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ABSTRACT: Moving toward a future of eflicient, accessible, and
(FAPbI;)o.67(MAPbBr3)0.03

less carbon-reliant energy devices has been at the forefront of ------2-___°22_ / Perovskite/KCl Interface

energy research innovations for the past 30 years. Metal-halide - _ "~ _____ o KCIISnO; Interface
perovskite (MHP) thin films have gained significant attention due Sno | 10

to their flexibility of device applications and tunable capabilities for ETO 08
improving power conversion efficiency. Serving as a gateway to ‘ GLASS ’ 06| “ees,

optimize device performance, consideration must be given to
chemical synthesis processing techniques. Therefore, how does
common substrate processing techniques influence the behaviorof | § e
MHP phenomena such as ion migration and strain? Here, we 0 20 EY (e 50
demonstrate how a hybrid approach of chemical bath deposition ertece (bumber oY Steee)
(CBD) and nanoparticle SnO, substrate processing significantly

improves the performance of (FAPbL;),4,(MAPbBr;),0; by reducing micro-strain in the SnO, lattice, allowing distribution of K*
from K-Cl treatment of substrates to passivate defects formed at the interface and produce higher current in light and dark
environments. X-ray diffraction reveals differences in lattice strain behavior with respect to SnO, substrate processing methods.
Through use of conductive atomic force microscopy (c-AFM), conductivity is measured spatially with MHP morphology, showing
higher generation of current in both light and dark conditions for films with hybrid processing. Additionally, time-of-flight secondary
ionization mass spectrometry (ToF-SIMS) observed the distribution of K' at the perovskite/SnO, interface, indicating K*
passivation of defects to improve the power conversion efficiency (PCE) and device stability. We show how understanding the role
of ion distribution at the SnO, and perovskite interface can help reduce the creating of defects and promote a more efficient MHP
device.
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H INTRODUCTION substrate as well as other interfacial layers. Processing can

Metal-halide perovskite (MHP) photovoltaics (PV) is leading impact the interfacial structure through physical and chemical

8 . . . . .
the way toward scalable, flexible, and affordable energy devices changes. EXP loring t},le .ways in which formation dynamics of
. . . A the MHP active layer is impacted by the substrate, and to what
with a reported efficiency of a single junction cell close to

26%." However, a major bottleneck to large-scale MHP t.extent defe'ct formation 'and resulting dev19e performance are
. Lo 1. 5 . impacted, is key to moving these MHP devices to the market.
implementation is long-term stability. Degradation due to ion g . )
R . o . L Therefore, understanding the role of processing on PV device
migration under operational conditions is one mechanistic . . .
. , performance, including the substrate layer (either electron or
pathway of concern. It is known that the MHPs’ structural . . .
1 . . 2 hole transport layers), can offer an opportunity for improving
stability can change under an ambient environment”™ and .
) RE } 4 /. the outcome of performance as defined by operational
illumination” (i.e., degradation), as well as thermal stress” (i.e., . Y
. . o T efficiency and reliability.
strain) leading to an unstable behavior.” Defect formation in . .
. ) . As mentioned apart from MHP synthesis procedures, the
MHPs can happen in two ways: during film formation or e .
) . . . substrate composition and surface chemistry produced by a
during subsequent device operation. More specifically, the

intrinsic MHP defects occur through Schottky and Frenkel
defects during synthesis and crystallization, the former Received:  March 10, 2023
reducing carrier lifetime and the latter creating unintentional Accepted:  July S, 2023
doping.” Extrinsic defects also associated with film processing Published: July 20, 2023
are grain boundaries, interfaces, and pinholes, which can

contribute to ionic mobility in MHPs.” Device degradation

typically originates at the interface between perovskite and
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Figure 1. (a) X-ray diffraction patterns of A—D SnO, substrates. (b) Williamson—Hall size-strain plot method of bare SnO, substrates of A—D
showing micro-strain (striped) and average crystallite size (solid). (c) Williamson—Hall size-strain calculation method of SnO, substrates,

showcasing the best fit for small crystalline sizes (~3—S nm).

particular processing route can directly affect the crystalline
structure of MHPs along with associated defects.””'> Many
metal oxide substrate layers have been investigated (i.e., TiO,,
NiO,)'"'* to understand what drives optimal power
conversion efficiency (PCE) in MHP-based PV devices. For
instance, TiO, has been explored widely as a good electron
transport layer (ETL) candidate in MHPs due to its high
transport ability and lower conduction band compared to the
perovskite active layer.'” However, it must overcome oxygen
vacancies acting as trap sites and conduction band offset
influencing flow of photogenerated electrons from the
perovskite layer to TiO,.'° On the other hand, NiO, is
frequently used as a hole transport layer (HTL) in MHPs due
to its wide bandgap, amenable to a low-temperature process.
However, physical defects such as pinholes and island
morphology are re-occurring problems in NiO, and are yet
to be resolved."* Methods of the synthesis approach and
substrate composition both play a part in achieving high
performance.'”

