Perovskite Solar Cells Instability Under Reverse Bias
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Partial shading of a photovoltaic module may trigger the permanent damage of the shaded cells as the
latter are driven into reverse bias by the illuminated cells. Perovskite solar cells have been shown to degrade
quickly when experiencing such field-relevant conditions due to processes that have remained elusive. Here, we
combine several imaging and optoelectronic characterization techniques to elucidate the mechanisms governing
degradation in reverse bias. Three main processes are shown to occur in cesium formamidinium lead iodide
bromide cells depending on biasing conditions. The most severe involves the formation of shunts at the
position of the metal electrode. Second, iodide is driven into the electron transport layer, which causes an
S-shape in the current-voltage curve. And third, the perovskite absorber is shown to segregate into iodide-
and bromide-rich domains, shifting the overall band gap and changing the perovskite microstructure. While
the S-shape formation process is reversible, the other two mechanisms affect irreversibly the optoelectronic
properties of the cell. Finally, the criteria that must be met to pass partial shading tests defined by the
International Electrotechnical Commission are discussed.
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I. INTRODUCTION

Photovoltaic modules may become partially shaded
during operation as a result of various factors such as
a nearby building or tree, sand, snow, bird droppings or
even when cleaned during sunlight exposure. In these
conditions, the shaded cells cannot produce as much cur-
rent as the illuminated ones and the latter will drive the
shaded cells into reverse bias. Depending on the fraction
of the module that is shaded, the breakdown voltage of
the shaded cells and the possible presence of shunts (de-
fined here as direct contacts between top and bottom
electrodes), all the current produced by the illuminated
cells can flow through a small area of the shaded cell(s).
The large current densities that result may cause exces-
sive heating, damaging the cell and/or the encapsulant!.
As a testament to the severity of the damage that may
be induced by these partial shading conditions, the In-
ternational Electrotechnical Co mission (IEC) has set up
a reliability protocol to test modules?. The test consists
in two parts. In the first one, the cell with the highest
leakage current is identified. The second part involves
fully and then partially shading the identified cell of the
module under a sun simulator to maximize the power
dissipated in the shaded cell. The test does not provide
any pass/fail requirement for the power loss, except that
no major visual damage should appear in the cells or the
module encapsulant during the test.

Although the use of bypass diode can limit the reverse
voltage applied on shaded cells'"®*, these add cost to the

module. It is hence desirable to make the solar cells as re-
silient against reverse voltage as possible and to minimize
the number of bypass diodes. In the worst case scenario
(economically), one bypass diode per cell is needed and
the reverse voltage on the solar cell is limited to the turn-
on voltage of the bypass diode, which can be as low as
~ 0.3 V3. In the best case, the breakdown voltage of the
cell is sufficiently low so that the shaded cell itself sinks
all the current of the illuminated part of the segment.
In this ideal situation, the reverse voltage applied to the
shunts (equal to the breakdown voltage of the shaded cell,
Vba, since the shunts are in parallel to the active area)
remains low, meaning that no hot spots are created and
no bypass diodes are needed. This assumes the active
area of the cell can endure a reverse bias equal to Vjq,
a reverse current equal the current at maximum power
point I,,,, and hence a power dissipation of Vg X Ip,pp
without degrading. It also assumes V34 can be engineered
in the first place.

While the effects of partial shading and hot spot for-
mation in crystalline silicon (c-Si) modules are now well
investigated®3, this is not case for the nascent per-
ovskite solar cell technology. A first detailed study was
reported only recently by Bowring et al”. The authors
demonstrated that perovskite cells degraded quickly in
such conditions as hot spots appeared under the metal
electrode in just a few minutes at low reverse voltages
(;-1 V). Even in the absence of hot spots, the cell series
resistance was found to increase, while the V,. lowered,
presumably as a result of an electrochemical reaction be-
tween the perovskite absorber and the adjacent layers.



However, only indirect evidence was provided and it re-
mains unclear which species were reacting.

Here, we combine several imaging and optoelectronic
characterization techniques to directly assess these degra-
dation mechanisms induced by a reverse bias, i.e. shunt
formation and interfacial reaction, before highlighting the
appearance of third phenomenon: current-induced phase
segregation. We conclude by analyzing the engineering
requirements to avoid a degradation of perovskite cells in
reverse bias.

