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Abstract 1 

As perovskite photovoltaics stride towards commercialization, reverse bias degradation in shaded cells that 2 

must current match illuminated cells is considered a serious challenge. Previous research has emphasized 3 

the role of iodide and silver oxidation, and the role of hole tunneling from the electron transport layer into 4 

the perovskite to enable the flow of current under reverse bias in causing degradation. Here we show that 5 

device architecture engineering has a significant impact on the reverse bias behavior of perovskite solar 6 

cells. By implementing both a ~35-nm-thick conjugated polymer hole transport layer, and a more 7 

electrochemically stable back electrode, we demonstrate average breakdown voltages exceeding -15 V, 8 

comparable to those of silicon cells. Our strategy for increasing the breakdown voltage reduces the number 9 

of bypass diodes needed to protect a solar module that is partially shaded, which has been proven to be an 10 

effective strategy for silicon solar panels. 11 

 12 
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Main 1 

Metal halide perovskite solar cells, with certified power conversion efficiencies (PCE) exceeding 26% 2 

(single junction) and 33% (perovskite-silicon tandem),1 have emerged as competitive single-junction rivals 3 

to, and ideal tandem partners with the monocrystalline silicon solar cells that have dominated the 4 

photovoltaic (PV) market for decades. Early on, most efforts were directed at making perovskite cells more 5 

efficient.2–11 Recently, as the efficiency of perovskite PV made using low-energy and low-capital-cost 6 

processes has begun to match and even exceed that of silicon PV, more efforts have been directed at issues 7 

of stability, with solar cells maintaining > 90% initial PCE after a few thousands of hours’ aging at different 8 

ISOS (the International Summit on Organic Photovoltaic Stability) conditions,12–14 and with various 9 

consortia emerging to develop testing protocol and recommendations for halide perovskite PV modules.15 10 

Recently, a number of reports have highlighted reverse bias stability as a critical issue facing 11 

perovskite PV, perhaps even the most demanding durability issue for fielded solar modules.16–28 Reverse 12 

bias instability occurs when the low-output solar cells (e.g., due to partial shading) in serially connected 13 

modules are forced to match the current output of other high-output solar cells.  The resulting voltage and 14 

current flow can accelerate device degradation via many mechanisms, from undesired electrochemical 15 

reactions to local heating. The resulting device failures are a major concern even for well-established silicon 16 

PV technologies. So far, relatively few reports have studied the reverse bias stability of perovskite solar 17 

cells. From a device engineering perspective, there are two main strategies for improving the reverse bias 18 

stability: one is to fabricate solar cells that do not degrade when passing high reverse current (Jmpp, the 19 

current density at the maximum power point). While proposed in literature,20 this approach is not used in 20 

any commercial technologies, and has not yet seen widespread success in halide perovskites.18 A second, 21 

more common approach, is to stabilize solar cells at high reverse bias, typically via improving the 22 

breakdown voltages (Vrbs), so as to minimize the use of bypass diodes needed to protect a solar panel.29 23 

This approach, widely seen in commercial silicon PV,30,31 is discussed and studied more often for perovskite 24 

PV at present.16,17,21 However, the Vrbs in the perovskite solar cell studies typically range from -0.5 V to -3 25 

V,19–28,32–35 which lag significantly behind typical silicon PV Vrb value of -13 V.21,36 Some recent studies 26 

have reported device architecture engineering, via building perovskite-silicon tandems21,27 or employing a 27 

mesoscopic solar cell structure with carbon electrode22, as potential approaches to circumvent the reverse 28 

bias challenge of perovskite PV. Nevertheless, there is a need for new pathways to increase Vrb and stabilize 29 

the perovskite solar cell itself at higher reverse bias in order to reduce the number of bypass diodes and thus 30 

make both single-junction and tandem cells much more cost-effective.16,21 31 

There are multiple ways in which different types of p-i-n structured perovskite solar cells degrade 32 

under reverse bias. An incomplete understanding of these mechanisms and the factors that promote them is 33 

a major challenge towards addressing the reverse bias instability issue in perovskite solar cells. In some 34 
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cells the current increases very abruptly at a voltage as low as -0.2 V and thermal imaging reveals localized 1 

hot spots. We will show in a separate study that dielectric breakdown in defective regions of the cells can 2 

explain these observations. Nevertheless, in terms of early-stage device performance loss, the predominant 3 

models garnering attention in the field today suggest that under reverse bias, halide ions accumulated at the 4 

perovskite/electron-transport layer (ETL) interfaces result in sharp enough band bending to allow holes to 5 

tunnel from the ETL into the perovskite.20,35 Several reports propose that under these conditions iodide is 6 

oxidized,23,35,37 which could increase the mobility of iodine species and enhance the escape of these species 7 

from the perovskite layer.35 However, in the presence of Ag electrode, injected holes will oxidize Ag rather 8 

than iodide, given the reactive nature of Ag.37 These models indeed explain many features observed to date, 9 

including the presence of Ag in the perovskite layer following reverse bias,27,37 and the improvement in 10 

reverse bias stability when tailoring the interface between the perovskite and the ETL.23 While those 11 

experiments are consistent with the model, perovskite solar cells still suffer serious reverse bias degradation, 12 

with obvious device performance loss even after stressing the cells at -1 V for 10 min,23 and with Vrb being 13 

far below that of silicon PV.21,36 Meanwhile, in contrast to the focus on oxidation events, there has been far 14 

less discussion on the nature of the reduction events that must occur somewhere else in the cell to prevent 15 

oxidation events from building up net charge in the device under reverse bias. 16 