The substrate/MHP interaction can also influence the MHP
defect structure and in turn impact the mobility of cation and
halide ions during operation. For example, lead (Pb*) and
methylammonium (MA*) migration has been demonstrated at
the TiO, and MHP perovskite interface impacting charge
extraction and therefore contributing to hysteresis effects.'®
The influence of migration in mesoporous TiO, and compact
TiO, is still not understood, showcasing the complexity of how
substrate structure affects the ion migration. Additionally, TiO,
can promote halide migration through hole accumulation and
trapping iodide in MHPs, which creates unstable lattice sites
for segregation to occur.” Similar to TiO,, SnO, can create
compact layers that demonstrate better durability, optical
properties, and thermal stability.

Indeed, of the current class of metal oxide substrates, SnO,
has been considered a standout to its counterparts due to its
wide bandgap and low-temperature processing. = Its significant
contribution to MHP stability is the strain behavior between
the perovskite and substrate interface. Strain relationships of

36857

the perovskite/substrate interface may also have a direct effect
on cation and halide distribution. Changes in local
composition are then likely avenues to change local strain
and migration as well, but direct demonstrations of this remain
elusive. Integration of treatments or additives to the SnO,/
MHP interface can change the development of grains and grain
boundary structures to improve efficiency.”” When prepared
with nanoparticles, SnO, has a highly crystalline form that aids
in eliminating defect traps and minimize hysteresis.”' Using
chemical bath deposition (CBD) as the deposition process,
SnO, can develop fewer surface defects at the expense of long
deposition times to reduce the opportunity for aggregation.”
Consequently, hybridizing the approach of CBD and nano-
particle SnO, deposition on MHPs could provide a route to
developing a stable and high-performing MHP device
architecture. This has motivated us to explore the effect of
SnO, substrate processing and strain on ion distribution at the
substrate/MHP interface.

In this work, we investigated ion distribution as influenced
by substrate processing and how the substrate layer can
provide insight on (FAPbI;)yq,(MAPbBry)ge; stability and
PCE optimization. Simple-structured systems, like MAPbI;,
have been previously explored to help with our general insights
into the strain effect and ion migration behaviors associated
with the SnO,/perovskite interface.”> Complex FA*-based
MHPs with only trace amounts of MAPbBr; deposited on
SnO, substrates have produced devices exceeding 24% PCE.**
We demonstrate a novel multimodal chemical imaging
approach underpinned by machine learning (ML) data analysis
to unravel chemistry changes throughout the MHP layer when
formed on SnO, substrates prepared with CBD, nanoparticles
(3=5 nm), and two hybridization approaches. Using
conductive atomic force microscopy (c-AFM), we confirm
thin films, which produce the highest levels of current and lead
to a higher PCE with respect to different substrate processing
techniques. Additionally, time-of-flight secondary ionization
mass spectrometry (ToF-SIMS) explores the ionic distribution
through the sample stack with depth profiling. Such profiles are
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Figure 2. (a) Schematic of the MHP sample stack with dashed lines indicating the location of interfaces: perovskite/KCl and KCl/SnO,. Depth
profiling of (b—e) all samples highlighting the ionic migration with respect to each interface in positive ion mode. Each color shading represents a
sample layer: perovskite (yellow), KCl (green), and SnO, (purple). Corresponding NMF mass spectral components are in Figure S12. (f) Non-

negative matrix factorization (NMF) equation.

extracted with non-negative matrix factorization (NMF) to
segment profiles with each of the following interfaces:
perovskite/KCl and KCI/SnO,. Through this discovery, we
show how the processing impacts the strain behavior of the
SnO, layer and subsequent effects on ion migration and
current performance in MHPs. Our results show that these
findings will allow an opportunity for optimization of
substrates to reduce defects that inhibit MHP performance.

