding the magni-
tude of the impact of the scan rate can be claimed. It is likely that
this magnitude depends on the properties of the mobile ions (e.g.,
mobility). These properties, in turn, depend on the perovskite for-
mulation, the macroscopic structure (e.g., grain boundaries as
channels for ion migration) [32–34] and other factors.
Therefore, the choice of the voltage scan rate should be carefully
considered when measuring the VBD via an RB–JVmeasurement.

2.2.2 | Sweep Direction and Hysteresis

The influence of the sweep direction is connected to the issue of
RB hysteresis, as this describes a difference between an RV from
the FW sweep. As per the definition, the RV sweep starts at a
positive voltage and proceeds toward a negative voltage, while
the FW sweep starts at a negative voltage and proceeds toward
a positive voltage.

The “normal” hysteresis phenomenon in standard JV measure-
ments has attracted great interest and research effort since its
initial description in 2014 [35]. The general consensus is that
the occurrence of hysteresis in JV measurements is caused by
mobile ions and interface defects [27].

In contrast, the hysteresis phenomenon in RB–JVmeasurements
is rarely reported and barely investigated. Specifically, it remains
unclear what the “true” BD voltage is and, indeed, whether there
is one. Regarding the origin of the RB hysteresis, there is no clar-
ity yet: Assuming that there exist similarities to “normal” hyster-
esis, it is likely that the same solar cell properties (i.e., mobile ion
conductivity and interface defects) play a decisive role. However,
to the best of our knowledge, no publication has mentioned any
correlation between (standard) hysteresis and RB hysteresis.
Another origin of RB hysteresis could involve the storing and dis-
charge of charges (discussed in the work by Henzel et al. [31]).
Furthermore, mechanisms that change the BD voltage while the
cell is operating in RB on a similar time scale as the voltage sweep
could have an impact appearing as hysteresis. However, it should
be noted that no detailed research on the origin of RB hysteresis
is published.

Wang et al. showed RB–JV curves where the difference between
RV and FW sweeps amounted to 0.4 V [25]. Henzel et al. also
reported both RV and FW sweeps that were showing hysteresis
[16]. The difference between the sweeps was most significant in
the low-current regime (at RB currents below −5mA cm−2). The
difference between RV and FW sweeps was between 0.2 and
0.7 V [16]. In the work by Aninat et al., RB–JV measurements
with hysteresis were shown as well. However, they continued
their voltage sweep until reaching a current density of
−20 mA cm−2 and used the voltage there as the BD voltage.
Therefore, the issue of hysteresis does not appear in their BD vol-
tages. Finally, Tayagaki et al. measured RB–JV hysteresis at low-
current densities (≤1mA cm−2) and at various temperatures [26].
Henzel et al. additionally reported hysteresis in another publica-
tion. Again, differences between RV and FW sweeps between 0.2
and 0.7 V were visible [31].

It seems that the effect of the sweep direction on the VBD varies in
the few examples where both sweep directions have been
reported. The work by Henzel et al. proposes a way of dealing
with small differences between RV and FW sweeps. They use
the mean of the two BD voltages. The results of both sweep direc-
tions should be reported in any case. When hysteresis becomes
more significant, however, using a mean might not be a good
practice anymore. Then, steady-state measurements, as equiva-
lent to maximum-power-point tracking (MPPT), could be utilized
to determine a BD voltage.

2.2.3 | Lower Limit of the Voltage Sweep

In literature, a large variety of lower voltage or current limits are
employed (see Table 1). This variety is caused by the different
metrics that are supposed to be measured. If VBD=V (J=
−1mA cm−2), then it is more than sufficient to use a current den-
sity limit of −5mA cm−2. On the other hand, if VBD=V (J=
JSC)� V (−20mA cm−2), then the before-mentioned limit would
not be sufficient. Finally, if the desired metric is the voltage where
the thermal BD occurs, then even higher current limits and vol-
tages are required.

Can the choice of the lower limit have an impact on the measure-
ment result? Logically speaking, there can be no impact on the
initial RV sweep. After all, for the current density at V=−1 V in a
RV sweep, it does not matter whether the sweep ends at V=−4 V
or V=−5 V. However, the FW sweep and any successive meas-
urements might well be influenced by the choice of the lower
limit.

Any effect of the lower limit would be connected to degradation
or at least changes to VBD due to operation in RB during the mea-
surement. The idea that operation in RB might affect the RB
behavior itself has already been formulated by Bowring et al.
[9]. They proposed an electrochemical reaction at an interface
that is driven by the RB current. Additional evidence of the effect
can be found in the publication of Wang et al., where the effect of
successive RB–JV measurements is shown in great detail [25].
They argue, however, that the mobile ions accumulating at
the interfaces can also lead to an increasing BD voltage.

Therefore, we expect that the RV sweep has an impact on the
subsequent FW sweep. The magnitude of this impact is likely
dependent on the lower limit since it affects both the RB current
and the time spent in RB during the RV sweep. Therefore, the
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choice of a lower limit should take the stability of the sample into
account and which changes to the sample are acceptable.