Il. MECHANISMS OF DEGRADATION
A. Shunt Formation

The perovskite composition studied in this work is
(FAPbIg,)0.83(CSPbBI‘3)0‘17, with a band gap of 1.64 eV.
The cell is depicted in Figure la and the fabrication
methods are detailed in the supporting information. It
should be noted that a semi-transparent structure is
studied in this work, where silver is deposited as fingers
on top of a transparent conductive oxide. We focus on
this structure as it is the one used as a top cell in Si/PK
or PK/PK multi-junctions®.

To assess the degradation of perovskite solar cells, the
reverse bias is progressively increased in steps of —0.1
V up until reaching a value of —2 V or higher. The
cell is kept for 3 minutes, before acquiring a current-
voltage (I-V) curve in forward (—0.1 V to 1.2 V) and in
reverse (1.2 V to —0.1 V) to monitor any change in per-
formance. Typical I-V evolution sequences obtained with
this procedure are shown in Figure S1. Some hysteresis
is observed, but both forward and reverse scans present
similar characteristics after reverse biasing (Figure S2).
For clarity, only forward scans are shown in the core of
this manuscript. While significant cell-to-cell and batch-
to-batch variations are observed in terms of absolute I-V
properties (short circuit current, ., open circuit voltage,
Ve, or fill factor FF) as also noted by Bowring et al”,
the trends described below were found to be universal.

A representative evolution of the I-V curve (forward
scan) of a cell after it had been reverse biased in steps is
shown in Figure 1b. Two degradation mechanisms occur
in succession. For voltages less (in absolute value) than
—1.2 V, an S-shape appears, while for higher voltages the
cell becomes shunted, as observed from the step decrease
in V,. and the increase in slope at V' = 0 V. Figure 1c
reports the reverse current that flows through the cell at
each reverse bias step. Up until the —1.1 V, the reverse
current is negligible (less than 1 mAcm™2). After about
2.6 min at —1.2 V| the current suddenly increases more
than 50 mAcm™2, signaling the formation of shunt(s).
In addition, burst noise®, typically associated to metal
precipitates inside semiconductor devices, appears at this
point.

To verify that shunts are indeed forming, a fresh device
is analyzed by dark lock-in thermography!'?. The device

is first driven to forward bias, with the resulting thermo-
graph exhibiting no hot spots (top left panel of Figure
1d). Then, bringing the cell to a reverse bias of —1.5 V
in the thermography system induces the formation of two
hot spots at the position of the Ag frame (middle panel in
Figure 1d). When driving the cell back into forward bias
(bottom right thermograph in Figure 1d), the two hot
spots remain, indicating that these shunts were formed
during the reverse bias treatment and the cell remained
shunted when to driven back to a reverse bias.

For cells stressed up to voltages of —5 V instead of —2
V, shunts become severe enough so that burn marks are
visible by the naked eye, as shown in Figure S3. In fact,
the metal top contact can be seen from the glass side in
the regions of the burn marks. This demonstrates the
propensity of Ag to penetrate the perovskite and reach
the back electrode, creating shunts. And once the shunts
are formed, the high power dissipated in these regions de-
grades quickly the absorber (which becomes porous with
Pb-rich inclusions) and the Ag electrode (which clusters
in some regions) as highlighted by the scanning electron
microscopy images in Figure S3.

Different metals (Cu, Ni, Cr, Al) were also tested as
top electrode. But all cell designs were found to be prone
to shunting in a similar way to Ag (Figure S4). Regular
opaque cells, where Ag is deposited directly on the elec-
tron transport layer, here C60, were also tested. Their
stability in reverse bias is even worse as shunts appear at
reverse voltages of —0.3 V (Figure S5).