B RESULTS AND DISCUSSION

A series of (FAPbI;)ge,(MAPbBr;),0; thin films were spin
coated on the SnO, substrate, which were prepared using four
different methods: CBD, nanoparticles, and two hybrid
approaches of CBD and nanoparticles reacted for different
thicknesses. The fabricated perovskite films showed nominal
grain sizes and roughness in comparison to bare SnO,,
exhibited in Figures S1—S54, featuring the grain size distribution

and mean square roughness for all samples. Samples were
notated with respect to their processing technique: sample A
prepared with CBD, sample D with nanoparticles, and samples
B and C with hybrid processing. The difference between
hybrid samples B and C is that the thickness of the SnO, layer
is 70—80 nm for B and ~130 nm for C due to film reaction
with nanoparticles being 4 h for B and 12 h for C. For
additional reference, the SnO, thickness in samples A and D is
30—60 nm. To help reduce defect formation at the perovskite/
substrate interface, all SnO, substrates were pre-treated with K-
Cl through K* passivation.”® From J—V curves seen in Figure
SS and representative values in Table S1, PCE values are
calculated in the following order from highest to lowest: B, C,
D, and A samples (or devices). Additionally, in Figure S6,
samples A and D have I-V behavior similar to each other,
possibly due to similar makeup in their morphology
contrasting what is seen in B and C.
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Figure 3. Depth profiling of (a—d) all light-soaked samples highlighting the ionic migration with respect to each interface in positive ion mode.
Each color shading represents a sample layer: perovskite (yellow), KCI (green), and SnO, (blue). Corresponding NMF mass spectral components

are in Figure S13.

To understand the influence of substrate processing on
defect formation in the SnO, substrate, we studied the strain
behavior on bare SnO, substrates prepared via different
processing techniques. Characterization of X-ray diffraction
(XRD) patterns was conducted on the SnO, substrate for A—
D to correlate the relationship of micro-strain with substrate
processing. Featured in Figure la, each substrate peak profile
has the same peak location and broadening behavior among all
processing techniques. The Williamson—Hall (W—H) plot
analysis was conducted to measure the micro-strain in the
substrates with respective crystallite sizes, as summarized in
Figure 1b. The W—H calculation is optimal for smaller
crystallites sizes (<~10 nm) and is used for this study because
the average SnO, nanoparticle size ranges 3—5 nm. Assuming
deformation in all lattice directions, this technique measures
the lattice distance among the (hkl) planes, and by plotting this
relationship, featured in Figure 1c and Figure S7, the crystallite
size is represented from the slope and micro-strain from the y-
intercept.26

The results of the XRD pattern and W—H analysis identified
the hybrid B substrate as having the lowest micro-strain and
average crystallite size of 2.98 X 107° and 16.06 nm,
respectively.”” Hybrid sample C, with greater thickness
compared to B, has the second lowest values with a micro-
strain of 3.35 X 107° and crystallite size of 17.86 nm. This
shows that smaller crystallite sizes in the hybrid SnO, layer
reduce lattice spacing of the hkl planes, preventing large areas
for defect formation to occur. Such results can also point to
fewer pinholes and better uniformity for the hybrid B and C
samples. Mis-matched alignment from the influence of external
stress (by micro-strain of the SnO, substrate) can lead to
residual tensile strain in MHP, which weakens the lattice
integrity.”® This indicates that devices with higher efficiency
like B have a lower strain to allow for distribution of cations

(i.e., such as K*) at the perovskite/SnO, interface to occur.
This will be explored later where we discuss the ToF-SIMS
observations. Additionally, to differentiate the strain observed
at the perovskite/SnO, interface, XRD with the added
perovskite layer of A—D is featured in Figure S8 and
corresponding W—H analysis featured in Figure S9. Radial
distribution function (RDF) models are used to further
understand how lattice spacing between ions changes with
respect to different compositions and environmental con-
ditions like tensile strain.”” RDF models featured in Figures
S10 and S11 show decreased distances for cations—anions in
the hybrid MAPbBr;—FAPbI; case, especially between the
metals and anions. The decreased distance leads both to a
favorable change in the electronic structure and to the
pathways for ion mobility.”® Observing the chemistry changes
across the MHP interfaces will show how the behavior of ion
distribution changes with respect to each substrate processing
approach.