Here, we systematically investigate the reverse bias behavior of typical p-i-n structured perovskite 17 

solar cells. Our results show that using thicker conjugated polymer films as the hole-transport layer (HTL) 18 

can lead to dramatic increases in Vrbs. Even with electrochemically reactive Ag electrodes, using a thick 19 

polymer PTAA HTL can improve the Vrb to -8 V, as compared to -1 V for phosphonic-acid-modified ITO 20 

interfaces that are in wide use today. Furthermore, replacing Ag with more electrochemically stable Au, we 21 

demonstrate record Vrb exceeding -15 V for perovskite solar cells, which is comparable to that for silicon 22 

solar cells and is much better than that for other PV technologies.17,36 As a result, our optimized perovskite 23 

solar cells demonstrate recoverable performance after stressing at -7 V for 9 hours both in the dark and 24 

under partial illumination. Based on these experimental observations, we revisit previous proposals of 25 

reverse bias-driven degradation mechanisms,19,20,23,35,37 and propose that planarization of the ITO electrode 26 

to prevent perovskite from touching ITO, blocking of electron injection, and use of electrochemically stable 27 

electrodes need to be considered as important parts of the complete picture of reverse bias-driven device 28 

degradation behavior.  29 

  30 
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Reverse bias behavior in typical p-i-n perovskite solar cell 1 

We start this reverse bias stability study with an archetypal p-i-n structured perovskite solar cell (Fig. 1a). 2 

We use a mixed-cation, triple-halide perovskite composition with the formula of Cs0.22FA0.78Pb(I0.85Br0.15)3 3 

with 3 mol % of MAPbCl3 additive, where FA refers to formamidinium and MA refers to methylammonium. 4 

This perovskite composition has a relatively wide bandgap of ~1.67 eV suitable for perovskite-silicon 5 

tandems.38–46 We choose a [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) self-6 

assembling monolayer (SAM) as the reference hole transporting interface modifier and archetypal C60 as 7 

the ETL because they are commonly used and provide good device performance in previous reports.41,47–49 8 

We also employ Ag as a representative widely-used back electrode. In the reverse-bias regime, we ground 9 

the Ag electrode, and apply a negative bias to the indium tin oxide (ITO) electrode. In this case, electrons 10 

will be injected from the cathodic ITO electrode and holes from the anodic Ag electrode.  11 

 12 

Fig. 1 | Reverse bias stability study in an archetypal p-i-n structured perovskite solar cell. a, Schematic 13 
diagram of the as-fabricated perovskite solar cell. b, Representative dark J-V curves of the as-fabricated 14 
perovskite solar cell. c, J-V curves (reverse scans) of the perovskite solar cell after holding at the stated 15 
reverse bias (gradually increased) for 60 s. d, J-V curves (reverse scans) showing that after biasing at -0.8 16 
V for 60 s, device performance can be restored after overnight (~15 h) dark storage. e, J-V curves (reverse 17 
scans) showing that device performance cannot be recovered after biasing at -1.5 V for 60 s. During the 18 
reverse bias stressing test, a current compliance of Jmpp (~ 19 mA/cm2) was set to limit the maximum current 19 
flowing through the cell. 20 
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Supplementary Figs. 2b and 3 show the current density – voltage (J-V) scans and device 1 

performance statistics of the as-fabricated solar cells under forward and reverse scans. The best power 2 

conversion efficiencies (PCE) are over 18% for both reverse and forward scans, consistent with 3 

expectations for this device stack.50 We then investigate the reverse-bias behavior of these solar cells by 4 

measuring their dark J-V curves (Fig. 1b and Supplementary Figs. 4b and 9), and identify the breakdown 5 

voltage Vrbs, defined as the onset voltage where the reverse current starts to increase dramatically 6 

(Supplementary Fig. 4), to be around -0.7 V. 7 

To monitor the reverse bias induced degradation, we adopt a stress test where we progressively 8 

increased the reverse bias in increments of -0.2 V. We note that, throughout the manuscript, we always 9 

refer to an increase in reverse bias as the increase in its absolute value (more negative), with low reverse 10 

bias meaning that the absolute value is low. After each step, we measure J-V curves under simulated 1-sun 11 

illumination to monitor the device performance changes (Fig. 1c, reverse scans). As the reverse bias 12 

increases, the solar cell degrades more until it undergoes complete performance loss after being stressed at 13 

