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ABSTRACT

The operational stability of encapsulated halide perovskite solar cells (HaPSCs) is imperative for their
commercialization. Despite improvements in device stability, we lack insights into the irreversible
degradation of devices under prolonged illumination and heat stress. Here, we investigated the
operational stability of devices (~1 cm?) made with poly(triaryl amine) (PTAA; power conversion
efficiency PCE =~ 19.32%) and sputtered NiOx (PCE~15.60%) as a hole-transport layer (HTL) under
light (for >1000 h) at 20, 60, and 85 °C to unravel the degradation mechanisms. Degradation of the
PTAA device was accelerated by interface deterioration and bulk decomposition initiated by the
formation of voids and Pbl, via iodine migration from defective regions at the columnar grain
boundaries with the release of 1> gas. The NiOx device, with its immunity to iodine and its moisture-
resistive properties, had significantly improved stability with suppression of the HaP bulk degradation
by alleviation of internal defect dynamics. Our results corroborate that the formation of voids and Pbl;
crystallites at columnar inter-grains or at the HTL (ETL) /HaP interface with the release of I gas is
the primary cause of device degradation. Capacitance—voltage analysis showed that the PTAA device
develops a much wider defective interface layer than the NiOy device, driven mainly by the chemical
reaction of iodine with the interfacial layer. Thus, our results reveal that although the cracking of
columnar inter-grains and defective spots in the perovskite bulk is the main origin of device
degradation, the nature of the carrier transport layer also partly contributes to catalysing bulk and
interface degradation. Thus, the passivation of columnar inter-grain defects in the HaP bulk and
lamination of the interface with a chemically inert to iodine and a moisture-resistive carrier-selective

layer is crucial to the operational stability of HaPSCs.
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1. Introduction

The startling progress in the power conversion efficiency (PCE) of halide perovskite solar cells
(HaPSCs) is now getting close to the theoretical limit for single-junction solar cells. - However, the
commercialization of HaPSCs is limited by problems of long-term stability. 4 Despite the high device
efficiency, real-world operation accelerates PCE loss. The degradation of HaPSCs is triggered by many
causes, such as irradiation, heat, moisture, oxygen, electric bias, and strain.”° These stimuli degrade
the HaP film by accelerating bulk layer decomposition, ion migration, and dissociation of constituents.
Diffusion through the electrodeand deterioration of the carrier transport layer (CTL) are also

notorious.113

Although encapsulation can suppress the degradation of HaPSCs by external causes, ***® HaP bulk
degradation eventually starts to impede operational stability. 1® Multiple studies have been devoted to
understanding the intrinsic degradation of HaPSCs. ’*° In particular, under heat—light soaking (HLS)
conditions, iodine vapour released from defective regions induces degradation that propagates across
the active area, forming voids with Pbl>-rich regions and decreasing the photocurrent. 181° Degradation
is instigated mainly from domains richer in defect densities such as grain boundaries 2° and the interface
with CTLs. ?* Noting these factors, several reports have attempted to improve the intrinsic stability by
engineering the HaP film with a mixed composition,?? large organic cations as a hydrophobic
interface, 22 molecular additives, 2* and tailoring of the CTLs/interfaces. 2>2

Recent operational stability studies have focused on the degradation mechanisms. 12’ Besides the
intrinsic stability of the HaP layer, the CTL and its interface also have a crucial role in device stability.
Grétzel and co-workers reported excellent operational stability using CuSCN and a reduced graphene
oxide spacer layer that prevents electrode corrosion.?® Yang et al. reported improved stability by
passivating the HaP surface with lead sulphate as a protective layer. 2° Cui and co-workers improved
stability by passivating the surface and grain boundaries, forming a 1D/3D perovskite heterojunction
with the introduction of propargylammonium to the 3D HaP film. 3 Troshin and co-workers suggested
that the degradation of HaP can be suppressed with CTLs that are chemically robust to the chemical
constituents of the absorber layer.3! Though most operational stability data are acquired at room
temperature, stability at higher temperatures is more pertinent to real-world devices that can reach
80 °C. 8 Schloemer et al. ** documented comprehensive insights into the interface effect for operational
stability of HaPSCs. They dramatically improved high-temperature operational stability by replacing
MoOy with VOx. A rapid loss of short-circuit density (Jsc) of the device caused by buckling of the hole-



transport layer (HTL)/MoOy interface can be decelerated by interface modification with the VO
interlayer. Even though the degradation mechanism is stimulated at elevated temperatures through an
increase in chemical kinetics that leads to interfacial deterioration as well as delamination, the
mechanisms that cause operational instability of HaPSCs with different interface layers remain largely
elusive. There are still open questions of how the degradation propagates under HLS stress and how
the CTL catalyses the device degradation. Therefore, it is imperative to get insight into accelerating
stress testing to provide hints for interface engineering and device stability.

