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Incorporating a low dimensional (LD) perovskite capping layer on top of a perovskite absorber, improves the
stability of perovskite solar cells (PSCs). However, in the case of mixed-halide perovskites, which can
undergo halide segregation into single-halide perovskites, a systematic study of the capping layer's effect
on mixed-halide perovskite absorber is still lacking. This study bridges this gap by investigating how the
1D perovskite capping layers on top of MAPb(I,Br;_,)s (x = 0, 0.25, 0.5, 0.75, 1) absorbers affect the films’
stability. We utilize a new method, dissimilarity matrix, to investigate the image-based stability
performance of capping-absorber pair compositions across time. This method overcomes the challenge
of analyzing various film colors due to bandgap difference in mixed-halide perovskites. We also discover
that the intrinsic absorber stability plays an important role in the overall stability outcome, despite the
capping layer's support. Within the 55 unique capping-absorber pairs, we observe a notable 1D
perovskite material, 1-methoxynaphthalene-2-ethylammonium chloride (2MeO-NEA-Cl or 9-Cl), that
improves the stability of MAPbls and MAPDb(lg sBrg s)s by at least 8 and 1.5 times, respectively, compared
to bare films under elevated humidity and temperature. Surface photovoltage results also show that the
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Introduction

To push perovskite solar cells (PSCs) towards the
manufacturing stage, the lack of stability of hybrid organic-
inorganic perovskite (HOIP) materials remains a significant
challenge. In recent years, single-junction PSCs have benefited
from incorporating a thin low-dimensional (LD) perovskite layer
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could contribute to the acceleration/deceleration of degradation.

on top of their perovskite absorbers, which are referred to as
heterostructure/capping layer. Examples of A-site cation intro-
duced to form LD perovskites are phenylethylammonium (PEA)*
and octylammonium (OA).> The LD perovskite capping layer is
formed by reacting the excess Pbl, within the absorber with
a spin coated, low-concentration organic halide salt solution.
This strategy improves the environmental stability,®> and in
some cases also boosts efficiency due to improved surface
passivation.”

Most PSC studies have been focused on lead-iodide perov-
skites for single-junction solar cells. However, perovskite
tandem cells require a wide-bandgap perovskite film as a top
cell, mainly absorbing between 1.7-1.9 eV.* A well-established
approach to increase the bandgap is by mixing the iodine
with bromine in the HOIP, for instance, shifting the bandgap
from 1.6 eV for methylammonium lead iodide (MAPbI;) to
about 1.87 eV for 50% : 50% methylammonium lead iodide-
bromide (MAPD(I, sBrys);).” Similar to single-junction PSCs,
perovskite-based tandem cells have also explored the 2D
perovskite capping layer strategy mainly for improving surface
passivation, and therefore, device performance,®” as opposed to
exploring the impact on stability.® However, systematic studies
on how to best select capping layer for improving the stability of
I-Br-mixed absorbers are still lacking. Additionally, the vast
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number of organic A-site cation candidates also warrants
a high-throughput screening method to be conducted.

Therefore, in this study we explore how the systematic
change in halide ratio of the absorber, coupled with various
previously unexplored 1D perovskites as the capping layer,
affects its environmental stability. To do this, we select cations
that are known to favor the formation of 1D perovskite rather
than 2D.” We screen these absorber-capping pairs under
elevated temperature (85 °C) and relative humidity ((80 £ 2)%
RH). We utilize advanced data analysis methods for extracting
the image data from the aging test, to find the most stable
capping layer composition quickly, for a given absorber
composition. We also improve the feature importance rank
output by including sub-structure-related descriptors, such as
the functional groups in the capping layer materials. The
surface photovoltage (SPV) of absorber-capping pairs is also
measured to understand the electrostatic properties upon
varying the absorber or capping layer composition. Our
approach advances the screening process for finding the most
stable capping layer materials which will benefit the wide-
bandgap perovskite solar cells field.

