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Summary

We report on an examination of mobile ion concentration (N,) in perovskite solar cells (PSCs)
as a function of temperature and device architecture. We find that lower initial N, is correlated
to devices with higher thermal performance through in-situ measurements up to 450K. Changes
in N, are observed upon thermal aging and are impacted by the changes made at the electron
collecting interface. We examine the extent to which various top electrode materials (Ag, Au,
carbon) impact N, as well as the effects of tin oxide (SnO>) or an ozone-nucleated SnO; (Os-
SnO») barrier layer between the ETL and top electrode. Upon thermal aging, we confirm the
involvement of Ag ion diffusion through the ETL dependent on the device details. We are able
to quantify the degree to which Ag ions migrate or are blocked from migrating into the
underlying device layers in the PSC stack. X-ray scattering shows improved suppression of the
degradation products formed in the bulk of the perovskite when a blocking layer, particularly
the O3-SnO> is employed.

Keywords: mobile ions, tin oxide, activation energy, reliability, diffusion, spectroscopy, X-ray
scattering, degradation, aging

Broader Context

Ion migration is one of the important factors that affect the operational lifetime and stability of
perovskite solar cells (PSCs). Even though different methodologies have been employed to
show the effects of ion migration, the techniques are varied and often qualitative. Furthermore,
there is no simple, quantitative method that provides a consistent correlation to the stability of
PSCs. This work shows that mobile ion concentration (No) can be correlated to PSC stability
in state-of-the-art devices. N, is a metric that can serve as a consistent and straightforward
approach to quantify ion migration-related degradation modes on PSC stability.
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Introduction

Metal-halide perovskite (MHP) solar cells have achieved significant commercial
interest in the renewable energy market based on rapid efficiency improvements(1,2) achieving
lab efficiencies of 26.7%.(3) Additional advantages include the use of earth-abundant
precursors, affordable manufacturing, and tunability of optoelectronic properties.(4—7)
However, the ion migration and chemical reactions observed under the influence of
environmental stressors such as heat and light are a concern.(8,9) The pace of perovskite solar
cell (PSC) advances has made it difficult for field testing studies to keep pace with reports in
excess of 10000 h limited to older devices and architectures.(10) Limited field lifetimes (< 1
year) for the majority of PSC modules tested by the perovskite PV accelerator for
commercializing technologies (PACT)(11) indicates this challenge of demonstrating sufficient
reliability to bring PSCs to market. This rapid development cycle creates a need for more rapid
testing methods and metrics as well as mechanistic insight related to stability and reliability
issues in PSCs. Of the variety of mechanisms believed to be responsible for a change in
efficiency in operation, ion migration is postulated to be a primary cause of this degradation
via phase separation and reactions with charge transport layers. While these correlations have
been identified, the mechanism that ultimately leads to electronic losses and irreversible
corrosion of electrodes is still being revealed.(12—15) Here we undertake studies to examine
changes in mobile species and how these relate to device stability. Specifically, we use our
previously reported measurement approach to study the change in mobile ion concentration
(No). These measurements are sensitive to mobile charges induced directly or indirectly by
mobile ions and chemical reactions, providing a basis from which to see how this changes as
devices are stressed, and subsequently examine the specific origins of degradation for a given
device architecture.

Recent work has shown that the top metal electrodes in PSCs spontaneously react(15)
or can react under electrochemical(16,17) or photochemical stress.(18) One strategy to prevent
reactions and the formation of mobile ions is to employ a physical barrier layer.(19) However,
this barrier layer must be of very high quality (i.e. chemically stable and pinhole-free) to be
effective. The best barrier layers are often created by atomic layer deposition (ALD) of metal
oxides such as SnO; on top of the fullerene-based electron transport layer (ETL) in the p-i-n
structure of PSCs.(20) The barrier properties of ALD oxides are further enhanced by ozone-
nucleation (O3) of the SnO, by exposing the C¢o layer to ozone through an ultrathin (~5 nm)
non-conformally grown SnO> which functionalizes Ceo to better nucleate subsequent ALD
growth and enable more robust internal barriers in PSCs that can prevent chemical reactions
and block the motion of ions, water vapor, and solvents.(20) The deposition of the ozone-
nucleated barrier layers does not induce any new degradation modes observed under light and
heat testing with Too lifetimes of 500 h and 575 h for PSCs with SnO; and O3-SnO: layers,
respectively, at 65°C under approximately 1-sun illumination and quasi-maximum power point
(quasi-MPP) set by a static load resistor (ISOS-L2-21).(20) Furthermore, this O3 nucleation
approach was also shown to reduce the water-vapor transmission rate through the barrier layer
and reduce gas, solvent, and halide migration, in turn enhancing PSC stability compared to
control devices(20) as well as the mechanical robustness of PSCs compared to Sn0.(21)

