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ABSTRACT: The stability of metal-halide-perovskite (MHP) solar cells
must be understood and improved for the commercial viability of MHP
technologies. Here, we apply multiscale characterization methods to study
degradation modes, specifically electrode corrosion, for p-i-n MHP partial
device stacks and full devices that are stored in the dark under an inert
atmosphere. Our multiscale characterization approaches include full-device
electro-optical performance using current−voltage (JV) curves and spatial
imaging with electroluminescence (EL) and photoluminescence (PL). We
further correlate interface properties using cross-sectional Kelvin probe force
microscopy, which maps the nanoscale electric field properties, and electron
microscopy, which demonstrates structural and chemical features. Devices
stored as a full device stack degrade primarily by metal (Ag) electrode
diffusion into the absorber, with formation of AgI byproducts and Ag
accumulation near the indium tin oxide (ITO) contact. This causes decomposition of the perovskite absorber domains, loss of the
potential drop at the electron transport layer (ETL)/perovskite interface near the metal contact, and increased equivalent resistance
at the perovskite/hole transport layer (HTL) interface near the ITO contact. The devices stored without metal show a different
degradation pathway dominated by corrosion of the ITO, creating voids at the ITO electrode surface with diffusion of In and Sn into
the absorber. We conclude that metal electrode-induced degradation is the most severe degradation pathway under dark storage, but
that ITO corrosion and absorber instability must also be mitigated. We further demonstrate mitigation of these degradation
pathways by changes to the device stack, including a SnOx blocking layer at the ETL side and replacing ITO with FTO at the HTL
side. These results provide a useful demonstration of specific dark degradation pathways at each electrode interface, as well as a
unique multiscale example that links degradation of chemical, structural, and electrical interface properties to the full-device electro-
optical characteristics.
KEYWORDS: perovskite solar cells, dark storage degradation, electrode corrosion, shelf life,
electroluminescence and photoluminescence imaging, scanning electron microscopy, Kelvin probe force microscopy

1. INTRODUCTION
The impressive improvement in metal-halide perovskite
(MHP) solar cell efficiency from 3.8% to over 27.3% in the
past 15 years has generated interest from both the research
community and the photovoltaics industry.1−5 However,
durability is still lacking, and a multitude of degradation
modes must be understood and mitigated.6 A recent consensus
on assessing perovskite device stability outlines the importance
of evaluating degradation pathways under various controlled
conditions, including dark storage, light soaking/cycling,
voltage bias, elevated temperatures, and outdoor aging.7 The
Perovskite Database Project8 shows that degradation under
dark storage is the most widely investigated condition.9 Indeed,
dark storage is an unavoidable baseline for durability testing,
especially as it becomes more relevant during the shipping and
installation of commercialized PV modules. Thus, under-

standing the intrinsic stability of PV components during dark
storage is key to separating shelf life degradation from stress-
induced effects and is important for understanding encapsu-
lated vs edge-seal designs of modules.10

Degradation in the dark can proceed via various
mechanisms. Decomposition of MHP absorbers may be
activated in the dark even at low temperatures due to the
materials’ low formation energies that enable low-temperature
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processing.11 Absorber decomposition generates byproducts
such as volatile organics, amines, halide gases, PbI2, and
Pb0.12−14 This both degrades the MHP semiconductor and
induces reaction pathways with interface layers.15 Chemical
degradation at interfaces may also proceed by dopants
diffusing between the charge transport layers and absorbers.16

Built-in energetic and chemical gradients in full device stacks
can further cause electrode-induced degradation in the dark by
ion movement and associated reaction pathways.17,18 Ion
migration, causing reactions between metal electrodes and
halides, may result in electrode corrosion, especially if blocking
layers are not used or degrade.19−21 Although contacts with
transparent conductive oxides and metal oxide transport layers
are presumed to be more stable than metal electrodes and
organic transport layers, these interfaces may still degrade by
electrochemical redox mechanisms induced by interfacial
defects, ion migration, or reactions with the atmosphere.22−25

Many of the dark-storage degradation modes described
above originate at or impact an interface between an electrode
and the absorber. However, it can be difficult to identify which
interface is limiting device stability or to separate the different
degradation pathways at each interface. In particular, interface
characteristics are not directly evident from common full-
device electro-optical measurements that are frequently used to

rapidly screen devices, such as current density−voltage (JV)
curves and electroluminescence (EL)/photoluminescence
(PL) characterization. Furthermore, most studies for interfacial
root cause analysis utilize chemical and structural microscopy
with depth profiling or cross-sectioning.13,20,26−28 Although
such chemical analysis is very valuable, these compositional
observations do not directly probe the nanoscale interfacial
electrical characteristics that drive the device performance.

Here, we link chemical, structural, and electrical nanoscale
interface characteristics for a comprehensive analysis of
interface degradation during dark storage, as recommended
in ISOS-D-1.7 We separate the degradation pathways
originating at each electrode interface by comparing devices
stored with metal electrodes or as partial device stacks with no
metal for 1 year in an argon atmosphere. We demonstrate that
different interfacial degradation pathways proceed depending
on whether metal is present during dark storage. We put these
interface degradation pathways in context with the full-device
electro-optical performance. Our results provide an example of
degradation mechanisms under dark storage, which must be
understood as a baseline for MHP solar cell durability as this
technology approaches commercial prospects.

