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ABSTRACT: Nonequal current generation in the cells of a photovoltaic module,
e.g.,, due to partial shading, leads to operation in reverse bias. This quickly causes a
significant efficiency loss in perovskite solar cells. We report a more quantitative
investigation of the reverse bias degradation. Various small reverse biases (negative
voltages) were applied for different durations. After normalizing the applied voltages
with the breakdown voltages, we found similar dependences of the reverse bias
current and the degradation rate. We draw conclusions regarding possible
degradation mechanisms and propose a way to increase the comparability of
degradation rates for comparing different perovskite solar cells.
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he topic of partial shading and reverse bias stability has

only recently begun to attract specific interest in the
perovskite community." Progress toward commercialization of
the technology is one main driver behind the increased effort
dedicated to the issue of stability in general of which research
into the reverse bias behavior is a part. Reverse biases hold a
special status as stressors that cannot be mitigated by
packaging' but need to be researched on the cell level. Despite
its relevance, also for silicon—perovskite tandem modules,”™*
the field of reverse bias degradation does not receive much
attention and detailed mechanisms are still unclear or require
validation.

Reverse biases occur due to nonequal current generation in
the series-connected cells of a photovoltaic module. Reasons
for the occurrence of reverse biases can be partial shading, local
differences in aging, and manufacturing defects.! The observed
loss in power conversion efficiency (PCE) following instances
of reverse bias has been ascribed to various degradation
mechanisms. Important phenomenological studies have been
published by Bowring et al. and Razera et al, whose
observations are the basis upon which most discussed
degradation mechanisms are built.”® An overview over the
present state of research is given in Wang et al.” A notable
achievement of increased stability was reported by Bogachuk et
al. on mesoscopic, carbon-electrode, single-cation, single-halide
perovskite solar cells and mini-modules.®

In several publications, the role of the current in reverse bias
degradation mechanisms has been mentioned. Bowring et al.
suggested an electrochemical reaction at an interface to explain
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a decrease of the reverse bias current over time under a
constant reverse bias.” Razera et al. investigated the effects of a
voltage below and above the breakdown voltage on halide
phase segregation.’ Bertoluzzi et al. presented a new
degradation mechanism that is directly dependent on the
reverse bias current flowing through the cell.” Finally, Ni et al.
added a hole blocking layer and reported slower degradation,
possibly due to reduced current injection.'” On the other hand,
the migration of iodide into the organic electron transport
layer—as proposed by Razera et al. and further investigated by
Gould et al.—can be considered electric-field-driven.”'" The
same could be true for the formation of local shunts due to
migration of metal ions or destabilizing accumulation of
ions.>"?

Most of the mentioned publications describe reverse bias
degradation only phenomenologically. We contribute a more
quantitative investigation that considers the integrated impact
of all occurring degradation mechanisms. We found that we
can compensate for cell-to-cell differences by normalizing the
applied voltage to the breakdown voltage. In this way, we
reveal exponential relationships of the reverse bias current and
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of the degradation rate with the normalized voltage. We
discuss how this normalization method can be used to
investigate the dominant degradation mechanisms and to
increase the comparability of the reported degradation rates.

Our samples were planar perovskite solar cells in the p-i-n
configuration with the following layer stack: glass/ITO/
PTAA/perovskite/Cg,/SnO,/ITO. The absorber was the
triple-cation, double-halide perovskite
CsposMAg 1sFA(sPbI, ;Bry; with a bandgap of 1.6 eV. The
power conversion efficiencies (PCEs) of the best 20 cells used
in the following experiments were determined as 15.6 + 0.1%
by maximum-power-point-tracking (MPPT). Further details of
the fabrication process and the samples can be found in the
Supporting Information on page S1 and Table S1. Parts of the
process were based on Bracesco et al."* and Glowienka et al."*

Our experimental procedure to investigate reverse bias
degradation can be separated into an initial characterization, a
degradation step, and a final characterization. The character-
ization steps consisted of illuminated current—voltage
measurements (IV), dark IV measurements (DIV), dark IV
measurements with an extended voltage range to investigate
the reverse bias response (DIV,,), and MPPT. During the
degradation step, a constant negative voltage (V) was
applied to a cell for a duration f4, while the reverse bias
current (I,,,) was monitored. With the cell area, we calculated
a reverse bias current density J,.,. Among the samples, V., was
varied between —1 V and —4 V and t;,, between 15 min. and
60 min.; in one case, it was extended to 990 min. Further
details can be found in the Supporting Information on page S2
and in Table S2.

We use the breakdown voltage V4, determined from DIV,
measurements, as a metric to describe the reverse bias behavior
of a cell. Following the definition by Bowring et al., we defined
Via as the voltage at which an overall current density of —1
mA/cm? flows through the device.> As we observe the
hysteretic behavior of the current density in the negative
voltage regime, the mean of the breakdown voltages from the
forward and reverse sweeps is used. As an example, the result
of a DIV, measurement of a single cell and the determination
of Viq is depicted in Figure 1. The same is shown for all cells
used in these experiments in the Supporting Information on
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Figure 1. Dark current density—voltage curve in the reverse bias
regime of one perovskite solar cell. The horizontal blue line marks the
current density of —1 mA/ cm?, and the vertical blue line marks the
breakdown voltage V4.

page S4 in Figure S1. The 20 cells showed breakdown voltages
between —3.3 V and —5.1 V.