Previous work demonstrated that ion migration in PSCs can be quantified in terms of
No, which is defined as the number of mobile ions present in the MHP, whereby a significant
variation in N, (5 orders of magnitude) was observed across different samples depending on
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the composition and chemistry of the top electrode.(22) The reasons for the variation were not
well understood at the time. Here, we leverage additional characterization such as Rutherford
Backscattering Spectrometry (RBS), a powerful, fast, and non-destructive technique for
quantifying elemental motion throughout a PSC. Previous work employed RBS to quantify the
depth profile of Pb and I in a film stack comprising TiO2/MAPDbI3.(23) More recently, RBS has
been utilized to study the radiation hardness and elemental migration, where the RBS results
clearly showed the signs of elemental migration of species such as iodine diffusing from the
perovskite to the top electrode.(24) In this work, RBS is used to demonstrate that the migration
of Ag ions (and of iodine out of the MHP) can be largely mitigated with a thin ALD SnO>
barrier layer between the Cso layer and the top Ag electrode. This work also elaborates on
several other considerations and implications of N, that connect to material and device stability,
including PSC thermal stability and bulk structural stability.

Results and Discussion
Impact of top electrode chemistry on ion migration

We begin by testing our hypothesis that metal electrodes are contributing/impacting N,
in PSCs with p-i-n architectures by the diffusion of metal ions into the active layer over time
or under the influence of environmental stressors such as heat, and that this diffusion can be
blocked by barrier layers. N, measurements of PSCs with and without barrier layers between
the device stack and the top electrode were performed using a transient dark current
measurement.(22) The control PSC device stack was glass-ITO/NiOx/Cso2FA0sPbl3/Ceso/(Ag
or Au or C), as shown in Fig. 1a. A SnO; layer was introduced for the SnO, PSC and O3-SnO;
PSC between the Cso ETL and the top electrode (Ag or Au or C) (Fig. 1b and 1c¢) deposited on
the same substrate to reduce potential variability from different MHP
morphologies/microstructures.

Starting with the Ag electrode case, from the square data points in Fig. 1d, the N, of
the Ag-control PSC was 3.0 * 10'* cm™. The introduction of barrier layers results in a decreased
N, value of 1.0 * 10'* cm™ for the Ag-SnO> PSC and 1.2 * 10'* cm™ for the Ag-03-SnO PSC.
We hypothesize that the more than 10x increase in N, for the control PSC is due to the diffusion
of mobile Ag ions into the MHP lattice through the C¢o layer. By contrast, when the denser
SnO, barrier layers (both SnO> and O3 nucleated SnO,) were used in the device stack, the
diffusion of Ag ions was more effectively blocked. This phenomenon has been validated using
other characterization methods where diffusion barriers were employed in the device stack to
prevent the diffusion and corrosion of the top electrode.(25-27) In this work, the reduction in
ion migration is evident by the reduction of N, values to a magnitude similar to that of the N,
values of the considerably more inert Au top electrode both in the case of SnO> PSC and O3-
SnO, PSC. As such, all 3 device configurations exhibited similar N, values for the Au electrode
of ~1.7 * 103 cm™, whereas the control PSC with C top electrode had a N, of 6.7 * 10! cm
and both the device configurations with barrier layers and C top electrode had a N, of 3 * 10!2
cm. The slightly reduced value of N, in the control PSC when compared to the SnO, PSC and
03-SnO2 PSC with the C electrode is potentially explained due to two factors. The first is the
inertness and chemical stability of C electrodes. The second is the possibility of the C electrode
improving the MHP/Cgo interface through mechanical toughening an effect that we have
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previously demonstrated from interfacial fracture energy measurements(28) which results in a
more physically dense barrier that possibly suppresses the formation of halide vacancies.(29)
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Fig. 1 Impact of top electrode chemistry on ion migration
(a) Control PSC device stack structure in p-i-n configuration with Ag, Au, and C top
electrode on the same substrate. (b, ¢) Device stack structure of PSCs with a barrier layer
between the ETL and top electrode where (b) is the SnO> PSC with SnO> barrier layer and
(c) 1s the O3-SnO PSC with ozone nucleated SnO: barrier layer. (d) Initial N,
measurements for control PSC, SnO> PSC, and O3-SnO> PSC with Ag, Au, and C top
electrodes.