~ -1 V. Consistent with previous studies,19 we find that, with a limited short-time stressing,  the solar cell 14 

performance loss undergoes two stages: if the reverse bias is low with low current (< ~1 mA/cm2) passing, 15 

the solar cell can recover its performance after the removal of the bias (Fig. 1d). On the contrary, if the 16 

reverse bias is high with obvious current (> ~1 mA/cm2) flowing, the solar cell will lose performance 17 

irreversibly and/or become shunted (Fig. 1e).  18 

Previous reports have identified the electrochemical oxidation of the Ag electrode,19,27,37 and the 19 

interaction between iodide and injected holes,23,37 as major contributors to device degradation under reverse 20 

bias. Bertoluzzi et al. conducted drift-diffusion simulations to show that holes tunnel into the perovskite 21 

and subsequently react with iodide, due to sharp band bending near the perovskite/ETL contact.35,51 These 22 

factors all point to the key role of the interfaces at the perovskite/ETL/metal electrode side. In particular, 23 

Ni et al. reported that the introduction of a hole-blocking layer between the perovskite and C60 suppresses 24 

the interaction between iodide interstitials and injected holes, improving reverse bias stability.23 Therefore, 25 

we first focused our attempts on optimizing the interface between perovskite and C60. Among various 26 

strategies, we attempted passivating the perovskite surface with (3-aminopropyl)trimethoxysilane (APTMS) 27 

which has been proven to reduce surface recombination velocities at both neat perovskite52 and 28 

perovskite/fullerene interfaces49, as well as suppress bias-induced or light-induced shifts in the surface 29 

potential.53,54 All these observations suggest that APTMS can reduce halide vacancies and vacancy-30 

mediated halide transport at the surface, which should, in theory, suppress the ionic conductivity of the 31 

perovskite, and therefore the ability of hole tunneling, and halide ions to diffuse and react at the interface 32 

of C60 and Ag.35 In addition, we attempted inserting an additional non-fullerene ETL to possibly block the 33 

ion diffusion into C60 or increase the physical barrier for hole injection, as well as slow down possible 34 
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reactions of the halide with the fullerene.55,56 Supplementary Fig. 5 compares the typical J-V curves and 1 

reverse bias behaviors of reference and APTMS-passivated solar cells. While APTMS surface treatment 2 

indeed improves the VOC,49,52 we did not observe any device stability improvement under reverse bias. 3 

Similarly, Supplementary Fig. 6 shows that the additional ETL, a naphthalene diimide derived polymer 4 

named NDI-1,57 also has no beneficial impact on the reverse bias behavior. These experimental observations 5 

led us to consider that there might be other degradation pathways which are more preferential/important 6 

than those induced by non-ideal perovskite/C60 interface, and there should be other pathways to improve 7 

Vrb.  8 

Polymer HTLs dramatically improve Vrbs 9 

 10 

Fig. 2 | The effect of different HTLs on Vrbs. a, Schematic diagram of a typical p-i-n structured perovskite 11 
solar cell under reverse bias. b, Dark J-V curves showing that different HTLs lead to different reverse bias 12 
behavior. c, Image of PTAA-based perovskite solar cells (marked regions) after dark J-V sweeping to 13 
exceed Vrb.  14 

We next explore whether replacing the commonly used phosphonic acid HTL could improve solar 15 

cell stability under higher reverse bias. This choice may seem surprising since, according to the mainstream 16 

models for explaining reverse bias degradation (Ag oxidation by injected holes19,27,37 or iodide oxidation 17 

via hole tunneling from ETL to perovskite20,23,35,37), changing the HTL is not expected to have a significant 18 

effect on Vrb. However, if the ITO touches perovskite in regions where the thin phosphonic acid HTLs are 19 

defective or that they simply cannot block electrons, then injected electrons from ITO may induce reduction 20 

events (for instance, from Pb2+ to Pb0 58) to cause the above-mentioned device degradation behavior. To 21 

see if we could prevent such a process, we compared five different HTLs (molecular structures shown in 22 

Supplementary Fig. 1), including the reference phosphonic acid MeO-2PACz, NiOX, poly(3,4-23 

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), poly(4-butyl-triphenylamine-4’,4”-diyl) 24 

(Poly-TPD), and poly(2,4,6-trimethyltriphenylamine-4’,4”-diyl) (PTAA). We optimized the processing of 25 

ba

ITO

HTL

Perovskite

C60

BCP

Ag

U

Reverse Bias
U < 0

c



8 
 

perovskite films on top of these HTLs to ensure good crystallinity and morphology (Supplementary Figs. 1 

7 and 8), as well as the processing condition of these HTLs to ensure good device performance 2 

