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ABSTRACT

The degradation of encapsulated perovskite device has been investigated by optoelectronic
characterizations. The performance of encapsulated device dropped by approximately 50% of
initial value after five months. The degradation of device performance was found to be
influenced by both interface recombination and deep trap assisted recombination in the
perovskite. The analysis of temperature dependent current-voltage characteristics and
capacitance spectra revealed that the decrease in activation energy of interface recombination,
deepening of the defect levels and reducing diffusion potential of devices led to deterioration
of device parameters with aging. The degradation of the encapsulated device might be
governed by dissociation and migration of constituent ions which induces deeper defect level

in perovskite layer and deteriorates the interface with aging.
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1. Introduction

Perovskite solar cells (PSCs) have drawn enormous attention due to their rapid progress in
device efficiencies ~22% showing a competitive performance to silicon and chalcopyrite based
photovoltaic devices.’ Although perovskite devices demonstrated startling performance by
adopting various fabrication methods®>” and device architectures with a number of carrier
transport materials (CTMs),81% the poor stability of device has been most problematic for
commercialization.>'*1* Indeed, the improvement in device stability has been attempted in
terms of device structures,®® engineering CTMs,31"1® electrode!* and coating with
hydrophobic materials.®?° The degradation of PSCs is reported to be accelerated by external
factors such as humidity,*>?22 UV light,>>?* temperature??> and oxygen?! coupled with
intrinsic properties of perovskite materials;?%?>? chemical instability, ion migration,
dissociation of constituents and worsening of carrier transport layer (CTL) and external
contacts.?!?22".28 |dentifying the mechanisms behind the degradation is crucial to resolve a big
hurdle of short lifespan of perovskite devices.

Let us go into some details of the degradation studies quoted above. The atmospheric
moisture has been regarded as the main cause for irreversible degradation of perovskite
material.*212%% Yang et al. investigated the degradation mechanism in controlled humidity
using in situ techniques.®! They observed a rapid degradation of perovskite film under higher
humidity and formation of new hydrated compound. Choi and co-workers®? reported that the
moisture induced irreversible degradation of perovskite material is triggered by trapped charges
at grain boundaries. In addition, they also observed the synergetic effect of oxygen on
degradation. Note that degradation of perovskite film may be influenced by the carrier transport
layers®'” and contact electrode™*3, which could make the study of separate perovskite films
insufficient. A study by Bryant et al. found that light and oxygen-induced degradation causes

the low operational stability of perovskite device exposed to ambient conditions.>* They



suggested that the operational stability can be critically improved by protecting perovskite with
oxygen-impermeable interlayer. Although the device stability improved for encapsulated
devices?®?* or devices kept in nitrogen atmosphere,®?3® they also suffered signification
degradation with aging. It indicates that there are intrinsic factors for degradation of perovskite
device induced with aging. Cheng and co-workers carried out a post-mortem analysis of
encapsulated perovskite devices (significantly degraded) after prolong aging at high
temperature and humidity.?? They observed less severe and slow degradation but the perovskite
still decomposes into HI and CH3NH: gases. It is found that the saturated release gases cause
voids at interface and corrode the metal contact leading to the device parameter deterioration.
Guerrero et al. also reported that interfacial deterioration caused by reaction between metal
electrode and perovskite could result in degradation of device in the absence of moisture.?
Interestingly, Besleaga et al. suggested that iodine is dislocated by electric field between
electrodes which causes iodine migration.®® This results in intrinsic degradation of device. A
recent study by Zhang et al. reported that the ion migration accelerated degradation of PSCs at
the device level.?” They observed not only diffusion of mobile iodide from perovskite into
CTLs and contact electrode but also diffusion of electrode metal atom/ions into the perovskite.
Song et al. suggested that increased trap states at the surface of perovskite induced the
performance degradation of PSCs, based on the J-V characteristics and open circuit voltage
decay measurements.>> Moreover, theoretical studies postulated that the interfacial ionic
migration and formation of defects such as antisites (MApy, Pbma, MA,, Py, Ipy), interstitial
(MAi, Pbi, Xi) and vacancies (Vma, Vrb, Vi) can deteriorate the optoelectronic quality of
perovskite layer and also induce interface degradation leading to dominant effect in device
performance.®6-38 Therefore, systematic studies are necessary to correlate the degradation of
device performance to the perovskite material properties; chemical decomposition, ionic

migration, optophysical/optoelectronic properties, and interfacial interactions.



