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perovskites have attracted tremendous 
research interest in the photovoltaic com-
munity worldwide.[1] Although the world 
record power conversion efficiency (PCE) 
of perovskite solar cells (PVSCs) has been 
increased to 25.2%, comparable to that in 
crystalline silicon solar cells, the long-term 
stability issue remains a major challenge 
for PVSCs in order to compete with the sil-
icon technology.[2] It has already been dem-
onstrated that the degradation of metallic 
halide perovskites can be prevented from 
reacting with external stimuli of moisture 
and oxygen by advanced encapsulation 
techniques.[3] However, the degradation 
by reacting with interlayers and ion disso-
ciation in perovskite itself still remains a 
complex issue to be resolved.

Recently, the failure of organic charge-
transporting interlayers and the diffusion 
of metal contacts have been recognized as 
the key factors responsible for the insta-
bility of PVSCs. Various strategies have 
been employed to overcome such device-
structure- and material-related degrada-
tion. For example, Yang and co-workers 

have demonstrated a significant enhancement in PVSC sta-
bility with an all-metal-oxide device structure to avoid using 
organic charge-transporting layers.[4] Grätzel and co-workers 
have shown that PVSCs using inorganic CuSCN/reduced gra-
phene oxide bilayer as the top hole-transporting layer retained 
over 95% of their initial efficiency after aging for 1000 h oper-
ating at the maximum power point (MPP). Such an improve-
ment is ascribed to the robust property of the inorganic charge-
transporting materials as compared to its organic counterpart 
2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′-spirobi
fluorene.[5] In addition, metal-contact-induced perovskite degra-
dation has also been reported and is getting more attention in 
the PVSC community. Han and co-workers demonstrated that 
by inserting an iodide diffusion barrier between perovskite and  
Ag can successfully suppress the diffusion of I− ions by  
103–107 times and thus improve the device stability.[6] Mean-
while, McGehee and co-workers have shown that Ag can  
diffuse across even a thick (over 100 nm) sputtered indium–tin 
oxide (ITO) layer and react with the perovskite film, inducing 
device degradation.[7] Although PVSCs using other metals such 
as Cu and Au as the electrodes have been proven to be relatively 

Ion dissociation has been identified to determine the intrinsic stability of 
perovskite solar cells (PVSCs), but the underlying degradation mechanism 
is still elusive. Herein, by combining highly sensitive sub-bandgap external 
quantum efficiency (s-EQE) spectroscopy, impedance analysis, and theo-
retical calculations, the evolution of defect states in PVSCs during the 
degradation can be monitored. It is found that the degradation of PVSCs can 
be divided into three steps: 1) dissociation of ions from perovskite lattices, 
2) migration of dissociated ions, and 3) consumption of I− by reacting with 
metal electrode. Importantly, step (3) is found to be crucial as it will accel-
erate the first two steps and lead to continuous degradation. By replacing the 
metal with more chemically robust indium tin oxide (ITO), it is found that 
the dissociated ions under light soaking will only saturate at the perovskite/
ITO interface. Importantly, the dissociated ions will subsequently restore to 
the corresponding vacancies under dark condition to heal the perovskite and 
photovoltaic performance. Such shuttling of mobile ions without consump-
tion in the ITO-contact PVSCs results in harvesting–rest–recovery cycles 
in natural day/night operation. It is envisioned that the mechanism of the 
intrinsic perovskite material degradation reported here will lead to clearer 
research directions toward highly stable PVSCs.

Owing to the appealing optoelectronic properties, such as large 
absorption coefficient, long charge carrier diffusion length, 
and carrier lifetime, the organic–inorganic metallic halide 
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more stable than Ag, almost all metal electrodes tend to react 
with the halogens in perovskites and cause damage.[8]