Here, we systematically investigated the operational stability of perovskite solar cells at different
temperatures under constant illumination in an ambient atmosphere. We evaluated the operational
stability of HaPSCs with poly(triaryl amine) (PTAA) or NiOy as the HTL to understand the degradation
mechanisms. Scanning transmission electron microscopy (STEM) and energy-dispersive X-ray (EDX)
spectroscopy results revealed that the degradation of PTAA device is accelerated by interface
deterioration followed by bulk decomposition initiated by the formation of voids and Pbl; crystallites
at columnar inter-grains or the HTL/HaP interface with the release of I, gas. In contrast, the interface
of NiOx devices remained comparatively stable by blocking iodine migration and hence decelerating
bulk decomposition. X-ray photoelectron spectroscopy (XPS) analysis reveals that the PTAA layer
easily deteriorates as it interacts with iodine or its derivatives under ageing. A thin layer of Nil; that
forms at the surface of NiOx as it interacts with iodine could change the interface band offset and hence
increase the open-circuit voltage (Voc) of the device. We also investigated the optoelectronic
deterioration of aged devices by analysing capacitance spectra. This work illustrates the mechanism of
device degradation and the nature of the HTL under HLS conditions that is crucial to resolving
operational stability problems.

2. Results and discussion

We fabricated inverted-based HaPSCs with HTLs made of PTAA or NiOyx (Fig. 1a). Figure 1b displays
J-V curves of devices of 1 cm? (Fig. S1), with their figures of merit inset. The PTAA device had a
device efficiency of 19.32%; the sputtered NiOx device had an efficiency of 15.60%. These results are
in the range of best reports for large-area devices. 32 Our previous study analysed the effect of HaPSCs
with an HTL/PTAA or HTL/NiOx interface.® It is found that the perovskite film grown on PTAA/ITO
has larger grain, fewer grain boundaries, and lower defect states compared to the perovskite film
prepared on NiOy/ITO which led to better device performance. Moreover, the properties of the HTL
not only impact the crystal growth and optoelectronic properties of the perovskite layer but also
influence the device operational stability. The HaPSCs with PTAA and NiOx have different

degradation rates because the PTAA and NiOyx have different interface chemistries and interactions



with external stimuli.®*% In this work, we focus to get insights into the degradation phenomena of

these devices under thermal and light stress.
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Figure 1. (a) Device configuration of HaPSCs: ITO/PTAA or NiOy/HaP/PCBM/AZO/Ag. (b) current
density—voltage (J-V) curves of the best HaPSCs (m ¥ forward / o V reverse scan direction). (c, d) J—
V curves of aged devices with (c) PTAA and (d) NiOx under different ageing conditions. (e, f) Long-
term operational stability of the respective devices at different temperatures under maximum power

point condition (1 sun).

To understand the mechanism behind the degradation, we monitored operational stability at 20, 60,
and 85 °C under continuous illumination for >1000 h (Figs S2a-c, Table S1). Photographs of degraded
devices are shown in the Supporting Information (Fig. S3, S4). One can see a stark difference in the
appearance of the illuminated part of the PTAA device: the electrode seems to be damaged while the
surroundings are faintly yellowish (Figs S2d, e). We attribute the ageing to the diffusion of Ag/iodine
and the formation of Pbl,. Those features are starkly shown in the PTAA device compared with the
NiOx device.

The current density—voltage (J-V) curves in each condition were automatically plotted after set
intervals during illumination (Figs S5; 1c, d). At maximum power point (MPPT), the aged NiOy
devices retained 72.84% of PCEo at 20 °C, 86.75% at 60 °C, and 68.72% at 85 °C, whereas the PTAA
device dropped to 22.53%, 35.92%, 2.02%, respectively, of PCEo (Table S2). The degradation trends



