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Partial shading can trigger permanent damage in photovoltaic modules because the illuminated solar cells

drive the shaded cells into reverse bias. Under reverse bias conditions, perovskite solar cells have been

shown to degrade quickly due to processes that have so far remained elusive. Here, we combine optical,

microstructural, and electrical characterization to address the mechanisms governing perovskite solar

cell degradation under reverse bias. Three main processes are shown to occur in cesium/formamidinium

lead iodide/bromide cells depending on the reverse voltage applied, the duration of the reverse bias

treatment and the cell structure. The first and most severe involves the formation of highly conductive

shunts, preferentially in regions covered by the metal electrode (with apparently equal propensity for

various metals) and, at higher reverse voltages, within the perovskite active area. Second, we find that

iodide is reversibly driven into the organic electron transport layer, causing an S-shape in the current–

voltage curve and lowering power conversion efficiency. Finally, under heavy reverse biasing the

perovskite absorber is shown to degrade into iodide- and bromide-rich sub-layers, an irreversible

process associated with a shift in the effective band gap and changes to the perovskite microstructure.

Criteria that must be met to pass partial shading tests defined by the International Electrotechnical

Commission are also discussed in relation to these issues, indicating the urgent need for device

structures far more robust than those usually reported.

1 Introduction

Photovoltaic (PV) modules can become partially shaded during

operation in a variety of ways, such as by the shadow of nearby

trees and articial structures; through soiling by sand, snow

and bird droppings; and in a more transient fashion during

module inspection or cleaning. Under partial shade, some solar

cells remain illuminated and continue producing current while

shaded cells behave as simple diodes. As solar cells are typically

connected in series, the covered cells must pass the current of

the illuminated cells but cannot do so without being driven into

reverse bias. Depending on the breakdown voltage of the solar

cells (dened here as the reverse voltage at which an appreciable

current ows through the active, not-shunted regions of the

solar cell) and the possible presence of shunts (dened as

localized, highly conductive pathways between top and bottom

electrodes), all the current produced by the illuminated cells is

liable to ow through a small area of the shaded cell(s). The

resulting large current densities can cause excessive local

heating, damaging the cell and/or the encapsulant, even for

silicon technologies.1–5 Additionally, the reverse voltage can

trigger degradation processes such as those that are known to

affect other thin-lm modules.6,7

As a testament to the severity of the damage that may be

induced by partial shading, the International Electrotechnical

Commission (IEC) has set up a reliability protocol to test the

partial shading resilience of PV modules.8 Thus, any commer-

cially relevant perovskite technology will have to demonstrate

adequate stability under reverse bias conditions. Although the

use of bypass diodes can limit the reverse voltage applied on

shaded cells,1–3 these add cost to the module, so it is desirable to

make the cells themselves as resilient as possible against
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reverse voltage, thereby minimizing the number of necessary

bypass diodes. A rst detailed study on the topic of reverse bias

stability in perovskite cells was reported recently by Bowring

et al.9 The authors demonstrated that both p–i–n and n–i–p

perovskite cells degrade quickly under moderate reverse volt-

ages (less than �1 V) with hot spots appearing in just a few

minutes. Even in the absence of hot spots, another degradation

effect was reported whereby the cell's series resistance increased

and the Voc decreased, due to a presumed electrochemical

reaction between the perovskite absorber and adjacent layers.

However, only indirect evidence was provided for this electro-

chemical process. The lack of fundamental understanding in

this area is clearly hindering progress towards the design of

perovskite solar cells exhibiting sufficient stability in reverse

bias, as highlighted by Rong et al.10

Here, we combine optical and electrical characterization

techniques to directly assess the degradation mechanisms

induced by reverse bias in p–i–n perovskite solar cells, i.e. the

formation of shunts and interfacial reactions. Furthermore, we

highlight the appearance of a previously unidentied effect

caused by the application of a reverse bias: current-induced

phase segregation. We conclude by analyzing the require-

ments needed to address these issues in future cell and module

designs.