Another fundamental factor that determines the stability of 
the metal halide perovskites is the dissociation and migration 
of ions from the perovskite crystal lattices. Several theoretical 
studies have suggested that the formation of ionic defects such 
as vacancies, interstitials, and antisites accompanied by ion 
migration would result in irreversible decomposition of the 
perovskite lattice structure.[9] It has also been demonstrated 
that both weakly coordinated perovskite anions and cations can 
be dissociated under stress of light, heat, and electrical field.[10] 
In particular, as the halide vacancies have the lowest forma-
tion energy,[11] halogen ions such as iodine ions (I−) are highly 
mobile with diffusion coefficients as high as 10−12 cm2 s−1.[6] 
Consequently, the continuous migration of the dissociated 
ions can result in chemical decomposition of the perovskites. 
Therefore, compositional engineering and defect passivation 
have been developed to chemically localize the mobile ions 
and passivate the structural defects in perovskite crystals.[10a,12] 
Undoubtedly, understanding the degradation mechanism of 
PVSCs is of the utmost importance for the technology, and a 
direct experimental approach which can monitor the ion disso-
ciation during device operation would shed light on this impor-
tant issue.

In this work, we employed a new approach using highly 
sensitive sub-bandgap external quantum efficiency (s-EQE) spec-
troscopy to monitor the ion dissociation process in methylammo-
nium lead iodide (MAPbI3)-based PVSCs during the degradation. 
We first compared the stability of PVSCs with Ag and ITO as the 
electrode at the MPP. The s-EQE was then performed to measure 
the sub-bandgap spectra of the devices at different time intervals 
during the degradation. The change of the spectral characteristics 
was further analyzed by Gaussian fitting and compared with the 
defect states energy obtained by theoretical calculation. Cycling 
test and several other spectroscopy measurements were also per-
formed to investigate the degradation and self-healing processes 
in the perovskites. Finally, based on the above experimental find-
ings, the degradation mechanism and strategy to further improve 
the PVSCs stability will be discussed.

In order to investigate the ion-dissociation-induced degra-
dation in PVSCs, it is important to deconvolve other factors. 
The PVSC degradation induced by reaction between perovskite 
and Ag has been well studied previously.[13] Similar degrada-
tion phenomena of the Ag-contact devices using either organic 
or inorganic interlayers were also observed as depicted in  
Figures S1–S3 (Supporting Information). We sought to investi-
gate the Ag diffusion into the MAPbI3 perovskite layer by energy-
dispersive X-ray (EDX) spectroscopy. As shown in Figure  1a, 
the Ag electrode was removed by a lift-off process, and the 
[6,6]-phenyl-C61-butyric acid methyl ester (PC61BM)/aluminum-
doped zinc oxide (AZO) layers were then washed away with  
chlorobenzene. As shown in Figure 1b, there is a large amount 
of Ag particles detected on the perovskite surface for the device 
after the MPP tracking test for 10 h, whereas there is a neg-
ligible amount of Ag particles detected in the fresh device. 
Therefore, the PC61BM/AZO bilayer cannot completely prevent 
Ag from diffusion to the perovskite, which severely hinders 
the investigation of the intrinsic degradation of the perovskite 
materials during the device operation.

To overcome to above-mentioned issue, we attempted to 
eliminate the metal-contact diffusion-induced degradation by 
replacing Ag with ITO as the top electrode. Figure 1c,d shows 
the device structure and the corresponding J–V characteris-
tics. Although the ITO-contact MAPbI3 PVSC has a lower PCE 
of 15.5% due to the increased contact resistance and reduced 
optical absorption, its MPP stability is significantly higher. The 
device dropped to 80% of its initial PCE after operating for 200 h 
(T80  = 200 h), and it remained to have the similar efficiency 
even after 1000 h, as shown in Figure 1e. On the other hand, the 
Ag device with 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline 
(BCP) became electrically shorted after 10 h of operation, while 
the Ag device with AZO reached the T80 after 30 h. It is clear 
that the continuous degradation observed in the Ag-contact 
devices is due to the diffusion of Ag atoms into the perovskite 
layer. It also hints that the initial 20% PCE drop in the ITO-
contact device could be primarily associated with the intrinsic 
degradation of the perovskite layer itself.