of device parameters under different conditions are shown in Fig. S6. The NiOy devices had superior
stability. The degradation trend is governed by the Js trend, as in other reports. 11183 The PTAA
device lost Jsc much faster with ageing, which led to faster degradation, than the NiOx device. The rate
of change of Jsc of both devices is faster at 85 and 20 °C than at 60 °C which leads to an initial steep
drop in PCE. A similar trend was observed in the earlier reports.>*® This abrupt initial loss in PCE
could be due to the collective effect of the structural deformation of CTL, structural defect of the HaP
layer, and CTL/HaP interface of either side under higher thermal stress under the light.}23” Although
a faster degradation rate is expected with an increase in temperature, the degradation rate of the device
at 20 °C is higher than at 60 °C. It has been documented that the structural transformation of MAPbI3
occurs as a function of temperature, thermal stress time, or halide additive.3’° Besides that, the co-
existence of the tetragonal and cubic phases was also observed at room temperature.*® These reports
suggest that more structural defects are formed at a lower temperature (T~20 °C) while the structural
defects are mitigated at 60 °C to some extent. Since structural defects are more sensitive to external
stimuli, this could be one of the major reasons for better stability at 60 °C. Moreover, a faster
degradation might be partly influenced by the moisture in the ambient air because the relative humidity
in the enclosed testing system is higher at a lower temperature (T~20 °C). Indeed, the edges of the
sealed device are still vulnerable to ingress of moisture from moisture-rich enclosed ambient.” Since
PTAA is less moisture resistive compared to NiOy, the device performance of PTAA is more prone at
lower temperatures. It is further accelerated under additional light stress. We found that the PTAA
device aged at 85 °C is dead, while the NiOx device is still working, with lower Jsc. This must be
dominated by characteristics differences in the interface as well as bulk deterioration of HaPSCs with
PTAA and NiOy. Similarly, the Vqc of the NiOx device (Fig. S5) shows a slightly increasing trend with
ageing, while that for the PTAA device decreases. We also note a slight loss in the fill factor of both
devices (Fig. S6). This could be partly associated with a gradual increase of the series resistance (Rs)
of the devices (Fig. S7). We noticed that the Rs of device with PTAA significantly increased with aging
that could be stemmed from degradation of both PTAA and HaP bulk layer. As the PTAA film absorbs
a high-energy photon (Fig. S8) under illumination and thermal stress, there is stretching of
hydrocarbon ring and polymer chain in PTAA molecules that leads to partial decomposition of the
cyclic structure under a longer aging stress environment.®* As the deteriorated PTAA interacts with
highly mobile iodine, it triggers the PTAA/HaP interface and bulk deterioration and hence increases
the degradation rate. We will discuss the post-mortem analysis of the aged devices to unravel the

degradation mechanism.
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Figure 2. Dark-field STEM cross-sectional images of PTAA-device under stress ageing: a1, by, c1, 20,
60, and 85 °C in dark; az, bz, c2, under continuous illumination for 1000 h. Symbols: = indicates

PTAA/HaP interface.

To gain an insight into aged devices, we carefully removed the encapsulating cover glass without
damaging the device layers. We delved into the bulk and interfacial deterioration and elemental
diffusion in aged devices using TEM analysis (Figs. S9-18). A series of dark-field STEM images depict
cross-sectional images of aged PTAA (Figs 2, S9) and NiOx (Figs 3, S10) devices under different
conditions. The STEM images and elemental mapping of fresh devices are given in supporting
information (Figs. S17 and S18). There are distinct degradation features in the bulk and interface under
dark and light at different temperatures. EDX analysis (elemental mapping; Figs S11, S12) and the
line profile (Figs. S13) of each PTAA device are given in Supporting Information. Cross-sectional
images of PTAA devices reveal more severe damage under photo-thermal ageing than in the dark,
following a different route. The PTAA device aged in the dark shows bulk degradation with the
formation of small crystallites of Pbl, at the PTAA or PCBM/HaP interfaces, which increases in
number with temperature. The PTAA device aged under light degraded faster by growing voids at the
interface along with the formation of Pbl> and interfacial deterioration. A narrow elemental line profile

at the inter-grains (Fig. S13) suggests that iodine migrates through the inter-grains, triggering
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decomposition and rupturing of the bulk layer. We also note iodine diffusion into the PTAA layer (Fig.
S12-c4). The MAPDI3 bulk decomposes mainly to I2, CHsl, and CH3NH: gaseous products, along with
a small proportion of NH3z and HI. 8 It eventually forms voids in the HaP bulk or at the interface with
ingress of degradation gases such as I> vapour under prolonged illumination. Interestingly, although
the void extended throughout the bulk cross-section, no Ag diffusion was observed in the other aged
devices except that aged at 85 °C/light (Fig. S12-c7). HaP bulk decomposition continues with the
formation of Pblz and 1, vapour, which exerts pressure within the device. 8 Since the PTAA layer
absorbs the high energy photon (Fig.S8), with prolonged illumination, UV light could induce a more
adverse effect on PTAA. 34 The PTAA layer also becomes less conductive with iodine diffusion and
partial decomposition of the cyclic structure under aging stress environment. This results in an increase
in series resistance by lowering the fill factor and Jsc of the device. In addition, the degradation gases
corrode the interface, leading to Ag diffusion in the bulk HaP, and eventually rupture the top electrode
through the corroded interfacial layer to release the high vapour pressure. Buecheler and co-workers 8
reported a similar observation of degraded HaPSCs. However, the iodine diffusion through PCBM or
AZO layer and corroding the Ag electrode cannot be neglected in the solar cells with halogen-

containing absorber layer.'4142
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Figure 3. Dark-field STEM cross-sectional images of NiOx-device under stress ageing: a1, by, c1, 20,
60, and 85 °C in dark; az, b2, c2, under continuous illumination for 1000 h. = denotes NiOx/HaP

interface.