2 Mechanisms of degradation in
reverse bias
2.1 Shunt formation

The perovskite composition studied in this work is

(FAPbI3)0.83(CsPbBr3)0.17, which has a band gap of 1.64 eV and

improved thermal stability compared to compositions con-

taining methylammonium. The cell stack is depicted in Fig. 1a

and the fabrication methods are detailed in the ESI.† Current–

voltage (I–V) curves of this cell design are shown in Fig. S1.†We

focus on the stability of semi-transparent cell stacks deposited

in the p–i–n sequence and in which the metal electrode is

deposited as ngers on top of a transparent conductive oxide.

One advantage of this structure is that it permits simultaneous

investigations of stability in regions with and without coverage

by themetal electrode. It alsomirrors the structure used as a top

cell in perovskite/Si or perovskite/perovskite multi-junction

cells.11,12

To monitor the reverse bias-induced degradation, we adop-

ted a stress-test whereby the reverse voltage is progressively

increased in increments of �0.1 V for 3 minutes per step. Aer

each step, I–V curves are taken rst with a forward (�0.1 V to 1.2

V) and then a reverse (1.2 V to �0.1 V) scan to monitor changes

in performance. A representative evolution of the I–V curve

(forward scans) of a cell using the above protocol is shown in

Fig. 1b and S2.† Two processes affecting the shape of the I–V

curve are found to occur in succession, irrespective of the

direction of the scan (Fig. S3†). For voltages less (in magnitude)

than �1.2 V, an S-shape appears, while for higher voltages the

cell becomes shunted, as observed from the decrease in Voc and

linear I–V characteristics. Fig. 1c reports the reverse current that

ows through the cell at each reverse bias step. It is seen that,

for this sample, the reverse current remains negligible (less

than 1 mA cm�2) for reverse voltages up to �1.1 V. However,

aer nearly 3 minutes at �1.2 V, the current increases abruptly

to more than 50 mA cm�2 in magnitude, signaling the forma-

tion of one or more shunts. In addition, burst noise, typical of

metal precipitates inside semiconductor devices,13 appears at

this point in the current signal.

To verify that shunts are indeed forming under reverse bias,

fresh devices were analyzed by dark lock-in thermography.14

These devices were rst driven with a forward bias of 2.5 V, with

the resulting thermograph exhibiting no hot spots (top le

panel of Fig. 1d). This initial test conrms that no signicant

shunts were present in the fresh state. Subsequently, exposing

the cell to a reverse voltage of�1.5 V (1 : 1 on-off duty-cycle at 25

Hz) was found to induce the formation of hot spots at the

position of the Ag frame (middle panel in Fig. 1d). When driving

the cell again in forward bias (bottom right thermograph in

Fig. 1d), the two hot spots remained, indicating that these

shunts were formed during the reverse bias treatment and that

the cell remained shunted when the reverse bias was removed.

For cells stressed up to voltages of �5 V instead of �2 V,

shunts at the position of the metal electrode became severe

enough for burn marks to be visible by the naked eye, as shown

in Fig. S4a.† In fact, the metallic shunts could be seen from the

glass side in the regions of the burn marks. Once the shunts are

formed, the high power dissipated in these regions quickly

degrades the absorber (which becomes porous with Pb-rich

bright inclusions) and the Ag electrode (which clusters in

some regions) as highlighted by the scanning electron micros-

copy images shown in Fig. S4b and c.† Noticeably, cells

featuring Cu or a Ni/Al stack as top electrode in place of Ag

showed similar shunting behaviour (Fig. S5†). Regular opaque

cells, with a metal electrode deposited directly on top of the

electron transport layer (C60 here) were also tested. Their

stability in reverse bias was found to be even worse with shunts

forming at reverse voltages as low as �0.3 V (Fig. S6†).