(Supplementary Figs. 2, 3 and Table 1). We measured thicknesses of MeO-2PACz, NiOX, PEDOT:PSS, 3 

Poly-TPD, PTAA as <5 nm (presumably monolayer59,60), 40 nm, 29 nm, 16 nm, and 35 nm respectively. 4 

We also introduced an additional PFN-Br layer (< 5 nm) on the top surface of PTAA and Poly-TPD to 5 

increase the wettability of the perovskite solution (see Supplementary information for experimental 6 

details and control experiments).    7 

Figure 2b shows that these HTLs do lead to significantly different solar cell reverse bias behaviors. 8 

We chose the dark J-V curves displayed in this study to be representative: we found that the majority of the 9 

cells, before reaching Vrbs, experience gradual increase in current, while a smaller portion of the cells show 10 

an abrupt increase in current. The different shapes of these dark J-V curves might indicate different device 11 

breakdown pathways as we discuss in Supplementary Information. Considering this, to facilitate practical 12 

analysis and remove selection bias, we used a computer code to extract the Vrbs from over 360 J-V curves 13 

automatically for this study (Supplementary Table 2). We show resulting Vrb statistics of cells with 14 

different HTLs in Supplementary Fig. 9 and Table 2, where Vrb values are -1.03 ± 0.51 V for MeO-2PACz, 15 

-1.82 ± 0.40 V for NiOX, -2.93 ± 0.46 V for PEDOT:PSS, -5.30 ± 1.87 for Poly-TPD, and -7.60 ± 0.94 V 16 

for PTAA-based perovskite solar cells. We see that the MeO-2PACz exhibits a much smaller Vrbs than other 17 

counterparts, especially polymers (PEDOT:PSS, PTAA, Poly-TPD). We note that PEDOT:PSS, being a 18 

mixed ionic-electronic conductor with electrochemical reactivity,61 possibly contains other ion components 19 

that are susceptible to react with perovskite, which is consistent with the much lower Vrbs of PEDOT:PSS 20 

compared to other polymer HTLs PTAA and Poly-TPD. We also note our results are consistent with 21 

previous perovskite photodetector work by Li62 and Tsai63, as well as a recent perovskite solar cell study 22 

by Henzel64, where improved Vrbs were achieved in devices that all coincidentally used PTAA HTL. Even 23 

though our results differ from these studies in terms of materials and strategies, having a robust PTAA 24 

interlayer seems to be a common characteristic to achieve larger Vrbs.  25 

For PTAA-based solar cells, as we further increase the bias to exceed the Vrb during the J-V 26 

sweeping (Supplementary Fig. 11), we observe catastrophic failure of the cells that is sufficiently severe 27 

to be visible by the naked eye (Fig. 2c). Scanning electron microscopy (Supplementary Fig. 12) confirms 28 

that the cells were severely damaged following reverse bias stressing, especially at the Ag electrode.  29 
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Electrochemically stable electrode yields even greater Vrbs 1 

Ag is relatively easy to oxidize, especially in the presence of halide species,65 and is a fairly soft metal with 2 

relatively mobile cations. Therefore, to test whether the electrochemistry of Ag aggravates the reverse bias-3 

induced solar cell degradation,37 we fabricated solar cells using more electrochemically stable Au as the 4 

back metal (Fig. 3a). Supplementary Fig. 13 and Table 1 first show that all these solar cells display good 5 

device performance. Figure 3b clearly demonstrates that replacing Ag with Au in the back electrode yields 6 

even greater improvements in Vrbs. We measured the dark J-V curves and identified the Vrbs to be -2.28 ± 7 

0.76 V for MeO-2PACz, -3.74 ± 0.49 V for NiOX, -3.69 ± 0.39 V for PEDOT:PSS, -9.42 ± 1.61 V for Poly-8 

TPD, and -15.36 ± 1.52 V for PTAA-based perovskite solar cells (Supplementary Fig. 14 and Table 2). 9 

The average Vrb increase from -2.28 V (MeO-2PACz) to -15.36 V (PTAA) again verifies that the choice of 10 

HTL can significantly improve the cell robustness to device degradation at high reverse bias. Notably, the 11 

average Vrb exceeding -15 V achieved in PTAA-based perovskite solar cell is comparable to, or even better 12 

than values reported for commercial PV technologies, such as silicon, CIGS, and CdTe.17,21,36 Figure 3c 13 

compares the reverse current on a log scale for different perovskite solar cells. The PTAA-based devices 14 

show much lower (~ a few orders of magnitude) reverse-bias dark current than that of other non-PTAA 15 

based solar cells. Importantly, we note that the Vrbs for all the Au-based perovskite solar cells are better 16 

than that of the Ag-based cells made with the same HTLs, suggesting that the Vrb may depend on 17 

interactions spanning both interfaces. We explore this observation further below.   18 