Figure 1. Comparison of photoluminescence images, electroluminescence images, and current−voltage curves for the same device (a) before and
(b) after 1 year dark storage, along with (c) a partial device stack fabricated at the same time as (a,b) that was stored without metal and had metal
applied for characterization after 1 year of dark storage. EL/PL images were recorded after 5 days after new metal deposition.
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2. EXPERIMENTAL SECTION
The perovskite devices in this study have a p-i-n construction
including glass/indium tin oxide (ITO)/NiOx/N4,N4′-Di-
(naphthalen-1-yl)-N4,N4′-bis(4-vinylphenyl)biphenyl-4,4′-Diamin
(VNPB)/FA0.87Cs0.13Pb(I0.95Br0.05)3/C60/bathocuproine (BCP)/Ag
and an active area of 0.12 cm2. All substrates of this device
construction, as well as substrates with all layers except the Ag
electrode, were fabricated at the same time. Devices were
characterized by current density−voltage (JV) curves and the imaging
of photoluminescence (PL) and electroluminescence (EL). The
devices, along with corresponding partial device stacks, were then
stored in an argon glovebox within a glass jar wrapped in foil for 1
year. We characterized 36 devices in fresh condition, 6 devices after
dark storage with metal, and 18 devices after dark storage with a new
metal.

The JV curves were collected using a steady-state SunBrick LED
solar simulator and a Keithley sourcemeter with a scan rate of 100
mV/s. No shadow mask was used during JV characterization, which
may result in the overestimation of performance. We calculated the
JSC using the area of the metal pad, which was characterized by an
optical microscope. PL and EL images were collected using a
Princeton Instruments PIXIS Silicon CCD camera with a 715 nm
long pass filter. PL was excited by 450 nm diffuse light at an
equivalent of 1 Sun (100 mW/cm2) intensity from a high-power
Prizmatix LED. EL was excited by current injection in forward bias,
using the same current for all samples, equivalent to 0.1× the short
circuit current taken from the nondegraded condition. Exposure times
were 5 ms for PL and 0.5 s for EL.

Scanning electron microscopy (SEM) images and energy-dispersive
X-ray spectroscopy (EDS) were collected on an FEI Nova NanoSEM
operating with an accelerating voltage of 10 kV and incident beam
current of ∼1.3 nA. An Oxford Ultimax EDS detector was used to
produce elemental maps. The metal from the top surface of the device
was removed using scotch tape to avoid the possibility of electron-
beam-induced metal migration. The tape was gently pressed onto the
silver electrodes and then peeled off, effectively lifting the metal
because the silver electrode is poorly adhered to the weak fullerene
electron transport layer (ETL) of the device.10,29

For both SEM and Kelvin probe force microscopy (KPFM),
devices were mechanically cleaved inside an Ar glovebox, and no
additional polishing was performed to avoid modification of the cross-
sectional surface. KPFM measurements used a Bruker D5000 atomic
force microscope (AFM) with a Pt−Ir coated silicon probe
(Nanosensor PPP-EFM). The system has approximately 30 nm
spatial resolution and a 10 mV electrical resolution. Topography and
potential maps were obtained at the same time in tapping mode.
External electrical bias was applied between the ITO and Ag
electrodes using a Keithley sourcemeter. To obtain the electric field
profiles induced by the external bias voltage, we first extracted
potential profiles by averaging line scans from the potential images
acquired under each applied bias over several hundred nanometers.
Potential difference profiles were then calculated by subtracting the 0
V potential profile from those obtained at different bias voltages (Vb).
The electric field profiles were subsequently determined by taking the
first derivative of the potential difference profiles.

3. RESULTS AND DISCUSSION

3.1. Electro-Optical Parameters

To investigate degradation mechanisms under dark storage, we
aged p-i-n MHP samples in an argon glovebox for 1 year,
including full devices with metal electrodes (ITO/NiOx/
VNPB/MHP/C60/BCP/Ag) along with samples fabricated at
the same time that did not have a metal electrode (ITO/NiOx/
VNPB/MHP/C60/BCP). Figure 1 shows PL images, EL
images, and JV curves for these devices, including: (a) a
representative device immediately after fabrication, (b) the
same device again after 1 year of dark storage, and (c) a partial

device stack fabricated at the same time that was stored
without the metal electrode but which had a fresh metal
electrode applied for characterization.

The device immediately after fabrication shows a uniform
PL and EL signal (Figure 1a). After one year of dark storage
(Figure 1b), the EL image becomes dark in most of the device
area, with a speckled “starry night” pattern in part of the
device. This EL pattern suggests significant electrical contact
degradation, resulting in only a few isolated areas where
current can flow into the device. That is, much of the electrical
contact has become highly resistive, and the speckled area
represents a few low-resistance areas where current crowding
generates a high EL signal.

The PL image of Figure 1b shows approximately 2× higher
intensity after dark storage, along with increased nonun-
iformity. The increase in PL intensity may arise from
degradation of the charge extraction layers,30 absorber
degradation that generates emissive defects or byproducts,31,32

or light scattering from the electrode degradation. We note
that the speckled areas that are bright in the EL appear darker
in the PL image (Figure 1b, top). This may imply these
speckles are either local shunts or small areas where charge
extraction layers maintain low series resistance. The associated
JV curve shows a loss of current density (JSC) as well as the
development of hysteresis and a severe decrease in the fill
factor (FF). The change in slope of the JV curve suggests both
increased series resistance as well as decreased shunt resistance.

These trends are indicative of interfacial degradation and
possible bulk film degradation. Increased series resistance often
arises from the formation of insulating interface layers due to
metal diffusion, ion migration, or decomposition of charge
transport layers. Decreased shunt resistance suggests the
presence of new leakage pathways. Bulk degradation of the
MHP active layer may simultaneously occur due to diffusion of
metal ions. Collectively, these factors contribute to severe
charge extraction losses and an increased level of recombina-
tion. Figure S1 of the Supporting Information gives further
insight into these degradation pathways with X-ray diffraction
(XRD) data identifying degradation products of AgI, PbI2, and
an additional perovskite phase in this aged stack.

