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Ion-induced field screening as a dominant 
factor in perovskite solar cell operational 
stability

Jarla Thiesbrummel    1,2,12, Sahil Shah1,12, Emilio Gutierrez-Partida1, 
Fengshuo Zu3, Francisco Peña-Camargo1, Stefan Zeiske4, Jonas Diekmann    1, 
Fangyuan Ye1,5,6, Karol P. Peters1, Kai O. Brinkmann    7, Pietro Caprioglio    2, 
Akash Dasgupta    2, Seongrok Seo2, Fatai A. Adeleye    1, Jonathan Warby1, 
Quentin Jeangros    8, Felix Lang    1, Shuo Zhang5, Steve Albrecht6, 
Thomas Riedl    7, Ardalan Armin    4, Dieter Neher    1, Norbert Koch    3,9, 
Yongzhen Wu    5, Vincent M. Le Corre    10, Henry Snaith    2 & 
Martin Stolterfoht    1,11 

The presence of mobile ions in metal halide perovskites has been shown 
to adversely affect the intrinsic stability of perovskite solar cells (PSCs). 
However, the actual contribution of mobile ions to the total degradation 
loss compared with other factors such as trap-assisted recombination 
remains poorly understood. Here we reveal that mobile ion-induced internal 
field screening is the dominant factor in the degradation of PSCs under 
operational conditions. The increased field screening leads to a decrease in 
the steady-state efficiency, often owing to a large reduction in the current 
density. Instead, the efficiency at high scan speeds (>1,000 V s−1), where the 
ions are immobilized, is much less affected. We also show that the bulk and 
interface quality do not degrade upon ageing, yet the open-circuit voltage 
decreases owing to an increase in the mobile ion density. This work reveals 
the importance of ionic losses for intrinsic PSC degradation before chemical 
or extrinsic mechanical effects manifest.

Despite the impressive progress in terms of photovoltaic performance 
of perovskite solar cells over the last decade, there still remain many 
issues regarding the stability, which has considerable implications 
for their real-world energy yield1–3. These challenges include mate-
rial decomposition under light4,5, heat6,7, oxygen8,9 and humidity10,11 

or mechanical concerns such as delamination12 and strain13,14. Gener-
ally, increased trap-assisted recombination is also considered to be a 
major reason for degradation15–18. Efforts to improve device stability 
include compositional engineering19–22, device engineering23–25, the 
incorporation of two-dimensional perovskites26,27, diffusion barriers28–31 
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accelerated ageing tests to predict the long-term stability of perovskite 
devices on the basis of a quantitative analysis of ion-induced losses.

Ionic losses during degradation
To study the effects of illumination-induced degradation in perovskite 
solar cells, we started off investigating the commonly used triple-cation 
Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 1.63 eV perovskite composition in a 
pin-type architecture (referred to as ‘83:17 TC’ throughout). The follow-
ing cell architecture was used: indium tin oxide (ITO)/PTAA/PFN-Br/
perovskite/C60/BCP/Cu, that is, indium tin oxide/poly[bis(4-phenyl)
(2,4,6-trimethylphenyl)amine]/poly((9,9-bis(3′-(N,N-dimethyl)- 
N-ethylammonium-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)) 
dibromide/perovskite/C60/bathocuproine/Cu58. The cells were sub-
jected to three different external stressors: light, heat and electrical bias, 
with a focus on light-induced degradation. During the light-induced 
ageing, devices were exposed to 1 sun illumination at VOC and cooled 
such that the device temperature remained at 25 °C. Measurements 
under maximum power point conditions (MPP) are discussed further 
below. In Fig. 1a, the stabilized J–V curves (without hysteresis) at slow 
scan speeds (10 mV s−1) after different illumination times under VOC 
are exemplified. Figure 1b shows how the different device parameters 
change over time with ageing. In these cells, the increasing JSC losses over 
time dominate the degradation losses although fill factor (FF) losses 
are also significant, and the VOC decreases slightly as well.

To quantify the impact of mobile ions on the light-induced per-
formance degradation, we performed fast hysteresis (FH) J–V meas-
urements at different points in time during the ageing process. While 
details are presented in Methods and in ref. 51, we note that the cell 
is initially held slightly above the initial VOC (pre-bias), followed by a 
reverse and forward sweep with variable frequency or scan speed. 
The duration of the pre-bias was 5× longer than the total scan time 
of the voltage sweep. The methodology allows us to determine the 
steady-state and the ‘ion-freeze’ efficiency, which refers to the condi-
tion at which the ions are effectively immobilized when the scan rate 
is much quicker than the diffusion rate51. The difference between slow 
(steady-state) and fast scan speeds can be directly attributed to the 
movement of mobile ions and is referred to as mobile ion-induced PCE 
loss (Lion = ηion-freeze − ηsteady-state) in the following51.

However, it should be noted that the presence of mobile ions can 
still affect the PCE even when they are immobilized, depending on their 
distribution and accumulation throughout the device and at the inter-
faces51,56. This effect will be small if the ions are homogeneously distrib-
uted in the bulk at the start of the scan, which is discussed further below. 
The results (Fig. 2a) reveal once again that the steady-state efficiency 
drops significantly with ageing. Conversely, the ion-freeze efficiency, 
determined at fast scan speeds of around 2,500 V s−1, experiences a 
much smaller, almost negligible reduction. Next, we investigated the 
effects on each of the three J–V metrics: the VOC, JSC and FF, displayed  

and more effective encapsulation methods32. However, the reported  
stability remains far below the targeted values required for commer-
cial viability33 (International Electrotechnical Commission standards 
and ~25 year operational lifetime), highlighting the need for a more 
comprehensive understanding of the underlying chemical and physi-
cal processes occurring during device ageing and their effects on  
device performance.

Many of the intrinsic stability limitations are related to the pres-
ence of mobile ions in the perovskite layer, which behaves like a solid 
electrolyte with low activation energies for ionic transport34. For meth-
ylammonium lead iodide (MAPI), density functional theory simulations 
have predicted a mobile ion density (nION) of ~1 × 1019 cm−3 due to the 
low activation energy of the mobile ions (~100 meV)35, although most 
recent experimental/numerical studies narrow the mobile ions density 
to 1 × 1015 to 1 × 1017 cm−3 in devices with low levels of hysteresis36–40. 
Halide vacancies and interstitial iodine are usually considered to be 
the dominant species of mobile ions, and they are particularly harm-
ful since they can form I2—a solid that easily sublimes above room 
temperature, leading to a loss of absorber layer material, potentially 
causing electrode cracks and critical device failure41. The migration and 
accumulation of halide defects due to lateral variation in the electric 
field also trigger degradation at the edges of cells and at the position of 
external impurities42. Moreover, A- and X-site mobile ions and vacancies 
are able to diffuse into the transport layers (TLs), with halide ions being 
localized in the device electrodes29,41,43–46. This effect may cause a range 
of problems, for example, loss of charge selectivity owing to a change 
in the electrode work function, oxidation reactions, corrosion or the 
formation of insulating layers. As such there is substantial research 
into ion migration in perovskites47–50.