In the NiOy device (Figs. 3, S17), one can see a much smaller effect of HLS in the HaPSC bulk than
in the PTAA device. The elemental mapping and EDX line profile (Figs S13-S15,518) show the only
stark difference in the decomposition of the HaP bulk into Pbl; at 85 °C/light. Unlike in the PTAA
device, the NiOy/HaP interface seems to be more robust. Although there are no obvious voids in the
absorber layer, the initial stage of void formation seems to be triggered by the ingress of an inter-grain
elemental gradient as a consequence of heat and light stress. Importantly, we also note a slight
fluctuation of iodine at the NiOx (PCBM)/HaP interface of the illuminated device (Fig. S16a,-C2),
which could be the source of Nil, reported previously. * We saw no Ag diffusion except in the PTAA
device at 85 °C/light (transparent conducting oxide layer ruptured, Fig. S9c2) because of the robust
aluminium doped zinc oxide (AZO) -layer beneath the Ag electrode that prevents Ag diffusion to the
bulk. *® Thus, the results corroborate that the NiOx device has more robust interface that retards the
defect chemistry at inter-columnar grains and the interface, and it protects against the decomposition
of perovskite by preventing iodine migration or the formation of 1> gas.
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Figure 4. (a, b) XRD patterns of HTL/HaP films: (a) PTAA/HaP; (b) NiOy/HaP; shading indicates
Pbl,> peaks. (c) Ratios of evolution of Pbl, to characteristics dominant XRD peak of HaP under
different heat and light conditions for 200 h.

To gain further insights into the degradation, we measured the X-ray diffraction (XRD) patterns of
HTL/HaP films treated under different heat and light conditions (Fig. S19). The patterns (Fig. 4a, b)
give the characteristic diffraction peaks of PTAA/HaP and NiOx/HaP. Figure 4c presents the ratios of
intensity of Pbl, and the HaP phase peak in the respective films under different ageing conditions. In
the PTAA/HaP film, the (001) peak of Pbl. (shaded region) gradually intensified relative to the (110)
peak of the HaP phase with an increase in temperature, predominant at 85 °C/light. On the other hand,
the peak is much less in the NiOyx/HaP film under the same ageing conditions. These results concur
with STEM-EDX observations of Pbl. in degraded devices: > vapour-rich ambient conditions
accelerate HaP degradation, forming the Pbl, phase. ! Thus, the growth of Pbl, peaks in the PTAA
device must be correlated with the release of I> in the bulk layer under HLS conditions. A lower Pbl>
peak in NiOx/HaP must be a consequence of passivation of the I> gas formation mechanism by
deactivating the photoactive iodine-related defect dynamics in the bulk. 4

The degradation of HaP in the encapsulated device is triggered mainly by heat and light, which leads
to decomposition into Pbl, (s), CHsNH: (g), HI (g), and I2 (g).%*>* The trapped by-product gases
interact primarily with the HTL and the electron transport layer (ETL). Therefore, to provide
mechanistic insight into the effect of the decomposed gases on the HTL and ETL, we set up an
experiment for the interaction of PTAA, NiOy, and phenyl-Ce1-butyric acid methyl ester (PCBM) with
methylammonium iodide (MAI) and 1> vapour ambient under heat and light (Fig. S20). The surface
chemistry was investigated by XPS analysis. XPS spectra (Figs. S21, S23, S24) for NiOy (Ni2p, O1s,
13d-core), 349 PTAA (C1s, O1s, 13d-core),* and PCBM (C1s, O1s, 13d-core), ! fresh and treated
under different conditions, were fitted in consideration of the standard XPS reference %2. The NiOx film
was significantly influenced by various treatments. An intensified Ni?* peak in the Ni2p-core *® and a
diminished NiO peak in the Ol1s-core indicate the formation of Nil> under I> vapour. This result is
supported by the change of the Ni®*/Ni?* ratio in NiOx films (Fig. S22) under different treatments. The
surface compositions extracted from the XPS spectra (Table S3) and evaluation of the 13d-core further
confirm the formation of Nil> under I>-rich vapour ambient and heat stress, but MAI vapour ambient
is not as adverse. 13d-core spectra of the NiOx film of an aged working device whose surface was
exposed by peeling off the HaP and other layers suggest the formation of a thin Nil, layer at the
NiOy/HaP interface. This implicates the interaction of the NiOx with migrated iodine or 1> vapour.