Result and discussion
Study overview and objectives

We consider 10 different 1D perovskites as capping layers, and
the mixture of MAPbI; and MAPDBr; for widening the bandgap.
The films are then degraded in an in-house aging test chamber,
with (80 + 2)% RH, 85 °C, and 0.16 sun illumination. The film
color change is captured by automatically photographing the
samples in every 3 minutes. This image data is processed, where
the red, green, blue (RGB) values for each image is extracted
using the protocol that has been published previously.>** The
large dataset is subsequently analyzed using dissimilarity
matrix to extract the most stable capping layer material for each
absorber composition. Using this method, we can also compare
the samples variance within the same composition and across
different compositions. The extensive list of benefits for using
this method will be elaborated shortly.

No single capping layer material improves all the absorbers
investigated in this study; this highlights the complexity of
designing capping layer for the mixed-halide HOIP. The stable
capping layer depends on the composition of the perovskite
absorber beneath it. Therefore, the optimal capping-absorber
pairs need to be further characterized to understand their
optoelectronic and structural properties at the film-level. Based
on the use of multiple characterization techniques and data
analysis, we created a shortlist of the capping-absorber pairs
with high stability that are promising to be incorporated in
device-level. The overview of the study is shown in Fig. 1.

Capping-absorber pair compositions and degradation data
extraction

The 1D perovskite precursors consist of 10 phenyl- and
naphthalene-based A-site cations with chlorine and bromine as
the anions, along with a state-of-art stable capping layer
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material, phenyltriethylammonium iodide (PTEAI), that tends
to form quasi-2D perovskites with the underlying perovskite
absorber.> We use the PTEAI as the benchmark to the 1D
capping performance. These 1D perovskite precursors have not
been explored previously, and they have similar molecular
structures. With the exception of the PTEAI, all the A-site
cations have a primary amine/methyl group, as shown in
Fig. 1a. In addition, other functional groups include: nitrile
(C=N) in 1-Cl (2CN-PEA-Cl), ester (R-CO,-R’) in 2-Cl (2-
CO,Me-PEA-CI) and 7-Cl (3CO,Me-PEA-Cl), ether (R-O-R’) in
9-Cl (2MeO-NEA-CI) and 10-I (2MeO-PMA-I), and nitro (R-
NO,) in 4-1 (2NO,-PEA-I) and 5-Cl (3NO,-PEA-Cl); where PEA is
phenethylammonium, NEA is naphthylethylammonium, and
PMA is phenylmethylammonium.

We tested the capping layer stability performance for each of
the absorber layer materials consisting of various 25%-incre-
ment MAPb(L,Br; _,);. The bare absorber layers show increasing
bandgap due to incorporation of higher Br compositions,
indicated by the change in film color, shown in Fig. 1a. With the
combinations of 11 different capping layer materials including
PTEAI and the 5 different absorber compositions, the total
samples fabricated are 407, including the repeated samples.

The next steps in the process of image data analysis are
shown in Fig. 1b. As the films degrade under exposure to
environmental stress, the film colors change over time. Based
on the film images which are captured every 3 minutes, the
average RGB values at each time point for the whole area of the
film is extracted. The RGB values of each sample are further
analyzed using dissimilarity matrices to extract a single value
metric and compared across different sample degradations.

Dissimilarity matrix for screening capping-absorber pairs

Since the total number of samples is more than 400, it is chal-
lenging to analyze the trend across different capping-absorber
pairs, due to various films' starting, final, and transition
colors in between. In the case of 100% MAPDbI; absorber the
color change is easier to observe because the dark films turn to
yellow color due to MAPbI; degrading into Pbl,.> However, the
addition of MAPDbBr; into the absorber in 25%-increment
changes the degradation pathways (e.g. halide segregation in
addition to the PbI, formation), and thus, the color of the films
as they degrade. An added complication is the requirement for
a method for comparing the 4-dimensional data: RGB values,
and time for different samples.

A dissimilarity matrix is suitable for looking at the overview
of a large, multi-dimensional dataset. The m by m matrix shows
how dissimilar/similar the samples are, where each row and
column represents a specific sample with their own data vector.
Each (a,b) matrix cell contains a value that represents how
dissimilar/similar the vector of sample a and sample b is, by
calculating the distance between the two vectors.