To understand the evolution of chemistry across the
interfaces in MHP samples, a ToF-SIMS depth profiling
analysis was undertaken.”’ ToF-SIMS offers a unique capability
of providing extensive chemical distribution information with
respect to depth and surface profile imaging.”* Using a 1 keV
oxygen dual source ion column (DSC) to sputter, all thin films
were monitored for spectral changes to indicate the perov-
skite/SnO, interface. This interface was defined at the
intersection where the intensity of Sn* in SnO, surpassed the
intensity of Pb* in (FAPbL;),,(MAPbBr;)g;. Intermediate
regions between the perovskite/SnO, interface (i.e., perov-
skite/KCI and KCI/SnO,) were also observed due to the
migration of K' into the perovskite layer from the KCI
treatment of SnO,. To separate the spatial complexity of the
depth profiles in a multicomponent dataset, an NMF was
applied using four components: (1) perovskite surface, (2)
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Figure 4. (a—h) Depth profiling of all samples before and after light soaking showing the ionic distribution of K*, Ca*, CI7, and Br™. All plots were
normalized to similarly compare differences in ionic distribution.

perovskite layer, (3) perovskite/KCl interface, and (4) KCI/ Figure 2f, NMF was calculated as a function of “x”, the fraction
SnO, interface demonstrated in Figures S12—S17. Shown in of individual ions, * “2”

«

m”, individual ion mass, and “z”, the cross
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Figure S. (a—d) Height images of A—D samples and corresponding current images under (e—h) illumination and (i—1) dark conditions. Scale bar:
2 pm. The duration of the scans took approximately 12 min, switching optical light in between scans.

section of the device surface through the depth profile.****

One-dimensional loading maps as a function of depth were
extracted and corresponded to NMF endmembers. These
endmembers represent ions indicated in the mass spectra at
each interface.

Depth profiling was conducted in positive and negative ion
modes to track spectral counts located at each interface.
Positive ions with high counts such as Pb*, tin (Sn*), and
potassium (K") were detected through the film depth profiles,
seen in Figure 2. For MHP samples with hybrid SnO, substrate
processing (B and C), the presence of K* ions was significant
at the perovskite/SnO, interface, in sample B surpassing the
intensity of the Pb* and Sn* intersection itself demonstrated in
Figure 2¢, and with smaller intensity in sample C in Figure 2d.
This phenomenon of K* surpassing the intersection was not
present in samples with exclusive CBD or nanoparticle
substrate processing (A and D samples), shown in Figure 2b
and e, respectively. Originating from the K-Cl pre-treatment of
the SnO, substrates, ToF-SIMS was used to confirm and
observe the distribution of K" at the perovskite/SnO, interface.
Greater distribution of K* ions in hybrid samples can be a
result of higher K diffusion and passivating defects at the
interface and therefore reducing micro-strain behavior in this
sample. Hybrid sample B has greater K" distribution in
comparison to hybrid sample C, likely due to 80 nm being
thinner, allowing greater diffusion in the SnO, layer.
Additionally, Pb* and Sn* counts and distribution are similar
in both samples B and C at the perovskite/SnO, interface.

To explore the stability and ion distribution under sunlight,
we have studied the ToF-SIMS analysis of the same samples by
exposing them to 120 suns for light soaking, seen in Figure 3.
The hybrid B and C samples have a similar behavior prior to
light soaking for K' distribution at the interface of the
perovskite/SnO, substrate seen in Figure 3b and c,
respectively. The intensity of K* ions in sample B surpasses
that of Pb* and Sn* at the perovskite/SnO, interface (ie.,
intersection point of both signals). Similar counts of Pb*, Sn*,
and K* are shown after light soaking as well, demonstrating
robust stability and the ions at interfaces after sun exposure. In
Figure 3d, the distribution of K* is seen in sample D after light
soaking. Although showing significantly smaller K* intensity at
the interface, sample D is prepared with nanoparticles and
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therefore may allow for easier K' distribution since an
insignificant K* distribution is seen in sample A before and
after light soaking. Negative ion distributions before and after
light soaking are featured in Figure S18. Unlike positive ion
trends, negative ion distribution did not show any substantial
features unique to SnO, processing methods.