The device fabricated from a partial stack that was aged
without metal (Figure 1c) shows a different degradation
behavior compared to the device that was aged with metal.
Immediately after applying fresh metal to the aged partial
device stack, the JV curve shows a relatively small amount of
degradation. While JSC losses appear similar to those of the
device aged with metal, the FF loss is not as severe. This
condition aged on only ITO with freshly deposited metal
reveals the relative severity of metal-induced degradation
(Figure 1b) compared with degradation dominated by the
absorber on an ITO contact (Figure 1c): Metal-dominated
degradation resulted in 58 ± 8% loss in power conversion
efficiency, and degradation without the metal resulted in
degradation of only 37 ± 5%.

However, remeasuring this device after 5 additional days of
dark storage demonstrates instability. That is, we observe
continued FF loss and development of an injection barrier
indicated by the roll-over near the open-circuit voltage
(VOC).

33 We propose that the continued degradation of the
JV curve over these 5 days after application of the fresh metal is
due to corrosion of the metal contact. It appears that the aged
absorber/C60/BCP surface may rapidly react with the Ag
electrode. Figure S1 of the Supporting Information shows
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XRD data indicating PbI2 formation prior to metal deposition.
This shows that the absorber degrades and halide-rich
degradation products could react with the newly deposited
Ag.34,35

Figure 1c also shows PL and EL images for the aged partial
stack that received a fresh metal contact, measured after an
additional 5 days of aging, which caused metal corrosion. We
find that the PL intensity is about half of that of the unaged
device from Figure 1a and 1 of the PL intensity from the device
aged with metal from Figure 1b. This result demonstrates that
the MHP layer has degraded under dark storage, resulting in
nonradiative recombination. We note that the lower PL from
increased nonradiative recombination is consistent with the
decrease in VOC observed for this device prior to the formation
of the injection barrier, where small changes in VOC cause large
drops in PL due to their exponential relationship.36 It appears
that the generation of highly emissive byproducts or light
scattering (as observed in Figure 1b) occurs only when the full
stack is aged in contact with the Ag metal.

The EL image of the device stored without metal in Figure
1c shows an intensity 10× lower than the unaged device,
consistent with the development of a resistive injection barrier
in conjunction with high nonradiative recombination in the
MHP. While the EL for both aged device conditions shows
some extent of the speckled starry night pattern, we note that
the weak EL signal in the device aged without metal is more
uniform over the device area compared to the device aged with
metal in Figure 1b.
3.2. Interface Structural and Chemical Characterization

We next investigated the chemical and structural characteristics
of the device layers after dark aging. Figure 2 shows cross-
sectional SEM for several areas under each condition. Prior to
cleaving, the metal electrodes were removed using scotch tape.
We removed the metal to avoid possibilities of electron-beam-
induced metal migration. The devices were then mechanically
cleaved by scoring the glass side, and no additional surface
preparation was used in order to avoid changing the
microstructure.

The cross-section of the unaged device (Figure 2a) shows a
roughness corresponding to perovskite grain/domain bounda-
ries. A few voids are observed in the absorber even in the
unaged condition. Figure 2b shows a device that was stored
with a metal. In this case, we observe a change in the
perovskite morphology leading to a smooth absorber layer with
no detectable domain boundaries, suggesting significant
changes within the active layer. The XRD of fresh and

degraded samples (Figure S1) shows the presence of Ag, AgI,
more PbI2, and a possible additional perovskite phase in
degraded samples after electrode removal, indicating the
decomposition of the perovskite active layer and reactions
with Ag.

Figure 2c shows the device stored without a metal contact.
Here, the perovskite domain boundaries are still detectable.
However, the lower PL intensity in Figure 1c and XRD results
in Figure S1 indicate absorber degradation despite a smaller
change in the morphology, suggesting a different degradation
behavior of the absorber compared to the device stored with
the metal electrode. Additionally, this device shows more voids
at the ITO/HTL/MHP interface. The voids could form due to
reactions at the HTL interface.22,25,37

We further investigated the chemical nature of the
perovskite bulk and interfaces for the devices aged in dark
storage. The top panel of Figure 3 shows the surface of the
aged samples after the Ag metal electrode was removed with
scotch tape. The sample aged as a full device with metal shows
regions of bright contrast along the surface, corresponding to
clusters of the remaining Ag electrode that could not be
removed. This suggests that Ag became strongly adhered and
may have migrated into the absorber during dark storage. The
sample that was aged without metal shows a surface clear of Ag
clusters. We note that the sample aged without metal had fresh
Ag applied for JV, EL, XRD, and KPFM measurements, and
the Ag was then removed with scotch tape after >5 additional
days of dark storage.

The bottom panel of Figure 3 shows the cross-sectional
energy-dispersive X-ray spectroscopy (EDS) profiles for these
aged devices. The device aged with metal shows that Ag is still
attached to the surface and could not be fully removed with
scotch tape. We also observe that Ag has migrated into the
absorber, and there is Ag accumulation near the ITO contact.
The device stored without metal does not show significant Ag
migration into the absorber. Taken together with the results of
JV, PL and EL imaging, XRD, and KPFM, this result suggests
that Ag migration after 1 year of dark storage with electrode
attached causes shunting through the ETL side and
detrimental chemical reactions within the absorber and at
the HTL side.