The shunting issue observed here for PK cells differs
from that occurring in regular c-Si modules. In the case
of perovskites, shunts are created by the reverse bias it-
self. For c¢-Si cells, the shunts which form hot spots in re-
verse bias are introduced during cell manufacturing. And
in that case, hot spots form in the voltage range where
the shunts become the dominant current pathway, i.e.
when the breakdown voltage of the diode has not been
reached (which can be tens of volts for ¢-Si cells). Thin
film modules (thin-film Si, CIGS or CdTe) are also prone
to shunt formation in reverse bias conditions induced by
partial shading!®!2.

B. S-shape development

Before shunting, an S-shape is observed to form as the
reverse bias increases (Figure 1b). As this S-shape de-
pends on pre-biasing conditions prior to I-V measure-
ments, the effect is expected to be related to mobile
ions within the perovskite!?'*. We hence hypothesize
that the cause of this S-shape is the same as the one
that induced the increase in series resistance observed by
Bowring et al.”, who suggested that it was linked to an
electrochemical reaction between mobile ions and contact
layers.

This S-shape formation process was then investigated
using scanning transmission electron microscopy (STEM)
coupled to energy dispersive X-ray (EDX) spectroscopy.
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FIG. 1. (a) Structure of the cell studied in this work. The ”+” and ”-” signs indicate reverse bias. (b) Current-voltage (I-V)
curves taken immediately after biasing the cell at progressively higher (in absolute value) reverse voltages. (c) Reverse current
measured during the 3 min of each step of reverse biasing. (d) Left: Thermograph of fresh cell, measured with a forward bias of
2.5 V. Middle: same cell at a reverse bias of -1.5 V, showing two new hot spots. Right: same cell under forward bias conditions
at 2 V after being reverse biased at -1.5 V, demonstrating that the shunts that formed in the reverse bias step are still present.

Figure 2a shows a STEM high angle annular dark-field
image of the cross-section of a cell degraded in reverse
bias up to —5 V in a region far from the metal elec-
trode. While the S-shape becomes masked by the shunt
in the I-V curve, active regions away from the metal elec-
trode (and hence shunts) should still be affected by the
mechanism. Apart from the formation of large voids in-
dicative of a loss of material either during the biasing
experiments or during the TEM sample preparation by
focused ion beam (FIB), the cell exhibits a double layer
microstructure, with the top layer being smoother. For
comparison, a STEM image of an as-deposited reference
cell is shown in Figure S6. The reference cell also presents
voids, although of a smaller size and likely induced by
the FIB preparation, but does not show any double layer
structure, highlighting that the latter feature is caused by
the reverse bias treatment (and not sample preparation).
The EDX chemical map and atomic concentration line
profile shown in Figure 2b provides more information on
this double layer microstructure as the top layer is rich
in Br, while the bottom one is richer in I. This evidence

of phase segregation is discussed in the next section.

As hinted by Figure 2b, the magnified view of the
perovskite/LiF /Cg interface shown in Figure 2¢ demon-
strates that I migrated beyond the LiF and into the Cgg
layer. On the other hand, the Cs, Pb and Br EDX sig-
nals do not extend as far into the Cgo (note that some
overlap between the different layers is induced by projec-
tion effects as the perovskite layer exhibits some rough-
ness and the sample is about 100 nm-thick). Reverse
bias-induced halide migration into the electron selective
contact was also observed in a previous study employing
in situ TEM'S. Doping of Cgy with halogen has been
the subject of several studies'®!”. These concluded that
halogens were incorporated in Cgy as Xo. As iodine is
driven into Cgg layer by applying a positive bias on the
latter, it appears more likely that it is present in its ion-
ized from (I7). Overall, this EDX data strongly indicates
that I~ is driven into the positively biased Cgg layer. This
injection of ions into the electron selective contact may
alter the extraction of electrons, as are the changes I and
Br distribution in the absorber, and hence induce the
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FIG. 2. (a) Scanning transmission electron microscopy (STEM) high angle annular dark-field (HAADF') image of a solar cell

degraded at —5 V, showing large voids and a double layer structure.

(b) STEM HAADF image of the cell shown in (a)

superimposed on its right side with its corresponding EDX chemical map and corresponding concentration profile quantified
using the Cliff-Lorimer method. As indicated by arrowheads, the Br concentration increases in the upper part of the absorber,
while an inverse trend is noticed for I. The Sn signal inside the PK layer is an artifact caused by the proximity in energy of
Sn and I characteristic X-rays. (¢) STEM HAADF image and corresponding EDX chemical map and concentration profile of a
sample with an higher Br content taken in the region close to the perovskite/LiF /Cgo interface, which highlights the migration

of iodide into the Ceo layer during reverse biasing (arrowed).