Effectiveness of SnO2 barrier layer in the prevention of Ag ion diffusion

In addition to the initial N, we measured ion evolution under elevated temperatures to
study the extent to which additional ion diffusion occurs in the MHP layer. Aging was
performed on the PSCs by subjecting them to 50°C for a period of 120 h. The percentage change
in N, for all 3 PSC device configurations with respect to the 3 top electrodes was observed
after aging (Fig. S1-S3). The Ag-SnO: and Ag-O3-SnO2 PSCs had an increase of approximately
740 £ 335% and 90 £ 46% in N,, respectively, while the N, of the Ag-control PSC decreased
by 35 & 9% (Fig. 2a). The N, value is believed to be a result of the combination of opposing
effects from Ag species reacting with the MHP to generate additional mobile ions and halide
ions escaping the MHP lattice to reduce mobile ions after mild thermal aging. This can be seen
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by the reduction of N, measured after thermal aging in the control sample without a SnO»
barrier layer an effect we attribute to halide ions escaping the MHP lattice and triggering
chemical reactions with adjacent layers along with decomposition of the MHP in the bulk, an
effect which is shown in Fig. 4. However, we believe that in the case of Ag-SnO; and Ag-O:s-
SnO, PSC where a barrier layer is present, the measured increase in N, after aging is primarily
aresult of metal diffusion into the MHP. In absolute terms, the measured N, for aged Ag-control
PSCs was still markedly higher than the N, of aged Ag-SnO> and Ag-O3-SnO> PSCs. After
aging, no significant changes in N, were observed for PSCs with Au and C top electrodes. A
relatively minor decrease (< 50% A N,) is one that we previously observed in MHPs with C
electrodes. We hypothesize that the mechanism for the minor decrease is due to the possible
onset of film degradation based on a slight redshift in photoluminescence after aging under
these conditions(28), which could correspond with mobile ions escaping the MHP lattice.

The above observations strongly indicate that mobile Ag species and MHP-Ag
reactions are responsible for the changes in N,. To probe the redistribution of elements in the
devices and confirm the observations, RBS was performed on Ag devices for unaged samples
and for thermally aged samples that were subjected to the same thermal aging (50 °C for 120
h) (Fig. S4 — S6 and Table S1 - S6). Subsequently, the atomic concentration of elements in all
the layers of the device stack was used to understand the roles of Ag and barrier layers affecting
ion diffusion in PSCs. Fig. 2b depicts the atomic concentration of Ag in the MHP layer and
other PSC layers (Ceo layer for Ag-control PSC, Cso and SnO» layer for Ag-SnO> PSC, and Ceo
and O3-SnO; layer for Ag-O3-SnO; PSC) between the MHP and the top electrode for both
unaged and aged samples. Note the unaged and aged sample measurements were not performed
on the exact same sample before and after aging, which could lead to minor discrepancies in
the absolute numbers between samples. There was no significant change in the atomic
concentration of Ag in the ETL layers before and after aging with a maximum increase in the
atomic concentration of ~ 0.5 * 10'® atoms/cm? (Fig. 2b) with the amount of uncertainty as
explained in Supplementary Note 1. However, a significant increase in the atomic
concentration of Ag in the MHP layer was found based on model fitting for all PSCs after aging
with almost an eight-fold increase for Ag-control PSC from 1.0 * 10'to 7.5 * 10'® atoms/cm?,
approximately a four-fold increase for Ag-SnO, PSC from 1.4 * 10'® to 6.0 * 10'® atoms/cm?,
and approximately a two-fold increase for Ag-O3-SnO> PSC from 1.2 * 10'® to 3.0 * 10'¢
atoms/cm’. Additionally, even though the atomic concentration of Ag increased in the Ag-
control PSC after aging, the atomic concentration of iodine is simultaneously reduced (Fig. S7)
in the MHP layer. As previously discussed, these opposing effects on N, likely lead to the
overall reduction in N, observed in Fig. 2a. The increase in the atomic concentration of Ag in
the MHP layer for all 3 device configurations after aging confirms that the MHP is reacting
with Ag without a SnO; barrier layer, and Ag ions are diffusing into the MHP layer over time.
It is also clear that O3-SnO; PSC is most effective in reducing the diffusion of Ag into the MHP.
The RBS data also shows that no iodine is evident in the layers above the MHP after aging in
either the SnO; or O3-SnO; device configurations (Table S4 and S6), a further indication of
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the mechanism for N, increase in both of those cases being in part due to Ag diffusion into the
MHP and doping the material.
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Fig. 2 Effectiveness of SnO:2 barrier layer in the prevention of Ag ion diffusion

