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Abstract 

Degradation of perovskite solar cells (PSC) is often found to be partially or fully reversible when the cells are 

allowed to recover in the dark. Unlike the dynamics of degradation, knowledge about the dynamics of PSC 

cell recovery is very limited. Here we demonstrate that PSC recovery strongly depends on the electrical bias 

conditions during the light-induced degradation, and that it can be manipulated by applying external 

electrical bias during the recovery phase. Investigation of the recovery dynamics allow us to analyze the 

degradation mechanisms in detail. More specifically, we aged mixed-cation mixed-halide PSC with n-i-p 

structure under illumination in open circuit (OC) or short circuit (SC) conditions, and periodically measured 

their characteristics during the recovery. PSC aged in SC degrade faster and fully recover after the light is 

switched off, while the performance of cells aged in OC does not recover but instead further decreases after 

the light is switched off (“drop-in-dark” effect). With the use of transient photoluminescence, secondary ion 

mass spectrometry, and drift-diffusion based simulations, we hypothesize that extrinsic ion migration causes 

the drop-in-dark effect, by forming an electron extraction barrier at the metal oxide electron transport layer. 

The applied bias alleviates this effect. Our results are relevant for gaining a deeper understanding of the 

multiple degradation mechanisms present in perovskite solar cells, and for finding a practical way to assist 

their recovery. 

Keywords: perovskite solar cells, stability and lifetime, recovery dynamics, ion migration, degradation 

mechanisms 
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Introduction 

Perovskite solar cells (PSC) have radically changed the area of thin-film photovoltaics (PV), delivering rapidly 

increased power conversion efficiencies (PCE) during the past decade. With above 25 % PCE, the performance 

levels are today getting close to those of silicon PV1. The stability of PSC, however, possesses several 

challenges related to both the active perovskite layer itself and the surrounding interlayers, which are 

challenged by an interplay of intrinsic and extrinsic degradation effects. Degradation of the active perovskite 

layer under influence of external stresses such as light2, heat3,4 and oxygen5,6 has been demonstrated in the 

past. Light illumination supports ion formation and migration7, as well as phase segregation8 in the active 

perovskite layer, resulting in both reversible and irreversible degradation mechanisms. Elevated 

temperatures accelerates the degradation reactions, and some PSC also undergo phase transitions at 

elevated temperatures, even at rather low temperatures relevant for PV applications9. Not only the active 

layer, but also the interlayers may degrade upon similar stresses. Organic interlayers, also well-known within 

organic PV (OPV), may degrade photo-chemically by exposure to light and oxygen10,11, and metal oxide 

contact layers may form defect states12 or an unstable interface to the active perovskite layer13 during light 

exposure, leading to additional degradation. Thus, in order to keep track of and, ideally, mitigate degradation 

mechanisms occurring in perovskite solar cells, specific testing protocols should be applied and used to 

identify both the origin and type of degradation. For the same reason, the ISOS stability protocols, which 

were initially developed for OPV as a standard for assessing and reporting OPV stability14, were in 2020 

updated to include protocols that take into account the degradation routes that are specific for perovskite 

photovoltaics15. This includes protocols that focus on light-dark cycling (ISOS-LC) and electrical bias (ISOS-V) 

testing.  

The light-dark cycling tests, ISOS-LC, were developed to account for reversible degradation mechanisms, 

which have been studied by several groups in the field of perovskite PV16–21. These mechanisms include: (1) 

light-induced formation of bulk nonradiative recombination centers, leading to large drops in the short-

circuit current densities (Jsc)16; (2) intrinsic ion migration, demonstrating e.g. that halide and cation vacancies 

migrate at different timescales, and that both can be accompanied by a full performance recovery of the 

cells7,17; (3) reversible decomposition of perovskite (self-healing effect)18. In a recent study, we demonstrated 

how a full PSC recovery, within one day-night cycle, could be seen for early stages of photo-degradation, 

while at more severe degradation stages, a full recovery would not take place during a time period 

corresponding to a one night19. In the same study the “drop-in-dark effect” was reported, i.e. a performance 

drop of the cells during the dark part of the cycle following the light-induced degradation19. Although the 

origin of this effect was not accounted for, it was revealed that it depends on the stage of the light-

degradation, namely that the drop-in-dark effect can be observed only when the performance of devices 

decreases below at least ~60 % of the initial performance19. This effect of course also strongly affects the 

recovery dynamics of the cells.  

Research strategies towards the improvement of operational stability of the PV materials and devices 

exhibiting (at least partially) reversible degradation may include both mitigation of the degradation 

mechanisms and promotion of the recovery process. Most of the published studies on perovskite PV follow 

the former strategies. Knowledge about attempts to promote the recovery of perovskite PV is rather absent 

than limited22. At the same time, the strategy on promoting recovery was successfully demonstrated for OPV 

by applying simple electrical treatment (short pulses of the reverse bias)23,24. Since, at least in part, the PSC 

degradation is due to migration of mobile ionic species, it is likely that the recovery time of PSC could be 

manipulated by an electrical bias as well.  
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In this study, we demonstrate for the first time the bias-dependent dynamics of degradation and recovery of 

perovskite solar cells. To gain a deeper understanding of the relationship between the degradation and 

recovery mechanisms, we investigate the PV performance at different stages of the device degradation and 

recovery under different electrical bias conditions. These novel investigations allow us to demonstrate that 

the “drop-in-dark effect” occurs only under open circuit (OC) condition, and that in some cases it can be fully 

mitigated by the applied electrical bias, which thus promotes faster PSC recovery. Furthermore, by utilizing 

a combination of characterization techniques such as transient photoluminescence (trPL) and secondary ion 

mass spectrometry (SIMS), in addition to drift-diffusion based device simulations, we demonstrate that the 

drop-in-dark effect likely occurs due to an interaction between the metal oxide defects, formed at the metal 

oxide surface during light degradation, and the external ions migrated from the hole transport layer during 

the light degradation. 