Interestingly, the device stored without metal shows a
broader Sn/In signal near the ITO contact extending into the
MHP. We present the Sn and In signals together, as the
dispersion used for EDS acquisition resulted in a 10 eV/
channel energy resolution. This means that several of the L X-

Figure 2. Cross-sectional SEM images from three different areas of each sample type, after Ag electrode removal, including (a) unaged control
devices (b) devices stored in the dark for 1 year as a full device stack with metal, and (c) samples stored as a partial device stack with no metal for 1
year that had fresh metal applied for other characterizations (SEM images were recorded after >5 additional days of new metal deposition).
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ray lines for Sn and In are separated by 5 or fewer channels,
making them difficult to deconvolute within the broader EDS

peaks for these elements that exhibit full-width-half-max values
> 100 eV. Prior studies suggest that Sn and In ions may
migrate into the perovskite layer due to perovskite degradation
products that etch/corrode the ITO.25,37 The ITO corrosion
reactions may generate voids in the absorber,37 consistent with
our observation of a greater extent of voids near the ITO in
Figure 2c. We note that Figure 3 further implies that Sn and In
diffusion from the ITO into the absorber occurred to a greater
extent when the partial device stack was stored without metal.
We propose that the device stored with metal experiences a
lesser extent of Sn or In diffusion from the ITO due to Ag
migration and accumulation that indirectly impact the
chemical reaction pathway at the ITO contact.
3.3. Interface Electric Field Characterization

Figure 4 shows external-voltage-induced electric field profiles
of the same devices from PL/EL imaging and the SEM/EDS
analysis discussed above. The electric field data are produced
by applying external bias voltages of −0.5 V, 0 V, and +1 V
between the ITO and metal contacts and using an AFM tip to
map the cross-sectional surface potential. We subtract the 0 V
surface potential from each biased measurement (−0.5 V and
+1 V) to remove artifacts of static surface charge. The electric
field profiles in Figure 4 are given as the derivative of the
subtracted surface potential profiles.

The KPFM measurements provide electric field peaks that
relate to potential drops caused by resistance to current flow at
each layer or interface under applied external bias.38 We note
that such electric field profiles do not directly represent the
internal built-in field of the device. We further note that the
MHP devices show multiple bias-induced electric field peaks
(e.g., at the electron/hole transport layers, ETL and HTL). For
a given device cross-section, these field peaks are interdepend-

Figure 3. Comparison of degraded devices stored either as a full stack
with metal (left) or as a partial stack without metal (right), including
SEM surface view (top) or cross sections with elemental profiles by
energy-dispersive X-ray spectroscopy (bottom).

Figure 4. Electric field profiles from cross-sectional KPFM measurements representing (a) unaged control devices, (b) devices stored in the dark
for 1 year as a full device stack with metal, and (c) samples stored as a partial device stack with no metal for 1 year, with fresh metal applied for
characterization (KPFM was measured after >5 additional days of new metal deposition).
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ent, and their intensities must be considered relative to each
other (i.e., they relate to the fraction of potential drop relative
to the total externally applied voltage). This also implies that
the individual magnitudes of each electric field peak cannot be
directly compared across different devices; rather, the analysis
of such KPFM data should compare the total line shape across
different devices. Moreover, since KPFM is sensitive to local
variations, we performed measurements at multiple locations
on the same device and across different devices aged under
identical conditions to ensure the consistency of our
conclusions derived from KPFM analysis.

The electric field profiles for unaged devices (Figure 4a)
show a dominant electric field peak at the ETL side, a screened
field in the bulk, and a small field peak at the HTL side. This
result is consistent with the expected ion accumulation profiles
in the dark condition.39 In short, assuming that halide
vacancies (cations) are the main mobile ion species and
charge neutrality is maintained with a fixed lattice of anions, we
expect a wider region of ionic charge depletion near the ETL.
This occurs because the built-in field would induce positive
halide vacancy motion toward the HTL, where they can
accumulate in high density, while the fixed lattice of anions
would occupy more space.39 The electric field in the region
containing a larger width of ionic charge accumulation near the
ETL would be more easily measurable within the ∼30 nm
resolution of the KPFM instrument compared to the field from
the narrow accumulation region near the HTL.

Figure 4b shows the electric field profiles after the device is
aged with the metal electrode. We observe a relative decrease
in the electric field peak at the ETL side and an increase at the
HTL side. This result suggests a greater voltage drop and
increase in the equivalent resistance at the perovskite/HTL
interface compared with the ETL/perovskite interface. A
greater voltage drop at the HTL side may be caused by several
possibilities, including a change in the band offset caused by
the materials degradation that hinders charge injection or

greater electrical transport resistance from the formation of an
insulating layer. However, the apparent increase in the field
peak at the HTL side may also be impacted by a relative
decrease in equivalent resistance at the ETL side.

Indeed, the data suggest substantially lower equivalent
resistance at the ETL side due to diffusion of Ag, causing
shunting originating at the ETL interface. Relatively high
current is measured at −0.5 V in the dark during the KPFM
measurement, indicating that the device is more shunted than
the fresh devices. The reverse bias KPFM profiles also show
minimal voltage drop at both the HTL and ETL, suggesting
that the interfaces easily conduct current. Such shunting
behavior of the devices during reverse-bias KPFM is not
observed under the fresh condition, indicating that aged
devices with Ag contacts are more unstable under reverse bias
than fresh ones. These reverse bias data suggest that although
the increase in the peak at the HTL side could have
contributions from the resistive mechanisms noted above;
the relative increase in this field peak is largely driven by a
relative decrease in voltage drop across the ETL side. The
lower voltage drop and shunting that originates at the ETL side
are consistent with metal migration through the ETL as
observed in SEM and EDS.