Other ions such as sodium (Na*), calcium (Ca%),
formamidinium (FA*), and MA* are seen in the spectral
analysis as well in Figures 2 and 3. Yet, the intensity of counts
for all positive and negative ions differs among samples;
therefore, individual ions were plotted separately for
comparison in Figure 4 and Figures S19 and S20. Migration
of Na* and Ca" ions is primarily shown in samples B through
D, likely from the soda lime glass (SLG) and could also be
capable of passivating defects in the perovskite/SnO, layer and
resisting illumination degradation.”>*® This trend is also seen
across all samples after light soaking, featured in Figure 3.
However, the roles of Na® and Ca" cannot be explicitly
determined due to their extremely low counts. Therefore, it is
believed that the primary mechanism behind defect passivation
at the perovskite/SnO, interface is K* ions from the K-Cl
treatment of SnO,. Across all samples, Figure S19e—h shows
greater distribution of FA" near the perovskite surface and
greater MA" distribution near the SnO, layer before and after
light soaking. The disparity between these ions in the
perovskite layer could influence the K* distribution in the
perovskite. MA* have a smaller ionic radius compared to FA*
and therefore could allow more sites for K* at the interface.
Both Pb" and Sn" maintained consistency before and after light
soaking through constant decreasing and increasing ionic
distribution, respectively, with each interface. Featured in
Figure 4g—h for negative ion mode, CI~ distribution is seen at
the perovskite/SnO, interface as expected when coupled with
the K" distribution prior to light soaking, yet it does not follow
the trend as closely as K" after light soaking. Therefore, this
confirms that K' is driving the defect passivation at the
interface. Additionally, Br~ distribution is noted with no
particular trend with respect to sample preparation either
before or after light soaking. Featured in Figure S20,
distributions of halide ions such as I7, SnO~, and I, were
observed before and after light soaking. Similar counts can be
seen for all negative ions mentioned, further indicating that
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only positive ion distribution had a significant change from the
hybrid processing technique in comparison to the other
samples. Consistent with previous reports, these results also
indicate that passivation ions can reduce defects without the
need of changing the composition of the ETL layer, opening
more possibilities to use cost-efficient and sustainable
substrates.

Next, investigation into the conductivity behavior can help
uncover if the role of K passivating defects produces higher
current in hybrid samples. To explore the conductivity of the
MHP thin films on the SnO, substrates, we performed c-AFM
measurements featured in Figure S. This measurement allows
us to compare the morphology and spatial distribution of
photocurrent and dark current in the MHP thin films
deposited on SnO, substrates prepared with different
processing techniques.”” To understand the spatial trends of
photocurrent and dark current with respect to grains and grain
boundaries, we conduct c-AFM measurements under illumi-
nation and dark conditions. For illumination conditions, a
white LED light source was positioned to illuminate the
sample from the top. The topography of each location featured
in Figure Sa—d was scanned simultaneously with current, to
compare the film morphology with the current response. The
morphology of the films was uniform throughout the series,
not differing significantly with respect to their processing
techniques. In samples prior to light soaking, a higher
photocurrent output (pA) is shown when illuminated, as
shown in Figure Se—h versus when in darkness seen in Figure
Si—1. All devices displayed a higher current response within
grains versus at the grain boundaries. Lower current is detected
at defect sites like grain boundaries due to it potentially
functioning as a recombination site,>® although the role of
grain boundaries is still highly debated and out of the scope of
this study.’”** Crystallographic grains and their orientation
can cause inter-heterogeneity of current response within grains,
similar to what is demonstrated across these devices.*' Also,
inhomogeneous current distribution across samples can
contribute to the distribution of K'-passivating defect sites at
the perovskite/SnQ, interface.”

While the systematic study exploring the structure—property
relationships associated with the strain-controlled MHP films
utilizing spatially resolved electrical and chemical character-
ization techniques is required, the global impact of K+
distribution in the MHP films is evidenced by the c-AFM
analysis.*>***>** With the micro-strain control, we observed
that hybrid B and C samples generate higher conductivity in
light and dark conditions compared to samples A and D. These
results are in agreement with Figure S5 and Table S1 featuring
the calculated PCE from J—V curves. Sample B, which
represents the most efficient solar cell in the series, produces
photocurrent upward of 300 pA in light on and 120 pA in dark
conditions. Additionally, light-soaked samples are observed in
Figure S21. Although subject to light-induced degradation
from sun exposure, B and C samples still demonstrate higher
levels of current after light soaking in comparison to A and D
samples. The light-soaked C sample increased the most in
production of photocurrent at 500 pA under light and 90 pA in
the dark. Such results also indicate less susceptibility to
breakdown under illumination at the surface/perovskite
interface in hybrid devices. Additionally, hybrid samples B
and C have lower micro-strain, allowing greater distribution of
K' to passivate defects acting as recombination sites as shown

in ToF-SIMS analysis, therefore increasing current produc-
.45
tion.