Some commonly used distance measures for similarity
analysis are Minkowski (e.g. Manhattan, Euclidean), L1, inner
product (e.g. Jaccard, cosine), squared chord, and squared L2."*
One of the distance measures, cosine similarity, has been widely
implemented for including face

various  purposes,
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Fig. 1 The capping-absorber compositions and degradation film color analysis during degradation. (a) A-site cations of 1D perovskite materials
and PTEAI for capping layer and the 3D mixed-halide perovskite composition of MAPb(I,Br; ,)3. The capping layer materials are the following: 1-
Cl (2CN-PEA-CI), 2-Cl (2-CO,Me—-PEA-CI), 3-I (2MeO-PEA-I), 4-1 (2NO,—-PEAI), 5-Cl (3NO,-PEA-CI), 6-1 (3MeO-PEA-I), 7-Cl (3CO,Me—-
PEA-CL), 8-Cl (2HO-CycMA-Cl), 9-Cl (2MeO-NEA-Cl), 10-1 (2MeO-PMA-1), and PTEAI (phenyltriethylammonium iodide). (b). The films color
change during aging test is used to extract the red, green, blue (RGB) values, and is further used for the dissimilarity matrix analysis. Then, the
optoelectronic and structural characterizations are analyzed for the capping-absorber pair of interest.

verification,"" text classification,” and automated essay
scoring.” The robustness of the cosine distance measure is
evident from its wide-use across different fields, for evaluating
the similarity between datasets, by calculating the L2-
normalized dot product of vectors. The larger distance
between 2 vectors is, the higher the dissimilarity matrix value is.

In this study, dissimilarity matrices with cosine distance are
used to evaluate the aforementioned 4-dimensional degrada-
tion data consisting of RGB values and time, to compare the
sample set. The 4-dimensional data is collapsed into a single
dissimilarity value, which is the distance between the 2 vectors,
making it faster and easier to find the pattern in the data. The
dissimilarity matrix is constructed using pairwise distance
algorithm from scikit-learn.*

A hypothetical example of dissimilarity matrix is shown in
ESI Fig. S1.t If we have 3 materials and 2 of them have 2
samples, we will have a 5 by 5 dissimilarity matrix. When the
dissimilarity value is high in the color bar, the samples are
dissimilar, and vice versa. It should be noted that the variance of
samples is also observed from the dissimilarity matrix. When
repeated samples have low variance, the dissimilarity values
among the samples will be low.

In this study, we consider the RGB values from 0-999
minutes. Under the aging testing conditions, the samples with
poor stability have fully degraded by 999 minutes, while the
ones with superior stability maintain the initial color. The RGB
values from time point 0 to 999 minutes are then appended to
form a vector for one sample. The vectors, are thus calculated to

This journal is © The Royal Society of Chemistry 2022

form the dissimilarity matrix, which thus reflects the color
change during the period of interest.

According to our data analysis, we identify two promising
capping layers which resulted in an extended film stability
compared to all other compositions studied here and are
chosen for further analysis. The results of the dissimilarity
matrix analysis are shown in Fig. 2a for the two chosen capping
layers: PTEAI and 9-Cl. The 9-Cl capping layer extends the bare
film stability by at least 8 and 1.5 times, respectively, for MAPbI;
and MAPDb(I,sBry5); absorber, while PTEAI capping layer
extends the bare film stability by ~3 times for MAPb(I, 75B1 »5)3
absorber. The degradation results for the two capping layers are
shown in Fig. 2b, while the results for other capping layer
materials are shown in ESI Fig. S2.7 Note that the dissimilarity
matrix only shows the samples’ similarities/dissimilarities, and
does not show if one sample is better/worse than the others.
Therefore, after narrowing down to specific samples of interest,
it is important to check the color changes, shown in Fig. 2b. The
dissimilarity matrix results across the other metrics, Manhattan
and Euclidean distance measures, are consistent with the
cosine distance measure, as shown in ESI Fig. S3.t