Figure 4c shows the cross-sectional electric field profiles
from the device that was aged as a partial stack without metal
contacts, measured after the fresh contacts were applied. In this
case, the electric field profile at the ETL side is maintained, and
the field peak at the HTL side increases to a smaller extent. We
also note that the reverse bias electric field profiles show more
consistent electric field peaks compared to the case aged with
metal, and the reverse bias current remained low. These results
suggest that shunting is not the primary degradation pathway
for devices aged without metal, and the electric field profiles
are dominated by a relative increase in resistive degradation
modes at both the ETL and HTL. The JV data in Figure 1c
clearly show an injection barrier formed from metal corrosion

Figure 5. (a) I−V characteristics, (b) photovoltaic parameters, (c) PL and (d) El images, (e) SEM top view, and (f) EDS maps cross-section of
devices on FTO with SnOx buffer layer after one year of dark storage.
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at the ETL side, which would cause an increase in equivalent
resistance at the ETL. However, our observation of relative
increases at the HTL side suggests that resistive changes must
have also occurred at this interface due to changes in energetic
offsets and/or resistive material generated at the HTL
interface. A greater extent of TCO/HTL degradation, causing
electrical resistance, is consistent with the observations of In/
Sn movement and voids at this interface, as observed in the
SEM/EDS characterization.

We note that the relative changes in KPFM profiles observed
here during dark storage exhibit the same trends as similar
devices aged under light cycling accelerated stress test
conditions,38,40 demonstrating the context and importance of
these degradation pathways during device operation.
3.4. Mitigation Strategy

Figures 5 and 6 highlight possible mitigation strategies for such
dark storage degradation of perovskite solar cells. To prevent
the diffusion of Ag into the active layer, we replaced the BCP
buffer layer with SnOx. Recently Witteck et al. reported that
SnOx effectively blocks Ag diffusion into the perovskite active
layer during vacuum lamination processing.41 Another study by
Penukula et al. also demonstrated mitigation of Ag diffusion
using a SnOx layer.42 To achieve better stability during dark
storage, we also replaced ITO with FTO as FTO is less
reactive compared to ITO.43,44

Figure 5a,b shows the JV characteristics of the full device
stack in fresh conditions and after 1 year of dark storage, with
the layer stack of FTO/NiOx/MHP/C60/SnOx/Ag. We
observe improved stability for all JV metrics compared to the
devices with a BCP buffer layer and the ITO electrode. The
small extent of degradation is mainly attributed to increased
series resistance, which causes a lower FF. The small decrease
in JSC also suggests a slight degradation in charge extraction
efficiency. However, VOC remains unchanged, indicating that
the perovskite absorber is largely stable and that the extent of
nonradiative recombination has not significantly increased.
The uniform EL intensity (Figure 5c) supports the observation
of only minimal electrode degradation. The uniform PL
intensity (Figure 5d) further supports that metal-induced
absorber degradation has also been largely mitigated.

Figure 5e,f shows the microscopic properties of a device
cross-section that was aged in dark storage for one year. Figure
5e shows the surface of the aged devices after the Ag metal
electrode was removed with scotch tape. We observed a clear
surface without Ag clusters, suggesting mitigation of Ag
interfacial reaction and diffusion into the perovskite absorber.
In the SEM images of the device cross-section (Figure S2),
acquired after the removal of the Ag electrode, the perovskite
domain boundaries remain clearly detectable, indicating no
significant change in the perovskite absorber.

Figure 5f shows the cross-sectional EDS profiles for the aged
devices after Ag electrode removal with scotch tape. We do not
observe a significant Ag signal in the perovskite absorber. Such
a result suggests that the SnOx buffer layer effectively blocks Ag
diffusion and suppresses the metal-induced degradation of the
perovskite absorber. The SnOx layer also blocks halide
reactions with the Ag contact, mitigating reaction pathways
that would have formed AgI. Also, these devices show an
intense Sn signal near the FTO contact without extending into
the MHP, and no voids at the FTO contact. This observation
suggests that Sn does not migrate from FTO into the
perovskite layer, as observed with ITO, likely due to the
chemically inert nature and superior thermal stability of FTO
compared to ITO. Our results suggest that the SnOx buffer
layer and FTO electrode together provide a better stability of
MHP devices under dark storage with increased shelf life by
mitigating Ag diffusion from the back electrode as well as
suppressing electrochemical reactions at the transparent
conductive oxide.

Figure 6 schematically illustrates the overall degradation
pathways under a dark inert atmosphere and the possible
mitigation strategy. Figure 6a represents the degradation
pathway of the full device stack, where the dominant
degradation pathway includes Ag diffusion and accumulation
near the ITO interface, along with halide reactions with Ag.
This causes the formation of AgI and changes in the perovskite
morphology, leading to a smooth absorber layer with no
detectable domain boundaries. The device stored without
metal (Figure 6b) showed a different degradation pathway
dominated by corrosion of ITO that causes the formation of
voids near the ITO interface and diffusion of Sn into the device
stack. In Figure 6c, we present the mitigation strategy of these
degradation pathways. The SnOx buffer layer effectively blocks
Ag migration and metal-halide reactions. Replacement of ITO
by less reactive FTO suppresses the electrochemical reactions
at the transparent electrode and mitigates the diffusion of Sn
and In.

4. CONCLUSIONS
We investigated degradation mechanisms in p-i-n perovskite
solar cells that were stored in the dark in an argon atmosphere
for approximately 1 year. We compared full devices that were
stored with the Ag metal contact to devices that were stored as
a partial stack with all layers excluding the Ag metal contact.
We found that Ag diffusion was the major source of
degradation for devices stored with the metal contact, causing
shunting that originates at the ETL, Ag accumulation at the
HTL side, and loss of the absorber domain structure. This
resulted in external-voltage-induced electric field profiles
dominated by the voltage drop at the HTL side with a
minimal signal at the ETL side. The devices stored without