In this study, we have investigated the degradation of encapsulated devices focusing on
optoelectronic characterizations; photocurrent-voltage characteristics and admittance spectra.
The degradation of device performance was found to be dominated by interface recombination
(decrease in Ea~ 1.40 eV to <1 eV) and formation of deeper defect states (~0.3 to 0.8 eV).
The device simulations were also carried out using SCAPS (solar cell capacitor simulator). The
degraded device characteristics were reproduced by adjusting the simulation parameters

according to the optoelectronic measurements, which supports our interpretation.

2. Experimental section

Materials and preparation: All chemicals were purchased from commercial suppliers as
mentioned and unless otherwise specified, they were used as received. Methylammonium
iodide (MAI) and Methylammonium chloride (MACI) were of battery grade from Wako
chemical company. Pbl>-DMSO complex was prepared following the report by Seok and co-
workers.* In brief, Pbl, (50g) was dissolved in DMSO (150 ml, 60 °C). After that toluene (350
ml) was slowly added into the Pbl> solution and the precipitation (Pbl>-(DMSO).) was filtered
and dried for 3 h at room temperature. The Pbl2-(DMSO). complex was reduced to Pbl.-DMSO
by further annealing the precipitation for 24 h in vacuum oven at 60 °C. For the fabrication of
perovskite films, precursor solution were prepared by dissolving Pbl,- DMSO complex and
methylammonium iodide (MAI) + methylammonium chloride (MACI) in anhydrous DMF
(500 mg ml?) and ethanol (50 mg ml?; 19:1 ratio, by mass), respectively. [6,6]-Phenyl
Ce1 butyric acid methyl ester (PCs1BM) [Sigma Aldrich, 99% purity] solution (2 wt. %)
dissolved in anhydrous chlorobenzene (CB) was used for coating of the electron transport layer
(ETL). Tetrabutylamonium iodide (TBAI) (Sigma Aldrich, 99% purity) precursor solution

(0.01 wt. %) was prepared by dissolving in ethanol for doping of PCBM surface.*® All the



solutions were filtered using 0.45 um syringe filters to avoid the risk of unwanted particles in

the precursor solution.

Device fabrication: We employed low temperature solution process method to fabricate the
planar heterojunction PSCs. First, the ITO substrates were pre-cleaned in an ultrasonic bath
with detergent, pure water, and 2-propanol, followed by an ultraviolet-ozone treatment for 5
min to remove the organic residues. A thin HTM layer (30 nm) of poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS, Clevios, AIl4083) was
deposited by spin coating at 3000 rpm and subsequently dried at 130 °C for 10 min on a hot
plate in air. Then substrates were transferred into a nitrogen-filled glove box (<1.0 ppm O2 and
H20) and the rest of the steps were carried out inside the glove box. Pbl, precursor solution
was spin coated at 3000 rpm for 90 s and a mixed precursor solution of MAI + MACI was
subsequently spun on to the Pbl> layer at 4000 rpm, for 30s. Then those as-grown CHsNH3sPblz-
xClx perovskite films were crystallized simply by placing on a hot plate either with MACI
powder in a Petri dish or without MACI powder at 100 °C. For ETM layer, PCs1BM was
deposited on top of the perovskite films at 700 rpm for 30 s and subsequently at 5000 rpm for
10 s, followed by deposition of a thin TBAI layer spun at 3000 rpm for 25 s. Note that the
device fabricated with MACI treatment is denoted as device-l and that of without MACI
treatment is device-11. To complete device structure, those samples were then transferred into
the evaporation chamber connected to the glove box for metal contact deposition. 100 nm of
Ag was thermally evaporated at a base pressure <10 Pa and get complete devices with area
of ~0.26 cm?. Then, all devices were sealed using UV-curable resin (UV RESIN XNR5516Z;
Nagase ChemeteX, Japan) inside the glove box before the subsequent measurements in ambient
conditions. For encapsulation, the perovskite device was covered with transparent plastics well
fitted to device size which was glued using UV-curable resin. The device encapsulation was

completed by baking the sealed device under UV-light for 5 min.