(a) Percentage change in N, for control PSC, SnO, PSC, and O3-SnO2 PSC with Ag top
electrodes after exposure of the PSCs to 50 °C for 120h. (b) Change in RBS atomic
concentration of Ag after aging in the MHP layer and ETL for control PSC, along with
barrier layer for SnO2 PSC, and O3-SnO» PSC.

Threshold in N, for operation and improved thermal stability of PSCs with barrier layer

Accelerated thermal stability tests in the form of in-situ No-temperature measurements
were performed for Ag devices, to evaluate the correlation between ion migration and thermal
stability. The in-situ N, measurements were undertaken from 300 K to 450 K with a
temperature ramp rate of 10K/min, a tolerance of 0.5K, and a settling time of 20s. We note that
thermal tests in the dark were selected to directly probe metal diffusion rather than other forms
of instability that arise with heat + light.

The point at which no electronic or ionic response was observed in the device was
determined and this threshold temperature was assessed for the different architectures. We note
that the apparent threshold temperatures may be either kinetic or thermodynamic effects
associated with this temperature ramp experiment. The details of the kinetics of the migration
are beyond the current scope of this work. Here, the HTL was either a self-assembled
monolayer (SAM) (SAM-based PSC with the control architecture) or NiOx layer (control,
SnO», and O3-SnO2 PSCs) (Fig. 3a and 3b). A SAM-based PSC was selected as all state-of-
the-art device architectures utilize SAM as the HTL and to demonstrate the versatility of the
technique in measuring different device stack structures. From Fig. 3¢, the SAM-based PSC
and control PSC showed a threshold temperature of 370 K (~100 °C), and the PSCs with barrier
layers continued to operate with some response at a temperature of 450 K (~180 °C), the upper
limit which was tested for this study. Fig. S8 shows device failure for the control PSC with a
loss in dark I'V response beyond 370 K and the SAM-based PSC showing a deteriorated dark
IV response at 370K. In comparison, the SnO> PSC showed an acceptable dark I'V response at
450 K while the O3-SnO> PSC showed an onset of degradation at 440 K, but both the PSCs
still had measurable N, values at 450 K. It is still expected that this is close to the threshold
temperature for their ionic response based on the worsening of the IV curves. This effect was
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validated by testing a second set of samples with a similar top contact configuration in Fig. S9
and S10, in which case the O3-SnO> PSCs had an improved thermal stability response
compared to both the control and SnO> PSCs. In this case, Ny values for the control were
measurable up to 450K, although the J-V response exhibited similar degradation at 370K and
above. We note that a BCP layer was also included in this batch, and additional No
measurements for control devices that contain the BCP aged at 50°C are included in Fig. S11,
where the PSCs with BCP exhibited a trend in N, that is very similar to control PSCs without
BCP. This indicates that the introduction of barrier layers in the device stack increased the
threshold operating temperature of the PSCs by at least 80 °C, allowing an unencapsulated PSC
in this work to function with an Ag electrode at a temperature comparable to the state-of-the-
art achieved by a metal-free top contact structure using a combination of ITO with an ALD-
based nanolaminate on top of the PSC for additional extrinsic stability shown elsewhere.(30)

Interestingly, there appears to be an empirically observed upper threshold of N, for operation
at~3.0 * 10'° cm™ for multiple different combinations of electron and hole-transporting layers
with Ag contacts, as indicated by the purple dashed line in Fig. 3¢ above which there is a high
possibility of device failure based on the worsening or complete loss of dark IV response for
most of the samples as shown in Fig. S8. All the PSCs showed an increase in N, with
temperature throughout the temperature range that was tested but the PSCs that had lower N,
initially (SnO; PSC and O3-SnO; PSC) were operational at higher temperatures (370K to 450K)
when compared to the PSCs that had higher N, initially (control PSC and SAM-based PSC)
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Fig. 3 Threshold in N, for operation and improved thermal stability of PSCs with
barrier layer