We also investigate the reverse bias behaviors of perovskite solar cells when illuminated with dim 19 

light (< 0.1 Sun), as shown in Supplementary Figs. 18 and 19. Such illumination serves to simulate the 20 

real outdoor environment for solar modules when the low power-output cells are not shaded under complete 21 

darkness. We find that, in the presence of < 0.1 Sun illumination, the Vrbs, are -2.4 V with MeO-2PACz 22 

(Supplementary Fig. 18c) and ~ -14 V with PTAA (Supplementary Fig. 19c – d and Table 2), remaining 23 

similar with that in complete darkness. We also tested the Vrbs of the PTAA based solar cells at 45 oC, and 24 

obtained an average Vrb value still exceeding -15 V (Supplementary Fig. 22 and Table 2). 25 
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 1 

Fig. 3 | The effect of electrochemically stable Au electrode on Vrbs. a, Schematic diagram of the 2 
p-i-n structured perovskite solar cell employing Au as the top electrode, under reverse bias. b, Linear and 3 
c, log scale dark J-V curves of perovskite solar cells with different HTLs. d, Current density tracking of 4 
PTAA-based perovskite solar cells stressed at -7 V for 9 h in the dark or under ~0.1 Sun dim light 5 
illumination. e, Current density tracking of PTAA-based perovskite solar cells stressed at -10 V for 9 h in 6 
the dark where solar cell breakdown takes place at around ~2 h. f, J-V curves (reverse scans) showing that 7 
device performance can be restored after aging at -7 V for 9 h.  8 

We note that reverse bias induced device degradation is not only related to the magnitude, but also 9 

the duration of the applied bias, as there is an obvious dependence of the device degradation rate and reverse 10 

bias current.64 Thus, to show that the improved stability with PTAA HTL is not an artifact of scan rates, we 11 

study the reverse bias behavior of PTAA-based perovskite solar cells over an extended duration. Figure 3d 12 

tracks the reverse current densities of perovskite solar cells aged at -7 V for 9 h in the dark (< ~0.1 mA/cm2) 13 

and under dim light (~ 0.1 Sun illumination, < ~2.5 mA/cm2). We can see that the current densities remain 14 

low across the whole stressing window. In contrast, as we increase the bias to -10 V (Fig. 3e), the reverse 15 

current density initially remains low/stable (< ~0.2 mA/cm2), but dramatically increases after around 2 h. 16 

Such a sudden reverse current increase is very likely a result of device shunting, which we hypothesize 17 

could be related to metallic Pb formation and could be a target for future characterization. 18 

We also conduct J-V measurements to monitor the performance changes of PTAA-based solar cells 19 

after stressing at high bias for different durations. While negligible device degradation occurs when solar 20 
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cells are stressed at -7 V for a relatively short duration of 1800 s (30 min) (Supplementary Fig. 23b), 1 

extending the duration to 9 h leads to slight device performance loss (Fig. 3f and Supplementary Fig. 23c). 2 

Notably the device performance is recoverable even under such lengthy exposure at high reverse bias. As 3 

we increase the bias to -10 V, the perovskite solar cell starts to show obvious degradation after aging for 4 

10 min (reverse current density < ~0.2 mA/cm2), which, fortunately, is mostly recoverable after only 10 5 

min under illumination and entirely recoverable after dark storage, as shown in Supplementary Fig. 23d. 6 

We also discuss the resilience of the PTAA-based cells against multiple cycles of reverse bias stressing in 7 

Supplementary Fig. 24, and the device performance loss under high reverse bias and recovery mechanism 8 

in Supplementary Information. 9 

Reverse bias degradation mechanism 10 

From the above observations, we conclude that the choice of HTLs and metal electrode has a large impact 11 

on the reverse bias current-voltage curve and the consequently the amount of degradation that takes place 12 

at certain voltages. Given the previous emphasis on the perovskite/ETL interface23,35,37 and the strong 13 

experimental evidence that oxidation reactions are occurring under reverse bias (i.e., considerably enhanced 14 

Ag signals in the perovskite layer based on Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 15 

depth profile37 and cross-sectional scanning transmission electron microscopy-energy dispersive X-ray 16 

spectroscopy27, observation of halide segregation using photoluminescence (PL) spectroscopy,19,37 as well 17 

as identification of chemical nature changes of mobile defects based on drive-level capacitance profiling 18 

technique23), the dramatic influence of the HTLs on reverse bias stability is very surprising. Thus, we 19 

consider why the choice of polymer HTLs could make such a huge difference by examining four main 20 

hypotheses: (1) the polymer HTLs could somehow store reactive halogen species,66 therefore delaying the 21 

onset of permanent performance loss; (2) the polymer HTLs could somehow drop a substantial fraction of 22 

the reverse voltage, reducing the field experienced by the perovskite and thus indirectly suppressing hole 23 

injection at the anodically-biased ETL interface; (3) the role of electron injection under reverse bias has 24 

been overlooked, and these HTLs’ ability in blocking electron injection from ITO to perovskite under 25 

reverse bias are different, and/or (4) the possibility that the thick polymer HTLs provides a physical barrier 26 

to reduce shorting/shunting at imperfections in the device.  27 

Ultimately, we dismiss the first two hypotheses in favor of the third and fourth (Supplementary 28 