More specifically, encapsulated perovskite solar cells with a layer stack structure of 

ITO/SnO2/Cs0.15(CH(NH2)2)0.85PbI2.7Br0.3/Spiro-OMeTAD/Au were degraded under light until they reached 80 

% or 60 % of their initial performance (T80 or T60, respectively). In order to achieve different directions of ion 

migration, the cells were aged at OC and short circuit (SC) conditions. The measurements were conducted 

under ISOS-L-1 and ISOS-L-2 conditions15, which correspond to 1-sun light soaking tests performed at ambient 

(ISOS-L-1) or elevated (ISOS-L-2) temperature, and ambient relative humidity. Following photodegradation, 

the dark recovery was tracked over time. To gain further insights about the degradation mechanisms, we 

have performed drift-diffusion based device modelling25 to simulate experimental J(V) curves, conducted 

TOF-SIMS to probe ion migration, and performed transient photoluminescence (tr-PL) measurements to 

investigate recombination effects, at different stages of degradation and recovery. Finally, to affect the 

dynamics of the recovery process, and from that understand in more details the degradation mechanisms, 

we have for each condition applied a 30 minutes electrical bias of 0 V (reference cells), +0.5 V and -0.5 V just 

following the light degradation. These new studies allows us not only, for the first time, to propose a 

hypothesis for the origin of the “drop-in-dark effect”, but the findings also point out that recovery processes, 

and thus also the perovskite solar cell lifetimes, can indeed be manipulated by the external electric field due 

to forced ions rearrangement.  

 

Results and discussion 

When comparing light-induced degradation at SC and OC conditions down to the T80 value (1 sun, room 

temperature; ISOS-L-1), we observed only a marginal difference in the degradation and recovery kinetics (see 

figure S1). In both cases, the decrease in PCE was quickly recovered after switching the light off. This dynamic 

is mainly governed by the fill factor (FF) behavior, with some contributions from the short-circuit current 

density (Jsc) and open-circuit voltage (Voc). 

The difference between bias conditions becomes more apparent at a later degradation stage. Figure 1 shows 

the comparison of photo-degradation down to T60 at OC and SC conditions (1 sun at an elevated temperature 

of 65°C, ISOS-L-2). At SC condition, the large internal electric field leads to pronounced ion migration17,26 , 

which is further enhanced by the elevated temperature17,27,28, thus explaining the difference between the 

rate of degradation for the two conditions. The enhanced degradation at SC condition is causing mainly large 

drops in FF and Jsc. Although the PSC degradation at OC and SC might appear similar with only a difference in 

the degradation rate, the recovery trends demonstrate a clear difference for significantly degraded cells. This 

strongly indicates that the degradation mechanisms responsible for degradation in these two cases are 

different. The cells degraded at SC show full recovery, while OC cells show no recovery within a 22 h period. 
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Instead, following light degradation in OC condition, we observe a pronounced “drop-in-dark”, which is 

reflected mainly in a large further decrease of FF, and appearance of s-shape characteristics in the first J(V) 

curve measured 1.5h after the light degradation is finished (figure 2). This is consistent with our previously 

reported results for OC degradation of this type of devices19, and it is not observed for the cells degraded 

under SC conditions. 

 

Figure  1. Time evolution of normalized principal photovoltaic parameters of the PSC during their aging under ISOS-L-2 condition (1 
sun, elevated T) in OC and SC and subsequent recovery in dark. The illumination period (marked in yellow in the figures) was stopped 
when the cell efficiency reached ~60 % of its initial value (T60).  

 

Figure  2. J(V) characteristics of fresh perovskite solar cell devices, and devices aged in OC (a) and SC (b) to T60 under ISOS-L-2 

conditions, and then recovered in dark for 1.5 h and 22 h. Dashed lines show the drift-diffusion based simulation results. 

To gain further insights into the degradation mechanisms, we have performed device simulations at several 

stages of the degradation-recovery experiments based on a drift-diffusion model, which quantitatively 

describes the generation, transport and recombination of charge carriers in the perovskite solar cell stack. In 

our case, the most important parameters to vary, in order to achieve a good agreement between measured 

and simulated J(V) curves at different stages of degradation-recovery experiments, are defect densities in 

the bulk and at the interfaces between perovskite and transport layers. Such defects act as recombination 
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sites at the respective location. Furthermore, the results of degradation-recovery experiments demonstrated 

it difficult to satisfactorily fit the measured J(V) curves without varying the acceptor doping concentration in 

the Spiro-OMeTAD hole transport layer, which mostly affects cell series resistance. Thus, these are the 

parameters extracted from the drift-diffusion model. We have employed this model for: 1) fresh solar cells, 

2) solar cells degraded to either T80 or T60, and 3, 4) solar cells recovered for 1.5 hours and 22 hours in dark 

after light degradation, i.e. t1.5h and t22h, respectively, see figure 2. The parameter values obtained from 

the drift-diffusion based simulations at the different stages of degradation and recovery are shown in Table 

1. Also, based on the step value of each parameter, the equivalent error of the extracted parameter is 

calculated to be lower than 10%. For the T80 case, the experimentally measured results and corresponding 

drift-diffusion simulation are shown in figures S2. As some of the parameters employed in the model have 

similar effects on the J(V) curves measured at 1 sun, we found it useful to employ experimentally obtained 

light intensity dependent J(V) curves to increase the reliability of the model. These are shown in figure S3. 