Device characterizations: The current density—voltage (J-V) characteristics and spectral
responses (external quantum efficiency (EQE), internal quantum efficiency (IQE) and
reflectance spectra) were characterized with a spectrometer (SM-250, RU-60 with integrated
sphere, Bunko Keiki, Japan). Capacitance-frequency (C-f) response was measured with an
LCR meter (E4980A, Agilent), which probes from 20 Hz to 2 MHz at ac voltage amplitude of
10 mV under dark condition in the temperature range of 253K—343K whereas capacitance-
voltage (C—V) measurements were carried out at 1kHz. For temperature dependent
characterizations, we used a temperature controlled chamber (SU-221) having control error of

+0.1K (°C).

3. Results and discussion

We chose two types of encapsulated perovskite solar cells (PSCs) of device structure
ITO/PEDOT:PSS/perovskite/ PCBM/TBAI/Ag (Fig. S1); (a) device-I having the best PCE in
the range; n~14-15% and (b) device-11 having the best PECE in the range; n=11-12%. As
stated earlier, device-I was fabricated with MACI treatment and device-11 without. The details
of device characterizations have been discussed in our previous report.® Two types of devices
(better and lower initial quality, respectively) were intentionally chosen in order to see if the
mode of degradation depends on the initial quality. The difference between the two was
presumed to be due to the bulk crystallinity of the perovskite layer. We analysed the J-V

characteristics and capacitance spectroscopy of fresh and degraded devices.

3.1. Device degradation and electrical properties
Figure la depicts the J-V curves of encapsulated perovskite devices degraded with aging.
Those devices were stored under ambient conditions and measured periodically under standard

conditions, one sun illumination, AM 1.5G at room temperature. The device parameters are



summarized in Table 1. We observed a noticeable drop on open circuit voltage (Voc) rather
than short circuit current (Jsc) during the first three months. The performance of our devices
dropped by approximately fifty percent of initial PCE after five months. The perovskite devices
without encapsulation degrade much faster due to various external factors.?>?23 The
degradation trends of device parameters with aging have been summarized in supporting
information (Fig. S2, Table S1). Note that we tested J-V characteristics (Fig. S3) of
encapsulated device under standard testing condition (one sun illumination, AM 1.5G) by
varying relative humidity (30%-90%) for confirmation of encapsulation. No noticeable
variation was observed in figures of merit of device even in severely humid environment. It
indicates that internal factors are the primary cause for degradation. Multiple reports suggested
that ion migration in device results in interfacial worsening and deterioration of perovskite

layer which accelerates degradation.?”28:33,
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Fig. 1. J-V characteristics of the perovskite solar cells (device-I) after different aging time
interval (a). Diode ideality factor (A) and reverse saturation current density (Jo) (b) of the

perovskite devices extracted from analysis of respective J-V curves.



Table 1. Photovoltaic parameters of devices after various aging period.

Device-I
Devices perforamnce
Jsc Voc FF n
/ days

(mAcm?) V) (%) (%)

0 20.12 0.95 79.81 15.09

90 19.93 0.89 78.47 13.33

120 16.48 0.79 76.79 10.12

150 15.56 0.62 70.15 6.71

To understand the degradation kinetics of the perovskite devices, we extracted the
electrical parameters; diode ideality factor (A) and reverse saturation current density (Jo) which

are related to defect activities in the devices,**~* by fitting with the diode equation.*®

JW) = Jo [exp (L22) — 1] + 22— gy ) (1)

AkgT Rsn
Where Rsand Rsh are series and shunt resistance of the devices, Jen photocurrent and kg the
Boltzmann constant. The estimated parameters are listed in Table S1 for fresh and degraded
devices. As shown in Fig. 1b, the parameters (A, Jo) increase with the degradation, which agree
with the reported values®: A increased from ~1.1 for a fresh device to ~1.7 for a degraded
device and Jo increased from ~9.03x10*2 mAcm to 8.46 x10°® mAcm for respective devices.
Note that we observed pretty much parallel degradation trend for device-I1 with slightly higher
values of A and Jo as summarized in supporting information (Fig. S2, Fig. S4, Table S1). Our
further analysis of aging effects also revealed similar characteristic trends for both devices
indicating same origin of degradation phenomena, which turned out to be insensitive to the
crystallinity of the perovskite layer. Hence, we consider characteristic trend of device-1 on

further analysis and discussion hereafter.