Considering the nature of the material properties in perov-
skite, the reduced photovoltaic performance should be caused by 
the increasing amount of defect states created by ion dissociation 
and migration. Photothermal deflection spectroscopy (PDS) and 
thermal admittance spectroscopy (TAS) have been demonstrated 
to be capable of measuring defect states density and energy in 
perovskites, respectively.[14] However, PDS can only measure 
the standalone perovskite film and TAS relies on model fitting. 
Ultimately, understanding the degradation mechanism requires 
a direct probing method, which can monitor the defect states 
during the device degradation. Here, we employed a highly sen-
sitive s-EQE spectroscopy to probe the photocurrent contributed 
by the sub-bandgap absorption. Our s-EQE system has been opti-
mized with a sensitivity of up to 10−7%, which is able to probe 
sub-picoampere photocurrent generated in the photoexcited 
defect states. Figure 2a shows the EQE spectra in the range of 
0.8–2.0 eV for both Ag and ITO-contact devices in log scale. The 
above gap EQE spectra are depicted in Figure S4 (Supporting 
Information). Before light soaking, both devices have similar 
s-EQE spectral characteristics with a gradual decrease from 
10−5% to 10−6% toward lower energy in the below gap region. 
Interestingly, upon light soaking, the s-EQE of the Ag-contact 
PVSC shows an increase in the entire sub-bandgap range from 
0.8 to 1.4 eV, while the ITO-contact device has only an increase 
at around 1.4  eV. Since the s-EQE signal depends on both the 
amount and energy of the states being excited, the results bring 
insight into the different nature of defect states generated in Ag-
contact and ITO-contact PVSCs during the device operation.[15]

We further analyzed the evolution of the s-EQE spectra in 
the sub-gap region by calculating the difference after and before 
light soaking, i.e., Δs-EQE = s-EQEsoaked − s-EQEfresh. The cor-
responding Δs-EQE spectra were fitted by a Gaussian model, 
which has been widely used to describe the density of defect 
states in perovskites[16]
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where μ is the peak energy, σ is the standard deviation, and A 
is the proportional constant. We first analyzed the ITO-contact 
PVSC as it had no metal diffusion issue. Figure  2b shows its 
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Δs-EQE spectra and Gaussian fitting results, where only two 
defect states have been observed with average transition ener-
gies of 1.40  eV (defect I) and 1.22  eV (defect II). Then we 
assumed that the two defects in the Ag-contact device should 
have similar transition energy and standard deviation. As a 
result, four peaks were extracted in the Ag-contact PVSC at 
1.40  eV (defect I), 1.22  eV (defect II), 1.08  eV (defect III), and 
0.95  eV (defect IV). The fitting parameters for the 10 h light-
soaked devices are listed in Table  1, and the complete fitting 
results are depicted in Table S1 (Supporting Information).

Recently, theoretical analysis has been done on finding 
the energetics of point defects in perovskites. It is found that 
vacancies and interstitials with smaller formation energy tend 
to form shallow defects, while the antisites with larger forma-
tion energy are prone to form deeper defects.[9,11,17] To identify 
the defect states, we extracted the energy level of various defect 
states allocated in the perovskite bandgap from previous reports, 
as reviewed by Steele and co-workers as shown in Figure S5 

(Supporting Information), and summarized the possible defects 
corresponding to the peak energies extracted from the s-EQE 
results in Table S2 (Supporting Information). According to the 
calculated defect energy level, we can ascribe the defect state I 
(1.40  eV) to the vacancy and interstitial of VPb, VI, Ii, and MAi, 
as those have lower formation energy. Defect II at 1.22  eV can 
be assigned to the interstitial defects of Ii and Pbi. Defect III at 
1.08  eV can be assigned to the vacancy and antisite of VPb and 
IPb. And defect IV at 0.95 eV can be assigned to the interstitial 
and antisite of Ii and IMA. It should be noted that the Ag atoms’/
ions’ diffusion into perovskite lattice is possible to create defects 
and contribute to the s-EQE signal. However, such an Ag-related 
defect energy level calculation is not available in existing litera-
ture reports. Further investigation is needed to verify the pro-
posed mechanism.