2.2.4 | Illumination

There are at least two reasons for wanting to add illumination to
an experiment on the RB behavior: One is the desire to increase
the realism in RB–JV measurements and imitate actual operating
conditions more closely. Measurements in the dark imitate the
simple partial shading event where a cell of a module is completely
shaded. Adding illumination tries to extend this scenario to partial
shading events where only a part of a cell is shaded or where only a
low illumination intensity reaches the cell. A more detailed moti-
vation can be found in Henzel et al. [31]. Another reason could lie
in an investigation of the RB BD mechanism itself by disturbing
the BD mechanism in a controlled way.

The effect of illumination on the RB behavior has been judged as
significant by Wang et al., who found that the BD voltage is
strongly reduced by the addition of illumination intensities of
about 25mWcm−2 [25]. As an explanation, they proposed that
light promotes the generation of mobile ions [25]. In contrast,
Jiang et al. reported that the RB behavior and VBD of their
PSCs were barely influenced by the addition of 10mWcm−2

[21]. A thorough investigation of the impact of illumination has
been published by Henzel et al. [31]. They investigated the effect
of different colors of illumination and the effect of illumination in
combination with various voltage scan rates. The range of illumi-
nation used in their experiments was between 2 and 30mWcm−2.
Finally, they also reported the effect of illumination on steady-state
experiments where a fixed current was being injected before illu-
mination was switched on. They found that the light of different
wavelengths leads to qualitatively similar results and that the
impact of illumination strongly depends on the scan rate. At high
scan rates, illumination had a dramatic effect on the VBD values of
their cells, while it was insignificant at low scan rates [31]. They
proposed an explanation involving the effect of illumination on
mobile ions but also an electrochemical reaction that counteracts
the effect of the light at low scan rates [31].

Therefore, the effect of illumination might once again depend on
the properties and materials of the PSCs. It is clear, however, that
the illumination intensity during RB–JV measurements should
be controlled and reported.

2.2.5 | Temperature

The temperature of the sample can be of interest for two reasons:
Firstly, in order to take a further step toward realism and imitate
the outdoor situation at increased temperatures [21]. Secondly, as
a way to show the dependence on temperature as evidence for the
influence of mobile ions that is suggested by the widely accepted
BD mechanism [9]. At a scan rate of 0.1 V s−1, the temperature
difference between room temperature (RT) and −19°C seemed to
cause a difference in VBD= V (J=−0.5 mA cm−2) of �0.4 V [9].
Jiang et al. did not find a significant difference between the VBD

values at RT and 45°C [21]. Tayagaki et al. reported that the RB
current increased at lower RBs when the RB–JV measurements
were performed at higher temperatures. That means that the VBD

decreased with increasing temperature, which corroborates the
above-mentioned results of Bowring et al. [26]. Both explained
this temperature dependence with the effect of temperature
on the conductivity of mobile ions. Their conductivity, that is,

mobility and/or concentration, influences how they react to
external electric fields.

It seems that the temperature can have an influence on VBD via
its effect on mobile ions. Thus, the temperature should be taken
into account as a measurement parameter.

2.2.6 | Other Parameters

There are two measurement parameters left over that were men-
tioned in the list at the beginning of this section: One is the upper
(voltage) limit of the voltage sweep. To the best of our knowledge,
there is no data available on this parameter having an impact on the
RB behavior. Xu et al. explained, however, that they pretreated their
cells at 0 V for 1min and then started the RB–JV measurements at
0 V with the intention of avoiding “capacitative charging effects”
[36]. That implies that starting the voltage sweep at a positive volt-
age is an inadvertent prebiasing. Unfortunately, we have not seen
any data on the effect of positive voltage prebiasing on the RB
behavior. Prebiasing with a negative voltage, on the other hand,
has been shown to have an effect in the work by Henzel et al.
[31]. There, it helped bring the RB behavior of fast voltage sweeps
under illumination closer to the behavior of slow voltage sweeps.

The second missing parameter is the atmosphere in which the
RB–JVmeasurement is performed. This atmosphere is nearly exclu-
sively “ambient” in the available literature. This could be a problem
for two reasons: Firstly, degradation due to ambient atmosphere
might occur on a timescale that is similar to the process of perform-
ing the RB–JVmeasurements. Secondly, direct interactions between
the RB behavior and components of the atmosphere, for example,
water, might influence the RB behavior. We are not aware of any
publications discussing any of these issues. Therefore, we cannot
make a statement about the possible impact they might have.
However, it is clear that the parameter “atmosphere” includes infor-
mation about eventual encapsulation/packaging.

We have seen that a lot is unclear about the impact of measure-
ment parameters and conditions on the resulting VBD. For several
parameters, there is some information available. However, even
in these cases, the properties of the PSCs are likely to affect the
impact of the measurement parameters. That means that there is
no “general VBD,” there are only BD voltages according to the
methods of determining them. That makes it difficult to compare
VBD values from different sources.

One solution to that issue is for everyone to use the same mea-
surement parameters. To that end, we will propose two sets of
parameters and conditions; one for stable cells and one for less
stable cells.

2.3 | Recommendations Toward Standardized
Measurements

We have discussed the relevant measurement parameters that
impact an RB–JV measurement and its results. To that end,
we showed the wide range of parameters that has been employed
in measurements and experiments regarding the RB behavior of
PSCs. Subsequently, we presented data from literature on the
impact of these parameters on the measurement results. It seems
that the impact often depends on the PSC properties. This makes
it difficult to define a general “best practice.” Nevertheless, we
will propose a set of parameters that can be used as a starting
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point. Generally, however, reporting the detailed measurement
parameters and conditions helps the most.