We note that all initial cell paramteres are liste in table S1.  

 

Table 1. Parameter output of drift-diffusion simulation of J(V) curves for cells degraded to T60 in OC and SC conditions, and recovered 
over 22 hours (t1.5h and t22h). For parameters where the values are calculated for holes and electrons separately, the values for 
holes are provided in brackets. 

OC without bias Unit t0 T60 t1.5h t22h 

Acceptor doping concentration m-3 1,00E+23 1,10E+23 6,00E+22 8,50E+21 

Series resistance Ω cm-2 4 1 10 10 

Defect density at SnO2 interface m-2 1,00E+14 2,00E+16 2,00E+16 4,00E+15 

Bulk defect density m-3 
3,00E+21 

(3,00E+21) 
1,00E+22 

(1,00E+22) 
1,50E+22 

(1,50E+22) 
4,00E+21 

(1,00E+21) 

Defect density at Spiro-OMeTAD interface m-2 (2,00E+15) (1,00E+16) (1,00E+16) (1,00E+16) 

SC without bias  

Acceptor doping concentration m-3 1,05E+23 1,05E+23 1,05E+23 1,10E+23 

Series resistance Ω cm-2 3 3 3 2 

Defect density at SnO2 interface m-2 1,00E+14 1,00E+16 4,00E+15 1,00E+14 

Bulk defect density m-3 
4,00E+21 

(4,00E+21) 
2,00E+22 

(2,00E+22) 
6,00E+21 

(6,00E+21) 
2,50E+21 

(2,50E+21) 

Defect density at Spiro-OMeTAD interface m-2 (2,00E+15) (1,00E+16) (1,00E+15) (1,00E+14) 

 

Reversible degradation mechanisms can be explained by the presence of bulk defects in the perovskite layer,  

for example arising from light-induced generation of bulk non-radiative recombination centers16 and light-

induced ion migration within the perovskite layer17. As demonstrated in the literature, the former would be 

more pronounced at OC conditions, where charge carriers are not extracted from the cells during light 

degradation, and the latter would be more pronounced at SC conditions, where the internal field is larger, 

supporting ions redistribution within perovskite and between the layers27. The modelling results show that, 

in our case, the average bulk defect density is slightly higher after the light degradation in the SC case, and in 

fact obtained in much shorter time than in the OC case (Table 1). Though an increase in the bulk defect 

density in our model can arise from both of the above mechanisms, i.e. it does not differentiate one from 

the other, the higher bulk defect density obtained in shorter times for the SC case indicates a difference in 

degradation mechanisms dominating under the SC and OC conditions, respectively. Based on the above-

mentioned literature studies, we believe that ion redistribution is dominant for the SC case, in contrast to 

the OC. This can be expected due to the stronger built-in field, and the elevated temperatures which would 

enhance this process. We note that examples from literature have reported on faster degradation under OC 
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conditions compared to both MPP and SC conditions, however, studied at lower temperatures (i.e. under 

room temperature)28,29. 

In terms of interface degradation, our modeling results demonstrate larger defect densities at the SnO2 

interface upon light degradation for the OC condition, i.e. reaching a higher absolute value compared to the 

SC case. This is accompanied by a very minor increase in acceptor doping concentration in the Spiro-OMeTAD 

layer (both T80 and T60 results). We note that ion migration does take place in OC conditions, however in 

opposite direction than under SC, i.e. cations (and halide vacancies) migrate in OC conditions towards the 

electron transport layer30,31 while anions are pushed towards the hole transport layer. Such differences in ion 

migration may play an important role for interface-related degradation mechanisms taking place, as 

observed from our modelling results, and this may be a key in understanding the different recovery behavior 

observed for the OC and SC light degradation conditions (figure 1). Of course, differences in the formation of 

trap states under OC and SC conditions may also affect the difference seen in interface-related degradation 

for the two conditions. 

To further examine the formation/dissipation of trap states as one of the underlying mechanisms of the 

perovskite solar cell degradation/recovery, we involve transient photoluminescence (trPL) measurements 

before and after the photodegradation, as well as during the recovery in the dark. We note that these trPL 

measurements are conducted alongside the J(V) measurements, i.e. on the same devices and measurement 

series as those presented in figure 1 and 2, for the different stages of degradation  and recovery. As can be 

seen in figure 3, photodegradation in either bias condition leads to a decrease in charge-carrier lifetime, here 

extracted as a weighted average lifetime32 possibly due to an increased number of trap states, and 

consequently an increased rate of non-radiative recombination. During storage in the dark, in both OC and 

SC cases, the trPL lifetime recovers back, possibly due to a decrease in the trap density, corresponding to the 

recovery of the bulk defect density in our modelling results. This trend fully complies with PCE degradation-

recovery for cells aged at SC but contradicts the trend of the PCE recovery curve for the cell degraded at OC, 

which further decreases after the light is turned off. This contradiction between PCE and trPL lifetime points 

out that there is a different reason for the PCE drop-in-dark effect. We acknowledge, however, that trPL 

lifetime measured on the full solar cell device stack, as it is performed here, might require a more complex 

interpretation as compared to the active material only, which is so far the main configuration for trPL studies 

of PSC in the literature32 and should be a topic of further investigation. This is due to the effect of processes 

other than radiative or non-radiative recombination, for example, charge extraction. 