To understand the degradation mechanism, we sought to 
associate the above-observed defect states with the change 
of chemistry in perovskites. Based on the above defect 

Figure 1.  a) Illustration of EDX mapping to detect Ag diffusion through PC61BM/AZO bilayer. The Ag electrode was peeled off by an adhesive tape and 
the PC61BM/AZO bilayer was removed by washing the film with chlorobenzene. b) EDX mapping of Ag element at the perovskite surface for an AZO-
based Ag-contact PVSC before and after MPP tracking under light soaking. c) Device structure illustration of ITO-contact PVSCs. d) J–V characteristics 
of the ITO-contact PVSCs. e) MPP tracking of ITO-contact PVSCs and Ag-contact PVSCs based on BCP and AZO buffer layers.
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identification and the Δs-EQE results, we can illustrate the 
degradation mechanism for the ITO-contact and Ag-contact 
PVSCs as follows.

i)	 For the ITO-contact PVSCs, upon light soaking, ion dissocia-
tion in perovskite lattice would initiate the formation of vacancy 
defects with lower formation energy, such as VPb, VI, and VMA. 
Then the migration of these dissociated ions along the perov-
skite lattice would create interstitial defects such as Ii, MAi and 
Pbi. Considering the defect energy level as discussed above, the 
VPb, VI, Ii, and MAi defects contribute to the Δs-EQE peak at 
1.40 eV, while defects Ii and Pbi contribute to the peak at 1.22 eV. 
Since the dissociated ions would accumulate at the perovskite/
ITO interface and establish an internal electrical field, which 
suppress further ion dissociation and migration from the perov-
skite lattice, the Δs-EQE signal has negligible change at longer 
soaking time from 10 to 20 h.

ii)	 For the Ag-contact PVSCs, upon light soaking, the initial ion 
dissociation and migration processes would be similar to the 

Table 1.  Parameters used in Δs-EQE fitting with Gaussian functions for 
Ag-contact and ITO-contact PVSCs after light soaking at MPP for 10 h.

μ [eV] σ A μ [eV] σ A

Ag-contact PVSCs ITO-contact PVSCs

Defect state I 1.41 0.073 1.2 × 10−5 1.40 0.060 1.5 × 10−5

Defect state II 1.22 0.063 7.7 × 10−6 1.22 0.060 2.8 × 10−6

Defect state III 1.08 0.064 1.2 × 10−5 – – –

Defect state IV 0.95 0.063 5.2 × 10−6 – – –

Figure 2.  a) EQE spectra of Ag-contact and ITO-contact PVSCs upon light soaking for different durations. b) Δs-EQE spectra (open circle) and Gaussian 
fitting results (lines) of Ag-contact and ITO-contact PVSCs upon light soaking for 0.5, 10, and 20 h, respectively.
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ITO-contact PVSCs with the formation of those vacancies 
and interstitials, contributing the Δs-EQE peaks at 1.40 and 
1.22 eV. The different defect formation process in Ag-based 
device is the possible reaction between the dissociated I− ions 
and the diffused Ag particles, which trigger further ion disso-
ciation and migration from the perovskite lattice in the bulk. 
Therefore, the peak intensities of Δs-EQE at 1.40 and 1.22 eV 
have been increased while increasing the light soaking time. 
In addition, the continuous ion dissociation with increased 
ion concentration would also increase the probability of 
forming antisite defects, for example, the I− ion fills the Pb 
and MA vacancies to form IPb and IMA. These two defects con-
tribute to the Δs-EQE peaks at 1.08 and 0.95 eV, respectively.

The above results and analyses suggest that the number 
of dissociated ions in ITO-contact device would be saturated 
after 10 h of light soaking, and these ions would not further 
react with other coordinated ions in the perovskite lattice. It 
paves a way that the dissociated ions could restore the vacan-
cies and recover the photovoltaic performance. On the other 
hand, the formation and increasing amount of antisite defects 