Based on the dissimilarity matrix result, we recorded the
following observations: (1) bare MAPbI; film samples have high
variance in comparison to the Br-mixed samples (see Fig. 2c and
d), indicated by the bare MAPbI; samples’ higher dissimilarity
value; (2) both PTEAI and 9-Cl capping layers are effective in
reducing the dissimilarity value among samples within the
same absorber composition that indicates a reduction in
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Fig. 2 The dissimilarity matrix of degradation films' color change over time. (a) The dissimilarity matrices (for t = 999 minutes) using cosine
distance measure, (b) the degradation film color change of bare, PTEAI-capped, and 9-Cl-capped mixed-halide absorber (MAPb(I,Br;_,)3) films
during degradation, and the boxplot summary of dissimilarity values for (c) repeated compositions and (d) different compositions.

samples variability, especially in MAPbI;, by 44% (PTEAI) and
57% (9-Cl), as shown in Fig. 2c¢, which is important in
manufacturing and scaling-up; (3) the degradation of PTEAI-
capped and 9-Cl-capped MAPD(I, ,5sBr,,5); absorber is the
most distinct in comparison to each other (Fig. 2d), which
shows that for this specific absorber, using PTEAI as the
capping layer leads to a better stability than 9-Cl; (4) the stability
of both PTEAI and 9-Cl capping layers are similar in high-Br
absorbers. These observations highlight the complexity of
degradation paths of HOIP which is discussed more extensively
in the ESL¥

Intrinsic absorber stability and degradation mechanisms

We can also use instability index,"” which uses integrated RGB
color change over the aging test duration to evaluate how stable
the films are. However, note that the instability index only
observes the total color change, but does not consider how the
shape of RGB curves changes over time. The instability index
results for bare, PTEAI-capped, and 9-Cl-capped films are shown
in Fig. 3a. In the case of mixed-halide absorbers, which suffer
from photoinduced segregation, capping layers have limited
power in suppressing the degradation. On the other hand, the 9-
Cl-capped MAPbBr; film shows a significant improvement in
degradation, in comparison to the mixed-halide absorbers.
We can determine the most important features in contrib-
uting to the film stability by analyzing the Shapley values'® from
the degradation data. We use the degradation test dataset
consisting of 407 samples to train a random forest regression
model following an established protocol® for cross-validation,
train-test dataset split, and data pre-processing using python-
based scikit-learn library.'® 27 features are included as the
input, including some features from previously published

2960 | J Mater. Chem. A, 2022, 10, 2957-2965

study,® such as the molecular properties of the capping layers,
and the processing conditions of the capping layer. There are
two types of features in this analysis, the 0D descriptors, which
have no molecular shape information, and the 1D descriptors,
which are related to certain substructures but not bond
lengths,™ as shown in Fig. 3b. The 0D features are related to the
absorber (MAPbBr; amount), processing conditions (concen-
tration and annealing temperature of the capping layer
precursor solution), number of certain atoms, and molecular
properties (molecular weight, number of rotatable bonds,
topological polar surface area, partition coefficient, and topo-
logical index). The 1D features are the functional groups present
in the A-site cations (nitro, nitrile, phenyl, naphthyl, ester,
ether, alcohol, primary or quaternary amine), as shown in
Fig. 3c. Most of these features are calculated from ChemDraw
and ChemOffice software package. The 1D descriptors include
the functional groups, because most of the A-site cations have
similar functional groups. The output of the random forest
regression model for this dataset is the instability index defined
earlier in this work.

1D descriptors of molecules, especially when used for feature
importance rank, can provide a guidance on selecting the
specific shape of molecules to achieve high stability, as
supposed to general properties such as number of certain atoms
or molecular weights. Ideally, overcoming limitations in incor-
porating higher dimensional descriptors, 2D (e.g. molecular
graph representations involving bonds between atoms) and 3D
(e.g. distances between certain atomic pairs in the molecule),*
will provide a more accurate molecular representation and
improve the interpretability of the results.