(a) Device stack structure in p-i-n configuration for control and SAM-based PSC with an
HTL of NiOx and SAM respectively. (b) Device stack structure in p-i-n configuration for
SnO; PSC and O3-SnOz PSC with a barrier layer of SnO; and O3-SnO: respectively
between ETL and the top electrode. (c) N, of PSCs versus temperature, showing threshold
operating points of the devices at higher temperatures and also the threshold in N, for
operation.
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which failed to show a response beyond 370K. There are multiple interpretations of this
observation, all of which are in line with higher N, values corresponding to accelerated
degradation. One possible mechanism for this observation could be due to other failure modes
unrelated to metal diffusion, such as reactions at the HTL/perovskite interface. This shows that
having a higher N, initially is consistent with more rapid deterioration of PSCs at higher
temperatures and that having a lower initial N, appears to be one of the factors that are
associated with improved thermal stability of these p-i-n PSCs. As such, there is the possibility
of implementing N, as a screening tool or quality control for validating barrier layer efficacy
in PSCs after fabrication.

Improved bulk MHP stability of PSCs with barrier layer

To study how the changes in ions correlate to microstructure changes in the films,
GIWAXS was performed on control, SnO», and O3-SnO, PSCs before and after the PSCs were
subjected to the same thermal aging (50°C for 120h in N3). Incident angle scans showcasing
the X-ray diffraction plots in g-space at incidence angles 0.3° (representing the top surface)
and 5° (representing the bulk) for all 3 device configurations before and after aging are shown
in Fig. 4. Note that the unaged and aged sample measurements were not performed on the same
sample. The peaks that indicate some presence of the degradation products were evident on the
MHP surface for all the PSCs before and after aging was performed. All the unaged PSCs (Fig.
4a-c) showcased a clear MHP (110) peak in the bulk.(31) However, after aging, the control
PSC (Fig. 4d) exhibited a significant diminishing of the MHP (110) peak in the bulk. Note that
a slightly higher amount of degradation was observed on the surface in the SnO, PSC (Fig. 4e)
when compared to the O3-SnO> PSC (Fig. 4f) after aging. Both SnO> PSC and O3-SnO, PSC
did not show a significant variation in the bulk 1D profile after aging i.e., they retained their
MHP (110) peak along with no presence of degradation byproduct peaks. The integrated peak
area ratios of MHP (110) and a degradation product (which we hypothesize corresponds to
either 2H-FAPDI; or a non-perovskite phase) (Table S7) from the 1D integrated GIWAXS
profiles show that this ratio reduced from unaged to aged samples in the decreasing order of
control PSC, SnO, PSC, and O3-SnO; PSC. This reduction indicates that the control PSC has
low stability both in the top surface and the bulk, whereas SnO2 PSCs and O3-SnO2 PSCs show
an improvement in bulk stability after the introduction of the barrier layers in the device
structure.

In addition to the dark I-V measurements, a full set of measurements were performed
in the light and complemented by temperature-dependent EQE for the O3-SnO; PSC (showing
a minor increase in bandgap with temperature as in line with previous reporting for PSCs with
similar compositions(32)) as shown in Fig. S12 and S13. Control PSCs exhibited a rapid
performance degradation with an increase in temperature, whereas O3-SnO; PSCs exhibited
much better thermal stability. There was a continuous drop in power conversion efficiency
(PCE) from 14.5% to 6.6% for control PSC, whereas the PCE dropped from 16% to 12% for
03-SnO> PSCs when the devices were exposed to heat from 300K to 450K. The factors
contributing to the drop in PCE of control PSCs are a drop in Voc and fill factor, both of which
showed better stability for O3-SnO2 PSCs. Hence the improvement in N, and the associated
enhancement in the O3-SnO> PSCs in comparison to control PSCs is complemented by better
stability under extreme operational conditions (Fig. S14) and is on par with the best reported
thermal stability of PSCs, which required the use of a metal-free top contact structure
comprising ITO and an ALD nanolaminate(30) on top of the completed device. Our device
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Fig. 4 Improved bulk MHP stability of PSCs with barrier layer

X-ray diffraction plots in g-space at incidence angles 0.3° (representing the top surface)
and 5° (representing the bulk) (a, b, ¢) unaged PSCs, and (d, e, f) PSCs subjected to 50 °C
for 120h. (a, d) control PSC, (b, €) SnO, PSC, and (¢, f) O3-SnO> PSC.

structure shows that the reactions from a highly reactive metal (Ag) can be mitigated by
preventing ion diffusion through the use of an ultra-thin, dense, and well-designed built-in
barrier layer.