Several processes may explain the formation of shunts at the

position of the metal electrode. First of all, bias-induced

migration of Ag and other metals (including Au) has been

observed in several studies which investigated the operational

stability of perovskite solar cells (in forward bias condi-

tions).15,16 One possibility is that such metal migration also

occurs in reverse bias, resulting in the formation of metallic

laments within the perovskite layer in a manner analogous to

that proposed for memristive devices.17 Indeed, under reverse

bias, the polarity of the applied potential in p–i–n devices may

drive positively charged metal ions through the ITO, SnO2 and

perovskite layers to the opposing electrode.

However, a metal electrode is apparently not necessary to

observe reverse shunting behaviour in perovskite cells. Indeed,

as observed by Bowring et al.,9 devices with only ITO as a rear

contact (no metal ngers) were also found to develop shunts

under reverse bias, although this time at lower voltages of about

�3 V (Fig. S7†). Complementary to the phenomenon of metal

migration, this nding points to a limited stability of the

perovskite layer itself under reverse bias, which may occur due
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to a destabilizing accumulation of mobile ions or a signicant

loss of iodide, resulting nally in the formation of metallic Pb

which shorts the two electrodes. In contrast with metal migra-

tion, this mechanism will be relevant to the reverse-bias

stability of all cell architectures, including those based on the

n–i–p polarity.

2.2 S-shape development

Prior to electrode shunting, an S-shape in the I–V curve is

observed to form with increasing severity as the reverse pre-

biasing increases (Fig. 1b). The relation to voltage pre-biasing

and similarity to I–V curves reported in several modelling

studies of hysteresis18–20 suggests that the effect is likely related

to ion migration. However, one notable difference here is that

the open-circuit voltage remains remarkably constant with

increasing exposure to negative voltages, by contrast with most

observations in the context of hysteresis. This is suggestive of

a process that affects charge transport but has a minimal effect

on recombination.

To assess the mechanism associated with the S-shape

formation, reverse-biased solar cells were investigated using

scanning transmission electron microscopy (STEM) coupled to

energy dispersive X-ray (EDX) spectroscopy. Fig. 2a shows a STEM

high-angle annular dark-eld (HAADF) image of the cross-section

of a cell, in a region far from themetal electrode, that was reverse

biased up to �5 V using the protocol described above.

Apart from the formation of large voids indicative of a loss of

material during either the biasing experiments or during the

TEM sample preparation by focused ion beam (FIB), the biased

cell exhibits a double layer microstructure, with a relatively

smooth top layer (adjacent to the n-type electrode) and a rough

bottom layer. For comparison, a STEM image of an as-deposited

reference cell is shown in Fig. S8.† The reference cell also

exhibits some voids, although of a smaller size and likely

induced by the FIB preparation, but no double layer structure,

conrming that the latter feature is caused by the reverse bias

treatment. The EDX chemical map and atomic concentration

prole shown in Fig. 2b of the reverse biased cell also show that

the top and bottom layers have different Br concentration. This

is evidence of bias-induced phase segregation and will be dis-

cussed further in the next section, but does not provide an

immediate explanation for the formation of the S-shape.

Fig. 1 (a) Structure of the cell studied in this work. The “+” and “�” signs indicate that the cell is reverse biased. (b) 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 reverse

biasing step. (d) Left: Thermograph of a fresh cell measured with a forward bias of 2.5 V, middle: same cell imaged at a reverse bias of �1.5 V,

showing two new hot spots, and right: same cell under a forward bias of 2 V (after it had been reverse biased at �1.5 V), demonstrating that the

shunts that formed in the reverse bias step are still present.
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The magnied view of the perovskite/LiF/C60 interface