Although tackling stability has always been a main priority for 
perovskite researchers, the community still lacks to some extent 
the experimental methodologies required to quantitatively char-
acterize degradation losses induced by mobile ions to overcome 
these limitations. Moreover, it is not yet possible to decouple these 
losses from losses due to trap-assisted recombination and deterio-
ration of other device and material parameters. In this regard, we 
recently presented a method to determine the contribution of mobile 
ion-induced efficiency losses to the device performance and showed 
that the presence of mobile ions leads to moderate efficiency losses 
in fresh devices with low levels of apparent hysteresis (typically 
1–3% absolute)51. The underlying mechanism of these ion-induced 
losses is the movement of mobile ions to the perovskite–transport 
layer interfaces, leading to field screening and a reduction in charge 
extraction efficiency38,52–57.

In this Article, we determine the contribution of mobile ion- 
induced degradation losses to the total degradation loss in the pres-
ence of external stressors for a range of different perovskite solar cells. 
Using current density vs. voltage (J–V) measurements at different scan 
speeds, we first demonstrate that these losses can be directly linked to 
the movement of mobile ions and an increase in nION, which dominates 
the initial performance losses of perovskite solar cells. We show that 
an increased nION upon prolonged illumination leads to a substantial 
decrease in the steady-state power conversion efficiency (PCE), mainly 
owing to a large reduction in short-circuit current density (JSC) from 
fast to slow scan speeds that can exceed 10 mA cm−2. We attribute this 
result to increased field screening—a phenomenon that, to the best of 
our knowledge, has not been previously discussed in relation to the 
degradation of perovskite solar cells. We also show that interfacial 
recombination does not increase upon ageing, yet there is an increas-
ing mismatch between open-circuit voltage (VOC) and the quasi-Fermi 
level splitting (QFLS), which can also be attributed to an increased 
accumulation of ions in the contact regions. As such, the increasing 
nION dominates the early ageing stages of perovskite solar cells. This 
work establishes key insights into the process of device degradation 
and the critical role mobile ions play therein and lays the foundation for 
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Fig. 1 | Degradation of perovskite solar cells under illumination.  
a, Representative stabilized J–V characteristics at slow scan speeds (10 mV s−1) 
measured on a fresh Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 perovskite solar cell as 
well as after continuous illumination at VOC for the specified time. b, Relative 
steady-state losses of the different PCE parameters as a function of ageing time.
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in Fig. 2b–d. It can be seen that the performance losses are largely 
related to a drastic loss of the steady-state current output with respect 
to the ion-freeze JSC (even >10 mA cm−2 current loss can be observed 
in other systems as discussed below). However, the VOC and the FF are 
also affected to some extent. Furthermore, the ‘peak hysteresis’, that 
is, the maximum difference between the PCE determined from the 
forward versus the reverse scan, also increases significantly with ageing 
(Fig. 2a). Overall, the remarkable difference in the PCE between the fast 
and slow scan speeds (Fig. 2e,f) shows that the dominant loss mecha-
nism upon ageing acts more significantly at the slower timescales.

To get some understanding of the chemical changes of the perovs-
kite film during light exposure, we performed absorption spectroscopy 
(Supplementary Fig. 1), X-ray diffraction measurements on fresh and 
aged perovskite layers (Supplementary Fig. 2), scanning electronic 
microscopy and atomic force microscopy measurements (Supplemen-
tary Fig. 3). While these measurements do not rule out changes in the 
morphology, these changes are considered to be relatively small on the 
timescale of the measurements (up to 24 h of illumination).

To generalize these findings, we then investigated the mobile 
ion-induced ageing loss in a range of different perovskite compositions 
beyond the ‘83:17’ model system. These perovskite systems include a 
standard 1.6 eV MAPbI3 (‘MAPI’), a 1.69 eV double cation perovskite  
FA0.85Cs15Pb(I77Br23)3 (‘CsFA’) relevant for silicon/perovskite tandems, 
a wide-bandgap Cs0.05(FA0.60MA0.40)0.95Pb(I0.60Br0.40)3 (‘1.8 eV’) relevant 
for all-perovskite tandems and a high-performance (>22% PCE) 1.57 eV 
formamidinium lead iodide-rich (‘95:5 TH‘) triple halide perovskite  

(Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3 + 20 wt% methylammonium chlo-
ride (MACl)). The FH results on all systems are shown in Supplementary 
Figs. 4–7. MPP tracking of all devices can be found in Supplementary 
Fig. 8. We also investigated nip-type cells (Supplementary Fig. 9), 
where we observed the same losses. These results demonstrate that 
the increase of the ionic loss contributes significantly to the degrada-
tion loss for all systems (Fig. 3a). Moreover, we find that the reduced 
JSC is the most important factor contributing to the ion-induced loss 
in these systems (Supplementary Figs. 10 and 11). However, the ionic 
loss may also predominately affect other PCE parameters depending 
on the exact material/device parameters. Moreover, some of the sys-
tems are probably affected by non-ionic losses, which likely affect the 
FF at fast scan speeds as discussed in Supplementary Note 1. Figure 3b 
exemplifies the large reduction of the steady-state JSC after several 
hours of illumination (5 h, except for 12 h in MAPI) with respect to the 
initial current.

Importantly, Fig. 4a shows that the ionic losses also emerge in 
the much more stable 95:5 TH perovskite system, which degraded 
to roughly 68% of its initial PCE (21%) after tracking the stabilized 
power output (SPO) over 1,630 h. Notably, the PCE increased to 
23.5% after roughly 50 h. The FH measurements taken initially and 
after the MPP tracking (Fig. 4b) reveal a nearly unchanged ion-freeze 
PCE, meaning that the observed degradation loss (here defined as 

Ltotal = η0ion-freeze − η
f
steady-state, where η0ion-freeze and ηfsteady-state are the 

initial ion-freeze and the final steady-state PCE, respectively) can be 
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Fig. 2 | Identifying ageing-induced ionic losses in triple-cation-based 
perovskite solar cells. a–d, The PCE (a), JSC (b), VOC (c) and FF (d) obtained 
from J–V characteristics measured at different scan speeds in reverse (squares) 
and forward (circles) scan direction for Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 
perovskite solar cells after different ageing times. e, The absolute PCE at fast and 
slow timescales versus aging time. The coloured areas underneath the curves 
demonstrate large losses induced by the movement of mobile ions at slow scan 
speeds (blue curve) and small losses at fast scan speeds (red curve). f, Exemplified 
scan rate-dependent J–V curves after 480 min of ageing. The steady-state and 

ion-freeze PCE are defined at slow and fast scan speeds at which the hysteresis 
disappears, respectively. This is exemplified by the dashed horizontal lines at 
480 min of ageing for the PCE and JSC in a and b, respectively. The transition from 
slow and fast scan speeds is highlighted by the shaded background in a. The peak 
hysteresis shows the maximum difference between the forward and reverse scan 
PCE as exemplified by the vertical arrow at 480 min of ageing. The ionic loss in 
PCE and JSC is obtained from the difference in the steady-state and ion-freeze state 
as shown by the vertical arrows in a, b and the shading in b.
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attributed to ionic losses (that is, Lion/Ltotal = 100%). Using a specific 
interlayer between the perovskite and C60 (described in a separate 
work), we then improved the initial VOC to 1.2 V and the performance 
of this device to a certified PCE of 24% and measured the ionic losses at 
the beginning and the end of the tracking (Supplementary Fig. 12). The 
device experienced a critical device failure due to electrode oxidation 
(thinning of the electrode owing to insufficient encapsulation visible by 
the eye) before we conducted the FH measurement at roughly 1,000 h. 
Nevertheless, the ionic losses still increase substantially during aging: 
Lion/Ltotal = 37.4%.