The activation energy (Ea) of the PSCs was also determined using in-situ ionic
conductivity across a range of temperatures, a measurement that has been used in several other
reports for ion-specific activation mechanisms.(33-35) As plotted in Fig. S15 and S16, the Ea
of the control PSC was 0.346 ¢V, the Es of the SAM-based PSC was 0.410 eV, and the Es of
the O3-SnO; PSC was 0.503 eV. This value is much higher than the Ea of triple halide PSCs
with a similar architecture to the control PSC in this study and without any barrier layer (0.14
eV) from previous work.(22) As expected, these values support that the mobile ion activation
is suppressed in the PSCs with a barrier layer when compared to the control and SAM-based
PSCs. The implication of a higher Ea in the O3-SnO; PSC demonstrates that well-designed
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barrier layers can reduce both the formation and evolution of mobile ions under operational
conditions.

The primary focus of this work was utilizing the ion blocking feature/mechanism of a
dense ALD O3-SnO: layer to clearly show the diffusion of metal into the MHP under operation
and the ability to detect this diffusion using No. A mild temperature of 50°C was initially
selected for the exposure tests to be able to observe only the temperature-dependent diffusion
mechanisms on the PSCs without the influence of more rapid MHP degradation that could
happen if the accelerated testing was done at higher temperatures or with light. Once an
understanding regarding the diffusion of metal was achieved at 50°C, the PSCs were exposed
to much higher temperatures up to 450K (177°C) to observe the effects of degradation of MHP
along with the diffusion of metal into the MHP. Additional experiments were performed under
illumination during this high-temperature study showing the improved operational stability of
03-Sn0; devices compared to control devices (Fig. S12 and S13) that directly correlate with
the reduction in N,. Future work will include in-situ PL mapping characterization of the PSCs
to monitor compositional changes in the MHP caused by the metal diffusion under operation
during thermal aging.

Conclusion

In this work, we quantified mobile ionic species directly or indirectly resulting from
chemical reactions. We demonstrated that our N, measurement is sensitive to Ag ions diffusing
into the MHP lattice of PSCs through the changes in N, based on top electrode chemistry and
from thermal aging. We validated that O3-SnO> is an improved barrier layer in preventing the
diffusion of Ag ions along with retaining the bulk stability of the MHP while improving PSC
thermal stability compared to devices without a barrier layer. This allowed us to correlate this
N, metric to current-voltage (IV) behavior and ion redistribution as measured by Rutherford
Backscattering Spectrometry. It is important to note that at high enough temperatures such as
450K, MHPs will degrade even with barrier layers due to structural degradation, an effect
which was observed in the appearance of an upper threshold for N, across device types. While
many factors contribute to the real lifetime of fielded PV modules, the effectiveness, and
reproducibility of barrier layers to prevent ion migration and chemical degradation are among
the most critical to tackle for the stability of PSCs. Overall, our results demonstrate that No-
temperature measurements are a rapid and effective method to characterize barrier layers at
perovskite/electrode interfaces and predict the chemical robustness of the full devices.

To this end, there is a need for a deeper understanding of the correlation between power
conversion efficiency, ion migration, and stability of PSCs. As such, we believe that the use of
N, measurements coupled with accelerated thermal and/or light aging can serve as a highly
useful tool in quantifying the extent to which multiple sources of ions (whether from the top
electrode or from the MHP itself) move throughout the PSC to provide a deeper understanding
of ion-based degradation mechanisms.

Methods

The preparation of glass substrates before doing any of the processing on top of the
substrate was performed in a step-by-step procedure as follows: Indium tin oxide coated glass
(ITO-glass) substrates (Xin Yan Technologies) were initially cleaned in an ultrasonic cleaner
by submerging them in an industry grade soap solution of Extran (Millipore Sigma) diluted in
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water in the ratio of 1:10 for 10 min. Then, the ITO-glass slides were rinsed under a flow of
de-ionized water with a brush to remove the residual soap on top of the substrates. This was
followed by ultrasonic cleaning by submerging them in isopropyl alcohol (IPA) (Thermo
Scientific) and acetone (Alfa Aesar — 99.5%+) separately for 10 min. Finally, they were
subjected to a UV ozone treatment for another 15 min.