Two sets of recommended measurement parameters are presented
in Table 2. Since literature showed that there is a wide spread in
RB stability, we decided to provide recommendations for “stable”
and “less stable” samples. Here, “stable” cells are those that do not
degrade significantly during one RV–JV sweep. This should enable
similar experiments on a wider range of PSCs and thus increase
inclusivity. Ameasurement without significant impact on the solar
cell quality could also gain entrance into the group of “standard
measurements,” like IV or external quantum efficiency measure-
ments. This would greatly help this field of research.

Our argumentation is the following:

By using an upper limit of 1 V, we incorporate a dark JV mea-
surement and therefore information about the state of the solar
cell. That way, changes to the cell due to the RB–JVmeasurement
are tracked “automatically.” Additionally, a certain recovery
occurs during the operation in the positive voltage regime at
the end of the RB–JV measurement.

Using a lower limit of Jsc provides information about the whole
“realistic” range of operating conditions of a cell in a module. If
less impact on the cell is desired, the lower limit can also be lim-
ited to 1

2 Jsc. That way, the measurement still provides informa-
tion about the high-RB-current-density regime.

When it comes to the scan rate, a compromise between two
opposed considerations has to be found. On the one hand, a
lower scan rate means that the cell spends more time operating
in RB and therefore experiences more degradation. On the other
hand, it has been shown that slow processes occur in PSCs in RB
and that it can take a long time to reach an equilibrium upon
applying a new bias. A scan rate of 0.2 V s−1 for stable cells
was chosen because it is a typical scan rate for JV measurements
on PSCs. For less stable cells, using 1 V s−1 reduces the total
charge flowing through the cell and the time spent in RB drasti-
cally, and therefore limits degradation.

Hysteresis is a well-known phenomenon in JV measurements on
PSCs. As the sweep direction can have an impact on the measure-
ment results, it is standard procedure to perform and report both
RV and FW sweeps and their respective results. As a hysteresis phe-
nomenon has been shown to occur in RB–JV measurements, RV
and FW sweeps should also be performed and reported here.
The fact that barely anything is known about the RB hysteresis
and its connection to “normal” hysteresis increases the importance
further.

Finally, when it comes to the external conditions, we decided to
keep things simple: RB–JVmeasurements should be performed in
complete darkness. This standardized measurement should model
the simple and idealized partial shading event of one cell of a mod-
ule being completely shaded. They can be performed without spe-
cial temperature control at RT. Regarding the atmosphere, we
have not seen any data on an impact of oxygen, humidity, etc.
on RB–JVmeasurements. Therefore, as long as the PSCs are stable
enough to be characterized in ambient atmosphere via JV meas-
urements, we assume that they are not being significantly changed
within the time frame of a RB–JV measurement.

Despite preconditioning being a relatively common procedure in
the perovskite community and in other solar cell technologies, we
have decided not to include any such treatment in this list beyond
our choice of positive upper limit. The main reason is that it does
not seem to be a common procedure to do so in the publications on
RB on PSCs. If the impact of an RB–JV measurement on the RB
behavior causes concern, we recommend performing two RB–JV
measurements in order to gain an estimation of their effect.

2.4 | Steady-State Measurements

At the end of this section, we would like to comment on a
completely different way of determining a BD voltage: measuring
the RB behavior in a (quasi) steady state by applying a constant
voltage or injecting a constant current. It could be called the func-
tional equivalent of the MPPT. The experiment has been reported
in few publications [9, 13, 16, 31]. There, the experiment was not
performed to determine a BD voltage and compare it with the BD
voltage from a voltage sweep. Instead, the impact of time under
RB was the target of these experiments.

One reason for this might be that these cases showed that there does
not seem to be a steady state, that is, the voltage or current continues
to change in time without stabilizing. In any case, it seems to take
some time (several 10 s) to even approximately stabilize when high-
current densities are injected. This is shown in the data from the
work of Henzel et al. (their ESI, Figure S12) [31]. That means that
even if a steady state is reached, significant degradation is to be
expected. For these reasons, we do not follow up on this method
here.

3 | Defining a Breakdown Voltage

After having discussed how to perform RB–JV measurements, we
will turn our attention to the following step: How do we get from
the raw data of a current (density)–voltage curve to a meaningful
metric that describes the RB behavior? In literature, there are vari-
ous BD voltage definitions available. The problem with that is illus-
trated in Figure 2a. Different voltages, often describing different
parts of the RB–JV curve, are all called VBD. One of the reasons
for this large variety lies in the different purposes these BD voltages
are supposed to fulfill. Three possible purposes are listed in the
following:

• Comparability:

The VBD should allow the comparison of PSCs of different
batches, with different perovskite formulations, layer stacks,
and cell layouts in regard to their RB behavior.

TABLE 2 | Recommended measurement parameters for the

characterization of the reverse bias behavior of PSCs.

Parameter
Recommendation

(stable cells)
Recommendation
(less stable cells)

Upper limit 1 V 1 V

Lower limit Jsc 1
2 Jsc

Scan rate 0.1 to 0.2 V s−1 1 V s−1

Hysteresis RV and FW sweep RV and FW sweep

External
conditions

Darkness, RT,
ambient atmosphere

Darkness, RT, ambient
atmosphere
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• Describing real operating conditions:

The VBD should make a statement about the solar cell behavior as
part of a module during a realistic partial shading event. Hence,
this BD voltage provides information for the design of modules.