Figs. 26 - 30, with detailed calculations and analyses). First, when considering the role of the polymer HTLs 29 

as a possible halide “sponge”,66 we note that even a “deep-HOMO” polymer like poly(N-vinylecarbazole) 30 

(PVK) still improves the Vrbs significantly (Supplementary Fig. 26). This observation effectively rules out 31 

iodide/polymer HTL reactions as the source of improved reverse bias stability. Second, we examine the 32 

effects of the thicker HTLs on the electric field distribution in the device, using both back-of-the-envelope 33 
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calculation (Supplementary Fig. 27), full drift-diffusion simulation (Supplementary Fig. 28 – 29), as well 1 

as analyses of “PTAA de-doping” (Supplementary Fig. 30) and/or device J-V curves (Supplementary 2 

Information). While there are a wide range of variables, such as that the electric field and the distance over 3 

which bands bend in the perovskite is dependent on the mobile ion species and densities,35 we conclude 4 

that it is unlikely for the addition of even a “thick” polymer PTAA HTL to lead to the necessary changes 5 

in field profiles in the device – the PTAA HTL would need to drop >80% of the applied bias to cause the 6 

necessary Vrbs increase from -2.28 V (MeO-2PACz) to -15.36 V (PTAA) in this case. If the voltage drop 7 

across the HTL were that large, the devices would have a remarkably poor efficiency/performance. 8 

We now discuss the possibility that the electron injection, which has been generally overlooked, is 9 

playing an essential role in controlling reverse bias-drive degradation of perovskite solar cells. Previous 10 

analytical results indicate that oxidation of the Ag electrode27,37 and iodide species23,35,37 have taken place. 11 

Nevertheless, charge conservation requires that oxidation and reduction reactions occur in pairs.65 From 12 

a device physics perspective, oxidation without a corresponding reduction corresponds to injection of 13 

uncompensated positive space charges, which would lead to a large field that would oppose further hole 14 

injection. From an electrochemical perspective, these positive charges would correspond to an increase in 15 

the oxidation potential, slowing down further oxidation.  16 

We estimated such an effect based on the Poisson equation (see Supplementary information for 17 

detailed calculations and analyses): an injected hole (oxidized species) density of ~1.4 x 1016 cm -3, without 18 

corresponding electrons (reduction reaction), would be sufficient to completely counter an applied bias of 19 

10 V across a 460-nm-thick perovskite film. Such a hole density corresponds to the oxidation of < 1% of a 20 

monolayer of Ag atoms at metal/ETL interface or the oxidation of ~0.00015% of the iodide in the perovskite. 21 

With these factors in mind, we propose a modification to the current picture of oxidation-driven degradation 22 

of p-i-n structured perovskite solar cell devices under reverse bias: we speculate that the metal electrode or 23 

iodide oxidation events do take place as previously reported,19,23,35,37 however, the progression of these 24 

oxidations must be paired with reduction events at the cathodically-biased HTL/perovskite interface. 25 

Therefore, the ability of the HTLs to affect electron injection (reduction reactions) would have a direct 26 

impact on the oxidation reactions by preventing oxidation from progressing substantially when a paired 27 

reduction/electron injection event is missing. 28 

We also consider that the role of PTAA in improving reverse bias stability may arise from its ability, 29 

given its polymeric nature and relatively thick thickness (~35 nm), to better homogenize/planarize the 30 

bottom transparent conductive oxide (TCO) contact. In the organic light-emitting diode (OLED) fields, it 31 

is well known that planarization of the TCO is essential for device stability and yield.67–72 We believe that 32 

the thick PTAA HTLs are playing similar roles in perovskite PV, especially under reverse bias where the 33 

electric field and/or current would be concentrated on any imperfections, defects, pinholes, or dust particles 34 
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in the device and drive localized electrochemical breakdown. Supplementary Fig. 31 shows that if we use 1 

rougher fluorine doped tin oxide (FTO) rather than ITO as the TCO, average Vrb values drop to -1.09 V 2 

with PTAA HTL and Ag electrode (Supplementary Table 2). Similarly, if there are obvious defects, 3 

imperfections, pinholes and/or dust particles existing in the cells that lead to initial poor device performance 4 

(PCE < 10%), perovskite solar cells, with PTAA HTL and Au electrode, display an average Vrb as low as -5 