S-shape observed in Figure 1b.

This S-shape formation mechanism appears to be re-
versible to some extent. To investigate this reversibility,
solar cells that do not feature any metal front electrode to
avoid any irreversible shunting are reverse biased accord-
ing to the same procedure described above. As shown
in Figure 3a, the absence of metal indeed prevents the
formation of shunts. On the other hand, the S-shape
gets progressively more severe as the reverse voltage is
increased. After degradation, the cell was submitted to
maximum power point tracking (MPPT) for about 1 h
(Figure 3b), which enabled to recover the initial efficiency

(Figure 3c, 7.3%, a low value that results from the high
series resistance caused by the lack of metal electrode).
While the efficiency are similar before degradation and
after MPPT, the I-V curves differ at voltages higher than
Voe (Figure 3c). This difference may become smaller with
longer MPPT, but it remains unclear to which extent
this reaction is reversible. Alternatively, leaving the cell
in the dark for 1 hour enables only a partial recovery.
The difference in recovery rate between the dark and
MPPT treatments is a first indication that iodide mi-
gration into Cgg is the cause of the S-shape instead of
phase segregation. Indeed, applying a negative voltage
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FIG. 3. (a) IV curves of a cell without any metal electrode taken after progressively increasing the value of the reverse bias.
While a severe S-shape builds up, no shunts appear. (b) Maximum power point tracking of the same cell after degradation,
showing that the efficiency recovers. (c¢) Comparison of the I-V curves of the same cell in its fresh state, immediately after
reverse biasing, after 1 h in the dark and after maximum power point tracking.

on the Cgp, as done during MPPT, accelerates the re-
covery, presumably by pushing I~ back towards the per-
ovskite absorber. Furthermore, ionic motion within the
absorber may result in ionic screening of the bulk elec-
tric field (which, combined with surface recombination,
can cause hysteresis in perovskite solar cells'®'#) and in
turn in S-shapes. But this mechanism can be recovered
over timescales of a few seconds/minutes, which is much
faster than the recovery rate observed here

Overall, it appears likely that the migration of I~ into
the Cgp may induce non-ohmic series resistance and hence
an S-shape at V.. This non-ohmic resistance may arise
from the fact that iodide may act as p-type dopant in
Cgo, decreasing the electron extraction efficiency at the
PK/LiF/Cg interface. Or from the fact that iodide may
decrease the electron mobility in Cgy so that the non-
linear space chargelimited current mechanism starts to
become important in the bulk of the Cgg layer.

C. Phase segregation

Phase segregation of mixed halide perovskites into I-
rich (low bandgap) and Br-rich (high bandgap) regions
was first reported by Hoke et al.!®. Since this first study,
significant progress has been made to identify the causes
and implications of this mechanism!? 2°. Overall, phase
segregation was shown to be driven by injection of car-
riers into the perovskite (by light or current) and by the
gradient in strain that results.

Here, a first direct evidence of reverse bias-induced
phase segregation was obtained using electron mi-
croscopy (Figure 2b). The sample investigated by STEM
EDX experienced a reverse bias of —5 V, an absolute
value higher than the V,q of the cell (=1 V to —2 V).
In turn, a high current passed through the cell (about 1
A ¢cm~?), inducing phase segregation. The steady state
photoluminescence (PL) spectra shown in Figure 4a are
further indications of the phase segregation induced by
this injection of current. There, a fresh device was re-
verse biased at —3 V for 15 min, before measuring its PL



signal from both sides of the sample (excitation wave-
length of 514 nm, absorption depth of about 120 nm). A
red-shift of about 0.02 eV in bandgap is observed when
measured from the NiO side, agreeing with the I-rich re-
gion observed in the TEM image. Alternatively, only a
slight blue-shift (approximately 0.005 eV) is measured
from the Cgg side, also in accordance with the EDX data
when comparing Figures 2b and S6. It should be noted
that the PL laser did not induce any phase segregation
on its own as no shift in bandgap is observed with an
exposure time of 1 min, a timescale six times longer than
the measurement of 10 s.