Other reports also have discussed the possibility of the formation of Nilz in aged devices that could be



detrimental to device performance. °3** Similarly, the C1s, O1s, and 13d core spectra (Fig. S23) reveal
additional features in the PTAA film treated under different conditions. The 13d-core spectra under I»
and MAI treatment and the surface composition (Table S4) show intercalation of iodine in PTAA that
deteriorates it. The characteristics of the peeled-off PTAA imply that chemical reactions with the gases
denature the PTAA and PTAA/HaP interface. The spectra of PCBM films also give distinct features
under different conditions (Fig. S24). The 13d-spectra and composition (Table S5) substantiate that the
decomposed gases adulterate the PCBM layer and the PCBM/HaP interface. The XPS results suggest
that the CTL is vulnerable to attack by the gases (I, MA, HI) and hence degrades faster. Therefore, it
is crucial to stabilize the HaP bulk to prevent the formation of degradation by-product gases as a

consequence of the decomposition of HaP films that could denature the CTLs.
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Figure 5. Mott-Schottky (M-S) plots (10 kHz) of PTAA and NiOx devices under stress ageing: (as, b1) fresh;
(a2, b2) at 85 °C in dark; (as, bs) at 85 °C under illumination for 1000 h. Shading indicates characteristic
capacitance regime. Arrows indicate forward/reverse scan direction during C-V data collection. The double

shaded regimes (a; and bs) indicate the lagging of C-V curve by interfacial deterioration.

To unravel the deterioration of HaPSCs with ageing by optoelectronic means, we investigated the
capacitance characteristics of aged devices. The capacitance response accounts for the carrier density
(free carriers and defect density) distribution, > jon dynamics, > and charge accumulation at the
interface °°% in the solar cell. Mott—Schottky (M—-S) plots of devices aged under different conditions
are presented in the Supporting Information (Figs. S25, S26). Representative M-S plots of PTAA and
NiOy devices are shown in Fig. 5 (fresh, 85 °C/dark, 85 °C/light). The M-S characteristics (Fig. 5a1,

b1) of fresh devices reveal a voltage-independent fully depleted curve before the diffusion potential is
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reached (Vo = 0.96 V), suggesting a wide intrinsic p—i—n junction that stems from geometrical
capacitance (Cqg).%%2 A sharp transition of M-S curves indicates a negligible depletion layer
capacitance (Cq) regime that we attribute to low defect density. One can see a small capacitance (Cs)
regime near the diffusion potential caused by charge accumulation at the interface and electrode
polarization. A small hysteresis feature indicates lagging of ionic motion during the forward and
reverse scan directions. %2 The characteristics of devices aged at 85 °C show many distinct features.
The M-S curves of the PTAA device aged in the dark show deterioration of the intrinsic p—i—n junction
and pronounced hysteresis, while that of the PTAA device aged under light shows no characteristics
response, indicating a dead device. The M-S characteristics of aged PTAA devices show a voltage-
dependent capacitance with increasing hysteresis (Fig. S25). These characteristics are pronounced in
the device aged under heat and light. These results corroborate that the PTAA device degrades with
the loss of intrinsic junction characteristics and increasing dominance of the lag of interfacial ionic
motion with an increase in temperature, even in the dark. Rapid device degradation under light is
associated with an accelerated deterioration of the intrinsic junction as a consequence of a wider Cqi
regime and accumulation of higher ionic density at the interface.

Unlike in PTAA devices, the intrinsic p—i—n analogous to Cq is mostly retained in NiOyx devices aged
under heat/dark (Fig. S26), with a slight change in the Cq regime at different temperatures. This
indicates that despite the adulteration of the interface by elemental diffusion or chemical interaction
with ageing, the bulk layer is comparatively intact. On the other hand, in the NiOyx device aged under
heat/light, although the M-S characteristics are not much different except for an increase in
capacitance-voltage (C-V) hysteresis in the devices aged at <60 °C/light, one can see a pronounced
change in M-S curves of the device aged at 85 °C/light. As depicted in Fig. 5bs, although the NiOx
device (85 °C/light) shows a narrow intrinsic junction with a much wider range of Cq coupled with
significantly pronounced C-V hysteresis, it still has an intrinsic characteristic feature. These results
corroborate that although the NiOy device forms a comparatively stable interface and keeps the HaP
layer intact even under harsh heat/dark/light conditions, ageing affects the optoelectronic quality of
the interfacial layer. This makes it imperative to use a chemically inert, moisture-resistive CTL or
additional protective layer to slow device degradation.
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Figure 6. Carrier distribution profiles of aged devices under stress ageing: (a1, a;) PTAA and (by, b2) NiOy at
20, 60, and 85 °C under heat/dark or light treatment for 1000 h. The C-V carrier profiles are obtained from C-
V curves at 10 kHz. Arrows indicate carrier profile shifting with reference to fresh device.