Figure  3. A) Transient PL lifetimes measured on a fresh PSC cell, after aging the cell under ISOS-L-2 condition (1 sun, elevated T) in OC 

condition to its T60 value, and after 22 h of additional recovery in dark. B) The evolution of PSC transient PL lifetime of the PSC during 

B 
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their aging under ISOS-L-2 condition (1 sun, elevated T) in OC and SC and subsequent recovery in dark. The illumination period (marked 

in yellow in the figure) was stopped when the cell efficiency reached ~60% (corresponds to Fig.1) of its initial value. 

The results of drift-diffusion simulation also demonstrate that recovery of bulk non-radiative recombination 

centers takes place in both OC and SC conditions, but at a slower rate in OC. As shown in Table 1, during the 

initial recovery phase, the OC reference cells show a drastic drop in the acceptor doping concentration in the 

Spiro-OMeTAD layer, which leads to an increase of the series resistance, again in contrast to the SC condition. 

Notably, and in strong contrast to the SC case, the electron and hole transport layer interfaces maintain a 

high defect density even after 22h of recovery in the OC reference case. The interface between the perovskite 

and electron transport SnO2 layer seems to play a key role here, as the trap density stays approximately 50 

times higher when comparing to the fresh state (Table 1). We, therefore, propose that defects at that metal 

oxide interface are also responsible for the “drop-in-dark” effect observed in the recovery phase of the OC 

conditioned cells (figure 1). Metal oxide surface defects, possibly generated during light degradation, can 

support the trapping of cations that migrate to the electron transport layer during photo-degradation. As 

demonstrated extensively in the past, metal oxides possess surface defects that can e.g. lead to physisorption 

or chemisorption of molecular species, which can also result in the reversible generation of trap states within 

the band gap of the metal oxide, for example by depletion of electrons at the oxide surface33. In organic solar 

cells, the presence of such electron traps at the surface of metal oxides is well-known to lead to pronounced 

s-shape J(V) characteristics, arising from upwards band-bending at the surface of the oxides34 causing an 

extraction barrier34. Light soaking may lead to neutralization of such traps35,36, and recovery of the PV 

parameters, mainly FF.  

Surface defects formed during light degradation could thus be exposed to molecular/ionic species migrating 

towards that interface, which in OC conditions would likely be cations migration/accumulation at the electron 

transport layer. During photo-degradation, neutralization of such trapped states by light exposure can take 

place35, but trapped states could cause upwards band bending at the metal oxide interface after the light is 

turned off, which would explain the observed s-shape characteristics at t1.5h for the OC condition (figure 2). 

The neutralization of the surface traps could be caused by following light-soaking, as also seen in our previous 

reported results19.  

To further prove the hypothesis that trapped ionic species at the surface of the metal oxide electron transport 

layer are responsible for the “drop-in-dark” effect, we turn towards TOF SIMS measurements to probe ion 

migration in the PSC stacks. To enable SIMS measurements, a batch of non-encapsulated PSC was prepared. 

The results of degradation-recovery experiments with these samples are qualitatively similar to those shown 

in Figure 1. Particularly, we see from SIMS results that gold migrates into the perovskite layer through the 

Spiro-OMeTAD layer, under both SC and OC degradation conditions, although more severely under SC 

conditions (Figure 4b). This has also been demonstrated as an irreversible degradation mechanism in other 

studies in the past37. Unexpectedly, lithium ions were observed all across the PSC also for the fresh cell; 

however, a further redistribution of the lithium ions is seen upon degradation at SC and OC conditions. We 

note that in a separate experiment, we checked that the SIMS process itself, i.e. the material removal by 

sputtering, did not cause the lithium ions to distribute across the device layer stack (figure S4). The lithium 

ion concentration near the electron transport interface is largest following OC degradation, indicating lithium 

ion migration towards and trapping at the SnO2 interface for OC-aged cells. It should be noted that the SIMS 

measurements are taken many hours following the actual light-degradation, and such a shift in lithium ion 

concentration could likely mean little or no back-migration of ions following light degradation, i.e. trapping 

of lithium ions at the SnO2 interface. Lithium ion migration in perovskite solar cells has been demonstrated 

in the past, also reaching the metal oxide electron transport layer as shown here, causing severe hysteresis 

effects38. Based on the presented TOF SIMS results, the apparent trapped states at the SnO2 layer/perovskite 
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interface found from drift-diffusion based simulations could be assumed to arise from lithium ions trapped 

at that interface. Recent work also demonstrates lithium ion insertion in SnO2 to form intermediate phases 

of LixSnO2
39, however, further studies would be required to determine the nature of the trapped ionic species 

here. Alternatively, oxygen adsorption and desorption could cause this effect, as previously demonstrated 

for TiOx interlayers35, where depletion of electrons at the surface of the oxide would cause band bending and 

energetic offsets leading to the s-shape characteristics seen here. To further support the assumptions of ion-

induced trapped states at the SnO2 layers causing the drop-in-dark effect, the J(V) curve at t1.5h recovery of 

the OC-aged cells (drop-in-dark curve) where simulated again including band bending at the interface of the 

oxide layer (figure S5). Indeed, the simulations capture the s-shape characteristics observed experimentally, 

providing a better fit when band bending at the SnO2 layer is included. 