in the Ag-contact device would result in permanent damage 
to the perovskite lattice. We intended to “rest” the PVSCs by 
putting the devices in dark after light soaking to investigate 
the recovery effect of defect states. Figure 3a show the s-EQE 
spectra of the Ag-contact and ITO-contact PVSCs before and 
after light soaking for 10 h, followed by resting in dark over-
night. Notably, the s-EQE signal of the ITO-contact PVSC at 
1.4 eV has reduced after resting in dark, suggesting that a self-
healing process occurs during the resting period. On the con-
trary, the Ag-contact device does not exhibit such self-healing 
behavior, and the s-EQE signal remains the same even after 
the light soaking. We further fitted the Δs-EQE spectra of both 
PVSCs after resting with the Gaussian model as shown in 
Figure 3b. Compared to the Δs-EQE spectra after light soaking, 
the intensities of the two peaks at 1.40 and 1.22 eV of the ITO-
contacted PVSC are significantly reduced, indicating that the 
vacancies and interstitials have been restored. However, such 
a recovery of the perovskites lattice is incomplete because these 
two peaks still can be observed with weak intensities. For the 
Ag-contacted PVSC, although the reduced peak intensities with 
slight defects’ recovery have been observed as well after resting 

Figure 3.  a) EQE spectra of Ag-contact and ITO-contact PVSCs before and after light soaking for 10 h, as well as after resting in the dark overnight. 
b) Δs-EQE spectra (open circle) and Gaussian fitting results (lines) of Ag-contact and ITO-contact PVSCs after light soaking (10 h) and resting overnight.

Adv. Mater. 2021, 33, 2006170



© 2020 Wiley-VCH GmbH2006170  (6 of 9)

www.advmat.dewww.advancedsciencenews.com

overnight, the continuous degradation of the Ag-contact PVSC 
is believed to be the corrosion of charge-transporting layer and 
Ag electrode. According to the above results, we speculated that 
in the Ag-contact PVSCs, the dissociated ions, especially I− ions 
driven by the internal electrical field toward the Ag electrode, 
would be consumed by reacting with the diffused Ag particles. 
Such reaction not only triggers progressive ion dissociation and 
migration from the perovskite crystals, but also induces the 
corrosion of charge-transporting layer and Ag electrode. For 
the ITO-contact PVSCs, since the dissociated ions under light 
soaking would not be consumed, they would only accumulate 
at the perovskite/ITO interface and create an electrostatic force 
to oppose further ion dissociation and migration. Therefore, the 
amount of the I− ions would be saturated, and the ions would 
be able to recover the VI defects under the dark condition. In 
addition, it is expected that the vacancies close to the surface 
will be first recovered, and it hinders other ions from further 
diffuse into the bulk. Therefore, the ITO-contact PVSCs cannot 
be fully recovered even after resting under dark conditions.

To validate the above-proposed degradation mechanism in 
the Ag-contact and ITO-contact PVSCs, we investigated the sta-
bility of PVSCs under MPP tracking over light/dark cycling, and 
the corresponding device performance is shown in Figure  4a. 
Indeed, the ITO-contact PVSC exhibits harvesting–rest–recovery 
(HRR) cycles in which the device harvests solar energy under 
light condition, undergoes a rest phase under dark condition, 
and recovers its photovoltaic performance. On the contrary, the 

Ag-contact PVSC does not show such HRR cycles as shown in 
Figure S6 (Supporting Information). The fast and unrecovered 
degradation observed in Ag-contact PVSCs is not only from the 
ion dissociation and migration in perovskite films, but also from 
the corrosion of Ag electrode due to the severe reaction between 
perovskite and Ag metal electrode. The HRR cycles observed 
only in the ITO-contact device provides strong evidence to sup-
port the above-proposed degradation mechanism. Most recently, 
with a robust Au electrode rather than Ag, Khenkin et  al. also 
observed similar recovery performance of PVSCs when the deg-
radation is less than 20%. The initial 20% device degradation 
can be ascribed to the metastable defect formation, and further 
degradation may involve in the reaction between Au and perov-
skite, which is irreversible.[18] It should be noted that although 
there is a recovery process in ITO-contact PVSC, it cannot totally 
recover its initial performance. The PCE drops to about 90% 
of its initial value after 17 HRR cycles (350 h). Figure S7 (Sup-
porting Information) shows the J–V curves of each HRR cycle 
before and after the MPP tracking to investigate the change of 
device photovoltaic parameters. Interestingly, during each MPP 
tracking cycle, it is observed that the Jsc is reduced but the Voc is 
increased. We find that such a change in the J–-V characteris-
tics is due to the dissociation and migration of dissociated ions 
in perovskite layer under light soaking as evidenced in the fol-
lowing device capacitance measurement results.