In an attempt to generalize the findings further, we performed 
additional measurements on a high-performance pin-type Cs0.05 
(FA0.98MA0.02)0.95Pb(I0.98Br0.02)3 cell (‘98:2 TH’) fabricated in our labora-
tory, as well as Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3 cells made at the East 
China University of Science and Technology (‘95:5 ECUST’)59. The 
results, highlighted in Fig. 4c,d and in Supplementary Fig. 13 for the 
98:2 TH and the 95:5 ECUST device, respectively, demonstrate domi-
nant ionic losses in both cells, that is, Lion/Ltotal = 73.1% and 81.3% after 
tracking the SPO of the 98:2 TH cell for 270 h and the MPP of the 95:5 
ECUST cell for 1,000 h, respectively. The remaining FH data corre-
sponding to Fig. 4 can be found in Supplementary Fig. 14. Overall, these 
results confirm that the same losses also occur in more stable cells 
during MPP or SPO tracking, and in cells fabricated in other laborato-
ries. The results indicate that the ionic losses are even more critical in 
stable cells, which do not undergo premature degradation due to 
extrinsic issues such as shunt formation, moisture ingress or electrode 
corrosion, which can cause earlier device failure.

Understanding reasons for ionic losses
Having established that the ionic losses play a key role for the intrin-
sic device degradation, we now set out to understand the origin of 
these losses. At this point, it is important to note that the increase 
of the ionic loss with ageing time could be due to different factors51. 
This is because the magnitude of the ionic loss depends on various 
device and material parameters for a given ion density. To identify 
the underlying mechanisms, we now discuss, simulate and analyse 
distinct scenarios. For the simulations, we used the software IonMon-
ger60 and cross-checked using the software SETFOS from FLUXiM61. 
In our first hypothesis, the concentration of mobile ions increases 
with ageing, which leads to enhanced ionic losses as shown by the 
simulations in Fig. 5a (see Supplementary Fig. 15, Supplementary 
Fig. 16 and Supplementary Table 1 for the J–V characteristics, the cor-
responding PCE parameters and the simulation parameters, respec-
tively). Here, the increased nION causes enhanced screening of the 
internal electric field in the absorber layer, leading to a continuous 

reduction in the charge extraction efficiency due to band flattening  
(Supplementary Fig. 17).

Another possible explanation for the enhanced ionic losses is 
degrading perovskite/transport layer interfaces with higher recombi-
nation velocities (S). As shown in Fig. 5b, the increased recombination 
velocity leads to a reduced steady-state PCE and increased peak hys-
teresis. However, in contrast to the case of an increased nION (Fig. 4a), 
the ion-freeze PCE at fast scan speeds decreases as well. In addition, 
we also investigated the impact of an increased energy level offset, 
as well as the impact of more bulk defects lowering the bulk lifetime 
(Supplementary Fig. 18). We found that both effects (increased energy 
offset and reduced bulk lifetime) lead to a parallel downshift of the scan 
rate-dependent PCE rather than an increase in the ionic losses, which 
is not consistent with the experimental results.

To further investigate the impact of potentially worsening inter-
faces or absorber layer quality on the enhanced ionic losses, photo-
luminescence (PL) measurements of different partial cell stacks were 
recorded as a function of illumination time. From the PL yield, the 
quasi-Fermi level splitting (QFLS) was calculated following our previ-
ous methodology58,62. Surprisingly, the results (Fig. 5c) suggest that 
the interfaces do not significantly worsen as the QFLS of all the partial 
device stacks increases slightly over time, while the QFLS of the neat 
perovskite layer was nearly unchanged. This suggests that increased 
bulk and interfacial defects are probably not a dominant factor of the 
light-induced degradation in this cell. Yet, the device VOC decreases, 
resulting in an increasing QFLS–eVOC mismatch upon ageing62, which is 
intriguing. Although this requires further investigation, the QFLS–VOC 
mismatch provides clues about the effect of ions at fast scan speeds. 
The FH simulations displayed in Supplementary Fig. 19 shows that, if the 
built-in voltage (VBI) is not offset with the pre-bias of the FH measure-
ment (that is, Vpre < VBI), the VOC decreases with increasing nION. Consider-
ing that such a VOC decrease (and QFLS–eVOC mismatch) is observed in 
various systems (Supplementary Figs. 4–7) points to ion accumulation 
in an unfavourable position under open-circuit conditions (for exam-
ple, cations at the hole-selective interface)56,62.

Having ruled out an increased recombination velocity at the inter-
faces, an increased mobile ion density seems likely to be the root cause 
of the observed ageing-induced losses. To directly assess whether nION 
increases with degradation, we performed bias-assisted charge extrac-
tion (BACE)63,64 and charge extraction by linearly increasing voltage 
(CELIV) measurements at the same points in time as the FH measure-
ments. Both techniques can be used to estimate the nION by integrating 
the external current. In BACE, the cell is held under ‘quasi’-open-circuit 
conditions, where the injection current equals the JSC at which the 
mobile ions are distributed throughout the absorber layer before the 
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Fig. 3 | Overview of ageing-induced ionic losses in various perovskite solar 
cells. a, The relative ageing-induced ionic loss (1 − PCEslow/PCEfast) as a function of 
ageing time under 1 sun open-circuit conditions demonstrates increasing ionic 
losses in all systems, though with varying magnitude depending on the individual 
composition. The highest ageing-induced ionic losses are found in the Cs0.05 
(FA0.60MA0.40)0.95Pb(I0.60Br0.40)3 (‘1.8 eV’) cell, followed by FA0.85Cs0.15Pb(I0.77Br0.23)3 

(‘CsFA’), and 83:17 TC with the smallest losses found in MAPbI3 (‘MAPI’) and the 
Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3 + 20 wt% MACl (‘95:5 TH’) cell, where the ion-
induced ageing losses do not increase on these timescales. b, The JSC measured 
at different scan speeds for fresh and aged cells after 5 h of ageing under 1 sun 
open-circuit conditions (12 h for MAPI) with additional PCE parameters shown in 
Supplementary Fig. 4–7.
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voltage is switched to 0 V, at which point the mobile ions drift to the 
contact layers. However, we note that, if the ionic charge is larger than 
the electrode charge (QION > CVBI), the formation of zero-field regions 
should limit the displacement of ions in excess of CVBI (ref. 65). Thus, 
CVBI is expected to be a natural limit for the externally detectable ionic 
charge. Moreover, the ratio of the drift length of charges versus the film 
thickness (ddrift/d) limits the externally integrated charge65. Therefore, 
the ions should be roughly homogeneously distributed under the 
pre-bias condition to maximize the drift length and to avoid an under-
estimation of nION (ref. 66).