To get insight into the carrier profile, we analysed the C-V data to estimate the carrier distribution

(Ncv) given by the relation,®*

L) 0

where C is capacitance per area, &, is permittivity of free space, & is a dielectric constant of

Ncv =—

perovskite layer which is estimated from the plateau region of capacitance-frequency (C-f) plot
measured at zero bias under dark as mentioned in our earlier reports.3% Note that the C-V carrier
distribution comprises the free charge carriers and defect density. The change in Ncv in the aged device
is associated mainly with the defect profile in the bulk and interface. In PTAA, although there is no
significant change in the C-V profile density (=9 x 10*® cm™) in the bulk, one can see an increase in
carrier density (interface defect) of ~2-5 x 108 cm™ at the interface under ageing conditions (except
85 °C/light). The Ncv profiles (Fig. 6a1) of the device under heat/dark are shifted ~80-120 nm with
respect to the fresh device, and that of the aged devices are slightly wider at 60 °C/light and 20 °C/light
with encroachment at both edges. The Ncv profile of the device at 85 °C/light resembles that of a non-
functioning device. This behaviour is reproduced by the simulation described below (Fig. S29),
indicating that the perovskite layer and its interface degraded with ageing. On the other hand, the Ncv

profile of the aged NiOx device (Fig. 6b1, b2) shows a C-V profile density of the bulk carrier of ~7.6 x

12



10 cm and a carrier profile (interface defect) of ~1-3 x 10 cm™3, both in the range of the PTAA
device, but the Ncv distribution was shifted only ~10-40 nm for device dark/light with reference to the
fresh NiOy device. A greater shift (~40 nm) is notable in the devices aged at 85 °C/dark/light, indicating
a much lower interfacial deterioration than in PTAA devices aged under heat/dark. Thus, the C-V
profile analysis corroborates that heat/light/dark ageing severely deteriorates the interface of the PTAA
device, but does not increase the interface defect density. The more robust and inert interface of the

NiOx device restricts spurious elemental diffusion and complex interface chemistry.

To understand the degradation trend better, we simulated devices in SCAPS software (v. 3.3.07),
defining device configurations resembling real devices (Fig. S27). The layer properties were adopted
from our earlier reports %" and the optoelectronic properties were estimated from device analysis.
The aged device characteristics were simulated by accounting for the effects on the bulk, interface
quality, and CTL. The simulation results (Fig. S28a, b) show that the variation in the thickness of the
interface defective layer (IDL) inferred from shifting of the Ncv profile (Fig. 6) with ageing drives the
device degradation with a decrease in the Jsc and Voc. Figure S28c relates the effect of the deterioration
of CTL to degradation. It shows that if the CTL conductivity decreases with ageing, it significantly
affects the J-V characteristics, resulting in a pronounced kink. In addition, the simulation results show
that a defective HTL interface (HIF) with ageing might not be as detrimental as a defective HaP
interface (i.e. IDL) (Fig. S28d) if the conductivity of HTL layer remains intact (Fig. S28c). Of course,
device deterioration occurs jointly with bulk, interface, and CTL deterioration, depending on the layer
properties. As we varied the CTL and interface deterioration, the simulation results (Fig. S28e) reveal
a faster degradation of device parameters. These trends support the degradation characteristics of the
PTAA devices, suggesting that degradation is governed by interface as well as bulk layer deterioration.
Unlike PTAA, the aged NiOy devices have no S-shaped J-V characteristics (Fig. S5). This implies that
the NiOy layer was not denatured under ageing, and conductivity is good enough to retain the J-V
curve. These results suggest that the NiOx device has a more robust interface, which mitigates the
defect chemistry at the interface and in the bulk. Moreover, the simulation results of the Ncv profile
(Fig. S29a, b) show that the IDL deterioration (Nw.ipL and tipL) predominantly affects the carrier
distribution in the device, supporting the carrier distribution in aged devices (Fig. 6). On the other hand,
the defective layer induced in HIF does not affect the carrier profile much, so the carrier distribution
in aged devices originates mainly from CTL/HaP interface deterioration. This implies that PTAA
device degradation is dominated by PTAA/HaP deterioration following the denaturing of PTAA,
whereas the NiOy device develops a thin-layer IDL at the NiOx/HaP interface and HIF without much

loss of NiOx properties. Thus, our simulation results partly explain the characteristics of degradation,

13



accounting for the deterioration of device layers and the interface. These results underline that the
degradation of the HaPSCs is a collective consequence of a gradual worsening of both interface quality
and HaP. The rate of degradation is also influenced by the nature of the CTL used.
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Figure 7. Schematic illustration of the degradation of PTAA and NiOy devices under heat and light
stress. (a) Fresh device structure. (b) NiOx device aged under (b1) heat/dark and (b2) heat/light. (c)
PTAA device aged under (c1) heat/dark and (c2) heat/light; top electrode ruptured. The white feature
in (c2) corresponds to hollow space or cracking.