B CONCLUSIONS

Using a hybrid method of CBD and nanoparticles for SnO,
film deposition, a recorded PCE of 22% was achieved by
(FAPbL,),9,(MAPDBr;) ;3 solar cells. This hybrid approach
showed better MHP film performance and stability in
comparison to using CBD or nanoparticle deposition of
SnO, exclusively. XRD revealed hybrid sample B with the
highest PCE to have the smallest crystallite size of 16.06 nm
and a micro-strain value of 2.98 X 107>, Smaller crystallite sizes
and lower micro-strain indicate smaller lattice spacing among
the hkl planes, correlating to less defect formation in the SnO,
substrate. Smaller micro-strain behavior in the SnO, lattice
indicated opportunity for greater distribution of K* to occur
for passivating defects at the perovskite/SnO, interface. K*
migration surpassed the perovskite/SnO, interface in hybrid
sample B. We did not observe significant change in distribution
of ions in hybrid samples after light soaking exposure,
indicating a stable mechanism. Higher conductivity is recorded
in hybrid samples for both light and dark conditions, due to
less defect formation in the SnO, substrate and at the
perovskite/SnO, interface. Therefore, hybridizing CBD and
nanoparticles on K-Cl-treated SnO, substrates with optimum
thickness provides a viable pathway for improving the
efficiency and stability of MHPs.

B MATERIALS AND METHODS

Preparation of SnO, Films. The same chemicals for the
precursor were used for all types of SnO, film. For preparation of
the precursor for CBD, 1.25 g of urea (Sigma-Aldrich, CS reagent,
99%), 0.275 g of SnCl, 2H,0 (Sigma-Aldrich, ACS Reagent, 98%),
125 mL of HCl (Sigma-Aldrich, 37 wt %), and 0.025 mL of
thioglycolic acid (Sigma-Aldrich, 98%) were added in 100 mL of DI
water and mixed for 1 h.”** Note that the precursor should be a clear
solution. The cleaned fluorine-doped tin oxide (FTO) substrates were
placed vertically in the precursor solution with the help of a holder
and then reacted in a convention oven at 70 °C for 4 h (sample A).
The SnO, nanoparticle solution was prepared by the sol—gel method
using the reported method.*® 1.25 g of urea and 0.275 g of SnCl,
2H,0 (Sigma-Aldrich, ACS Reagent, 98%) and 0.125 mL of HCl
(Sigma-Aldrich, 37 wt %) were mixed in 10 mL of DI water and aged
for 60 h at room temperature until the solution became clear
yellowish. The synthesized SnO, nanoparticle solution was stored in a
refrigerator to avoid aggregating particles easily. To prepare the SnO,
nanoparticle film (sample D), the solution was spin-coated at 3000
rpm for 30 s onto UV-Ozone-treated FTO glass substrates. For
preparation of a dense and thick SnO, layer, S wt % of SnO,
nanoparticle solution was added in the precursor solution and stirred
for 30 min at room temperature. Two different hybrid SnO, films
were reacted for 4 h (sample B) and 12 h (sample C) at 70 °C,
respectively. Finally, the as-prepared SnO,/FTO samples were
annealed at 150 °C for 2 h.

Preparation of the Perovskite Film and Device Fabrication.
The perovskite ((FAPbL;)y4,(MAPbBr;)y,;) film was deposited by
one-step spin coating. To prepare the perovskite precursor solution,
1.55 M Pbl,, 1.55 M FAI, and 0.048 M MAPbBr; were dissolved in a
mixed solvent (DMF/DMSO = 8:1) with 40 mol % MACI additive.
Before deposition of perovskite, the 10 mM KCl solution was spin-
coated (5000 rpm, 30 s) onto the UV-Ozone-treated SnO, film.
Then, to fabricate the perovskite/SnO, film, the perovskite precursor
solution was spin-coated on the SnO, film at 5000 rpm for 20 s and 1
mL of diethyl ether was gently dropped 10 s after spinning. The as-
spun perovskite film was annealed at 150 °C for 15 min in an ambient
environment. The light-soaked samples were prepared using a sulfur
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plasma lamp with an intensity of ~1.0 sun for 120 h. In addition, to
finish the devices, spiro-OMeTAD solution was spin coated on the
perovskite film at 4000 rpm for 30 s and a 100 nm gold electrode was
deposited by thermal evaporation under a high vacuum pressure, as
reported in our previous work.” The photocurrent density—voltage
(J-V) measurements were carried out under AM 1.5 G illumination
(100 mW/cm?, Oriel Sol3A Class AAA Solar Simulator) using a
Keithley 2400 source meter. Both backward-scan and forward-scan
curves were measured with a bias step of 10 mV.