Nickel-oxide (NiO)

A NiOx sol-gel solution for depositing the hole transport layer (HTL) was prepared by
mixing 1M NiNOs. (H20)6 (Sigma Aldrich — 99.999% trace metals basis) in 94% ethylene
glycol (EG) (Thermo scientific — anhydrous 99.8%) and 6% ethylenediamine (EDA) (Thermo
scientific — 99%); the vial was then placed in a vortex mixer, and the solution was mixed until
it turned a dark blue color.

Self-assembled monolayer

0.5 mg ml-1 MeO-2PACz self-assembled monolayer solution dissolved in ethanol was spin-
coated on substrates at 3,000 rpm for 30 s in a nitrogen glovebox, followed by annealing at 100
°C for 10 min.

Cesium Formamidinium Lead lodide (Cso.2FA0.sPbl3)

The MHP precursor solution for Cso2FA¢sPbls films was prepared by mixing 0.2 mol
Cesium lodide (CsI) (Sigma-Aldrich — 99.999% trace metals basis), 0.8 mol Formamidinium
lodide (FAI) (Greatcell Solar Materials), and 1 mol Lead Iodide (Pblz) (TCI America —99.99%
trace metals basis). A 1M concentration solution was made by mixing 0.0519 gm of Csl, 0.1375
gm of FAI, and 0.461 gm of Pbl: in a solvent of 4:1 Dimethylformamide (DMF) (Sigma-
Aldrich — Anhydrous 99.8%) and Dimethyl Sulfoxide (DMSO) (Sigma-Aldrich — Anhydrous
> 99.9%) with 800 pL of DMF and 200 pL of DMSO. A vortex mixer was used to mix the
solution until the powders were uniformly dissolved and a yellow solution was formed.

Perovskite Solar Cells (PSCs)

After finishing the substrate preparation process and making the required inks, PSCs
were fabricated in a step-by-step process. As the PSCs were in a p-i-n configuration, the HTL
(NiOx/SAM) was first deposited on the cleaned ITO-glass by spin coating. 50uL of NiOx
solution was deposited at a speed of 5000 rpm and an acceleration of 2500 rpm/s for 30 s in a
fume hood and then annealed at 315°C for 1h. The SAM layer was deposited at a speed of 3000
rpm for 30 s followed by annealing at 100°C for 10 min. After the HTL was formed, the MHP
absorber layer of Cso2FAo.sPblz was deposited using a spin coating process with anti-solvent
quenching. This was done by depositing 100uL. of MHP precursor on the glass and spinning at
a speed of 1000 rpm and acceleration of 500 rpm/s for 10 s, and then the speed was stepped up
to 5000 rpm and acceleration of 1500 rpm/s for 10 s. In the last 3-5 s of the second step, 100uL
of chlorobenzene (anti-solvent) (Sigma-Aldrich — Anhydrous 99.8%) was deposited quickly.
Then, the samples were annealed at 150 °C for 10 minutes. The ETL was deposited by
evaporating 45nm of Ceo on top of the samples in an Angstrom evaporator with a shadow mask,
and the top electrode was made by evaporating either 100 nm of Ag or Au on top of the device
stack using a different mask. The carbon (C) top electrode was formed on top of the PSC by
depositing it from the solvent-based C paste (PELCO conductive carbon glue — Ted Pella).
Three different electrodes (evaporated Ag or Au and a solvent-based C) were deposited on top
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of the same PSC substrate to observe the variation in N, with respect to barrier layers and the
top electrode. ALD SnO, and O3-SnO for the barrier layers were deposited in a Beneq TFS200
ALD reactor by 125 cycles of tetrakisdimethylamino tin(IV) and water at 90. A 15-second
ozone and water treatment was applied to the O3-SnO; samples in-situ part way through the
125 cycles SnO» deposition following the sequence: 40 cycles SnO»/15-second ozone and
water/ 85 cycle SnO». (20)