The results of the BACE measurements are displayed in Fig. 6a. It 
can be seen that the externally measured current is greatly enhanced 
the longer the illumination. Notably, the ionic ‘time of flight’ in the fresh 
device at around 50 ms (Supplementary Fig. 20) matches nearly per-
fectly the scan time at the peak hysteresis observed in averaged FH on 
fresh devices (~50 ms). Owing to the associated diffusion constant 
(D = 7 × 10−10 cm s−1) and ionic mobility (μ = 2 × 10−8 cm2 V s−1), these 
results indicate that the responsible ion species are consistent with 
halide vacancies40,48. Therefore, these measurements link the transient 
charge extraction with the scan rate-dependent J–V results. It is also 
interesting to note that, with prolonged ageing time, slower species 
are extracted. This is also consistent with a slowdown of the peak 

hysteresis that is observed in the FH measurements in Fig. 2a for the 
83:17 TC and in Supplementary Fig. 6 for the 60:40 TC system. Consid-
ering that this is not observed in CsFA (Supplementary Fig. 5) might 
point to A-site vacancies40,48. Another possible explanation is that grain 
boundary diffusion is replaced by volume diffusion in less stable 
devices, which has recently been identified to have a two orders of 
magnitude lower ion diffusivity67. More details regarding the timescales 
observed in FH and BACE are discussed in Supplementary Note 2.

As shown in Fig. 6b, by integrating the external current, a rough 
estimate for nION can be obtained. We note that we do not exclude some 
collection of ions from the side of the pixel as recently demonstrated, 
which could increase nION within the active device area42. It can be seen 
that nION increases significantly, even within the first hour of illumina-
tion, and reaches values over 1018 cm−3 after 20 h of ageing under light. 
Although the reason why such large densities can be obtained in BACE 
is not yet clear, considering the above-discussed limit of the detectable 
ion density, the obtained values make sense qualitatively. As shown in 
Fig. 4a, the simulations can well reproduce the observed losses at the 
given ion densities. To highlight the effect, an ion density of 5 × 1018 cm−3 
approximately halves the initial steady-state PCE owing to enhanced 
ionic losses. By plotting the ionic losses obtained through FH as a func-
tion of nION in Fig. 6c, we observe a linear dependence after an initial 

Ionic
loss

4

8

12

16

20

24

15

18

21

24

Ionic loss

Ion freeze

Ion freeze

Ionic loss

a

b

Ionic
loss

10–2 10–1 100 101 102 103

5

10

15

20

25

 Fresh
 Degraded

 Reverse
 Forward

 Fresh
 Degraded

 Reverse
 Forward

Scan rate (V s–1)

PC
E 

(%
)

PC
E 

(%
)

12

15

18

21

24

27

J s
c (

m
A 

cm
–2

)
J s

c (
m

A 
cm

−2
)

0 200 400 600 800 1,000 1,200 1,400 1,600

8

12

16

20

24

PC
E 

(%
)

PC
E 

(%
)

Time (h)

95:5 TH

0 50 100 150 200 250

5

10

15

20

25

Time (h)

98:02 TH

10–2 10–1 100 101 102 103

Scan rate (V s–1)

10–1 100 101 102 103

Scan rate (V s–1)
10–1 100 101 102 103

Scan rate (V s–1)

Fig. 4 | Ionic losses under operational conditions. a, SPO tracking on the  
95:5 TH device with enhanced stability compared with the 83:17 TC reference 
cell. Inset: The corresponding PCE and JSC from FH measurements at different 
scan speeds before and after the aging. b, SPO tracking on the 98:2 TH device and 
corresponding PCE and JSC at different scan speeds before and after the aging in 
the inset. The measurements demonstrate that the observed degradation stems 
largely from ionic losses while the ion-freeze PCE remains nearly unchanged. 
The dashed line is a guide to the eye, connecting the experimentally measured 

initial and final ion-freeze PCE (stars), while the gradient shading highlights the 
expected emergence of the ionic losses. The steady-state and ion-freeze PCE 
are marked by the diamonds and stars, respectively. The red arrows highlight 
the ionic losses after the degradation. The latter are determined from the 
difference between the steady-state and ion-freeze PCE, as exemplified by the 
yellow horizontal lines in the insets. The experimental conditions for the SPO 
and FH measurements can be found in Methods and all the remaining FH data in 
Supplementary Fig. 14.

http://www.nature.com/natureenergy


Nature Energy | Volume 9 | June 2024 | 664–676 669

Article https://doi.org/10.1038/s41560-024-01487-w

dwell time. Moreover, an increase of nION with increasing ageing time 
was also confirmed for the other studied systems (Supplementary 
Fig. 21). Also from CELIV, the increasing ion density during ageing is 
reflected in the large increase in the signal on slower timescales, start-
ing at roughly 1 × 10−4 s in the 83:17 TC cell (Supplementary Fig. 22)51.

To investigate whether the devices would age similarly under 
real-world conditions and to better understand the dominant factor 
triggering the degradation, we expanded our measurements to other 
ageing conditions: elevated temperatures (75 °C) in the dark (Supple-
mentary Fig. 23), MPP conditions at 1 sun illumination (Supplementary 
Fig. 24) and electrical bias (VOC) in the dark (Supplementary Fig. 25). 
From these results, it becomes clear that the ion-induced performance 
loss is a general degradation mechanism that occurs under different 
stressors. Nevertheless, the ageing at elevated temperatures does 
not show the characteristic step-function like scan rate-dependent 
JSC (Supplementary Fig. 18) nor display a very large increase of nION on 
these timescales (Supplementary Fig. 26). This might point towards a 
different path of degradation or a slower evolution of the ionic losses.

While determining the exact rates of degradation requires a much 
more focused investigation, our measurements indicate that mobile 
ions are easily created in the presence of electrical charges in the active 
layer regardless of the presence of light. This is consistent with the 
interpretation that halide vacancies are generated by injected or 
photo-generated free holes45,47. It has been previously shown that iodine 
atoms can be oxidized and iodine kicked out of the lattice by 
photo-generated holes, creating halide vacancies via IxI + h+ = Ixi + V+I , 

where I, I and x  refer to the regular and the interstitial lattice site and 
to the neutral charge, respectively34,45,47. Another possible ion source 
is unreacted lead halide PbI2 (Supplementary Fig. 2), which can decom-
pose into metallic lead and mobile iodine under illumination18. Both 
of these mechanisms are consistent with additional X-ray photoelec-
tron spectroscopy measurements, which reveal the presence of iodine 
on top of the C60 layer after illuminating the triple-cation perovskite 
for approximately 10 h, demonstrating the possibility of iodine diffu-
sion through fullerenes, in line with previous reports (Supplementary 
Fig. 27)29,68–70. Moreover, we could detect iodine in the perovskite film 
on a Si substrate that was placed ~1 mm above the sample (in N2) during 
illumination, hence highlighting the egress of volatile iodine species 
(Supplementary Fig. 28).