shown in Fig. 2c provides a more suggestive explanation of the

I–V characteristics seen in Fig. 1. Iodine is seen to have migrated

beyond the LiF and into the C60 layer following reverse bias by

comparison with the unbiased reference (Fig. S8†). On the other

hand, the Cs, Pb and Br EDX signals do not extend as far across

the same interface (note that some overlap between the

different layers is induced by projection effects, as the perov-

skite layer exhibits some roughness and the TEM sample is

about 100 nm thick). Iodine is likely driven into the C60 in its

ionized form (I�) since a positive voltage is applied on the C60

side under reverse bias. Voltage-driven halide migration into an

organic selective contact (Spiro-OMeTAD or C60 depending on

the polarity of the bias) was also observed in a previous study

employing in situ TEM.22 One possible explanation for the S-

shape behaviour is therefore that iodide acts as p-type dopant

in C60, as reported for I2 in several organic semiconductors such

as pentacene,23 or that it simply charge compensates the n-type

doping resulting in a reduced carrier density. In the latter case,

carrier densities may be reduced to the point where transport is

no longer ohmic and instead occurs in the (non-linear) space-

charge-limited current regime.24

The formation of S-shaped I–V curves following reverse bias

appears to be reversible to some extent. To investigate this, solar

cells without metal on their front electrodes were fabricated in

order to avoid the issue of electrode shunting. These cells were

then reverse biased according to the stress-testing procedure

described above. As shown in Fig. 3a, the absence of metal

indeed prevents the formation of ohmic shunts when the cell is

stressed up to �2 V. Without their masking effect on the I–V

curve, it is seen that the S-shape gets progressively more severe

as the reverse voltage is increased. Aer reverse biasing, the

metal electrode-free cell was submitted to maximum power

point tracking (MPPT) for about 1 h and, as shown in Fig. 3b,

the efficiency recovered to its initial value of about 7.3% (a low

value caused by a high series resistance due to the absence of

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 cor-

responding EDX chemical map and corresponding concentration profile quantified using the Cliff–Lorimer method.21 As indicated by arrow-

heads, 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 of the quantification procedure. (c) STEM HAADF image and corresponding EDX chemical map and concentration profile of a sample

with a higher Br content taken in the region close to the perovskite/LiF/C60 interface, which highlights the migration of iodide into the C60 layer

during reverse biasing (arrowed).
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a metal electrode). Fig. 3c shows a comparison between the I–V

curves before and aer degradation, and aer recovery. The

initial and recovered I–V curves almost overlap in the power-

generating quadrant, with only a small decrease in the current

injection beyond Voc. Notably, cells were found to recover even

when le in the dark, although at a slower rate than with MPPT.

To further support the suggestion that it is the iodine inside

the C60 layer that is causing the S-shapes in Fig. 1b and 3a, EDX

maps of a recovered metal electrode-free solar cell were

acquired. As shown in Fig. S9,† no iodine signal was found

inside the C60 layer for a recovered solar cell, strengthening our

hypothesis.