• Compatibility with theoretical descriptions:

The VBD should be defined in a way that can be described analyti-
cally/mathematically. In that way, a theoretical description of the
BD mechanism could be connected to empirical values of VBD.

Additionally, we require that definitions of the BD voltage fulfill
some basic requirements: Firstly, the VBD should be clearly,
unambiguously defined, so that it describes one voltage (and
not a range of voltages) for each sweep direction. Secondly,
the VBD should describe the RB behavior and should not be
unduly influenced by other factors. We will later see that
RB–JV curves exist where small or short-lived shunts (“irregu-
larities”) affect (only) the low-RB-current-density regime. Since
they do not seem to have a significant impact on the high-
RB-current-density regime, they should also not dominate
the metric describing it.

In the following, we will present the BD voltage definitions that
have been used in publications on the RB behavior of PSCs. More

definitions can be found when looking at publications about
other solar cell technologies, for example, for copper indium gal-
lium diselenide in Puttnins et al. and Szaniawski et al. [37, 38].
Here, we will, however, confine ourselves to those used in the
perovskite PV technology and, in the process, propose one addi-
tional definition. Furthermore, we will judge the definitions in
regard to the above-mentioned purposes and requirements.

3.1 | Definitions in Literature

When categorizing the BD voltage definitions that we will dis-
cuss, three groups appear:

• Graphical definitions

* Graphical onset (see Figure 2b: blue)

* Thermal BD/shunting (see Figure 2c)

• Fixed current density (see Figure 2b: red)

* V (J=−1mA cm−2)

* V (J=−10 mA cm−2)

* V (J= JSC�−20 mA cm−2)

FIGURE 2 | Defining a breakdown voltage. (a) The topic of this section is illustrated: What is the breakdown voltage (VBD)? (b) Various definitions of

VBD that have been used in publications on PSCs: The onset of the RB current density (blue), three versions of a definition based on fixed current

densities (red), and a definition based on a linear fit of the high-RB-current-density regime (magenta). (c) An additional definition based on the sudden

current density increase caused by the solar cell shunting.

Solar RRL, 2026 7 of 16
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• Advanced analysis techniques

* Linear fit (see Figure 2b: magenta)

* PoMC

In the following, we will describe them in more detail and discuss
their strength and weaknesses.

3.1.1 | Graphical Definitions

Both graphical definitions have in common that the BD voltage is
marked by a change in the current density that is visible in a graph.

The definition using the onset of the current density (J) was
employed in only one publication [39]. It involves plotting the
RB–JV curve and then proclaiming the voltage where the current
(density) visually increases as VBD. While it is easy to (manually)
determine from graphical depictions of RB–JV measurement
results, it suffers from a serious problem: It is not well-defined.
As is shown in Figure 3, the voltage that seems to correspond to
the onset of J depends on the graphical depiction. In Figure 3a–c,
the same curve is depicted but progressively more “zoomed in.”
Even though we used axis ranges that ensure that the depicted
parts of the curve use most of the graph area (thus, a “realistic”
way of presenting the data), VBD seems to shift toward lower vol-
tages. We expect the same to happen when different lower limits
(end voltage or current density cutoff ) are used for the RB–JV
measurements. Even when the same axis ranges are used, this
“onset” describes rather a voltage range than a specific point
on the curve. This vagueness not only causes problems for com-
paring exact values but also makes it difficult to determine it
automatically from RB–JV measurement data.

Due to these fundamental issues, it does not seem to be fit for any
of the above-mentioned purposes.

The second definition using a graphical depiction was employed
by several authors [22–24, 40, 41]. This BD voltage is character-
ized by a sudden, drastic increase of the current density (see
Figure 2c). Based on the assumedmechanism behind this current
density increase, it was called “thermal BD (voltage)” in one pub-
lication and described as “voltage at which the current spikes
suddenly and permanent damage occurs” [41]. We assume this
description points at the thermal runaway effect, a feedback loop
between localized current flow leading to local Joule heating
which increases the local conductivity and therefore leads to
increased current flow. It is connected to shunt formation and

not to the (Zener or avalanche) diode BD, that is, the reversible
RB BD.

As before, a thusly defined BD voltage is easy to determine, not
only manually/graphically but also in an automated way. The
characteristic current spike can easily be detected by an algo-
rithm. At the same time, its nature as a current spike means that
it describes a single point on the RB–JV curve and is therefore
well-defined. Therefore, it does intrinsically allow the compari-
son of different solar cells.

It is, however, important to note that current spikes can occur in
the low-RB-current regime (i.e., J≤−5mA cm−2) without signifi-
cant effect on the RB behavior at higher current densities (see e.g.,
Figure 4, red curve with peak). Therefore, an RB–JVmeasurement
with a very high lower limit should be used for determining the
thermal BD voltage to ensure that the characteristic current spike
does lead to the destruction of the solar cell. Since it causes cata-
strophic damage in the sample, it is a measurement that cannot be
reproduced on the same sample and is therefore also not useful as
one characterization method among others. Additionally, it also
does not allow any statement about the hysteresis, as a damaging
RV sweep cannot be followed by an FW sweep.