To recap, the mobile ion-induced efficiency losses dominate the 
early degradation losses in the here tested perovskite compositions, 
and on the basis of various measurements, such as PL and BACE, we 
attribute these enhanced ionic losses to an increasing ion density upon 
ageing. Figure 7a shows a breakdown of the identified degradation 
losses under illumination for the 83:17 TC system: (1) the ionic loss in 
JSC and FF, which is attributed to the field screening effect due to the 
movement of mobile ions, (2) the loss due to the QFLS–VOC mismatch, 
which is probably also a mobile ion-induced loss and (3) other, as yet 
unspecified, loss processes.

Figure 7b–d schematically illustrates a possible explanation for 
the observed JSC and FF losses. The increased nION during the ageing 
successively screens the internal (built-in) field, thus increasing the 
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fraction of the active layer that is effectively under VOC (or flat band) 
conditions. The formation of zero-field regions under short-circuit 
conditions leads to an increased accumulation of electronic charges 
(e− and h+) at the hole-selective interface. This charge accumulation 
leads in turn to enhanced recombination at the hole transport layer 
(HTL) and in the bulk. We note that the reason why the p-interface is 
more affected than the electron-selective interface is that we consider 
positively charged mobile ions (halide vacancies), which screen the 
field at the HTL. The dominance of mobile vacancies was confirmed 
by experiments performed by Senocrate et al.71, who measured the 
ionic conductivity in MAPI for various iodine partial pressures and 
found that incorporating more iodine decreases the ion conductivity 
by passivating mobile iodine vacancies. Similarly, Kamat et al. found 
that excess iodine suppresses mobile ion-related features in transient 
absorption spectroscopy72. Therefore, we suspect that halide vacan-
cies are the problem. However, currently, we do not exclude negative 
ions as dominant ionic species, in which case, the electron-selective 
interface would be more significantly affected. Finally, while there 
might be some small bulk recombination losses at short-circuit 
conditions depending on the diffusion length in the absorber layer, 
the recombination at the interfaces increases more rapidly with the 
increasing cation vacancy concentration at 0 V (Fig. 6d). Moreover, 
the interfacial recombination current scales faster with the applied 
forward bias than the bulk losses, thus affecting the FF more signifi-
cantly (Fig. 6d).

To explain the observed QFLS–VOC mismatch with increased ion 
densities, we analysed the band diagrams at VOC conditions displayed 
in Supplementary Fig. 29 for devices with different ion densities. The 
graph shows that a higher cation vacancy concentration causes a larger 
electron QFL bending at the C60 interface (∇Ef,e). This can be explained 
by a population inversion at the electron-selective interface, that is, 
enhanced hole accumulation and depletion of electrons (Supplemen-
tary Fig. 30), and ∇Ef,e =

σh
σe
⋅ ∇Ef,h73–75, where σh/e and ∇Ef,h are the hole/

electron conductivity and the hole QFL bending, respectively). This 
suggests that mobile ions are probably also responsible for the observed 
QFLS–VOC mismatch and the reduction of the VOC. Therefore, parts of 
the losses at fast scan speeds are attributed to this ion accumulation.

Implications for improving device stability
Having thoroughly studied the impact of mobile ions on device deg-
radation, it is also important to consider how this knowledge can 
translate into more stable devices. We first tested the above hypoth-
esis that the ionic losses are strongly affected by the quality of the  
HTL/perovskite interface. To this end, we improved the p-interface 
by replacing the HTL PTAA with the self-assembled monolayer  

2PACz (Supplementary Fig. 31). This readily improved the PLQY of  
the half stack and significantly slowed the ion-induced degradation 
losses. This is consistent with the assumption that the p-interface plays 
a major role in mediating the ion-induced losses.

Secondly, owing to the large impact of ion migration on the stabil-
ity, we believe that the ionic properties are strongly correlated to the 
stability of the devices and that initial assessment of the ionic proper-
ties will allow us to rapidly identify more stable compositions. To exem-
plify this, our data in this work highlight a clear correlation between 
the magnitude of the peak hysteresis—where the ion migration is most 
harmful to the cell performance—and the T80 lifetime at which the PCE 
drops to 80% (Supplementary Fig. 32). Although a correlation between 
stability and hysteresis has been often observed in literature67,76, we 
emphasize that the full peak of the hysteresis cannot be resolved with 
commonly used source measure units for cell characterization (with 
maximum scan speeds usually below ~1 V s−1). Also depending on the 
effective ion diffusion coefficient in the used absorber, the peak hys-
teresis can shift by orders of magnitude in scan speed range. Thus, 
assessing the hysteresis at only one scan rate or a small scan speed 
range does not provide the true magnitude of the hysteresis and does 
not allow comparison of different perovskite devices with very differ-
ent ion diffusion coefficients77. This is exemplified in Supplementary 
Fig. 32b, where it appears that the much more stable 95:5 TH device has 
a larger hysteresis compared with the 60:40 device at slow scan speeds 
typically used (100 mV s−1). This underlines the importance of closing 
the hysteresis at slow and fast scan speeds to understand the impact 
of the hysteresis on the device’s performance and stability. Lastly, we 
believe that reporting these ionic properties will allow the community 
to train a more accurate machine learning algorithm that can acceler-
ate the development of a more stable composition78–81. Overall, while 
the correlation of ionic properties and long-term stability requires a 
much larger data set, which is beyond the scope of this present work, 
we believe that future research will allow us to identify highly stable 
perovskites on the basis of the ionic features and properties of newly 
developed devices.

Conclusion
In this work, we investigated the impact of mobile ions on the 
ageing-induced performance degradation of perovskite solar cells 
under different external stressors, with a focus on light-induced deg-
radation, and thoroughly studied the mechanisms underlying the 
observed losses. We reveal a key degradation mechanism as a domi-
nant factor for the intrinsic, early degradation that has previously not 
been clearly identified, namely mobile ion-induced field screening. 
This degradation loss appears to be more significant than increased 
trap-assisted recombination in the bulk and at the interfaces.
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The ionic losses typically manifest as a strongly reduced JSC, which 
often suffers most significantly under the illumination in the studied 
compositions, although the FF and VOC are also affected by the mobile 
ions. With regard to the voltage losses, we found that they are caused 
by an increased QFLS–VOC mismatch due to ion accumulation, and 
not due to increased interfacial or bulk defects. This QFLS–VOC mis-
match occurs in various systems and can be explained by an increased 
ion accumulation at the interfaces. Using different transient charge 
extraction techniques, we then linked the increasing current and FF 
losses upon ageing to an increase in the concentration of mobile ions 
in the perovskite. We showed that the increase of nION upon ageing is a 
general degradation mechanism, which occurs through exposure to 
other stressors, such as electrical bias. However, the ion-induced losses 
are more significant in the presence of free electrical charges and less 
under elevated temperatures, consistent with previous findings of 
halide vacancy generation through holes.