While the S-shape can be reversed (at least to some extent),

the introduction of thin layers directly on the perovskite

surfaces (e.g. Al2O3 deposited via ALD) may prevent iodide from

leaking into the organic charge carrier-selective layer and hence

any modication to its charge extraction capabilities.25,26

2.3 Phase segregation

The segregation of mixed halide perovskites into I-rich (low

bandgap) and Br-rich (high bandgap) regions was rst reported

by Hoke et al.27 Since then, signicant progress has been made

in identifying the causes and implications of this

phenomenon.28–34 Although some factors remain unclear,32,34 it

has been shown that this effect is intimately linked to the

presence of excess free carriers in the perovskite, whether by

photogeneration or electrical injection.33

Here, direct evidence of reverse bias-induced phase segre-

gation was obtained using electron microscopy (Fig. 2b). The

sample investigated by STEM EDX experienced a reverse bias of

�5 V, a voltage signicantly below the breakdown voltage,

denoted hereaer as �Vbd, (Vbd z 1–1.5 V, Fig. S10†). Conse-

quently, a high current passed through the cell (about 1 A

cm�2), likely inducing this phase segregation. The steady state

photoluminescence (PL) spectra shown in Fig. 4a are further

indications of the phase segregation induced by this current

injection. For this experiment, a fresh device was reverse biased

at �3 V for 15 min and then the PL signal was measured from

both sides of the sample (excitation wavelength of 514 nm

corresponding to an absorption depth of about 120 nm). A red-

shi of about 0.02 eV in bandgap is observed according to the

luminescence measured from the NiO side, as would be ex-

pected given the I-rich region observed in the STEM EDX data

(Fig. 2b). By contrast, a slight blue-shi (approximately 0.005

eV) was measured from the C60 side, also in accordance with the

EDX data. The PL laser on its own was also able to induce shis

in the bandgap, but only if a high enough photon dosage was

Fig. 3 (a) I–V curves of a cell without any metal electrode taken after progressively increasing the absolute 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.
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provided with either high intensity or long exposure times. To

investigate the bias-induced segregation alone, the exposure

time (10 s) and intensity (1 sun) of the PL laser were chosen so

that no shi was observable whilst acquiring the spectra, as

demonstrated in Fig. S11.†

Phase segregation induced by reverse biasing has not been

reported in any prior study to our knowledge, although its

occurrence would be expected given the link to carrier-injection

in the perovskite. Duong et al.28 observed phase segregation

under forward biasing but reported negligible segregation when

applying a reverse voltage of �1 V for 12 h. While the Vbd of the

cell in that study was not reported, it can be assumed that 1 V

was not sufficient to reach breakdown and negligible current

was injected in the absorber. A similar situation was recreated

in Fig. 4b, which provides the PL data of a sample biased at

�0.5 V for 15 min, a voltage below the �Vbd of approximately

�0.8 V of this cell (Fig. S10†). No bandgap shi was observed, in

agreement with the hypothesis that a signicant excess carrier

density is required to trigger phase segregation.33

Shis in luminescence observed with PL are expected to

depend not only on the extent of the phase segregation (and

therefore on the value of the reverse bias applied to the cell) but

also on the diffusion length of the carriers in the device. With

short diffusion lengths, the wavelength of emission will be

strongly inuenced by the location of carrier generation, and

hence result in blue-shied emission when illuminating from

the high-bandgap side and red-shied emission from the low-

bandgap side. On the other hand, with long diffusion lengths,

all carriers will migrate to the lower bandgap region and emit

a low energy photon, irrespective of illumination direction.

Indeed, in some cases we observed a red-shi in the perovskite

bandgap in the PL spectra obtained from both sides of the

device. In Fig. S12,† for example, the PL spectra of a sample

degraded at �5 V for 30 min is shown, with an observable red-

shi when measuring from both NiO and C60 sides. The

difference between Fig. 4a and S10† is indicative of a difference

in carrier lifetimes and size of the segregated regions.

Presumably, the sample degraded at �5 V for 30 min had

a thicker I-rich layer, which would translate into carriers being

able to reach the lower bandgap region even when the light is

shone from the C60 side.

It is natural to consider that the S-shape discussed in the

previous section might be a side-effect of the phase segregation,

given that both phenomena are caused by reverse bias. We ruled

this out by measuring the PL of samples that presented an S-

shaped I–V curve. In Fig. S13,† we show the PL of the sample

for which the I–V curves aer reverse bias treatments are shown

in Fig. 3a. No observable shi in the peak position was found.

Furthermore, no signicant current owed through the sample

during these treatments, as shown in Fig. S13.† Therefore, it

seems that this sample did not phase segregate, even though it

had an S-shaped I–V curve aer reverse biasing. These obser-

vations indicate separate mechanisms for the two effects and

reinforce our hypothesis that the S-shapes result rather from

migration of iodide into the C60 layer.