The spectral response change with aging (Fig. S5) revealed a significant loss in EQE in the
range of 300-730 nm that indicates inefficient carrier collection. It is attributed to the
degradation of perovskite layer and deterioration of interfacial carrier transport layer. 344 The
higher values of A and Jo with aging signify that the degradation of device performances is
attributed to increasing trap assisted recombination phenomena.***3 This could be due to either
intrinsic instability of perovskite material, ill-behaved interface at CTLs, or intra-layer ion

migration in perovskite device.?22"?® We will discuss some of them below.
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Fig. 2. The temperature dependent open circuit voltage (Voc-T) of fresh device (a) and
degraded device (b). Plots of trend of efficiency (n) (c) and Voc (d) of fresh and aged devices
with activation energy of interface recombination (Ea).

To investigate the impact of aging on interface layer quality and recombination
mechanism, the temperature dependent J-V characteristics were studied in the temperature

range 233 to 353 K. The temperature range was chosen to avoid the phase transition of
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perovskite crystal.*® The temperature dependence of device parameters particularly, Voc vs T
provides insight into the dominant recombination processes and effect of defect/trap level that
lowers Voc. Figure 2 depicts temperature dependency of Voc of fresh and degraded devices.
These trends are in good agreement with other reports.*-°° The activation energy (Ea) of the
dominant recombination can be estimated by linear extrapolation of Voc-T plots to 0 K as given

by equation®?
E AkgT
VOC: 7‘4 - TB X In (]0—0) (2)

where Joo and Jon denote reverse saturation current prefactor and constant photocurrent,
respectively. Joo depends on specific recombination mechanism that dominates reverse
saturation current (Jo). The value of Ea was estimated to be ~1.4 eV for fresh device whereas
that of the degraded device was found to be ~0.98 eV as depicted in Fig. 2 (a, b). Note that the
depression of Ea with respect to Eg (Eg-Ea) reflects the strength of recombination at the
interfacial defects induced in the perovskite layer.*34"51 A noticeable depression of Ea for
degraded device indicates strong interface recombination. The deterioration of the interfacial
perovskite could be caused by ion migration? or formation of voids in CTLs and detachment
of interfacial layer.?? Moreover, Fig. 2a reveals a slight deviation of Voc from increasing linear
trend below 263 K which could be due to pinning interface, defect in perovskite layer or being
contact limited at low temperature.®® The temperature dependent figures of merit for fresh and
aged perovskite devices (Fig. S6) also reflect the deterioration trend with decreasing
temperature. Particularly, Jsc shows a dominant decrease with temperature for degraded device.
This must be correlated to either increasing recombination activities or interfacial deterioration
with aging.???7* Note that despite some fluctuations in values, FF and Rs, show no noticeable
change in trend with temperature for both fresh and aged devices. Importantly, a decreasing
trend of PCE and Voc of devices with decrease in Ea (Fig. 2c, d) corroborates that the defect-

mediated recombination at the interface significantly affects the device degradation with aging.
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This could be due to either of self-degradation of CTLs or worsening of interface or perovskite
layer caused by chemical reaction or intrinsic instability of material.?”33% Thus, this result
suggests that a robust CTL having superior moisture stability and resistive to ion diffusion can

improve the device stability.

3.2. Admittance spectroscopy and instability impact

Admittance spectroscopy (AS) is commonly employed to extract the carrier profile,
distribution of defect density and energetic position of the defects within the band gap by
tracking the capacitance response from absorber layer.°*%? Through AS technique, the
degradation phenomena are further elucidated. We analyzed the capacitance voltage (C-V)
scans of devices as depicted in Fig. 3. The Mott-Schottky plot (Fig. 3a) shows a full depletion
in well confined p-i-n junction. Note that the curve is independent of voltage until the forward
bias voltage is close to diffusion potential (Vp)*® for p-i-n type device. Although a fully
depleted perovskite layer between CTLs is retained well in both fresh and degraded
devices,**3 the diffusion potential (Vp)* decreased from ~0.78 to 0.62 V under degradation.
This result is analogous to the decreasing trend of Voc with aging (Table 1, Fig. S2). Guerrero
et al.?® also observed a similar trend for degraded devices. The decrease in Vp for degraded
device suggests that the energetic properties at the interface between the perovskite and contact
electrode been modified as a consequence of accumulation of spurious charges at interface with
aging.?® Moreover, although there is no distinct difference in the space charge carrier profile of
fresh and degraded device with minimum carrier density in the range of 10°cm as depicted
in Fig. 3b, the space charge region (SCR) width was found to be slightly increased by ~10 nm
(from ~301 nm for fresh to ~311 nm) for degraded device. An increment in SCR width may be
the consequence of diffusion of atomic constituents of perovskite material to the interfacial