In the future, perovskite solar cells need to be engineered to 
minimize both the mobile ion densities that can be generated dur-
ing ageing as well as their impact on the device performance. Our 
results also highlight the key role of the hole-selective interface for the 
non-induced degradation in case of large halide vacancy concentra-
tions. By providing a crucial understanding of the role of mobile ions 

during degradation, this work paves the path to rapidly identify stable 
perovskite compositions based on the initial ionic fingerprints and 
highlights potential mitigation routes to prevent degradation, which 
will be key for the commercialization of perovskite-based solar cells.

Methods
Device fabrication of pin-type cells
Pre-patterned 2.5 × 2.5 cm2 15 Ω sq−1 ITO substrates (Automatic 
Research) were cleaned with acetone, 3% Hellmanex solution, deion-
ized water and isopropanol by sonication for 10 min in each solution. 
After a microwave plasma treatment (3 min, 200 W), the samples were 
transferred to a N2-filled glovebox. For tall pin-type cells, except for the 
95:5 TH and the 98:2 TH perovskite, a PTAA (Sigma-Aldrich) layer with 
a thickness of 8 nm was spin-coated from a 1.5 mg ml−1 PTAA/toluene 
solution at 6,000 rpm for 30 s. After 10 min annealing on a hotplate at 
100 °C, the films were cooled down to room temperature, and a 60 µl 
solution of PFN-Br (1-Material, 0.5 mg ml−1 in methanol) was deposited 
onto PTAA while the substrate was being spun at 5,000 rpm for 20 s, 
resulting in a film with thickness below the detection limit of our atomic 
force microscopy (<5 nm). No further annealing occurred. For the 95:5 
TH and the 98:2 TH perovskite, the same ITO-coated samples were 
used, but instead of the microwave plasma treatment, the substrates 
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were treated with ultraviolet ozone for 30 min. The samples were then 
transferred to a nitrogen-filled glovebox and 100 µl MeO-2PACz pur-
chased from TCI (0.003 g per 3 ml in ethanol) was spin-coated onto the 
ITO substrates at 3,000 rpm for 30 s, followed by annealing at 100 °C 
for 10 min. All fabrication details of the 95:5 ECUST cells based on 
(2-(4-(bis(4-methoxyphenyl)amino)phenyl)-1-cyanovinyl)phosphonic 
acid (MPA-CPA) are described in ref. 59.

The triple-cation perovskite solutions were prepared by mixing 
two 1.2 M FAPbI3 and MAPbBr3 perovskite solutions in dimethylforma-
mide (DMF):dimethyl sulfoxide (DMSO) (4:1 volume ratio, v/v) in a ratio 
of 83:17 (for the 83:17 triple-cation reference cell) and 60:40 (for the 
1.8 eV WG cell). The 1.2 M FAPbI3 solution was thereby prepared by dis-
solving FAI (722 mg) and PbI2 (2130 mg) in 2.8 ml DMF and 0.7 ml DMSO, 
which contains a 10 molar% excess of PbI2. The 1.2 M MAPbBr3 solution 
was made by dissolving MABr (470 mg) and PbBr2 (1,696 mg) in 2.8 ml 
DMF and 0.7 ml DMSO, which contains a 10 mol% excess of PbBr2. Lastly, 
40 µL of a 1.5 CsI solution in DMSO (389 mg CsI in 1 ml DMSO) was mixed 
with 960 µL of the MAFA solution, resulting in a nominal perovskite 
stoichiometry of Cs0.05(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3 in case of the 83:17 
triple-cation reference cell and Cs0.05(FA0.6MA0.4)0.95Pb(I0.6Br0.4)3 in case 
of the 1.8 eV WG cell. The MAPI solution was prepared by dissolution 
of MAI powder (Dysol, 0.2) with PbI2 (TCI America, 1.1 M) in a 
γ-butyrolactone/dimethyl sulfoxide mixed solvent (7:3 by volume) at 
60 °C for 10 min. The Cs0.15FA0.85Pb(I0.75Br0.25)3 double cation perovskite 
was prepared by mixing PbI2 (TCI), FAI (Greatcell Solar), FABr 
(Sigma-Aldrich) and CsI (Sigma-Aldrich), with molarity ratios of 1.1, 
0.12, 0.73 and 0.15, respectively, in one vial and adding a mixture of 
DMF:DMSO 4:1 in volume. The ‘95:5 triple halide (TH)’ perovskite pre-
cursor solution was prepared by mixing two 1.5 M FAPbI3 and MAPbBr3 
perovskite solutions in DMF:DMSO (4:1 volume ratio, v/v) as well as the 
solution of CsI (1.5 M), resulting in a nominal perovskite stoichiometry 
of Cs0.05(FA0.95MA0.05)0.95Pb(I0.95Br0.05)3. Then, 20 molar% MACl (Merck) 
dissolved in DMSO was added into the precursor solution to improve 
the crystallization of the film. All final solutions were stirred overnight 
at room temperature. For the ‘98:2 triple halide (TH)’ perovskite precur-
sor solution, 1.73 M Cs0.05(FA0.98MA0.02)0.95 Pb(I0.98Br0.02)3  perovskite 
precursor was prepared by dissolving 0.90919 g lead iodide (PbI2, TCI), 
0.27698 g formamidinium iodide (FAI, GreatCell Solar), 0.02247 g 
caesium iodide (CsI, Sigma-Aldrich), 0.00368 g methylammonium 
bromide (MABr, GreatCell Solar) and 0.018105 g MACl (Merck) in a 4:1 
(by volume) mixture solvent of DMF (anhydrous, 99.8%; Sigma-Aldrich) 
and DMSO (anhydrous, ≥99.9%; Sigma-Aldrich). The precursor solution 
was stirred 780 rpm on the hotplate for 4 h at 55 °C and then filtered. 
All solution preparation processes were conducted in a N2 glovebox 
(O2 <1 ppm and H2O <1 ppm)

Both triple-cation films (83:17 TC and 1.8 eV WG) were deposited 
by spin-coating at 5,000 rpm for 35 s, and 10 s after the start of the 
spinning process, the spinning substrate was washed with 300 µl ethyl 
acetate for approximately 1 s (the anti-solvent was placed in the centre 
of the film). We note that, by the end of the spinning process, the per-
ovskite film turned dark brown. The perovskite film was then annealed 
at 100 °C for 1 h on a pre-heated hotplate, where the film turned slightly 
darker. The MAPI solution (80 µl) was spin-coated at 1,000 rpm for 5 s 
followed by 3,000 rpm for 80 s. A total of 100 µl toluene was added 
dropwise after 40 s to form a transparent perovskite film. After the spin 
coating, the films were dried for 2 min in the glovebox at room tem-
perature until the films changed their colour from yellow to light brown. 
The MAPI perovskite layers were then subsequently annealed at 100 °C 
on a hotplate, where the films turned black immediately. For the Cs0.15