While an injection of charges is required to trigger phase

segregation in reverse bias, in accordance with mechanisms

proposed to be the cause of light-induced phase segregation,31,33

there are several differences between our observations and the

light-induced phase segregation process rst reported by Hoke

et al.27 For example, as noted above in relation to Fig. 2, the phase

segregation induced by reverse bias results in a double layer

structure within the perovskite layer with fairly uniform charac-

teristics along the cell's lateral dimensions. This differs from the

heterogeneous nucleation of iodine-rich domains observed under

illumination by cathodoluminescence.31 Another notable differ-

ence between the segregation driven by reverse bias as opposed to

light concerns the kinetics of the process.33 The images shown in

Fig. 2 were acquired at a delay of one week aer stress-testing the

cells, so it is clear that bias-induced segregation lacks the revers-

ibility of its light-driven counterpart (wherein segregation is oen

found to revert on a timescale of minutes to hours30,32). PL shis

also persisted for one week aer reverse biasing (Fig. S14†).

Notably, previous reports on current-induced phase segregation

did not mention if the effect is reversible.28,33 The difference in the

self-diffusion rate that reverses the segregation may be related to

the microstructural changes observed in our samples, in

Fig. 4 Normalized photoluminescence spectra measured from the NiO and C60 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 C60 side, inline with the elemental map of

Fig. 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

flowed through the device.
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particular the irreversible appearance of a double layer micro-

structure (Fig. 2b and S8†).

Bowring et al.9 did not mention any phase segregation effect

in their study on the reverse bias stability of (FAPbI3)0.83(-

CsPbBr3)0.17 cells. However, they did report I–V curves of

a sample rst degraded in the dark with a current of �Impp and

then recovered at MPPT for 3 h. The I–V curve aer recovery had

a Jsc higher by at least 2 mA cm�2 and a Voc lower by about

100 mV compared to before degradation. While the Voc loss may

be explained by an increase in bulk and/or surface recombina-

tion, the increase in Jsc is more difficult to explain without

invoking a decrease in apparent bandgap (triggered by phase

segregation). While not discussed explicitly, phase segregation

is therefore consistent with their experiments as well. Further-

more, this speculation would indicate that reverse bias-induced

phase segregation is not recoverable even aer 3 h of MPPT, in

agreement with our STEM EDX observation of irreversibly phase

segregated layers.

Fig. 5 presents a summary of the degradation mechanisms

observed in this work as a function of the reverse voltage range

at which they occur, i.e. shunt formation at the position of the

metal electrode and within the active area, S-shape due to

iodine migration in the C60 and phase segregation.

3 Module design implications

We next discuss the criteria that must be satised in order to

pass the IEC partial shading test mentioned in the introduction.

The test consists of two parts: rst, the cell with the highest

leakage current in the module is identied. Then, the module is

illuminated at 1000 W m�2 with a AM1.5G spectrum under

short-circuit while the previously identied cell is shaded,

inducing a reverse bias that depends on the cell's breakdown

voltage, the number of bypass diodes in the module and the

number of solar cells that are still illuminated. Although the test

provides a standard protocol for testing photovoltaic modules

in partial shading conditions, it does not provide a quantitative

pass/fail criterion for the power loss,8 complicating any critical

assessment. As an example of how such tests will need to be

adapted to the unique complexity of perovskite cells, Bowring

et al.9 observed that each cycle of reverse bias degradation-

recovery at MPP yields a slower recovery rate. How such an

effect could be incorporated into a reverse bias testing protocol

has yet to be determined. For the present discussion we there-

fore restrict attention to the irreversible effects induced by the

formation of shunts, current-induced phase segregation and

changes in microstructure.