Figure 4b shows the capacitance–voltage (C–V) results of the 
ITO-contact PVSC. It is clearly shown that, after light soaking 

Figure 4.  a) Normalized PCE of the ITO-contact PVSC under MPP tracking. The blue area is the resting phase during which the device is stored in 
dark condition. b) Capacitance–voltage and c) capacitance–frequency profiles of the ITO-contact PVSC before and after light soaking (10 h), as well as 
after resting in the dark overnight.
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at MPP, the peak position of the device capacitance has been 
increased by 50  mV, indicating an increase of device build-in 
voltage (Vbi).[19] Detailed discussion on the effect of ion dissocia-
tion on the change in Voc and Jsc is provided in Figures S8 and 
S9 (Supporting Information). Moreover, as shown in Figure  4c, 
the capacitance–frequency (C–F) measurement result also sup-
ports the generation and recovery of ionic defects during MPP 
tracking. The device capacitance below 100  Hz increases after 
light soaking, where the capacitance at such low frequency is 
typically associated with the slow ionic response.[20] Impor-
tantly, it should be noted that both C–V and C–F profiles of the  
ITO-contact PVSC recover to their initial states after resting in 
the dark overnight. Such capacitance recovery is also a direct 
piece of evidence for the self-healing of the dissociated ions to 
the corresponding vacancy states in perovskite lattices. As shown 
in Figure S10 (Supporting Information), the capacitance of the 
Ag-contact device in both C–V and C–F measurements signifi-
cantly increases after light soaking and cannot be recovered after 
resting overnight. S-EQE, HRR cycle, and device capacitance 
measurement have excellent consistency with the proposed deg-
radation mechanism of ion dissociation and recovery in PVSCs.

The above results provide strong fundamental understanding 
of the degradation mechanism caused by ion dissociation in 
PVSCs, as illustrated in Figure 5. First, light soaking initiates 

the ion dissociation from perovskite lattices, and especially the 
mobile I− ions are driven to the perovskite/electrode interfaces 
by the internal electrical field. Second, if the dissociated ions 
are consumed by reacting with the electrode as in the case in 
Ag-contact devices, this process would trigger a chain reac-
tion to accelerate further ion dissociation from the perovskite 
bulk, inducing large amount of defects including vacancies, 
interstitials, and antisites. In contrast, if such a reaction could 
be prohibited as using ITO as the electrode, the dissociated 
ions would only accumulate at the device's interfaces without 
consumption, and the dissociated ions are able to restore the 
corresponding vacancies in the perovskite lattice under dark 
condition, enabling a long lifespan of device performance. It is 
worth mentioning that the degradation of perovskite is deter-
mined by combined effects from the electrode and perovskite 
materials. Different from other photovoltaic materials such as 
organic and silicon where the electrode-diffusion-induced deg-
radation is not that severe, the ions in perovskite tend to be dis-
sociated and trigger reaction with other materials. Therefore, 
stabilizing the ion coordination would be the ultimate strategy 
to achieve long-term stability. However, as shown in this study, 
PVSCs’ performance could also be stabilized with an effective 
approach to prevent the dissociated ions from being consumed 
by reacting with other materials in device.

Figure 5.  a) Schematic illustration of the degradation process in Ag-contact PVSCs including ion dissociation, ion migration, and ion consumption. 
b) Working principle of the ion dissociation and recovery process in ITO-contact PVSCs.
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Experimental Section
Materials: NiOx precursor material, nickel acetate tetrahydrate, 

(Ni(OAc)2·4H2O) was purchased from Sigma–Aldrich. Lead iodide (PbI2) 
and methylammonium iodide (MAI) were bought from Tokyo Chemical 
Industry and GreatCell Solar, respectively. Electron-transporting material 
PC61BM was bought from 1-Materials. BCP and AZO nanoparticles’ inks 
were purchased from Sigma–Aldrich. All organic solvents used in this 
study were obtained from Sigma–Aldrich.