Duong et al.'® also observed phase segregation when
forward biasing perovskite cells but reported a negligible
segregation when a applying a reverse voltage —1 V for
12 h. While the Vjq4 of the cell was not reported, it can be
assumed that —1 V did not enable to pass breakdown and
negligible current was injected in the absorber. A similar
situation was achieved in Figure 4b, which provides the
PL data of a sample biased at —0.5 V for 15 min, an
absolute value below the V34 of —1 V of this cell. No
bandgap shift is observed, in agreement with the need to

inject carriers to trigger phase segregation??.

It should be noted that the shifts observed here depend
not only on the extent of the phase segregation (induced
by current injection during reverse biasing) but also on
the lifetime of the carriers in the device. With long life-
times, all the carriers generated will migrate to the lower
bandgap region and emit a lower energy photon, irre-
spective of the side that is illuminated. Indeed, the PL
spectra acquired from the NiO and Cgg sides are shifted
to the same lower energy when reverse biasing at —5 V
for 30 min (Figure S7). irrespective of the side of the
sample from which PL was measured. This difference
between Figures 4a and S7 is indicative of a difference
in carrier lifetime, with carriers being able to reach the
lower bandgap region in the latter case.

Figure S8 shows PL spectra acquired from each side of
the sample, whose I-V properties are reported in Figure
3a. Even though the I-V curve presented in Figure 3a
exhibits a severe S-shape, no shift in bandgap is observed
via PL. This observation further confirms first that phase
segregation results from current injection when reaching
the breakdown voltage threshold and second that phase
segregation is not the cause of the S-shape at V..

It is worth mentioning that the kinetics of phase segre-
gation can be different between the light- or bias-induced
cases?*. Reverse bias-induced segregation remains vis-
ible for days, while its light-induced counterpart usu-
ally disappears in a matter of minutes to hours?!:23. In-
deed, the STEM data shown in Figure 2a-b was acquired
one week after the sample had been degraded in reverse
bias. PL shifts also persisted one week after reverse bi-
asing (Figure S9). This difference in re-homogenization
rate between the current- and light-induced cases may
stem from the fact that the perovskite absorber segre-
gated by reverse biasing also exhibited severe microstruc-
tural changes compared to its as-deposited state (Figure

2-b and Figure S6). These changes in microstructure
were presumably induced by the high current that passed
through the cell. And these are likely to inhibit any re-
homogenization of the elemental distribution.

It should be noted that Bowring et al.” did not men-
tion any phase segregation effect in their study on hte
reverse bias stability of perovskite cells. However, they
reported I-V curves of a sample first degraded in the dark
with a current equivalent to —I,,,, and then recovered
at MPPT for 3h. The I-V curve after recovery had a Jg.
higher by at least 2 mAcm ™2 and a V,. lower by about
100 mV compared to before degradation. While the V.
loss may be explained by an increase in bulk and/or sur-
face recombination, the increase in J. is more difficult to
explain without invoking a decrease in apparent bandgap
triggered by phase segregation. While not discussed in
their report, phase segregation hence seems to appear in
their case as well. Furthermore, this speculation would
indicate that reverse bias-induced phase segregation is
not recoverable after 3 h of MPPT, in agreement with
the inability of our cells to recover from phase segrega-
tion (as discussed in the previous paragraph).