 

Figure  4. a) Elements disctribution in TOF-SIMS depth profile for fresh PSC, b,c) depth profiles for Au (b) and Li (c) ions in fresh devices 
and those degraded under OC condition to ~T50 or SC to ~T30 (1 sun, elevated T, non-encapsulated). 

The mechanisms described above significantly depend on the drift of mobile charges inside the devices. It is, 

therefore, reasonable to suggest that the application of a short-term electrical bias during the recovery might 

help to speed up or slow down the recovery depending on the electric field direction. Figure 5 shows the 

recovery of perovskite solar cells degraded at OC and SC conditions to T60, without and with applying ±0.5 V 

electrical bias during the first 30 minutes of recovery.  

As already noted above, the dynamics of recovery, in particular upon applied negative bias in OC conditions, 

depends significantly on the precise state of degradation. For perovskite solar cells it might be sensitive to 

batch-to-batch and sample-to-sample variations, especially around the degradation level where the drop-in-

dark effect appears19. We, therefore, show in Figure 5 the examples of cells with a pronounced effect and 

those where it only begins to develop. Independently of how pronounced the observed “drop-in-dark” effect 

was (figure 5a and 5b), a short negative bias application resulted in the accelerated recovery of OC-degraded 

PSC. This is due to significant restoration in VOC and FF compared to the reference cell that was always 

disconnected in the dark (figure S6). It is even more interesting, considering that negative bias of the same 

duration and magnitude applied to a fresh cell leads to pronounced degradation of its FF (figure S7). Notably, 

if applied with the correct timing, a negative bias can fully mitigate the drop-in-dark effect, e.g. the reference 

OC results shown in Figure 5b show a drop in FF in the first dark cycle following light degradation, which is 

mitigated by the negative bias, figure S6. Given the above hypothesis, this may appear due to trap release in 

the electron transport layer by repulsion of cations (or halide vacancies) from that interface, and thus 

recovering of the band bending and removal of the s-shape characteristics. The modeling supports this 

hypothesis by showing a decrease in defect density at the SnO2 interface within the first 1.5h of recovery 

when a negative bias is applied, which is in contrast to the reference cells (table 1), and also a faster recovery 

of the bulk defect density with an applied negative bias (table 2). This is further supported by the lack of s-
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shape characteristics upon applied negative bias, pointing at the recovery of the interface defects at the SnO2 

layer. The fact that the FF only partially recovers, and that some Jsc degradation is now observed, could 

indicate another effect coming into play during negative biasing. If the surface defect formation in the metal 

oxide layer is assisted by an oxygen release, such mechanisms may include oxygen-generated degradation in 

the perovskite layer. Alternatively, or in addition, the formation of superoxide radical anions, a well-known 

contribution to irreversible degradation, may arise by electron transfer processes from SnO2
40–42. This may 

be supported by an applied positive bias, which from the simulations also show a further increase in bulk 

defect states that are not recovering even after t22h (Table 2). The defects at the Spiro-OMeTAD are 

recovering at a much slower rate, which could be explained by the lack of repelling cations back into the 

perovskite layer, which is otherwise supported by the applied negative bias in the OC condition. We note 

that while hysteresis has not been discussed in this work, it has in the past been linked to ion migration 

effects in perovskite cells43,44, and thus should be observed with different magnitudes, for the cells degraded 

to different stages. This is shown in figure S8, demonstrating only little hysteresis effect for fresh cells, and 

severe hysteresis for degradaded cells. 

 

Table 2. Parameter output of drift-diffusion based simulation of J(V) curves for cells degraded to T60 in OC and SC conditions, and 
recovered over 22 hours (t1.5h and t22h) following an applied bias of -0.5 V and +0.5 V for 30 min. For parameters were the values 
are calculated for holes and electrons separately, the values for holes are provided in brackets. 

OC -0.5V bias Unit t0 T60 t1.5h t22h 

Acceptor doping concentration m-3 1,00E+23 1,20E+23 1,05E+23 1,00E+23 

Series resistance Ω cm-2 4 1 3 4 

Defect density at SnO2 interface m-2 5,00E+14 2,00E+16 1,80E+16 9,00E+15 

Bulk defect density m-3 
4,00E+21 

(4,00E+21) 
2,50E+22 

(2,50E+22) 
7,00E+21 

(7,00E+21) 
3,00E+21 

(3,00E+21) 

Defect density at Spiro-OMeTAD interface m-2 (2,00E+15) (3,00E+16) (1,00E+16) (1,00E+15) 

OC +0.5V bias  

Acceptor doping concentration m-3 1,10E+23 1,20E+23 1,00E+23 9,00E+22 

Series resistance Ω cm-2 6 1 4 6 

Defect density at SnO2 interface m-2 5,00E+14 3,00E+16 2,00E+16 1,00E+16 

Bulk defect density m-3 
1,30E+21 

(1,30E+21) 
1,00E+22 

(1,00E+22) 
7,00E+22 

(7,00E+22) 
7,00E+22 

(7,00E+22) 