Fabrication of Perovskite Solar Cells: The Ag-contact PVSCs were 
fabricated based on the structure of glass/fluorine-doped tin oxide (FTO)/
NiOx/MAPbI3/PC61BM/BCP or AZO/Ag, while the ITO-contact PVSCs 
were fabricated based on the structure of glass/FTO/NiOx/MAPbI3/
PC61BM/AZO/sputtered ITO. To fabricate PVSCs, patterned commercial 
FTO glass substrates were first cleaned and then dried in oven at 70 °C.   
Before film deposition, the cleaned FTO glass was further treated by 
UV–ozone for 20  min. The fabrication of NiOx and MAPbI3 perovskite 
layers was introduced in the previous report.[21] PC61BM (25  mg mL−1 
in chlorobenzene) was spin-coated onto the top of MAPbI3 layer at 
4000 rpm  for 40 s. For the BCP layer, its precursor solution (1  mg mL−1 
in ethanol) was spun with 4000  rpm for 40 s. For the AZO layer, its 
nanoparticle ink was spun at 4000  rpm for 40 s. For Ag-contact PVSCs, 
a 100 nm Ag electrode was deposited by thermal evaporation at a base 
pressure of 10−7 Torr. For ITO-contact PVSCs, 500 nm sputtered ITO was 
deposited at room temperature by DC magnetron sputtering at a working 
pressure of 2.0 × 10−3 mbar as reported in the previous work.[22]

Characterizations: The scanning electron microscopy (SEM) image of the 
perovskite layer and EDX mapping were obtained on Philips XL30 FEG. The 
absorption profile of perovskite and transmittance profile of sputtered ITO 
were obtained from a commercial UV–vis–IR optical spectrophotometer 
(Agilent Technologies, CARY-7000). The current density–voltage (J–V) 
characteristics of PVSCs were measured with a Keithley 2400 series 
source meter under an AM 1.5G solar simulator (ABET TECHNOLOGIES, 
Sun 2000) with a power density of 100  mW cm−2. For the shelf lifetime 
evaluation, the PVSCs were stored in a N2-filled glovebox, and the J–V 
curves were obtained at set intervals. For the MPP tracking, the PVSCs 
were measured in a N2-filled glovebox under constant light soaking at 
100  mW cm−2 (white light-emitting diode (LED) array), and the devices 
were maintained at their MPP during the measurement. For the HRR 
cycles, the devices were first measured at MPP under an AM 1.5G solar 
simulator (ABET TECHNOLOGIES, Sun 2000) with a power density of 
100 mW cm−2 for 10–14 h, and then rested overnight under dark in a N2-
filled glovebox for 10 h. The spectra of the solar simulator and white LED 
array for the measurements were recorded using a spectrometer (Ocean 
Optics (320-1120 nm)) as shown in Figure S11 (Supporting Information).The 
highly sensitive external quantum efficiency (s-EQE) spectra of PVSCs were 
obtained using a home-built setup. During the measurements, light from 
a 1000 W xenon arc lamp (Newport) passes through a monochromator 
(Zolix) and optical chopper (ThorLabs) before being focused on the device 
area. The generated photocurrent was amplified by a current amplifier 
(Standard Research SR570) and then collected by a lock-in amplifier 
(Standard Research SR830). The intensity of the light source was measured 
by calibrated silicon and germanium detectors (ThorLabs). To improve the 
sensitivity of the s-EQE, a collection of long-pass filters were employed to 
eliminate the contribution from second harmonic diffraction signals, and 
the measurements were done inside a black box to eliminate the ambient 
light. The s-EQE measurements were conducted immediately after light 
soaking for different times. The degradation test and s-EQE measurements 
were conducted on three batch devices and observed similar phenomena. 
The capacitance of PVSCs under different voltages and frequencies 
were measured with an impedance analyzer (HP4284A). The transient 
photocurrent of PVSCs was measured by applying a laser pulse (532 nm and 
6 ns) on the devices, and the signal was captured by a digital oscilloscope.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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