1.76 V (Supplementary Fig. 32 and Table 2). We also analyzed the distribution of Vrbs and calculated the 6 

coefficient of variation of each HTL case (Supplementary Fig. 33 and Table 3), and found that the 7 

coefficient of variation for the MeO-2PACz is the worst, and the coefficient of variation for PTAA-based 8 

devices is the best. These results highlight the importance of TCO planarization and refinement of device 9 

processing/fabrication to avoid pinholes/imperfect sites that serve as channels for device breakdown. We 10 

note that this mechanism, that thick PTAA HTL offers better TCO planarization, is not completely distinct 11 

from the role of thick polymer HTLs in physically blocking electron injection/tunneling and preventing 12 

electrochemical degradation pathways, and that thick polymer HTLs would synergistically provide both 13 

advantages.  14 

We now discuss what the reduction reactions at the ITO/HTL/perovskite side could be. We 15 

speculate that the reduction of Pbi
2+ (shadow defects) into Pbi

0 (deep defects) by injected electrons is most 16 

likely. This is plausible as the reduction of Pb2+ is electrochemically facile compared to halide oxidation or 17 

even reduction of silver halides salts.65 This step is also consistent with the observation of PL quenching 18 

fronts propagating from the negatively-biased electrode in coinage-metal/perovskite junctions.58 Such PL 19 

quenching has been proven to be reversible,58 which is consistent with the observed recoverable device 20 

performance loss in our perovskite solar cells under low reverse bias regime with low current (Fig. 1d). 21 

Furthermore, previous X-ray photoelectron spectroscopy measurements have confirmed that Pb0 impurities 22 

usually exist in perovskite as a decomposition byproduct, and these Pb0 impurities are generally associated 23 

with the degradation of solar cells.73–75 24 

In Fig. 4, we propose a set of electrochemical reactions (oxidation – reduction pairs) that may occur 25 

under reverse bias in perovskite solar cells with Ag or Au electrodes. To better understand the degradation 26 

process, we present a more detailed schematic in Supplementary Figs. 34 – 40 along with more analyses. 27 

We note that the perovskite degradation processes are very complex, thus we do not anticipate the 28 

electrochemical reactions proposed in this study to be the only/ultimate reactions, and we do not anticipate 29 

our model to be the only/ultimate mechanism. However, we put this framework forward as a self-consistent 30 

proposal that is supported by our experimental data here, as well as various analytical studies in the 31 

literatures.19,23,35,37 32 
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 1 

Fig. 4 | Schematic of perovskite solar cell degradation mechanisms under reverse bias. a, Proposed 2 
paired electrochemical reactions in perovskite solar cells with Ag or Au top electrode. b, Schematic 3 
suggesting that the role of PTAA HTLs is to slow down reduction reaction rate (thus the necessarily-paired 4 
oxidation reactions), while the role of Au electrode is to replace Ag oxidation with less severe/deadly iodide 5 
oxidation. Both strategies contributed to the record Vrb in this study. 6 

In a perovskite solar cell with a Ag electrode (Fig. 4a, left), consistent with previous reports,37 we 7 

believe that Ag oxidation will first take place at the Ag/BCP/C60 interface to form AgI and Agi
+, given the 8 

relatively low oxidation potential of Ag in the presence of iodide,65 and that iodide can diffuse into C60 9 

easily.19,37 ToF-SIMS (Supplementary Fig. 38) and X-ray photoelectron spectroscopy (XPS, 10 

Supplementary Fig. 40a) confirm Ag oxidation (the formation of AgI, and the shift of the binding energies 11 

associated with Ag 3d, respectively) after reverse bias/current stressing (see detailed discussion in 12 

Supplementary Information). However, it is worth noting that significant Ag oxidation cannot proceed 13 

in the absence of necessarily paired reductions, according to our estimations based on Poisson equation as 14 

discussed above. In other words, the electrochemical reactions, which are directly linked to solar cell 15 

degradation, rely on the reduction reaction (electron injection) rates at the HTL/perovskite interface. Since 16 

different HTLs offer different levels of electron blocking, and since they also serve as different levels of 17 

physical barriers to reduce shorting/shunting at imperfections, a good HTL is therefore expected to slow 18 

down the reduction reaction rate and therefore slow down the necessarily paired oxidations at the anodically 19 

biased contact. Compared with MeO-2PACz (< 5 nm), through which electrons can transport/tunnel 20 

through easily, thick polymer PTAA layers (~35 nm) offer better electron blocking ability, therefore 21 

pushing the electrochemical degradation of perovskite solar cells to higher reverse bias regime, shown as 22 