Defect density at Spiro-OMeTAD interface m-2 (1,00E+14) (3,00E+16) (3,00E+16) (1,00E+16) 

SC -0.5V bias  

Acceptor doping concentration m-3 1,05E+23 1,10E+23 1,10E+23 1,00E+23 

Series resistance Ω cm-2 3 1 1 4 

Defect density at SnO2 interface m-2 1,00E+14 1,00E+16 3,60E+15 1,00E+15 

Bulk defect density m-3 
3,00E+21 

(3,00E+21) 
2,00E+22 

(2,00E+22) 
1,70E+22 

(1,70E+22) 
1,70E+22 

(1,70E+22) 

Defect density at Spiro-OMeTAD interface m-2 (1,00E+14) (1,00E+16) (1,00E+16) (1,00E+15) 

SC +0.5V bias  

Acceptor doping concentration m-3 1,05E+23 1,05E+23 1,05E+23 1,10E+23 

Series resistance Ω cm-2 3 3 3 2 

Defect density at SnO2 interface m-2 1,00E+14 1,00E+16 3,00E+15 1,00E+14 

Bulk defect density m-3 
4,00E+21 

(4,00E+21) 
2,00E+22 

(2,00E+22) 
2,00E+22 

(2,00E+22) 
3,00E+21 

(3,00E+21) 

Defect density at Spiro-OMeTAD interface m-2 (2,00E+15) (1,00E+16) (1,00E+16) (4,00E+14) 
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Figure  5. Time evolution of PSC PCE during their aging under ISOS-L-2 conditions in OC and SC and subsequent recovery in dark without 
or with an applied bias of ±0.5 V during the first 30 minutes in the dark in case of (a) strong further degradation in the dark or (b) 
almost no further degradation in the dark (FF drops in dark, see figure S6). The illumination was stopped when the cell efficiency 
reached 60 % of its initial value (T60).  

For the recovery from SC condition, applying a positive bias following light degradation should support ion 

back-migration, but as full recovery is occurring also without bias (supported by the simulations, see Table 

2), this is not observed. In fact, the applied bias seems to lead to a slowed-down recovery of defect densities 

at the Spiro-OMeTAD interface. According to simulation results, the most important process for the recovery 

from the SC degradation is the large decrease of trap concentration at the SnO2 interface, which is in strong 

contrast to the OC conditions. Thus, either the metal oxide defects are not formed in SC conditions, or the 

reverse migration direction of ions does not result in similar electron traps at that interface. The latter is in 
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fact supported by SIMS results in Figure 4, demonstrating a higher relative concentration of positive lithium 

ions at the electron transport layer in the OC condition, supporting further the proposed drop-in-dark 

mechanism put forward in this study. When applying a negative bias in the recovery phase of the SC cells, 

the bulk defect density is not recovering (Table 2), indicating that the negative bias as anticipated is slowing 

down the backward migration of ions from the hole transport layer interface. 

 

Conclusions 

Bias-dependent dynamics of degradation and recovery of perovskite solar cells were investigated. Perovskite 

solar cells degraded under ISOS-L-2 conditions show a faster degradation rate at SC conditions compared to 

OC conditions, due to an enhanced ion migration at elevated temperatures. During the recovery of these 

cells, a pronounced qualitative difference between OC- and SC-aged cells is seen, as full recovery is observed 

in SC condition, whereas almost no recovery is seen in OC condition. Instead, a clear drop-in-dark effect is 

observed in OC condition. 

Using SIMS and transient photoluminescence measurements along with drift-diffusion based device 

simulations, we propose here that the drop-in-dark effect, observed in OC-aged cells, originates at the 

interface between the SnO2 electron transport layer and perovskite active layer, demonstrating largely 

increased interface defect densities upon the degradation. The defects are likely a result of combined SnO2 

defect states and lithium ion migration, both taking place during light degradation of the perovskite cells in 

OC conditions. The ion accumulation in the SnO2 layer forms a depletion zone with upwards band bending 

and s-shaped J(V) device characteristics. This is supported by the device simulations. 

By investigating the bias-dependent dynamics of the recovery mechanisms following light degradation, we 

demonstrate that an applied negative bias can lead to trap release in the SnO2 electron transport layer, and 

full recovery of the observed drop-in-dark effect. For the perovskite cells degraded under OC conditions, this 

leads to a significantly improved cell recovery. We note that this effect may even be improved further by 

fine-tuning of the bias amplitude and duration. 

Keeping in mind that different underlying mechanisms are responsible for the cell degradation under SC and 

OC conditions, one can suggest that their combination would govern the cell aging at the maximum power 

point (MPP)27,28. This will need further experimental clarification. However, even based on the reported 

results one can make an important practical conclusion: the PSC degradation appears to be fully reversible 

at the early stages of the device aging, but becomes non-reversible (or very slowly reversible) at the later 

ones. From this practical point of view, having a method to prevent significant ion accumulation might help 

to keep the device in the “fully reversible stage” under operational conditions. For example, timely applied 

electrical biasing might be an effective strategy to avoid the critical accumulation of charges in the device 

and, thus, potentially improve both the device power output and long-term stability. Such electrical 

“therapy”22 of degraded perovskite solar cells is possible and necessary to be developed. 