Characterization

All the ionic and electronic measurements were performed with PAIOS, an all-in-one
measurement equipment for photovoltaic devices and LEDs (FLUXiM AG). A hot plate was
used to age the PSCs (as fabricated without encapsulation) at 50 °C in an N> glovebox for 120h
with ex-situ measurements on PAIOS. N, was measured and calculated using the transient dark
current method (Fig. S17) as described in our previous work(22) in which a voltage bias of 800
mV is applied to the PSC in a forward-bias configuration in the form of a pulse with the
following characteristics: 1 ms settling time, 10 ms pulse time, and 1 ms follow-up time. The
entire measurement lasts around 13 ms with the measurement cut-off around 1 ms after the bias
is taken away, during which the mobile ions in the MHP drift. The measured drift current can
be time-integrated and divided by the elementary charge, area, and thickness of the MHP layer
respectively to determine the No.(22) For the quantification of mobile ion concentration (No)
using the transient dark current methodology, the voltage pulse is applied in forward bias for
only a short time of 10ms. This timescale was chosen to be able to only measure the intrinsic
concentration of ions in the perovskite that are ready to move under a small voltage
perturbation. Using such a short timescale for the measurement might result in values of N,
that are lower than what has been reported in the literature, but we believe that the values
obtained represent the actual ionic concentration present in the device at the surface level or at
the interfaces. The consistency of the measured N, values has been shown in our previous
works.(22,28,35)

In-situ ionic measurements were performed with the temperature control stage and
module (LTS-420E) from Linkam in integration with PAIOS in increments of 10 K from room
temperature (300 K) up to 450 K. Ea was measured following the same methodology used in
our previous work.(35) The ramp rate used was 10K/min and the tolerance was 0.5K with a
settling time of 20s. The reported Ea values are based on measurements of a single sample.
However, the samples were measured during both ramp up and ramp down of the temperature.
The reduction of temperature happened naturally and hence the samples would have significant
dwell at each temperature and the calculations include averages of the measurement in both
directions.

The RBS experiment was conducted in the [on beam laboratory (IBL) at the University
of North Texas (UNT) using the NEC 9SH 3MV Pelletron accelerator.(36,37) All the
experiments were performed in the ion microprobe beamline using a 2 MeV He" beam under
a vacuum of 2x107 Torr. The RBS spectra were collected using a Passivated Implanted Planar
Silicon (PIPS) charged particle detector from Mirion Technologies (Canberra), model No.
PD25-11-300 AM, having a solid angle of 34 milli-steradian, and the operating voltage for the
detector was 40 V situated at the backscattered angle of 145° (Fig. S18). The detector
arrangement in the microprobe chamber is such that the incident beam, backscattering detector,
and target normal lie in the same horizontal plane.
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The RBS data fitting was done using the SIMNRA software package.(38) Based on the
thickness values of each layer in the PSC stack, a simulated sample was generated. The
concentrations of each layer were adjusted until a suitable match was achieved. Layer thickness
is accepted by SIMNRA in the form of the layer’s areal density (atoms cm™). The SRIM/TRIM
software program was utilized to convert the thickness into areal density(39) and detailed
information on the process is provided elsewhere.(24) The layer information extracted from
the SIMNRA was fed into the MultiSIMNRA (40) software program, to further extract the
contribution from the individual layers and their elemental species.

To identify the different crystalline phases in the perovskite films and devices, at
different subsurface depths, synchrotron-based grazing incidence wide-angle X-ray scattering
(GIWAXS) data were collected at NCD-SWEET beamline at the ALBA synchrotron
(Cerdanyola del Vallés, Spain): a monochromatic (A=0.95741 A) X-ray beam of 150 x 30 um?
[H x V] was defined using a Si (111) channel cut monochromator and collimated using Be
Compound Refractive Lenses (CRLs). The scattered signal was recorded using a Rayonix
LX255-HS area detector placed at 251.2 mm from the sample position. Detector tilts and
sample-to-detector distance were calculated using Cr2O3 as a calibrant, which was employed
to calibrate the reciprocal space wavevector, g. GIWAXS frames were recorded at incident
angles (0;) between 0° and 5° in a scanning fashion, shifting from the surface-sensitive
evanescent regime of scattering and transitioning to a deep penetrative measurement of the film
layers at relatively high angles.(41) Throughout the data acquisition process, a continuous flow
of N> gas was maintained over the sample. Collected 2D images were azimuthally integrated
to general 1D profiles using PyFAI(42) and processed using a custom Python routine.
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