Figure 6. Schematic of degradation mechanisms under dark storage conditions.
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metal contact showed a different degradation pathway. With
fresh Ag applied, the devices showed some JSC loss, but overall,
much better performance than the devices stored with Ag.
However, a short additional period of dark storage resulted in
Ag corrosion and the development of an injection barrier,
demonstrating instability of the perovskite absorber, which
created degradation products that rapidly corrode the metal
electrode. The device stored without metal showed degrada-
tion primarily by corrosion reactions at the ITO contact,
resulting in voids and Sn/In diffusion. Importantly, the KPFM
results reveal distinct electric field profiles depending on
storage conditions with or without Ag. This shows that
degradation at the ITO interface leads to different resistive
losses when Ag diffusion is absent, highlighting an independent
ITO degradation pathway that can occur if metal diffusion is
mitigated. We demonstrated that these degradation pathways
could be mitigated by changes to the device stack, including a
SnOx blocking layer at the ETL side and replacing ITO with
FTO at the HTL side. Taken together, this study provides a
useful demonstration of degradation pathways under dark
storage to inform further improvement of the perovskite device
stability. Furthermore, our multimodal characterization
approach highlights KPFM as a useful method to link changes
in interface composition observed with electron microscopy to
the electrical characteristics of the interfaces.
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(10) Ulicňá, S.; Schall, J. W.; Hayden, S. C.; Irvin, N. P.; Silverman,

T. J.; Fei, C.; Shi, X.; Arnold, R. L.; McDanold, B.; Parker, J.; Huang,
J.; Berry, J. J.; Stein, J. S.; Kern, D. B.; Owen-Bellini, M.; Schelhas, L.
T. Field-Relevant Degradation Mechanisms in Metal Halide Perov-
skite Modules. Adv. Energy Mater. 2025, 15 (23), 2404518.
(11) Conings, B.; Drijkoningen, J.; Gauquelin, N.; Babayigit, A.;

D’Haen, J.; D’Olieslaeger, L.; Ethirajan, A.; Verbeeck, J.; Manca, J.;
Mosconi, E.; Angelis, F. D.; Boyen, H.-G. Intrinsic Thermal Instability
of Methylammonium Lead Trihalide Perovskite. Adv. Energy Mater.
2015, 5 (15), 1500477.
(12) Juarez-Perez, E. J.; Ono, L. K.; Qi, Y. Thermal Degradation of

Formamidinium Based Lead Halide Perovskites into Sym-Triazine
and Hydrogen Cyanide Observed by Coupled Thermogravimetry-
Mass Spectrometry Analysis. J. Mater. Chem. A 2019, 7 (28), 16912−
16919.
(13) Zhou, J.; Liu, Z.; Yu, P.; Tong, G.; Chen, R.; Ono, L. K.; Chen,

R.; Wang, H.; Ren, F.; Liu, S.; Wang, J.; Lan, Z.; Qi, Y.; Chen, W.
Modulation of Perovskite Degradation with Multiple-Barrier for
Light-Heat Stable Perovskite Solar Cells. Nat. Commun. 2023, 14 (1),
6120.
(14) Ma, L.; Guo, D.; Li, M.; Wang, C.; Zhou, Z.; Zhao, X.; Zhang,

F.; Ao, Z.; Nie, Z. Temperature-Dependent Thermal Decomposition
Pathway of Organic−Inorganic Halide Perovskite Materials. Chem.
Mater. 2019, 31 (20), 8515−8522.
(15) Yu, X.; Wang, Y.; Gao, P. The Effect of Redox Reactions on the

Stability of Perovskite Solar Cells. ChemPhotoChem 2023, 7 (8),
No. e202200311.
(16) Rakstys, K.; Igci, C.; Nazeeruddin, M. K. Efficiency Vs.

Stability: Dopant-Free Hole Transporting Materials Towards
Stabilized Perovskite Solar Cells. Chem. Sci. 2019, 10 (28), 6748−
6769.
(17) Domanski, K.; Correa-Baena, J.-P.; Mine, N.; Nazeeruddin, M.

K.; Abate, A.; Saliba, M.; Tress, W.; Hagfeldt, A.; Grätzel, M. Not All
That Glitters Is Gold: Metal-Migration-Induced Degradation in
Perovskite Solar Cells. ACS Nano 2016, 10 (6), 6306−6314.
(18) Wang, H.-Q.; Wang, S.; Chen, L.; Yin, Z.; Mei, S.; Zhong, Y.;

Yao, Y.; Li, N.; Wang, J.; Song, W. Understanding Degradation
Mechanisms of Perovskite Solar Cells Due to Electrochemical
Metallization Effect. Sol. Energy Mater. Sol. Cells 2021, 230, 111278.
(19) Mei, S.; Yin, Z.; Gu, P.; Wang, H.-Q.; Wang, J.; Song, W.

Improved Operational Stability of Perovskite Solar Cells Via Au
Barrier Layer Incorporation. ACS Appl. Energy Mater. 2021, 4 (10),
11062−11068.
(20) Boyd, C. C.; Cheacharoen, R.; Bush, K. A.; Prasanna, R.;

Leijtens, T.; McGehee, M. D. Barrier Design to Prevent Metal-
Induced Degradation and Improve Thermal Stability in Perovskite
Solar Cells. ACS Energy Lett. 2018, 3 (7), 1772−1778.
(21) Chen, R.; Zhang, W.; Guan, X.; Raza, H.; Zhang, S.; Zhang, Y.;

Troshin, P. A.; Kuklin, S. A.; Liu, Z.; Chen, W. Rear Electrode
Materials for Perovskite Solar Cells. Adv. Funct. Mater. 2022, 32 (26),
2200651.
(22) Boyd, C. C.; Shallcross, R. C.; Moot, T.; Kerner, R.; Bertoluzzi,

L.; Onno, A.; Kavadiya, S.; Chosy, C.; Wolf, E. J.; Werner, J.; Raiford,
J. A.; de Paula, C.; Palmstrom, A. F.; Yu, Z. J.; Berry, J. J.; Bent, S. F.;
Holman, Z. C.; Luther, J. M.; Ratcliff, E. L.; Armstrong, N. R.;

McGehee, M. D. Overcoming Redox Reactions at Perovskite-Nickel
Oxide Interfaces to Boost Voltages in Perovskite Solar Cells. Joule
2020, 4 (8), 1759−1775.
(23) Liu, L.; Yellinek, S.; Valdinger, I.; Donval, A.; Mandler, D.