Furthermore, it is questionable whether the thermal BD voltage
is a meaningful metric to describe RB stability: does it indicate an
RB threshold with lower RBs being safe for the PSCs? Data from
one of the publicationd using this definition answers that ques-
tion: Even only successive RB–JV measurements to −5 V per-
formed on samples with thermal VBD values of −7.6 V showed
complete degradation after a few cycles [41]. Does it describe
a realistic degradation mode? In a module without bypass diodes,
the largest RB current density that flows through a shaded cell is
Jmpp if the cell operates beyond its BD. Any voltage with a current

density above Jsc would therefore be unrealistic. The voltage at
which the thermal BD occurs depends, of course, on the solar
cell, but in the case depicted in Figure 2c, this spike occurs
beyond −500 mA cm−2, so at about 25× Jsc.

Finally, as long as the mechanism of the thermal BD is not clear,
any connection to the generally accepted RB BD mechanism
(tunneling [9]) is not possible. Additionally, if local shunting
is the main process leading to thermal BD, the VBD is likely deter-
mined by weak spots, for example, particles and other inhomo-
geneities, and not material or interface properties.

To summarize, while the thermal BD voltage allows for the easy
comparison of PSCs, it is not clear whether the underlying cell

FIGURE 3 | Using the graphical onset of the current density as definition of VBD. The axis ranges shifts from (a–c) which influences the apparent

breakdown voltage.
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property that is compared is decisive for the RB stability.
Combined with the practical limitations caused by being a
destructive measurement, it does not seem to be a good fit for
any of the above-mentioned purposes.

3.1.2 | Fixed Current Density

BD voltage definitions based on a fixed current density are pres-
ent in various publications. Here, the BD voltage is the voltage
where the fixed current density JBD is reached: VBD= V (J= JBD).
The most commonly used version (JBD=−1mA cm−2) was pro-
posed by Bowring et al. and subsequently adopted by several
other authors [9, 13, 16, 25, 42]. Bowring et al. described their
choice of JBD themselves as “arbitrary”.

Another publication preferred JBD=−20mA cm−2 for being
close to JSC and therefore the maximum current that their
devices were capable of generating [14]. This current density
is the theoretical maximum that a shaded cell would need to pass
in a partial shading event on a module without bypass diodes.

Finally, Henzel et al. chose a compromise, using JBD=
−10 mA cm−2� 0.5 JSC [31]. As their experiments included up
to 75 RB–JV measurements per cell, they desired to limit degra-
dation and therefore endeavored to decrease the lower limit of

their measurements. At the same time, they wanted to prevent
their VBD from being influenced too much by the low-
RB-current-density regime.

These three versions of this definition are shown in Figure 2b as
red, dashed lines and red arrows.

All of them have in common that their corresponding VBD values
are very easy to determine, also in an automated way. In principle,
these VBD values are also unambiguously defined; at least when
the RB–JV curve does not show any of the irregularities that
are shown in Figure 4: In Figure 4, three RB–JV curves are pre-
sented. One is close to ideal (black), and one shows a peak before
the actual BD, that is, a short-lived, sudden increase of the current
density (red). That might be caused by a newly formed or newly
activated shunt which heals immediately again. This is a rarely
occurring phenomenon with an unclear origin, though we expect
a connection to small imperfections in the solar cell area. The last
curve shows a pre-BD, that is, an irregular early BD that leads to a
significant RB current even before the actual, exponential BD
occurs (blue curve in Figure 4). This phenomenon was caused
by the addition of blue, low-intensity illumination on RB–JVmeas-
urements with low scan rates (e.g., 0.1 V s−1). The data shown here
stems from the publication by Henzel et al. [31]. We use these
RB–JV curves to demonstrate how BD voltage definitions based

FIGURE 4 | Three breakdown voltage definitions based on fixed current densities ((a) −1 mA cm−2, (b) −10 mA cm−2, (c) −20 mA cm−2) are

compared with the aid of three representative RB–JV curves (black, red, and blue). The VBD values are marked with circles and arrows. Detailed mea-

surement parameters can be found in SI, Table S3.
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on fixed current densities deal with ideal and nonideal RB–JV
results.

In Figure 4a, the three RB–JV curves are shownwith the addition of
a horizontal line that marks JBD=−1mA cm−2. Filled circles and
empty circlesmark the BD voltages of the RV sweep and FW sweep,
respectively. For the ideal RB–JV curve, the two VBD values also
convey information about the RB hysteresis. For the RB–JV curve
with the peak, one red circle marks the peak since it crosses JBD,
while the empty circle is placed at the actual VBD values of the RV
and FW sweeps. The blue circles mark very different VBD values;
one is dominated by the pre-BD, the other by the “real” BD.

Thus, we have seen that using JBD=−1mA cm−2 does work well
for ideal RB–JV curves. However, whenever there are irregulari-
ties present that affect the low-RB-current regime, they can sig-
nificantly influence the determined VBD values. As can be seen in
the same graph, the same irregularities do not significantly
impact the high-RB-current regime. Additionally, the irregulari-
ties are not present at all in the FW sweep. That calls into question
whether the VBD values that use JBD=−1mA cm−2 represent
the RB behavior accurately.

When we take a look at Figure 4b,c, we see how the definitions
using JBD=−10mA cm−2 and JBD=−20 mA cm−2 fare with the
same RB–JV curves. Their advantage of not being unduly influ-
enced by the RB behavior in the low-RB-current behavior is
clearly visible.