Assuming rst that no bypass diodes are used in the PV

module, the highest (in magnitude) reverse voltage applied to

the shaded cell is Vbd and the maximum reverse current will be

that produced by the illuminated cells, Impp. The breakdown

voltage therefore has a strong inuence on the reverse bias

stability of perovskite solar cells since it determines the

maximum reverse voltage that can be applied before a reverse

current starts to ow through the device. It follows that, without

bypass diodes, lowering Vbd may alleviate shunting problems

(Fig. 1b–d) by reducing the reverse voltage applied to the shaded

solar cell and also alleviate thermal degradation of the

Fig. 5 Summary of the degradation mechanisms occurring during reverse biasing as a function of the voltage range in which they occur. In this

example, the breakdown voltage is z�2 V, but in practice this value may range between �1 V and �4 V depending on solar cell design and

processing conditions. The reverse voltages at which the mechanisms described here occur also depend on the cell design. The mechanisms

are: (1) halogens being driven inside the C60 layer, which in our samples occurred for any reverse voltage applied; (2) shunt formation, which is

voltage driven and becomes dominant for voltages higher than about �0.5 V, with shunts forming preferentially at the position of the metal

electrode but also within the active area of the cell at higher voltages; (3) phase segregation, which only occurs at voltages higher than the

breakdown voltage, when current starts to flow through the perovskite.
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perovskite absorber layer by reducing the power dissipated (Impp

� Vbd). In this scenario, Vbd must be engineered to less than

about 1 V for semitransparent cells, since at �1.2 V we clearly

observe severe shunting, even for less than 3 minutes of expo-

sure to reverse bias (Fig. 1b). Our opaque solar cells, on the

other hand, would need a Vbd less than 0.3 V (Fig. S6†), which

seems highly implausible. Furthermore, even if the power

dissipated is low, without bypass diodes the perovskite layer

must be stable against current-driven mechanisms such as

phase segregation, at least up to Impp.

Alternatively, if these conditions cannot be met, it becomes

necessary to employ bypass diodes. A high Vbd becomes bene-

cial in this case in order to minimize the number of necessary

bypass diodes and, consequently, module cost. The reverse

voltage Vrev applied on a shaded solar cell when there are N cells

per bypass diode, assuming all the other solar cells in the

substring are fully illuminated, can be estimated as follows:

Vrev ¼ (N � 1)Vmpp + Vbp (1)

where Vbp is the voltage drop on the bypass diode, which can be

as low as 0.3 V if an appropriate Schottky diode is used.2 This

means that Vrev increases by Vmpp for every additional cell per

bypass diode. Assuming a Vmpp of 1 V and a Vbp of 0.3 V, Vrev
climbs quickly from 0.3 V with one cell per bypass diode to 1.3 V

with two cells per bypass diode. For opaque cells, this indicates

that even one bypass diode per cell would be inadequate to

prevent the metal-electrode shunting observed here, since

shunting at Vrev ¼ 0.3 V was observed within a minute of

biasing. Semitransparent cells survived considerably longer at

these voltages suggesting that one bypass diode per cell may be

sufficient in this case, although the temporal limits of this

stability are unclear. Such conditions would prevent any current

ow through the shaded cell, avoiding phase segregation and

microstructural changes due to short-lived shading events

(timescale of minutes). On the basis of our observations con-

cerning metal electrode-free cells, it would appear that solving

the electrode-shunting problem would grant sufficient stability

to allow up to three cells per bypass diode (Vrev z 2.3 V).

4 Conclusion

Perovskite solar cells are shown to degrade as a result of various

mechanisms when a reverse voltage is applied. Two of these

mechanisms are irreversible for the cell design studied in this

work, with one being related to voltage-driven shunting mech-

anisms. The second one involves phase segregation accompa-

nied by microstructural changes, which starts when current

ows through the cell. The third mechanism, which appears as

an S-shape, seems to stem from the migration of iodide from

the perovskite into the C60. This last mechanism is reversible to

some extent when subjecting the cell to extended maximum

power point tracking (�1 hour). The implications of these

observations for the number of bypass diodes and the engi-

neering of the breakdown of the cell to minimize damage in

reverse bias have been discussed. Overall, these results high-

light the urgent need to develop cell designs that are far more

robust to partial shading conditions compared to current state-

of-the-art devices. The formation of shunts at the position of the

metal electrode, irrespective of the metal employed, and within

the active area appears especially problematic and should

motivate further research effort.
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