 

Experimental section 

Materials & Device fabrication  

Perovskite solar cell devices used in this study were manufactured on 3x3 cm2 glass substrates and 

contain 4 devices with an area of 16 mm2 per substrate. The n-i-p solar cells with following device 
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stack were fabricated: glass/ITO/SnO2-nps/Cs0.05(CH(NH2)2)0.79(CH3NH3)0.16PbI2.7Br0.3/Spiro-

OMeTAD/Au. 

Glass substrates of 3x3 cm2 with patterned ITO electrodes were purchased from Naranjo. The 

substrates were cleaned by sequential sonication in a detergent solution, deionized water, and 

isopropanol. The substrates were then treated with UV ozone for 30 min. Tin oxide (SnO2) 

nanoparticle solution (15 wt%) purchased from Alfa Aesar was diluted by ultrapure water in a volume 

ratio of 1:5. Spin coating of SnO2 solution on glass/ITO substrates was performed with a spin speed 

of 2800 rpm for 50 s and annealed for 30 min at 150 °C. The resulting thickness of the SnO2 layer was 

30–40 nm. After the preparation of SnO2, samples were transferred to a N2-filled glove box for 

perovskite deposition.  

The perovskite precursor solution was prepared by dissolving 570.2 mg of lead iodide (PbI2) (TCI), 

180.7 mg of formadiniun iodide (FAI) (GreatCell Solar), 23.8 mg methylammonium bromide (MABr) 

(GreatCell Solar), 34.2 mg of lead bromide (PbBr2) (TCI), and 17.3 mg of cesium iodide (CsI) (Sigma 

Aldrich) in 0.9 mL of dimethyl formamide (DMF) and 0.1 mL of dimethyl sulfoxide (DMSO). The 

solution was stirred overnight at room temperature. The resulting solution was spin coated onto 

SnO2-coated substrate at 2000 rpm (acceleration of 200 rpm/s) for 10 s followed by 5000 rpm 

(acceleration of 2000 rpm/s) for 30 s. During spin coating, 170 μL of antisolvent (chlorobenzene) was 

dropped onto substrate 20 s prior to the end of the program. Samples were transferred to a hotplate 

for annealing at 100°C for 30 min, resulting in a perovskite layer of 600 nm. 

The 2,2’,7,7’-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirofluorine (Spiro-OMeTAD) solution 

(80 mg of Spiro-OMeTAD (Lumtec), 28 μL of 4-tert-butylpyridine, 17.5 μL of a 520 mg/mL 

LiN(CF3SO2)2N solution in acetonitrile, and 20 μL of a 500 mg/mL FK209 cobalt salt in acetonitrile 

were added to 1 mL of chlorobenzene) was spin coated in air at 2000 rpm for 60 s onto the perovskite 

film and resulted in the formation of a 200 nm-thick hole-transporting layer. The complete Spiro-

OMeTAD oxygen doping was attained by exposing the substrates to air under controlled humidity 

(RH 48%) for additional 30 min. 

Subsequently, the substrates were transferred to the thermal evaporator under the pressure of 

1.0x10-6 mbar, where 100 nm of Au back electrode was deposited on top of the Spiro-OMeTAD film. 

During the Au evaporation, a shadow mask was placed on each substrate, where the overlap 

between the ITO and Au electrodes determined the active device area of 0.16 cm2. Encapsulation of 

the devices was performed by lamination of the barrier film (R2R manufactured at Holst Centre) with 

a pressure sensitive adhesive. The edges of the substrate were kept clean by applying a PDMS 

stamping route before coating each layer (and additionally cleaned where necessary) from the 

materials to ensure proper adhesion of the barrier film to the glass substrate at the edge and thereby 

prevent delamination and slow down the side ingress of water and oxygen. 

Simulations 

For the simulation of the PV stack, the drift–diffusion model is used. It quantitatively describes the 

generation, transport and recombination mechanisms with the use of the continuous equations for 

electrons and holes 

𝜕𝑛

𝜕𝑡
= 𝐺 − 𝑅 +

1

𝑞
∇ ∙ 𝐽𝑛 ,        

𝜕𝑝

𝜕𝑡
= 𝐺 − 𝑅 −

1

𝑞
∇ ∙ 𝐽𝑝, 
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where n and p are electron and hole concentrations, respectively, q represents elementary charge 

constant, G is light-dependent generation rate of charge carriers and R represents the recombination 

processes which includes Shockley-Read-Hall, modified Langevin and Auger models. Jn and Jp are 

electron and hole drift-diffusion currents, respectively. The continuous equations are linked with the 

Poisson equation which is used to calculate the spatial distribution of the electric field 

∇ ∙ 𝐹 =
𝑞

𝜀0𝜀𝑟

(𝑝 − 𝑛 + 𝑁𝐷 − 𝑁𝐴), 

where F represents an electric field distribution, ε0 is vacuum permittivity and εr represents the 

dielectric constant of the material. The model has been discretized with Scharfetter-Gummel method 

using Chebyshev polynomials for the spatial grid and solved by forward iteration in time to find 

steady-state current for each applied voltage. To study the full perovskite solar cell stack, we have 

used the method of generalized potentials not to neglect energy differences between transporting 

and perovskite layer. A more detailed description of the model is given in our previous work25. 

Table 3 Parameters used in simulation of PSC. For parameters where the values are calculated for holes and electrons 

separately, the values for holes are provided in brackets.  