FA0.85Pb(I0.75Br0.25)3 perovskite, a volume of 120 µl of the precursor 
solution was spin-coated at 4,000 rpm (with a ramping rate of 
1,334 rpm s−1) for 40 s. After 10 s, the film was quenched by adding 
300 µl of ethyl acetate. Directly afterwards, the film was annealed at 
100 °C for 60 min inside the N2 filled glovebox. For the 95:5 TH perovs-
kite, 120 µl of the perovskite precursor was spin-coated onto the cooled 

(HTL-coated) substrates at 4,000 rpm for 40 s (5 s acceleration to 
4,000 rpm). A total of 200 µl anti-solvent chlorobenzene was slowly 
dripped onto the centre of the film 7 s before the end of the spinning 
programme. Further, the perovskite film was annealed at 100 °C  
for 60 min. The 98:2 TH Cs0.05(FA0.98MA0.02)0.95 Pb (I0.98Br0.02)3  films  
were fabricated by spin-coating a volume of 100 µl of the precursor 
solution onto the cooled (HTL-coated) substrates via two steps: 
100 rpm 334 rpm s−1 for 10 s and 5,000 rpm 2,000 rpm s−1 for 40 s at 
the second leg of the spinning process. The perovskite film turned dark 
brown, and it was subsequently annealed at 100 °C for 20 min on a 
pre-heated hotplate, where the film turned black immediately.

Only the 98:2 TH perovskite included a passivation consisting 
of 0.002 g ethane-1,2-diammonium iodide (EDAI2) purchased from 
Sigma-Aldrich dissolved in 1 ml of isopropanol (99.5%) and 1 ml toluene 
(anhydrous, 99.8%,) and then stirred in the ultrasonic bath for 25 min. 
The 120 µl solution of EDAI2 (0.002 g ml−1 in isopropanol/toluene) was 
then deposited onto perovskite while the substrate was being spun at 
5,000 rpm, 4,000 rpm s−1 for 30 s. After 5 min annealing on a hotplate 
at 100 °C, the films were cooled down to room temperature.

After annealing, all samples were transferred to an evaporation 
chamber where fullerene-C60 (30 nm), 2,9-dimethyl-4,7-diphenyl-1, 
10-phenanthroline BCP (8 nm) and copper (100 nm) were deposited 
under vacuum (pressure of 1 × 10−7 mbar). The overlap of the copper 
and the ITO electrodes defined the active area of the pixel (6 mm2).

Device fabrication of nip-type cells
TEC15 FTO glass was used. Glass substrates were cleaned and ultra-
violet ozone treated for 15 min before electron transport layer (ETL) 
deposition. A total of 100 µl of titanium isopropoxide solution (diluted 
1:15 in 1-butanol) was statistically spin-coated at 5,000 rpm for 45 s 
(acceleration of 2,000 rpm s−1) then dried at 130 °C for 5 min and 450 °C 
for 30 min 100 µl of SnO2 nanoparticle dispersion (2 wt% diluted in 
deionized water) were spin-coated at 4,000 rpm for 30 s (acceleration 
of 3,000 rpm s−1) and then annealed at 180 °C for 30 min. Then, 1.5 M  
(FAPbI3)0.99(CsPbBr3)0.01:35 mol% MACl (1.53 eV perovskite) were stoichi-
ometrically weighed and dissolved in DMF:DMSO (4:1 by volume). It was 
stirred for 1 h and filtered (0.45 µm, PTFE) before use. A total of 100 µl of 
the solution was dropped dynamically. The spin was conducted in two 
steps: 1,000 rpm for 10 s (acceleration of 500 rpm s−1) and 5,000 rpm 
for 35 s (acceleration of 1,000 rpm s−1). Then, 300 µl of anisole was used 
for solvent quenching at 5 s before the end of the spin. It was annealed 
at 80 °C for 10 min. This was performed in the glovebox, followed by 
further annealing at 150 °C for 15 min in the dry box (RH <5%). A 2,2′,
7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobifluorene 
(Spiro-OMeTAD) solution was prepared with the following composi-
tion: 60 mg of Spiro-OMeTAD, 25.5 µl of 4-tert-butylpyridine, 15.5 µl of 
Li-TFSI (520 mg ml−1 in acetonitrile) and 12.5 µl of Co-TFSI (375 mg ml−1 
in acetonitrile) in 700 µl of chlorobenzene. A total of 60 µl of the solu-
tion was dynamically spin-coated at 4,000 rpm for 30 s, then dried 
overnight in dry air condition before Au deposition. The devices were 
completed with 70-nm-thick thermally evaporated Au.

Current density–voltage characteristics
Curves were obtained in a two-wire source-sense configuration with 
a Keithley 2400 (standard J–V characterization). An Oriel class AAA 
xenon-lamp-based sun simulator was used for illumination, provid-
ing approximately 100 mW cm−2 of simulated AM1.5G irradiation as 
calibrated using a (KG3) filtered Si reference certified from Fraunhofer 
Institute for Solar Energy Systems (ISE). The intensity was further moni-
tored simultaneously with a Si photodiode to use the exact illumination 
intensity for efficiency calculations. The device area of 6 mm2 was 
masked with a 4.32 mm2 mask, and the obtained short-circuit current 
densities were checked by integrating the product of the external quan-
tum efficiency and the solar spectrum, which matches the obtained 
value within less than 5%. The temperature of the cell was fixed to 
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25 °C, and a voltage ramp (scan rate) of 67 mV s−1 was used. J–V curves 
obtained using different scan speeds and stabilization times are the 
subject of this work. For the 83:17 reference cell, a spectral mismatch 
calculation was performed on the basis of the spectral irradiance of 
the solar simulator, the external quantum efficiency of the reference 
silicon solar cell and three typical external quantum efficiencies of our 
cells. This resulted in three mismatch factors of M = 0.9949, 0.9996 and 
0.9976. Given the very small deviation from unity, the measured JSC was 
not corrected by the factor 1/M.

FH measurements
Fast J–V curves were obtained by applying a triangular voltage pulse 
to the cells starting from approximately open-circuit (VOC) followed 
by a reverse sweep from open-circuit to −0.1 V and forward sweep 
from −0.1 V to VOC with variable frequency or scan speed (V s−1) using a 
system developed by FastChar UG. The duration of the hold voltage at 
VOC was five times longer than the total scan time of the voltage sweep. 
The voltage response of the cell was measured with an oscilloscope, 
using an external load resistance of ≤10 Ω, and the voltage pulse was 
supplied by a function generator in combination with a home-built 
power amplifier (4×). Despite the different hardware and measurement 
routines, the testing conditions were the same as used for the standard 
J–V measurements as described above. We note that, to cross-check the 
FH results at slow scan speeds (10–100 mV s−1), standard J–V measure-
ments were performed on the same cells, which resulted in a nearly 
identical performance metric as obtained with the FH setup.