Scheme 1 in Fig. 4b. This is very plausible because PTAA-based solar cells demonstrate reverse currents 23 

that are a few orders lower than that of MeO-2PACz (Supplementary Fig. 10a), consistent with the much 24 

slower electron injection in the case of PTAA HTL. ToF-SIMS results (Supplementary Fig. 38) confirm 25 

our hypothesis that improving a barrier at the HTL side, via use of thick PTAA layer, can slow down the 26 
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Ag oxidation rates on the opposite side: we see an obvious rise of the AgI signal at the Ag/BCP/C60 interface 1 

after stressing the MeO-2PACz cell at -1 V for 2 hours, while we see negligible AgI signal change in PTAA 2 

based cell even if we stress the cell at -3 V for 2 hours. We note that the use of thicker polymer HTLs to 3 

stabilize the perovskite solar cells under higher reverse bias may sound surprising, it aligns with a recent 4 

analytical study by Bitton et al. where the authors also highlighted the choice of HTL layers in battling 5 

electrochemistry that induces degradation.76 Our strategy of using thicker HTLs is also consistent with the 6 

study by Galatopoulos et al where the authors reported enhanced thermal stability in forward bias by 7 

lengthening the ETL.77 8 

As the electron injection starts/increases at the ITO/HTL side, the progression of Ag oxidation 9 

becomes possible. In this case, more Ag will get oxidized to form AgI and/or Agi
+. Meanwhile, if the reverse 10 

bias increases with more injected carriers, Agi
+ ions could possibly drift along the electric field and get 11 

reduced to form metallic Ag, as claimed/characterized in previous literatures.19,27,37 We note that, the 12 

presence of abundant Ag signals in perovskite cells (after reverse bias stressing) has been previously 13 

observed/characterized.27,37 It is the essential role of the HTL/ITO interface in dictating the electron 14 

injection and thus necessarily-paired Ag oxidation that has always been overlooked. 15 

After replacing Ag with more electrochemically stable Au (Fig. 4a, right), the back Au electrode 16 

is unlikely to oxidize because Au possess higher oxidation potentials than IX
 .65 IX

  tends to be oxidized first, 17 

producing oxidized iodine species, such as Ii
0 and Ii

+.23,37 It is notable that the Ii
0 could form I2 that escapes 18 

from the perovskite to cause irreversible device performance loss, whereas the Ii
+ species could diffuse 19 

and/or drift within the perovskite layer to the cathodically-biased ITO side, until they are electrochemically 20 

reduced into IX
  (or Ii

 ). The observation of iodide oxidation (rather than Au oxidation) has been reported 21 

in an analytical study by Xu et al. where they observed negligible Au signal via ToF-SIMS, but instead 22 

obvious halide segregation via PL spectroscopy in the Au-based perovskite solar cells following reverse 23 

bias stressing.37 We conducted XPS measurements to probe the Au/BCP/C60 contact (Supplementary Fig. 24 

40b), and we observed negligible binding energy shift associated with Au 4f following reverse bias 25 

stressing, consistent with an absence of Au electrochemistry. Furthermore, as distinct from Ag electrode-26 

based cells, our ToF-SIMS depth profiling found no evidence of Au oxidation, as we observed no detectable 27 

changes between the unstressed cell and cells stressed at different reverse bias/current (Supplementary 28 

Fig. 39). Thus, we conclude that the use of more electrochemically stable electrodes should support 29 

improved stability under reverse bias. Although Au is likely undesirable for scaled devices, there are a 30 

number of alternative electrode materials that should be superior to Ag, such as carbon and TCOs. 31 

Conclusions 32 
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In summary, we systematically investigated factors that could affect the reverse bias behavior of p-i-n 1 

structured perovskite solar cells, ranging from passivation of halide vacancies and inserting an additional 2 

ETL, to systematically varying the HTLs and metal electrodes. Our results suggest that optimization of the 3 

HTLs and selection of electrochemically stable electrodes is of vital importance for preventing reverse bias-4 

driven degradation of perovskite solar cells. Even in the presence of a more reactive Ag electrode, using a 5 

robust PTAA HTL improves the average Vrb to -7.6 V, as compared with that of -1 V for MeO-2PACz based 6 

perovskite solar cells. Further optimization on the metal electrode via replacing Ag with Au extends the 7 

average Vrb to exceed -15 V. The optimized perovskite solar cells demonstrate recoverable performance 8 

loss after stressing at -7 V for 9 hours both in the dark and under partial illumination, as well as good 9 

resilience to multiple-cycle stressing tests. Our results suggest that efforts to achieve high reverse bias 10 

stability in manufactured perovskite p-i-n devices should focus on (1) using electrodes that are more 11 

electrochemically inert (not just limited to Au, but carbon or TCOs); (2) using interlayers that can more 12 

robustly block hole and/or electron injection under reverse bias; (3) optimizing the processing of each 13 

functioning layers to avoid pinholes or otherwise defective sites that might cause leakage or shunting of the 14 

device. Using these strategies, the optimization of the perovskite device architecture could allow realization 15 

of large-area p-i-n perovskite solar cells with Vrb comparable to silicon PV technologies. This work shows 16 

that the reverse bias stability of perovskite optoelectronics, including not just solar cells but also light-17 

emitting diodes and radiation detectors, can be further enhanced by engineering the perovskite and other 18 

functional layers to prevent redox reactions.  19 
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