CTLs due to dissociation or ionic migration with aging.?”*35+%6 \We speculate that the increase
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in SCR could be associated with defective interface which dominates the recombination at

interface as discussed in the preceding section.
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Fig. 3. Admittance spectroscopy of fresh and aged devices; Mott-Schottky plots (a) and SCR
carrier density profiles (b) obtained from capacitance voltage (C-V) characteristics of fresh and
degraded PSCs. The values in the plots (b) are SCR width, the minimum carrier density and
carrier density close to SCR width at zero bias. The estimation of defect levels from Arrhenius
plots of fresh (c) and aged (degraded) (d) devices extracted from thermal capacitance frequency
(C-f-T) characteristics.

To probe the impact of defect states and defect profile in device with aging, the perovskite
devices were investigated by analysing the temperature dependent capacitance-frequency (C-
f-T) spectra of fresh and aged devices as depicted in Fig. S7. Note that the C-f-T spectra of
degraded PSCs revealed a wider variation of capacitance with temperature and distortion in

high frequency range. This indicates a higher defect activities induced in device with aging.
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The dielectric constant was found to be slightly increased from ~21 to 25 for fresh and degraded
device-1 which is in the range of reported values.*5°35758 The increase in dielectric constant
could be due to increase in ionic accumulation or polarization at interfacial junctions in aged
device.®57° The defect states in devices were calculated from Arrhenius plots (Fig. 3c, d)

extracted from characteristics C-f-T spectra of devices using the relation,>

Wo= ZUOTZe_Et/kBT 3)

where v, is emission factor comprising all the temperature independent parameters and E;
is defect energy level. The fresh device-1 (Fig. 3c) demonstrated two defect states at Ey1~0.24
eV (v;~1.36x 108 s?) and Ex~0.35 eV (v,~1.27x 101° s?) with emission factors (v) in
respective parentheses whereas the degraded device-1 (Fig. 3d) revealed deeper trap levels at
Eq1~0.31 eV and Eq2~0.75 eV with emission factors; vg;~7.35% 10° st and v,~2.03x 102°
s1, respectively. To have further confirmation, we also analyzed the C-f-T spectra of additional
devices (degraded). Some of these are depicted in Fig. S8. Both fresh and aged devices showed
two defect states which are analogous to the reports.®%5! Indeed, the aged perovskite devices
revealed deeper defect states compared to fresh devices (Fig. S9). This may be as a
consequence of ion migration?"®2 which indicates intrinsic instability of perovskite.
Furthermore, although deep defect levels have been induced in degraded perovskite devices,
the integrated defect densities of fresh device (~10'” cm™®) were found to be one order higher
than those of degraded devices (~10% cm™) for both devices which are in the range of reported
values by other groups.®®6153-66 The lower defect densities for deep defect states in our
degraded devices are close to the report by Heo et al.®’ They estimated integrated defect
densities in the range of 10%*-10™ cm™ for deep defect levels, which is comparatively lower
than our estimation. It suggests that the deep defect levels are worse enough to deteriorate

device performances even if the degraded devices have lower defect densities.
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Furthermore, it is crucial to identify the defect to unveil the reason behind the origin of deep
defect states with aging. Though the identification of defect type is rather complicated,
following the density functional theory (DFT) calculation,*®-38%7 the shallow defect states in
device are attributed to either of iodine vacancy or interstitials (\V or Ii), methylammonium
vacancy (Vma) and lead vacancy (Vrb) whereas the deep defect states in degraded device could
be assigned to antisites either of Ima and Ips. The experimental and theoretical studies indicate
that the ionic species (Pb*, MA*,17) formed by dissociation of MAPb(I,Cl)s drift within
perovskite layer 23336385968 Then unbalanced kinetics of ionic species/constituent atoms
induce the deep defects as well as accelerate the chemical reaction between ions (especially
most mobile ions 17) to CTLs and contact electrode.?’-33385%68 Since the defect in perovskite
layer impacts on the electron-hole diffusion length and Voc of device,*® deep defects induced
in the degraded device effectively act as SRH nonradiative recombination centers, which
contribute for lowering Voc with aging. Therefore, the intrinsic stability of perovskite layer

with aging is one of the crucial prerequisites to increase the durability of perovskite device.
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Fig. 4. Current density-voltage (J-V) characteristics from simulation adopting the experimental

degradation trend of perovskite devices (a) and the simulation parameters and corresponding
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device parameters (numbered 1-4) are as summarized in Table S3 (supporting information).
The comparative plots of the performance parameters of device-1 with the simulated data (b-

d).