BACE
In dark BACE, the device was initially held at a voltage close to the 
open-circuit voltage, where the injected charge equals the short-circuit 
current. After a pre-set delay time, a bias of 0 V was applied to extract 
the injected and capacitive charge in the device. The delay times for 
the fresh devices were chosen to be typically five times longer than 
the extraction time of charges observed under the collection bias  
(typically ~5–10 s) to allow ionic charges to distribute throughout the 
active layer. The BACE measurements during the light aging (Fig. 6) 
were performed in the following way. First, while the cells were illu-
minated, a voltage close to the VOC was applied to the cells to pre-
vent a premature extraction of mobile ions to the transport layers 
by the built-in voltage when the light source is switched off (as this 
would lower the extracted charge). Subsequently, the illumination was 
switched off; however, the built-in voltage remains roughly compen-
sated by the applied voltage keeping the mobile ions roughly distrib-
uted throughout the bulk. Finally, after ~10 s, the voltage was switched 
to 0 V to extract the charge carriers. The current transients were meas-
ured with a Keithley 2400 using a home-built LabView program. The 
use of a current meter was found to be necessary over an oscilloscope 
to resolve the small ion drift currents, and we note that no significant 
differences were observed when the measurements were performed 
with a Keithley 485 picoamperemeter instead of the Keithley 2400. 
Finally, the extracted charge was obtained by integrating the current 
transient and the charge carrier density by dividing the total charge by 
the elementary charge and the cell volume.

Dark CELIV
In dark CELIV, the device was initially held at short-circuit conditions. 
Then, the voltage was increased linearly to minus 0.4 V (in reverse bias) 
using a pulse generator. The slope (A = ∆V/∆t) was thereby varied to 
assess a wide timescale range (Δt). The current transients were recorded 
with an oscilloscope (Agilent DSO9104H) and measured with a variable 
load resistance (RLoad = 50 Ω at short 10 µs pulses and up to 10 kΩ at 
100 ms pulses) to keep the voltage response approximately constant. 
The increased load resistance reduces the time resolution at short times 
but allows for recording the response for long pulses. The continuous 
increase of the electrode charge leads to a step-like voltage response. 

The voltage response step of the cell is given by ∆V = ARLoadC, from which 
we calculated the capacitance of the cell (C). Equilibrium charges in the 
active layer (doping-induced electronic charge or mobile ions) lead to 
an additional bump in the voltage response.

Numerical drift–diffusion simulations
The simulations were performed using SETFOS61 and IonMonger, an 
open-source code developed by Nicola Courtier et al.60. Both programs 
numerically solve a system of three coupled equations, namely the 
Poisson equation, the continuity equation and the drift–diffusion 
equation82.

Absolute PL measurements
Excitation for the PL measurements was performed with a 520 nm 
continuous-wave laser (Insaneware) through an optical fibre into an 
integrating sphere. The intensity of the laser was adjusted to a 1 sun 
equivalent intensity by illuminating a 1-cm2-size perovskite solar cell 
under short-circuit and matching the current density to the JSC under 
the sun simulator for the 83:17 triple-cation device (22.0 mA cm−2 at 
100 mW cm−2, or 1.375 × 1021 photons m−2 s−1). A second optical fibre was 
used from the output of the integrating sphere to an Andor SR393iB 
spectrometer equipped with a silicon charge-coupled device camera 
(DU420A-BR-DD, iDus). The system was calibrated by using a calibrated 
halogen lamp with specified spectral irradiance, which was shone into 
the integrating sphere. A spectral correction factor was established to 
match the spectral output of the detector to the calibrated spectral 
irradiance of the lamp. The spectral photon density was obtained from 
the corrected detector signal (spectral irradiance) by division through 
the photon energy (hf), and the photon numbers of the excitation and 
emission were obtained from numerical integration using MATLAB. In 
the last step, three fluorescent test samples with high specified PLQY 
(~70%) supplied from Hamamatsu Photonics were measured, where the 
specified value could be accurately reproduced within a small relative 
error of less than 5%.

Photoemission spectroscopy measurements
Photoemission experiments were performed at an ultrahigh vacuum 
system consisting of sample preparation and analysis chambers (both 
at a base pressure of 1 × 10−10 mbar) as well as a load lock (with a base 
pressure of 1 × 10−6 mbar). All of the samples were transferred to the 
ultrahigh vacuum chamber using a transfer rod under a rough vacuum 
(1 × 10−3 mbar). Ultraviolet photoemission spectroscopy was performed 
using a helium discharge lamp (21.22 eV) with a filter to reduce the 
photon flux and block visible light from the source hitting the sample. 
All spectra were recorded at room temperature and normal emission 
using a hemispherical Specs Phoibos 100 analyser, and the overall 
energy resolution was 140 meV.

Light ageing
Light ageing under open-circuit conditions was performed in a dedi-
cated aging box in the glovebox under N2 atmosphere using white 
light-emitting diode (LED) array illumination providing a 1 sun equiva-
lent intensity by matching the initial current of the cell to the JSC. The 
intensity of the LED was checked using a photodiode and remained 
stable over the course of the course of the measurement timescale 
(~24 h) in a sample holder. The cells were cooled to 25 °C over the course 
of the measurement using a Peltier element, but no significant changes 
in the degradation were observed without additional cooling or for 
encapsulated cells measured in the lab outside the glovebox.

Voltage and temperature ageing
Voltage ageing was performed by applying a voltage slightly above the 
open-circuit voltage to the cell, at which the injected charge equals the 
initial short-circuit current. Over the course of the ageing test (~24 h), 
the applied voltage was slightly adjusted to maintain an injection 
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current of roughly JSC. The temperature aging was conducted by placing 
the cell on a hotplate at ~80 °C for the given amount of time.

SPO tracking
Long-term SPO tracking measurements were performed on 95:5 TH  
and 98:2 TH cells with a Botest multichannel analyser system  
(Botest Systems GmbH, EMU-8/ v2.3) with a constant applied voltage 
(initial VMP) using white light LED (3000K Cree CXB3590) illumination 
providing a 1 sun equivalent intensity by matching the initial current of 
the cell to the JSC under AM1.5G illumination. The temperature during 
the tracking was T = 40 °C, and the measurements were performed in 
an ambient atmosphere on encapsulated cells.

MPP tracking
In addition to the SPO tracking, MPP tracking was performed on 95:5 
ECUST, interlayer-modified 95:5 TH, and reference cells. The devices 
were placed under a 1 sun equivalent white LED irradiation inside a 
nitrogen-filled glovebox for several days. Thereby, the cell is continu-
ously held at 25 °C and its maximum power voltage was obtained from 
an initial J–V scan. Maximum power output was ensured by applying 
a small voltage perturbation (±5 mV) to the cell every 5 s. Depending 
on which voltage gave a higher power output, the applied voltage was 
either increased or decreased by 5 mV and then held at this voltage 
for the next 5 s. A home-built LabView program was used for these 
measurements. No significant changes were observed between aging 
under SPO or MPP conditions.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in the 
published article and its Supplementary Information. Data sources 
for the main text figures are available via Figshare at https://figshare.
com/s/cbfad738b0666ecf7f98 (ref. 83).

Code availability
The codes that support the findings of this study are available from the 
following links. Parameter files for IonMonger simulations are available 
at https://doi.org/10.25446/oxford.24359959.v2 and parameter files for 
SETFOS simulations at https://doi.org/10.25446/oxford.24361138.v1.
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