 Name Unit SnO2 3C perovskite Spiro-OMeTAD 

L Thickness nm 35 600 200 

εr Permittivity  9.86 24.1 2.54 

μn(p) Mobility cm2 V-1 s-1 240 2 (1) (5.22*10-4) 

Cn(p) Capturing rate 10-14 m3 s-1 - 1 (1) - 

Nt Trap density m-3 - Variable - 

Γn(p) Auger constant 10-40 m6 s-1 - 1.55 (1.55) - 

ξ Langevin constant  - 1.7*10-5 - 

Ec(ν) Energy level eV -4.00 (-8.00) -3.88 (-5.46) -2.40 (-5.40) 

ND(A) Doping 
concentration 

m-3 
1020 9*1020 (variable) 

Nc(ν) Effective density 
of states 

m-3 
2.5*1025 2*1024 2.5*1025 

Rs Series resistance Ω cm2 Variable 

Rsh Shunt resistance Ω cm2 2*106 

 

Table 3 shows all the parameters used for the simulation of PSC except the variables that we change 

for fitting the experimental data. The generation profile is calculated using the optical transfer-matrix 

model. Here, we have considered only the steady-state conditions and do not study the dynamical 

effect of ions which results in hysteresis. We have already shown that ions in steady-state conditions 

affect the operation of solar cells negligibly45. Therefore, to simplify the model and reduce the 

computational time we have neglected ions in dynamical form. Instead, we have made the 

assumption that ions acts as deep recombination centers, thus the trap concentration in general is 

partially related to ion concentration46. In our work, this assumption is used for bulk and interface 

trap densities. Also, the other assumption is that during the migration of ions we observe the de-

doping process of Spiro-OMeTAD which results in a change of acceptor concentration level. This has 

a direct impact on the series resistance of the cell which we change inversely proportional to acceptor 

doping concentration. The other parameters are kept constant and mostly based on literature or 

fitting process. The SnO2 material is used as an electron transporting layer and the electrical 
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parameters are adopted from literature47,48, also the optical real and imaginary refractive index49. 

The perovskite material is defined as an active layer with electrical parameters taken from the 

literature50 or from fitting to experimental data25. Spiro-OMeTAD material has well defined 

electrical51 and optical52 properties. 

Device electrical characterization  

Current-voltage, J(V), characteristics were recorded in air, applying a voltage sweep from -0.5 V to 

1.5 V (forward and reverse scan directions) using a Keithley 2400 source meter and a class AAA solar 

simulator (Sun 3000, Abet Technologies Inc., USA) calibrated to an intensity of 1 sun (1 kW/m2). J(V) 

measurements were also recorded at lower sun intensities by applying Neutral Density (ND) filters 

of OD1 and OD3 directly on the measured devices, achieving a light illumination intensity of 0.1 and 

0.001 sun, respectively. 

Device stability characterization  

The device stability data were collected under accelerated conditions, measuring the photovoltaics 

characteristics every minute according to the ISOS-L-1 and ISOS-L-2 degradation protocol 

standards12. For the ISOS-L-2 measurements, the cells were continuously illuminated in air at 65 °C, 

while for the ISOS-L-1 protocol the temperature was controlled via a home-built setup at 25 °C. All 

the devices were characterized under the light intensity of 1 sun (AM1.5G, ISOSun InfinityPV) using 

a Keithley 2602A source-meter connected to a Keithley 3706A multiplexer unit, all controlled by a 

home-built Labview software. In this work, both open circuit (OC) and short circuit (SC) conditions 

were applied during aging in between measurements. After degradation, the devices were left in air 

at room temperature in dark to recover. During the dark recovery, reference cells are under open 

circuit condition, while in some of the experiments, a bias of +0.5 V or -0.5 V was applied to the 

devices for 30 minutes using a Keithley 2400 source meter. In all cases the total recovery time was 

22 hours. 

Transient Photoluminescence (trPL) 

The TR-PL measurements were obtained using a streak scope (Hammatsu C106027) coupled to a 

custom-built laser scanning microscope (LSM), resulting in two-dimensional images, containing time-

encoded spectral photoluminescence information. A commercial frequency converter (APE, 

HarmoniXX) attached to a sub-100 fs, 75 MHz, Ti:sapphire laser (Spectra Physics, Tsunami) was used 

to generate excitation beam centered at 395 nm. A pulse picker (APE, Pulse Select) furthermore 

decreases the repetition rate by the factor of 20. A spectrometer (Princeton Instruments SpectraPro 

SP-2300 with a diffraction grating 50 grooves/mm and blaze 600 nm), was used to pick up the PL 

signal from the samples. We finally image the resulting streak scope signal by an air-cooled CCD 

camera (Hamamatsu 9300). The laser scanning area was selected to ∼100 μm × 100 μm. More 

information can be found in our previous works53–55. The lifetime was deducted from a bi-exponential 

fit to the data. The stated lifetime is the amplitude-weighted average lifetime of the decay 

components, normalized to the lifetime of the fresh sample.  

Secondary Ion Mass Spectrometry (SIMS) 

SIMS measurements were performed using a TOF.SIMS 5 system with two ion guns and a time-of-

flight mass analyzer. Probing was perfomed by 25 kV Bi-atoms at a current of 1 pA. Sputtering was 

performed by 3 kV Cs-atoms and a current of 30 nA. The probing area was 100 x 100 µm and the 
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sputter area was 200 x 200 µm. Measurements were run in interlaced mode with 20 µsec for 

probing and 80 µsec for sputtering. 
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