Important Implications of the Electrochemical Reduction of Ito.
Electrochim. Acta 2015, 176, 1374−1381.
(24) Yang, J.; Siempelkamp, B. D.; Mosconi, E.; De Angelis, F.;

Kelly, T. L. Origin of the Thermal Instability in Ch3nh3pbi3 Thin
Films Deposited on Zno. Chem. Mater. 2015, 27 (12), 4229−4236.
(25) Kerner, R. A.; Rand, B. P. Electrochemical and Thermal

Etching of Indium Tin Oxide by Solid-State Hybrid Organic−
Inorganic Perovskites. ACS Appl. Energy Mater. 2019, 2 (8), 6097−
6101.
(26) Liu, A.; Li, X.; Zhang, W.; Yang, H.; Guo, X.; Lu, C.; Yuan, H.;

Ou-Yang, W.; Fang, J. Ag Electrode Anticorrosion in Inverted
Perovskite Solar Cells. Adv. Funct. Mater. 2024, 34 (1), 2307310.
(27) Li, X.; Fu, S.; Zhang, W.; Ke, S.; Song, W.; Fang, J. Chemical

Anti-Corrosion Strategy for Stable Inverted Perovskite Solar Cells. Sci.
Adv. 2020, 6 (51), No. eabd1580.
(28) Zhang, D.; Li, D.; Hu, Y.; Mei, A.; Han, H. Degradation

Pathways in Perovskite Solar Cells and How to Meet International
Standards. Commun. Mater. 2022, 3 (1), 58.
(29) Binek, A.; Petrus, M. L.; Huber, N.; Bristow, H.; Hu, Y.; Bein,

T.; Docampo, P. Recycling Perovskite Solar Cells to Avoid Lead
Waste. ACS Appl. Mater. Interfaces 2016, 8 (20), 12881−12886.
(30) Campanari, V.; Martelli, F.; Agresti, A.; Pescetelli, S.; Nia, N.

Y.; Di Giacomo, F.; Catone, D.; O’Keeffe, P.; Turchini, S.; Yang, B.;
Suo, J.; Hagfeldt, A.; Di Carlo, A. Reevaluation of Photoluminescence
Intensity as an Indicator of Efficiency in Perovskite Solar Cells. Sol.
RRL 2022, 6 (8), 2200049.
(31) Kato, Y.; Ono, L. K.; Lee, M. V.; Wang, S.; Raga, S. R.; Qi, Y.

Silver Iodide Formation in Methyl Ammonium Lead Iodide
Perovskite Solar Cells with Silver Top Electrodes. Adv. Mater.
Interfaces 2015, 2 (13), 1500195.
(32) Tang, J.; Tian, W.; Zhao, C.; Sun, Q.; Zhang, C.; Cheng, H.;

Shi, Y.; Jin, S. Imaging the Moisture-Induced Degradation Process of
2d Organolead Halide Perovskites. ACS Omega 2022, 7 (12), 10365−
10371.
(33) Saive, R. S-Shaped Current−Voltage Characteristics in Solar

Cells: A Review. IEEE J. Photovolt 2019, 9 (6), 1477−1484.
(34) Svanström, S.; Jacobsson, T. J.; Boschloo, G.; Johansson, E. M.

J.; Rensmo, H.; Cappel, U. B. Degradation Mechanism of Silver Metal
Deposited on Lead Halide Perovskites. ACS Appl. Mater. Interfaces
2020, 12 (6), 7212−7221.
(35) Han, Y.; Meyer, S.; Dkhissi, Y.; Weber, K.; Pringle, J. M.; Bach,

U.; Spiccia, L.; Cheng, Y.-B. Degradation Observations of
Encapsulated Planar Ch3nh3pbi3 Perovskite Solar Cells at High
Temperatures and Humidity. J. Mater. Chem. A 2015, 3 (15), 8139−
8147.
(36) Gayot, F.; Zhu, Y.; Weber, J. W.; Zheng, Z.; Zandi, S.; Feng, Z.;

Zhang, M.; Hou, T.; Liu, J.; Huang, Y.; Hao, X.; Hameiri, Z. Outdoor
Implied Open-Circuit Voltage Imaging of Perovskite Solar Cells
Using Sunlight Excitation. Joule 2025, 9 (6), 101946.
(37) Zhan, C.; Luo, C.; Gao, F.; Wang, X.; Li, Y.; Zhao, Q. Indium

Tin Oxide Induced Internal Positive Feedback and Indium Ion
Transport in Perovskite Solar Cells. Angew. Chem. Int. Ed. 2024, 63
(30), No. e202403824.
(38) Paul, G.; Schall, J. W.; Jiang, C. S.; Louks, A.; Palmstrom, A.;

Dutta, N. S.; Johnston, S.; Guthrey, H.; Norman, A.; Al-Jassim, M. M.;
Sulas-Kern, D. B. In Investigating Electric Field and Light Induced
Degradation in Perovskite Solar Cells through Nanometer-Scale Potential
Imaging. In 2023 IEEE 50th Photovoltaic Specialists Conference (PVSC),
IEEE 2023; pp 1−6.
(39) Bertoluzzi, L.; Boyd, C. C.; Rolston, N.; Xu, J.; Prasanna, R.;