The average J.., Of the current density J., that flows
through a cell during reverse bias degradation is used as a
metric to compare the current flow (see Supporting
Information on page S3). In the following, we will always
consider the absolute of J., .. It is shown in Figure 2a where
we plot J..., against the applied voltage. We observe an
increase Of Jyey vy With V. as can be expected from the DIV,
measurements. We, however, also observe a significant spread
at large and small reverse biases. We can explain the spread at
small negative voltages with the existence of local shunts that
form the dominating reverse bias current pathway far below
the reverse bias breakdown. For the spread at larger negative
voltages, the spread of the breakdown voltage is directly
responsible, as will be shown in the following.

By dividing the applied voltage by the breakdown voltage,
we obtain the normalized voltage @.. If the observed spread
is largely caused by the variance of Vi4 we should see a
reduced spread when plotting J., .., against @, This is
depicted in Figure 2b where we indeed find a decreased spread
at large negative voltages. We see in the insets with
semilogarithmic scales that the relationship between .4y,
and @, can now be better approximated by an exponential
function.

We only applied reverse biases corresponding to normalized
voltages below 1, meaning smaller than the breakdown
voltages. This explains the relatively low average current
densities, which remained below 1.6 mA/cm? In a simple
partial shading event of a perovskite module, we expect a
current density that is more than ten times higher (the current
that the illuminated cells generate in the maximum-power-
point). In the absence of shunts, lower current densities
prevent the effects of Joule heating—like absorber decom-
position—and shunt formation from hiding other degradation
mechanisms, however.

Despite these low average current densities, we observe
already significant loss of PCE. Using PCEs from illuminated
IV measurements performed directly before and after
degradation, we calculate a degradation rate DR by dividing
the relative PCE loss by the duration of the degradation f4,
(see Supporting Information on page S3). Thus, we obtain the
degradation rate DR (linearized over time), which is depicted
in Figure 3.

Figure 3a shows DR plotted against V,,,; on a linear scale
and in the inset on a semilogarithmic scale. We observe a
spread that is especially apparent at large reverse biases, as was
observed in J.., A spread at small voltages like in Ji g
however, is not visible here. Small shunts do not seem to
greatly impact the degradation rate, despite their impact on
Jeevavg If we apply our method of normalizing the applied
voltage, we obtain Figure 3b. This brings the data points in an
order where higher ® ., corresponds to higher DR. Most data
points can now be well approximated by an exponential
function.

Our normalization method revealed that both J,, ., and DR
follow a similar dependence on the normalized voltage and
that both can be approximated by exponential functions. That
both metrics follow a similar dependence is also visible when
plotting DR directly against J..,.. (see the Supporting
Information on page SS, Figure S2). A linear relationship
between the two metrics seems to be present. The conclusion
that the dominant degradation mechanisms are current-driven
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Figure 2. Average reverse bias current densities flowing through perovskite solar cells during the degradation step, plotted against the applied
voltage (a) and the normalized voltage (b). The insets show the same on semilogarithmic scales. Exponential functions are inserted as guide to the

eye.
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Figure 3. Degradation rate DR plotted against the applied voltage (a) and the normalized voltage (b). The insets show the same on
semilogarithmic scales. Exponential functions are inserted as guide to the eye.

seems natural. In that case, Faraday’s law would govern the
relationship between the rates of electrochemical reactions and
current, and the reaction rates would be connected to the
degradation rates.">" 6

On the other hand, a voltage-driven process could be
accompanied by a current showing a voltage dependence
similar to our ey, Garcia-Batlle et al. found on monocrystal-
line perovskites that the ionic current caused by positive
voltages can show a superlinear dependence on the voltage.'”
They, however, also noted that the mobility of holes and
electrons is many (~7—9) orders of magnitude larger than that
of ions."” Therefore, the magnitude of the electronic current
far outshines the ionic current. The same had already been
concluded by Bowring et al. for the reverse bias current.’

The degradation rates observed reach up to 3%/min despite
the rather low current densities. Using the exponential
functions inserted in Figure 2b and Figure 3b and extrapolating
to —20 mA/cm?, we obtain a DR of about 16%/min at ®__, ~
1.1. After just 3 min, we would have only about half of the
initial PCE left. That illustrates once more the importance of
understanding the mechanisms behind reverse bias degrada-
tion.

Our highest observed DR of 3%/min is also comparable to
what has been reported by Jiang et al., who applied a reverse
bias of —4 V and saw a decrease of 5% in the first minute."®
However, comparing degradation rates at the same applied
voltage is difficult if the reverse bias current plays a dominant
role. Only knowing the breakdown voltage or information
about the current flowing through the device during
degradation would allow conclusions about the stability in
the case of a partial shading event. This touches on the general

11431

problem that there are no standards yet agreed upon for testing
and reporting reverse bias degradation of perovskite solar cells
beyond the binary answer of IEC 61215. Defining these would
allow a comparison of the many different variations of the
perovskite solar cell layer stack. This in turn might facilitate the
same kind of widespread cooperation that has led to the
enormous efficiency increase observed for the technology in
the past decade.

We conclude that our results suggest that current-driven
degradation mechanisms dominate degradation already at
smaller reverse biases. Our method of normalizing the applied
voltage with the breakdown voltage revealed similar depend-
encies of current and degradation rate, which allowed this
inference. It highlights the importance of understanding the
breakdown and the reverse bias behavior of perovskite solar
cells. We additionally propose adding the reverse bias current
or the breakdown voltage to reports about the reverse bias
degradation of perovskite solar cells to increase comparability.
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