In return, while determining these VBD values at 0.5Jsc and Jsc,
(irreversible) degradation is likelier to occur. Jiang et al. found that
their PSCs experienced irreversible degradation when passing Jmpp

(which is still lower than Jsc). Cells that had to pass lower current
densities (≤−1mA cm−2) showed irreversible or reversible degra-
dation [21]. That fits with the conclusion of Henzel et al. that deg-
radation is current-driven [16]. In the light of these observations,
using JBD=−10mA cm−2 seems to be a compromise that enables
measuring VBD without degrading the samples while still conserv-
ing the meaning of the metric as representing the high-RB-current
regime. This approach suffices for comparing cells, at least.

To summarize, all the definitions using a fixed current density pos-
sess the advantage of easy determination. However, JBD=
−1mA cm−2 and JBD=−10mA cm−2 are completely arbitrary
values. Therefore, the VBD values determined using them as fixed
current densities do not have any meaning in the sense of describ-
ing the state of operation or physics. Only VBD=V (J= JSC) stands
out, as it can be connected to the worst-case scenario in a module
without bypass diodes. Finally, using a high JBD as a fixed current
density negates the impact of irregularities in the low-RB-current
regime on the metric. On the other hand, the deleterious effects of
RB–JV measurements (degradation to destruction) increase with a
higher lower limit.

3.1.3 | A Linear Fit

Another publication proposed a BD voltage definition that
requires a slightly more advanced analysis procedure [21].
They performed a linear fitting in the current density range of
−5 to −15mA cm−2. The VBD is then the voltage where the linear
fit function crosses the x-axis. The intention behind that proce-
dure was generating VBD values for the two types of RB–JV curves
they observed: Most showed a gradual increase of the RB current
with increasing RB, but some showed a sudden increase.

We imitated that analysis procedure, using a script that performs a
linear fit on the RB–JV curve in the above-mentioned current den-
sity range. We executed this procedure on the same three repre-
sentative RB–JV curves that we introduced in Figure 4. The results
of this analysis are shown in Figure 5. The measurement results
are always split into RV sweep (black) and FW sweep (red). The
linear fit functions corresponding to RV and FW sweeps are plot-
ted in the same graph as black and red dashed lines, respectively,
with the corresponding VBD values marked by black and red dots.

In Figure 5a,b, we can see that the described approach of the lin-
ear fit works well with ideal curves and curves with a peak in the
low-RB-current-density regime since this method only uses the
data beyond −5mA cm−2. It is, therefore, not influenced by irreg-
ularities in the low-RB-current regime.

Only when the irregularities have an impact on the curve within
the fitting region does the resulting quality of the fit decrease and
not mirror the high-RB-current regime as well. This is visible in
Figure 5c where the pre-BD behavior has a significant impact on
the RV sweep at current densities up to −10mA cm−2. To improve
this, the fitting region would have to be restricted to a regime of
higher current densities. Therefore, this definition is generally able
to deliver a VBD that can be used to compare solar cells.

However, while ignoring differences in BD mechanisms with
possibly very different consequences for the cells might be help-
ful for a quantitative investigation, it might be disadvantageous
as long as the BD mechanisms are not understood in detail.
Additionally, the VBD resulting from this definition is an arbi-
trary number that does not have a technical or physical mean-
ing and lacks an analytical description. So, it might be useful for
comparison but does not allow any further conclusions. Finally,
in order to use the whole current density range (−5 to
−15 mA cm−2, as proposed by the authors) and include informa-
tion about hysteresis, a voltage sweep to at least −20 mA cm−2

seems to be necessary, with all the disadvantageous effects pre-
viously mentioned.

With that, we have discussed the various definitions of the BD volt-
age that have been previously used to describe the RB behavior of
PSCs. Our basic requirements included being well-defined and not
unduly influenced by the behavior in the low-RB-current regime.
These needs were met by a few definitions: Those based on a fixed
current density of −10 and−20mA cm−2 and the linear fit method.

Of these, only one is not just an arbitrary number and therefore
useful for more than only comparison: The definition of the fixed
current density of −20 mA cm−2 can be connected to a partial
shading scenario of a module without bypass diodes.

3.2 | Proposing an Additional Definition

After having presented all the BD voltage definitions present in
literature on PSCs, we would like to propose an additional defi-
nition. In 1971, Mahadevan et al. published a list with definitions
that had been used to describe the RB BD of semiconductor p–n
junctions [43]. One of the entries is annotated with the assess-
ment: “tedious though capable of analytical formulation and
of universal applicability.” Especially the aspect of the analytical
formulation has attracted our interest since that implies the pos-
sibility of connecting the VBD to theoretical descriptions of the
BD mechanism. This property is notably missing among the
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previously described definitions. The criterion, that is, the defi-
nition, that is described here, is the PoMC in the RB–JV curve.

While the PoMC is, in principle, well- and unambiguously-
defined, the practical execution of its determination leaves room
for variance. Therefore, we will add some additional constraints
to our definition:

• Definition of the curvature κ

• Method of derivation

• Fit function

We use the following definition of the curvature [44]:

κ=
∣ J̈ ∣

1+ J̇2
� �3

2

(1)

with J being the current density, J̇ its first derivative with respect

to the voltage, and J̈ its second derivative with respect to the
voltage.