O’Regan, B. C.; McGehee, M. D. Mobile Ion Concentration
Measurement and Open-Access Band Diagram Simulation Platform
for Halide Perovskite Solar Cells. Joule 2020, 4 (1), 109−127.
(40) Schall, J. W.; Louks, A.; Paul, G.; Dutta, N. S.; Johnston, S.;

Jiang, C. S.; Palmstrom, A.; Al-Jassim, M.; Kern, D. B. In In-Situ

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.5c03347
ACS Appl. Energy Mater. 2026, 9, 2503−2512

2511

https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1038/s41560-019-0529-5
https://doi.org/10.1021/acsenergylett.2c00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c00330?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-35400-4
https://doi.org/10.1038/s41467-022-35400-4
https://doi.org/10.1002/aenm.202404518
https://doi.org/10.1002/aenm.202404518
https://doi.org/10.1002/aenm.201500477
https://doi.org/10.1002/aenm.201500477
https://doi.org/10.1039/C9TA06058H
https://doi.org/10.1039/C9TA06058H
https://doi.org/10.1039/C9TA06058H
https://doi.org/10.1039/C9TA06058H
https://doi.org/10.1038/s41467-023-41856-9
https://doi.org/10.1038/s41467-023-41856-9
https://doi.org/10.1021/acs.chemmater.9b03190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b03190?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cptc.202200311
https://doi.org/10.1002/cptc.202200311
https://doi.org/10.1039/C9SC01184F
https://doi.org/10.1039/C9SC01184F
https://doi.org/10.1039/C9SC01184F
https://doi.org/10.1021/acsnano.6b02613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b02613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b02613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.solmat.2021.111278
https://doi.org/10.1016/j.solmat.2021.111278
https://doi.org/10.1016/j.solmat.2021.111278
https://doi.org/10.1021/acsaem.1c01993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c01993?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.8b00926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202200651
https://doi.org/10.1002/adfm.202200651
https://doi.org/10.1016/j.joule.2020.06.004
https://doi.org/10.1016/j.joule.2020.06.004
https://doi.org/10.1016/j.electacta.2015.07.129
https://doi.org/10.1021/acs.chemmater.5b01598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b01598?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.9b01356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202307310
https://doi.org/10.1002/adfm.202307310
https://doi.org/10.1126/sciadv.abd1580
https://doi.org/10.1126/sciadv.abd1580
https://doi.org/10.1038/s43246-022-00281-z
https://doi.org/10.1038/s43246-022-00281-z
https://doi.org/10.1038/s43246-022-00281-z
https://doi.org/10.1021/acsami.6b03767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b03767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/solr.202200049
https://doi.org/10.1002/solr.202200049
https://doi.org/10.1002/admi.201500195
https://doi.org/10.1002/admi.201500195
https://doi.org/10.1021/acsomega.1c06989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c06989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1109/JPHOTOV.2019.2930409
https://doi.org/10.1109/JPHOTOV.2019.2930409
https://doi.org/10.1021/acsami.9b20315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b20315?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5TA00358J
https://doi.org/10.1039/C5TA00358J
https://doi.org/10.1039/C5TA00358J
https://doi.org/10.1016/j.joule.2025.101946
https://doi.org/10.1016/j.joule.2025.101946
https://doi.org/10.1016/j.joule.2025.101946
https://doi.org/10.1002/anie.202403824
https://doi.org/10.1002/anie.202403824
https://doi.org/10.1002/anie.202403824
https://doi.org/10.1016/j.joule.2019.10.003
https://doi.org/10.1016/j.joule.2019.10.003
https://doi.org/10.1016/j.joule.2019.10.003
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c03347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Photostability Analysis of Perovskite Solar Cells by Time-Evolving
Photoluminescence Imaging. In 2023 IEEE 50th Photovoltaic Specialists
Conference (PVSC); IEEE 2023; pp 1−5.
(41) Witteck, R.; Nguyen Minh, D.; Paul, G.; Harvey, S. P.; Zheng,

X.; Jiang, Q.; Chen, M.; Abzieher, T.; Palmstrom, A. F.; Habersberger,
B.; Gaulding, E. A.; Luther, J. M.; Wheeler, L. M. Reducing Thermal
Degradation of Perovskite Solar Cells during Vacuum Lamination by
Internal Diffusion Barriers. ACS Appl. Energy Mater. 2024, 7 (22),
10750−10757.
(42) Penukula, S.; Khanal, M. N.; Sharma, M.; Parashar, M.; Kerner,

R. A.; Chen, M.; Davis, M. A.; Saha, R. A.; Solano, E.; Roeffaers, M. B.
J.; Berry, J. J.; Luther, J. M.; Steele, J. A.; Palmstrom, A.; Whiteside, V.
R.; Rout, B.; Sellers, I. R.; Rolston, N. Barrier Layer Design Reduces
Top Electrode Ion Migration in Perovskite Solar Cells. EES Sol. 2025,
1 (3), 345−355.
(43) Geiger, S.; Kasian, O.; Mingers, A. M.; Mayrhofer, K. J. J.;

Cherevko, S. Stability Limits of Tin-Based Electrocatalyst Supports.
Sci. Rep. 2017, 7 (1), 4595.
(44) Wen, H.; Weng, B.; Wang, B.; Xiao, W.; Liu, X.; Wang, Y.;

Zhang, M.; Huang, H. Advancements in Transparent Conductive
Oxides for Photoelectrochemical Applications. Nanomaterials 2024,
14 (7), 591.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.5c03347
ACS Appl. Energy Mater. 2026, 9, 2503−2512

2512

https://doi.org/10.1021/acsaem.4c02567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.4c02567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.4c02567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D5EL00051C
https://doi.org/10.1039/D5EL00051C
https://doi.org/10.1038/s41598-017-04079-9
https://doi.org/10.3390/nano14070591
https://doi.org/10.3390/nano14070591
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.5c03347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