Figure 7 illustrates the heat-driven degradation of the PTAA and NiOy devices inferred from the above
experimental results. We propose a columnar inter-grain degradation mechanism triggered by
decomposition and mediated by both (HTL or ETL/HaP) interfaces deterioration to account for
degradation in devices under heat/dark/light stress. Here, the normal point defect model was assumed
to explain the device deterioration. Petrozza and co-workers ® documented that the defect chemistry
in HaP is dominated by interstitial halide (li) and lead/halogen vacancy (Veu/Vi) defect states. We
assume a HaP bulk layer with defects and well-defined columnar grain (Fig. 7a). This structure
suggests that defect dynamics is stimulated in the HaP bulk under illumination. As a result, the charge
interstitial halogen defect (I;7 /I;7) could react to form I, molecules following the trap filling reaction
(Fig. 7b1, c1). * As the device is placed under heat and light, the defect sites in the HaP are activated
(Fig. 7bz, c2). From the STEM results and XRD analysis, we speculate that the defect chemistry
initially takes place at the intercolumnar grain boundaries. Importantly, the interaction of interstitial or
vacancy defects of iodine leads to the formation of I, molecules that become trapped at the grain
boundary. Then the I, gas diffuses to the neighbouring crystal grain through inter-grain boundaries and
forms voids (Fig. 7b, ). Thus, the local decomposition of HaP is triggered by the loss of volatile MA*
and the formation of I and Pbl.. 1819 Since the PTAA layer is more vulnerable to reaction with iodine

and the ingress of moisture, the HaP bulk degradation is accelerated by the formation of Pbl; at the
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interface or inter-grain boundaries and the release of I, and other gases. ” As the PTAA device is
operated at high temperature under illumination for a longer time, the rate of HaP decomposition
increases with the release of volatile by-products, which exert gaseous pressure in the bulk and
interface. This induces a wider IDL. Hence, it corrodes the interfacial layer as well as the electrode
through elemental diffusion; gradually weakens the interfacial junctions; and eventually ruptures the
transparent conducting oxide and electrode layer by releasing the gaseous degradation product (Fig.
7C2).

On the other hand, despite the presence of inherent defects in the bulk layer, the NiOx device remains
intact under heat/dark ageing. Unlike in the PTAA device, the notorious defect chemistry in the bulk
or at the interface is less severe under heat/dark ageing because the defect filling reactions are much
slower owing to better stability and the robust NiOy and its stable HaP/NiOy interface (Fig. 7b1). Under
illumination, the defect chemistry is activated at inter-columnar grains or in the off-stoichiometric bulk
layer because of photo-excitation. This results in the formation of I, gas and Pbl, crystallites under
prolonged illumination. Since the NiOy layer is poorly reactive to iodine and moisture which could
ingress from the edge of the seal, the rate of formation of deleterious gaseous products is much
suppressed. Therefore, the bulk degradation via internal defect dynamics and I gas is significantly
quenched (Fig. 7b2). Hence, it slows down the device deterioration relative to the PTAA device.
However, we speculate that the mobile ionic defect ( I;7/I?/17) or 1> gas formed by defect filling
interacts slightly with hydroxy derivatives (such as, Ni(OH),, NiOOH, etc ) in NiOx film® at NiOx/HaP
interface to form a very thin Nily interface layer with the release of water resulting in a slight
deterioration of the HaP/NiOy interface at higher temperatures under illumination. The chemical
reaction for the formation of Nil> is illustrated by following reactions.

NiOx+ xNi(OH), +x I7/IT + h9 — NiOx + xNilz + xH20
NiOx+ XNiOOH + x I7/I* + h9 - NiOy + xNilz + xH20

Heat and light driven the iodine related photochemical dynamics catalyzing perovskite degradation

are given by chemical reaction.1%44

It +1le 2 1% + b9 2202 12+ hY

MAPbDI3 2 Pbl, + MA*+ I~
This interlayer changes the interface potential profile and could decrease the photocurrent with a slight
increase in Vo, as observed in the experiment (Fig. S5b1-bs). Furthermore, it has been documented that

the MAPbI; molecules partially decompose forming an intermediate complex ([(MA*)n-1(CH3NH2)n
Pbls][H30]) with H20 as a Lewis base.*>" It decomposes into HI(aq), CHzNH2(g), and Pblx(s) only if
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the HI has saturated the H,O or the vapor pressure of CHsNH2 has reached equilibrium. We
contemplate that the density of hydroxy derivatives in NiOx is not high (XPS spectra, Fig. S19) so that
the H20 by-product may not be large enough to saturated HI-H20O or to achieve the vapor pressure of
CH3NH2 high enough to decompose the intermediate hydrated perovskite complex. This might cause
an intermediate complex of MAPbIz molecules stay at interface rather than completely decompose
them which could be less deleterious for NiOx/HaP interface. Although the NiOx device is
comparatively stable, it is important to passivate the interaction of mobile defects in the bulk layer to
prevent the formation of iodine gas, which initiates the degradation of HaP and its interface.