Regarding the method of derivation, there are two different
options. One is to perform numerical differentiations. This option
suffers from two disadvantages: The previously shown irregular-
ities would disturb the numerical differentiations. The peak
shown in Figure 4, would lead to massive, local curvatures.
Additionally, even slight nonideal behavior of the RB–JV curve
makes the use of a smoothing algorithm necessary. This introdu-
ces additional variance to the result and complexity to the
procedure.

The second option is to perform curve fitting on the data to
approach it with a function and then calculate the derivatives
and the PoMC of this fit function. This stands and falls with
the quality of the fit, that is, how well the analytical expression
mirrors the measured RB–JV data. We have not found an expres-
sion with a physical background (e.g., describing Fowler–
Nordheim tunneling) that has been confirmed to describe the
results of our RB–JV measurements well. As developing a physi-
cal model is beyond the scope of this publication, we choose a
purely empirical approach. For the sake of keeping this proce-
dure simple, we will use a simplified relationship between cur-
rent density (J) and applied bias (V ): We choose a single-term
exponential function with only empirical coefficients a, b, c:

J = a ⋅ eb⋅V + c (2)

This function can describe most of our RB–JV curves reasonably
well (see SI, Figure S1). However, our interest lies in determining
a PoMC as accurately as possible. Therefore, we use a two-step
process to increase the accuracy of the fit around the expected
PoMC. This method of restricting the data range used for fitting
seems to be the most generally applicable.

1. Fit of complete RB–JV curve ðV ≤ 0V)

2. Calculation of PoMC (intermediate)

3. Fit of data around PoMC (final)

4. Calculation of PoMC (final)

FIGURE 5 | The linear fit method proposed in ref. [21] is executed on three representative RB–JV curves ((a) ideal, (b) with peak, (c) with pre-

breakdown) to test the impact of the low-RB-current-density regime. The resulting VBD values are marked with circles.
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More details of the procedure can be found in the Supporting
Information (Note S1).

The result of this procedure is shown in Figure 6. There, the RV
and FW sweeps of RB–JV measurements are displayed as black
and red solid lines, respectively. The fit functions are plotted
within their range as blue and magenta dashed lines, respec-
tively. Blue and magenta symbols mark the resulting PoMC.
Again, we are using three RB–JV curves as examples. One is ideal
(Figure 6a), one shows a peak (Figure 6b), and the third shows
the pre-BD behavior in the RV sweep (Figure 6c). We see that, for
the ideal curve (a) and the curve with a peak (b), the fit functions
follow the data very well in the assigned data ranges. The BD
voltage values of the RV and FW sweeps also reflect the hystere-
sis in the corresponding data well. When it comes to the curve
with a kink (c), the FW sweep is described very well, too.

However, the RV sweep with the significant kink carries this
method in its present state to its limit. Nonetheless, it is still pos-
sible to extract a VBD-value.

Here, it is necessary to mention that the PoMC is not the “knee”
of an exponential curve. In fact, what is described as “knee” is an
illusion of the linear plotting, depends on the choice of axes, and
is not related to a special point of the curve [45]. This statement is
demonstrated in the SI, Figure S2 where we plot the same expo-
nential function with very different axes and see that the “knee”
appears at wildly different values of x. In contrast, the PoMC
describes a unique point of the curve that is well-defined and
which is not dependent on the axes of the graph.

Thus, we have successfully extracted the PoMC for use as BD
voltages from the three example RB–JV measurements. This

FIGURE 6 | The newly proposed definition using the power of maximum curvature is tested on the three representative RB–JV curves. The resulting

VBD values are marked by circles.

TABLE 3 | The VBD values of the three representative RB–JV measurements, as determined by the various different definitions.

VBD-Definition
Ideal

(RV/FW), V
w. Peak

(RV/FW), V
w. Illumination
(RV/FW), V

Fixed J: JBD=−1mA cm−2 −4.63/−4.98 −0.63/−3.88 −1.00/−2.93

Fixed J: JBD=−10 mA cm−2 −5.83/−5.98 −4.51/−4.60 −4.35/−4.11

Fixed J: JBD=−20 mA cm−2 −6.37/−6.37 −4.91/−4.91 −4.56/−4.56

Linear fit −5.09/−5.40 −4.03/−4.16 −3.49/−3.73

PoMC −4.09/−4.44 −3.24/−3.41 −2.47/−2.57
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VBD has the unique advantage of being analytically expressible,
so that it can be potentially connected to a theoretical description
of the BD mechanism. Due to fitting a function to it, this method
is also mostly independent of possible irregularities in the
low-RB-current regime.

Also, the demand of comparability is fulfilled since this method
of analyzing RB–JV curves should result in very similar VBD val-
ues as long as the quality of the fit is acceptable. Thus, even using
different fit functions should not lead to very different BD vol-
tages. Nonetheless, it surely is good practice to report the detailed
procedure, if not the whole analysis script.

There are, however, also downsides to this definition of the BD
voltage: First, this VBD does not have a meaning that is intuitively

accessible. It can be analytically expressed, but the voltage is not
related to a specific operating point of the solar cell. Second, the
analysis is comparatively complex which, could serve as a hurdle
for users. Finally, there is one area where the most important
improvement can be made: Extending or modifying the fit in con-
nection with an accompanying physical model could allow more
detailed investigations into the parameters influencing the RB
BD of PSCs. However, especially for the case of illumination
(shown in Figure 6c), developing a well-fitting model that allows
for quantitative predictions is challenging [31].