XRD. The XRD and grazing incident XRD (GIXRD) of the SnO,
film were characterized using a Rigaku D Max 2200 diffractometer
with Cu Ka radiation and a scanning angle in the 2 theta range of 20—
70°.

c-AFM. Measurements for c-AFM were taken on an Asylum
Research MFP-3D Infinity AFM at the Center for Nanophase
Material Sciences (CNMS) in Oak Ridge National Laboratory
(ORNL). Samples were attached onto a glass slide with carbon
tape and grounded with silver paint to a copper wire. Wiring was
attached via alligator clips to the Infinity stage and ARC2 controller
output. An ORCA conductive AFM probe holder was used to
produce c-AFM images. A sample voltage range of 0.5—2.5 V was
applied with a 1 V setpoint. The scan rate was set at 0.5 Hz for a series
of 256 points and line images. Scanning duration took approximately
12 min, switching optical light in between scans.

ToF-SIMS. ToF-SIMS measurements were conducted on an AFM/
FIB-ToF-SIMS instrument produced by ION-TOF at the CNMS.
Samples were mounted onto a top-mount holder and grounded to the
stage with silver paint. Depth profiling was conducted using a 30 kV
bismuth LMIG and 1 keV oxygen DSC with a 100-micron field of
view and 300-micron sputtering area. Mass spectra, depth profiles, and
fast images were calibrated with SurfaceLab 7 software.

NMF. To identify the interfaces in the thin films for tracking ionic
migration, an NMF analysis was conducted through Python’s Scikit-
learn package.*® The simsdata package developed by ORNL was used
to extract and plot the overall mass spectra. The spectra transformed
into 1D plots with separation into four components. The depth
profiling maps were normalized from a time scale into data points.
Each interface was identified by cross-referencing the intersection of
the 1D components to the depth profiles.

Ab Initio Calculations. The Vienna Ab initio Simulation Package
(VASP version 5.4.4)* using the projector-augmented wave (PAW)
method®® was used to study the effects of interfaces and strain. The
electron—ion interactions were described using standard PAW
potentials, with valence electron configurations of 5d'°6s*6p* for Pb,
4s*4p® for Br, 2s%2p* for C, 2s22p° for N, 1s' for H, 2s*2p* for O, and
4d'°5s*5p*for Sn. To account for van der Waals interactions, the vdW-
DF method implemented by Dion et al. and modified by Klimes et al.
was employed.”" The kinetic energy cutoff for plane waves was set to
400 eV, and the “normal” precision setting was adopted. GGA
exchange—correlation potential with the Perdew—Burke—Ernzerhof
(PBE) functional was used with a convergence criterion for the
electronic self-consistent loop set to 107 eV. A supercell model of the
low-energy stoichiometric (110) surface containing five Pb layers was
constructed using the experimental X-ray structure of CH;NH;PbI; in
a room-temperature tetragonal phase> with I replaced with Br. DFT
was used to optimize each model system, CH;NH;PbBr; (MAPbBr;),
the alpha-cubic phase of FAPbL>’ and rutile tetragonal SnO.,.
Following the optimization of SnO, (cell size: 16.7, 16.7, 11.58 A)
using a Monkhorst—Pack k-point grid of 5 X S X 7, a slab of MAPbBr;
and FAPbI; was positioned on the SnO, surface with a 20 A vacuum
along the vertical axis to remove the interactions between neighboring
layers in the interface direction. Full optimization was then used to
obtain models for SnO,-FAPbI; and SnO,-MAPbBr;. A third model
consisted of both MAPbBr; and FAPbI; on SnO, laterally stacked,
with MAPbBr; being a minority component. From these three
models, RDFs for all atoms were computed to help understand how
the ions distribute. The RDFs for the heterostructures with MAPbBr;
and FAPbI; did not show marked changes in the cation—anion
distribution. This suggests that the lowest strain should provide the
best performance.
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