The elemental distribution observed after current-
induced phase segregation, i.e. the presence of an I-rich
region close to the NiO contact and a Br-rich one close the
LiF /Cg0 side, is likely to result from a complex interplay
between lattice strain induced by carrier injection?%23,
mobility of holes and electrons in the absorber?! and the
quality of each interfaces?®. Indeed, existing models ra-
tionalizing light-induced phase segregation models fail to
fully explain our observations'®2!. These suggest that
the lower bandgap region, i.e. the I-rich one, should form
close to where holes are injected in the absorber, here at
the perovskite/LiF /Cg interface. This effect should be
a consequence of the lower energy of holes in the lower
bandgap part as the difference in bandgap between Br-
rich and I-rich regions mainly stems from the difference
in valence bands?6-27. However, these models do not ac-
count for a key parameter that may explain the elemen-
tal distribution observed ehere after phase segregation:
the difference in quality between the perovskite inter-
faces. Indeed, as recently reported by Belisle et al.2’,
defective surfaces may accelerate phase segregation as a
consequence of an increased accumulation of interfacial
charges and resulting bend bending. Here, the interface
between the NiO and the perovskite may contain more
recombination centers than the LiF/Cgg side, which may
influence bromine and iodine differently and hence induc-
ing the observed trend.

Figure 5 presents a summary of the degradation mech-
anisms observed in this work, i.e. shunt formation at the
position of the metal electrode, S-shape due to iodide mi-
gration in the Cgg and phase segregation, as a function
of the reverse voltage range they occur.
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FIG. 4. Normalized photoluminescence spectra measured from the NiO and Cgo sides before and after reverse biasing at (a)
—3 V and (b) —0.5 V for 15 min. In (a), a red-shift is measured on the NiO side, while a slight blue-shift is measured on the
Ceo side, inline with the elemental map of Figure 2b. No phase segregation is observed in (b) as the applied voltage is lower in
absolute value than the breakdown voltage and hence no current is flowing through the device.

1. IMPLICATIONS

Here, we discuss the criteria that must be achieved to
pass the IEC partial shading test mentioned in the in-
troduction. However, it should be emphasized that this
test was not designed for perovskite solar cells and their
unique degradation pathways and that it does not pro-
vide any pass/fail criteria on the power loss?, complicat-
ing any critical assessment of the ability of this technol-
ogy to pass this test. As en example of this complexity,
Bowring et al.” observed that each cycle of reverse bias
degradation-recovery at MPP yields a slower recovery
rate. Such effect will not be discussed in this paragraph
and the analysis will focus on irreversible effects induced
by the formation of shunts and by current-induced phase
segregation and changes in microstructure.

It should be first mentioned that V34 has a high influ-
ence on the reverse bias stability of perovskite solar cells
as it determines the maximum reverse voltage that can
be applied before a reverse current starts to flow through
the device. In the absence of bypass diodes, lowering V,q
may alleviate irreversible changes by reducing the power
dissipated (Inpp X Via) by the shaded cell. Alternatively,
a high V4 becomes beneficial with bypass diodes. The
number of cells per bypass diode N.¢j;s to maintain a re-
verse voltage of V.., on the shaded cell can be calculated
as follows (assuming all the other cells of the string are
operating normally):

VTCU@T‘SC

- (Ncells - l)vmpp + pr (1)

where V3, is the turn-on voltage of the bypass diode. Ex-
cluding the metal-induced shunt formation mechanism
and assuming a Vi, of 1 V and a V3, of 0.3 V, two cells
per bypass diode should enable to protect the device by
keeping V.., below (in absolute value) V,q to avoid any
phase segregation/microstructural changes. The number
of semi-transparent cell per bypass diode decreases to 1

when taking into account the formation of shunts at the
metal electrodes. The V., of ~ 0.3 V that will apply
on the cell in these conditions should not trigger the for-
mation of shunts in a semi-transparent design. On the
other hand, opaque cell will become shunted even with
one bypass diode protecting each cell. Overall, there is
an urgent need to prevent the formation of shunts before
any commercialization can be envisaged.

IV. CONCLUSION

Perovskite solar cells are shown to degrade as a result
of at least three different mechanisms when a reverse volt-
age is applied. Two of these mechanisms are irreversible
for the cell design studied in this work. One involves a
voltage-driven metal shunting mechanism and the other
one a phase segregation accompanied by microstructure
changes when a significant current flows through the
cell. The third mechanism, which appears as an S-shape,
seems to stem from the migration of iodide into the Cgq
from the PK into the Cgg. This last mechanism is re-
versible to some extent when subjecting the cell to max-
imum power point tracking for at least 1 hour. The im-
plication of these observations on the number of bypass
diodes and the engineering of the breakdown of the cell
to minimze damage are then discussed
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