3.3 | Comparing the Breakdown Voltages

After having discussed various ways of measuring and determin-
ing the BD voltage, we will demonstrate the impact of using dif-
ferent BD voltage definitions. To that end, we will first compare
the VBD values of the three representative RB–JV curves that
result from the different described definitions. These VBD values
are listed in Table 3.

Furthermore, we compare the results of RB–JV measurements
performed on a batch of semitransparent, p-i-n PSCs. Details
of the fabrication of the PSCs can be found in the Supporting
Information (Note S2). The detailed measurement parameters
are shown in Table 4. We largely followed the recommendations
for less stable cells but used a lower limit of Jsc to make the com-
parison with BD voltages of the fixed current densities possible.
Additionally, we performed two RB–JV measurements on each

TABLE 4 | Measurement parameters used during the RB–JV

measurements whose results are shown in Figure 7.

Parameter Data of Figure 7

Upper limit 1 V

Lower limit: Current
density

Jsc

Scan rate 1 V s−1

Hysteresis RV and FW sweep

External conditions Darkness, RT, ambient
atmosphere

Additional note Second RB–JV measurement

FIGURE 7 | The breakdown voltages of a batch of 60 PSCs, determined using five different definitions, are compared: (a) three versions based on

fixed current densities, (b) the linear fit method from the work from ref. [21], and (c) the method using the PoMC. The detailed measurement parameters

are listed in Table 4.
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cell to estimate the effect of the measurement itself. The data
shown here is from the second measurement.

In Figure 7, the BD voltages of a batch of 60 PSCs are displayed.
In Figure 7a, the three definitions based on fixed current densi-
ties are shown; in Figure 7b, the VBD values of the linear fit
method; and in Figure 7c, the corresponding result using the
PoMC. The black diamonds mark the data points determined
from RV sweeps, while the white squares come from the FW
sweeps. The green box shows the standard deviation (SD) around
the mean of the values from the RV sweeps, and the gray boxes
the corresponding information for the FW sweeps. The horizon-
tal lines with attached labels mark the medians. The distribution
of the data points on the x-axis does not have a meaning in any of
the box plots of Figure 7.

We observe how the BD voltage definitions compare when the
analysis is performed on many RB–JV curves. The medians of
the VBD values of the RV sweeps vary between −5.7 and
−3.9 V. The SD differs slightly between 0.3 V for the PoMC
method to 0.5 V for the fixed current density method using
JBD=−20mA cm−2. In the SI, Figure S3, we show example data
points and how they change between the definitions.

With that, we have shown the significant differences in the mag-
nitude of VBD that can be caused by using different definitions. At
the same time, it seems that the SD of the RB behavior is rela-
tively independent of the analysis method. This serves as valida-
tion for the proposed VBD definition and proof that it can be used
to describe the RB behavior of PSCs as long as a reversible BD
occurs. This should be valid for all PSC variants, so not only p-i-n
layer stacks but also n-i-p as long as the immediate formations of
shunts can be prevented.

4 | Conclusions

The information at which voltage PSCs break down and pass cur-
rent in RB is of utmost importance for both the research on the
BD mechanism and for dealing with the underlying issue of par-
tial shading. However, standards for characterizing PSCs in
regard to their RB behavior are missing.

This study showed how measurement parameters and conditions
vary among publications on the topic. At the same time, data on
the impact of measurement parameters on the result are sparse,
with sometimes contrary observations reported. A significant
dependence on sample-specific properties is presumed.
Additionally, the method of defining and determining the BD
voltage also varies wildly in available literature, without any
information about the relationship between different BD voltage
definitions available.

That suggests that standardization is the only way to comparability.
To that end, we proposed detailed sets of measurement parameters
and conditions that can serve as a starting point for newcomers to
the field and as input for a discussion in the community.
Additionally, a new definition of the BD voltage is proposed:
Using the PoMC provides a comparable BD voltage that can be
analytically expressed. Therefore, it can prospectively be connected
to theoretical descriptions of the BD voltage mechanism.

That touches on one important gap in our understanding of the
RB behavior of PSCs: A detailed formulation of the BD mecha-
nism that incorporates the unique properties of perovskites

would be of great help to refine both the measurement procedure
and the method of determining a BD voltage.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: A RB-JV measurement and the
results of fitting the data with exponential functions. The intermediate
PoMC values resulting from these fit functions are marked.
Supporting Fig. S2: One exponential function displayed in graphs with
different axes. Supporting Fig. S3: The breakdown voltages of a batch of
60 PSCs, determined using five different definitions are compared:
a) Three version based on fixed current densities, b) the linear fit method,
and c) the method using the PoMC. The VBD-values of three cells are
colored in red, green and blue in all three sub-figures. The detailed
measure ment parameters are listed in the main text in Table 4.
Supporting Table S1: Measurement parameters used during the RB-
JV measurements whose results are shown Figure 1 in the main text.
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Supporting Table S2: Measurement parameters used during the (stan-
dard) JV measurements whose results are shown Figure 1 (in sets) in the
main text. Supporting Table S3: Measurement parameters used during
the RB-JV measurements whose results are shown Figure 4, 5, and 6 in
the main text.
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