3.3. Degradation phenomena and simulation

To illustrate the degradation driven by deterioration of interface layer and formation of
deep defect with aging, we performed a device simulation using the program SCAPS (ver.
3.3.03),%° solar cell capacitance simulator adopting the device layers shown in Fig. S10
imitating the real device with the layer properties (Table S2) adopted from our earlier
reports.54” Regarding the degradation phenomena, the interfacial deterioration was accounted
for by the interface defect density at the interface of CTLs and perovskite layer whereas
degradation of perovskite layer was assigned by considering the defect states and defect
densities. The simulation results (Fig. S11) reveal that the deep defect states and increase in
defect density in perovskite and defective interfacial layer have dominant impact on device
performance. Some trial simulations have been performed (Fig. 4a), which reproduce the basic
characteristics of the experimental J-V results (Fig. 1). A set of simulation conditions and
simulated device parameters are summarized in Table S3. An attempt to obtain better fitting
without full understanding of the device degradation would be not useful at this stage.
Nonetheless, the trend of experimental and simulated device parameters (Fig. 4b-4d) lies
within an acceptable range. It indicates that the degradation of perovskite device is attributed
to the collective consequence of gradual worsening of both interface quality and perovskite

layer.
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Fig. 5. Schematic diagrams showing the degradation phenomena of encapsulated perovskite
device driven by deep defects and interfacial deterioration due to ionic migration and
dissociation in fresh (a) and degraded (b) perovskite device and energy band diagram with
defect state localization (c, d) respectively. Here atomic constituents with arrow heads
represent ionic movements in perovskite layer and towards the interfacial layers. Here, Ec, Ev
and Er stand for energy level of conduction band, valence band, Fermi level in energy band of
device and Eu. Et, Eq1, and Eqg2 denote the energetic defect states with in the perovskite layer
induced in fresh and degraded device. The filled and empty symbols represent the different
types of defect species in perovskite layer.

In the schematic diagrams in Fig. 5, we propose the illustration of the degradation
phenomena of encapsulated perovskite device induced by deep defects due to ionic migration
and dissociation of constituents with aging as discussed above. As shown in Fig. 5a, b, the
fresh perovskite device is supposed to have intrinsic defects (li, Veb, Vi, Vma) having shallow
energetic states®®® with accumulation of detrimental charges at interfaces which hamper the
carrier dynamics.®® The vacancy defects, most mobile species in MAPb(I,Cl)s material, I-
related defects and ions formed by dissociation of perovskite are assumed to interact to the

interfacial layer dominantly.?’-3336-38556667.70 A nerovskite layer suffered from gradual
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dissociation of atomic constituents and ionic migration to either of CTLs with aging as depicted
in Fig. 5b, there is formation of deep defects (Ima, Irb) (Fig. 5d) in addition to shallow defects
pre-existed in fresh device (Fig. 5¢) and increases the accumulation or interaction of
detrimental charges at either of interfaces leading to degradation of perovskite layer and
deterioration of interface layer. This lowers device performance. Obviously, there is still much
room to uncover the facts behind the intrinsic instability of perovskite device not only due to
ambient atmosphere but also due to internal phenomena and passivation of those detrimental

effects to overcome the degradation issue.

4. Conclusions

We have explored the degradation of encapsulated perovskite devices by optoelectronic
approach. The correlation of degradation and optoelectronic properties was investigated by
analysing the J-V characteristics and capacitance spectra of devices. The degradation of device
performances was found to be influenced by deterioration of interfacial layers coupled with
traps assisted recombination. The admittance spectroscopy revealed deeper defect levels in
perovskite layer and reduction in diffusion potential of the devices, which are believed to be
the cause of decrease in open circuit voltage of the device with aging. It is clear that the control
of defects in perovskite material and deterioration of CTLs is crucial even for encapsulated

perovskite devices to get long term stability.

Associated content
Supporting information

The Supporting Information is available free of charge. Experimental details and

characterization, schematic of device structure, plots and table of degraded device parameters,
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