Our results show that operational stability is influenced mainly by the contact layer. The degradation
originates from the deterioration of the HaP bulk via inter-grains as a consequence of the formation of
I vapour by filling iodine-related defects, which triggers HaP decomposition and worsens the interface
quality, as in previous studies. "*32° Besides a robust and moisture-resistive CTL, inter-grain boundary
and HaP/CTL interface passivation could be propitious for the improvement of the operational stability
of HaPSCs.

4. Conclusions

This report presents insights into the operational stability of encapsulated HaPSCs at different
temperatures for >1000 h under constant illumination in ambient air. We investigated the mechanism
of degradation of devices made with PTAA or NiOx as the HTL in dark and light at 20, 60, and 85 °C.
Degradation of PTAA devices is accelerated by interface deterioration and bulk decomposition
initiated by the formation of voids by the release of I gas from defective regions at the columnar grain
boundaries. The NiOy devices had significantly better device stability because of their chemically inert
and moisture-resistive properties. NiOy formed a stable interface that suppresses 1> gas formation and
decelerates bulk decomposition by passivating the internal defect dynamics. Our results corroborate
that the formation of voids with the release of 1> gas and Pbl. crystallites at the inter-grain or HTL/HaP
interface is the primary cause of device degradation. Capacitance analysis suggests that the PTAA
device develops a much wider interface defective layer than the NiOy device, which leads to a decrease
in Jsc. Deterioration of the HTL/HaP interface or widening of the interface defective layer is driven
mainly by elemental diffusion and chemical reaction of 1> gas with the interfacial layer. These results
suggest that it is imperative to design device architecture to insert a moisture-resistive and chemically
inert interfacial layer that can passivate the deterioration of the inter-grain of the HaP bulk and the
HaP/CTL interface for the improvement of the operational stability of HaPSCs. Furthermore, we posit
that this understanding for NiOx or PTAA as HTL in perovskite solar cells can be extended to other

metal oxide systems (such as CuOx, MoOx, VOx, etc.) and other polymer-based HTLs.
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Experimental Methods

Device Fabrication:

The patterned indium tin oxide (ITO) coated glass substrates (15 Q square ™) 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 residuals. Firstly, we have prepared PTAA and NiOx on ITO glass.
The details of PTAA (2 mg/ml in CB) film deposition have been mentioned in our earlier reports.®>¢’
Nickel oxide (NiOx) was prepared by a sputtering method in supporting information. For the
fabrication of perovskite films, the Pbl> solution was prepared by dissolving Pblz (500 mg/ml) in a
mixture of anhydrous DMF/DMSO (5:1 ratio) at 500 rpm/ 70°C for 12 hours. The MAX (MAI and
MACI) solution (50 mg ml™; 19:1 ratio) in ethanol at 300 rpm/ 50°C for 12 hours. The Pbl, precursor
solution was spin-coated at 3000 rpm for 90 s and the MAX precursor solution (a mixture of MAI +
MACI) was subsequently spun onto the Pbl> layer at 4000 rpm, for 30 s. Those as grown CHzNH3Pbls.
xClx (x=0.002)perovskite films were simply placed on the hot plate with MACI powder covered with
a petri dish at 100 °C to promote the crystallization.®® For ETL deposition, PCBM (20 mg/ml in CB)
was spin-coated on top of the films at 700 rpm for 30 s and 4000 rpm for 10 s and annealed at 100 °C
for 15 min. Then a thin AZO layer (~25 nm) was deposited at 2500 rpm for 25 s and annealed at 100
°C for 10 min. To complete the device structure, samples were then transferred into the evaporation
chamber connected to the glove box for metal contact deposition. Finally, 140 nm of Ag was thermally
evaporated at a pressure <10 Pa. Devices with the area of 1 cm? were sealed by encapsulation glass
and UV-curable resins (UV-RESIN XNR5516Z; Nagase ChemteX, Japan) before the subsequent

measurement in ambient conditions.
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The degradation of HaPSCs is initiated by the deterioration of the HaP bulk via inter-grains as a
consequence of the formation of voids and Pbly crystallites at columnar inter-grains or the
HTL(ETL)/HaP interfaces with the release of I, gas, which worsens interface quality. The rate of
degradation is also influenced by the properties of CTL and the CTL/HaP interface quality.
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