The Shapley values analysis in Fig. 3d shows that one of the
1D features, the presence of ester functional group, such as in 2-

This journal is © The Royal Society of Chemistry 2022
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Cl and 7-Cl, decreases the stability, and this descriptor ranks the
third. Although a small amount of different type of ester-based
molecule, r-ascorbic acid, has previously been shown to
improve the formamidinium (FA)-based perovskite phase
stability by forming multiple hydrogen bonds with FA + ions,*
a further investigation on why the ester-based capping layer
materials are unstable in mixed-halide absorber is needed.

The second descriptor that affects instability index the most
is the topological index, which indicates the A-site cation's
complexity in the capping layer. The increase in topological
index of capping layer leads to a more stable thin film.

The top rank in Shapley values analysis result shows that the
amount of Br™ in the absorber contributes to the instability of
the films, which exceeds the effect coming from the capping
layer material itself, and how it is deposited. This suggests that
the intrinsic instability of the mixed-halide perovskite absorber,
MAPDb(I,Br; )3, can only be alleviated moderately by the LD
perovskites in the capping layer. This is due to light-induced
halide phase segregation in mixed-halide system, leading to I-
rich and Br-rich domains.*** Several possible explanations to
this phenomenon have been investigated, such as intrinsically
metastable mixed-halide alloys,* polaron formation that leads
to local strain,**** positive free energies of mixing,**>® electrons
trapped by defect states and holes trapped in I-rich domains
causing electric fields that drive demixing,* trapped carrier
concentration gradient leading to strain or thermalization
energy,’*® and surface defect carrier trapping leading to electric
field-induced anion drift.*"*

This journal is © The Royal Society of Chemistry 2022

Therefore, as confirmed by both the instability index and
Shapley value analysis result, the optimum capping layer for
stable perovskite film significantly depends on the absorber
composition. Additional characterization is therefore needed to
identify the degradation mechanisms for the materials of
interest and investigate why the stability improvement due to
the capping layer is limited in mixed-halide absorbers.

Optical, crystal structure, and surface electric potential

It is important to know whether the capping layer alters the
bandgap and absorptance of the film especially if the capping
layer is implemented for perovskite-perovskite tandem cells.
The films with newly identified capping layer material of
interest, 9-Cl, is assessed with UV-Vis absorption measure-
ments. PTEAI capping layer also performs well, but its proper-
ties have been previously investigated.® The absorptance result
for 9-Cl capped films is shown in Fig. 4a. The absorptance lines
with deeper color are the 9-Cl-capped films, while the ones with
lighter color are the bare films. Comparing the non-capped with
9-Cl-capped film, the absorptance of MAPD(I,Br; ,); with x =1,
0.25, and 0 has no observable difference, indicating that the
bandgap for 9-Cl-capped film atop of these absorbers is unal-
tered. However, in the case of x = 0.75, and 0.5, the bandgap of
9-Cl-capped films is blue-shifted.

The powder x-ray diffraction (PXRD), as shown in Fig. 4b,
reveals the film structure. As more 1" is replaced by Br~ in
MAPD(I,Br; ,); (x decreases), the PXRD peak shifts from 14.12°
for MAPDI; to 14.96° for MAPbBr;, due to smaller ionic radius of

J. Mater. Chem. A, 2022, 10, 2957-2965 | 2961
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Fig. 4 The optoelectronic, crystal structure, and surface passivation properties of 9-Cl capping layer. (a) The absorptance of the 9-Cl capped in
comparison to bare films. (b) The crystal structure for the 9-Cl-capped MAPDb(I,Br;_,)s perovskite films in comparison to the 9-Cl 1D perovskite
PXRD result. (c) The surface morphology of 9-Cl-capped films in comparison to bare films measured using AFM with scale bar of 1 um. (d) The
absolute potential change result based on surface photovoltage measurement for bare and 9-Cl-capped MAPb(I,Br; _,)s perovskite films.

Br thanI . Similar to the MAPb(I-Br); peak shift, the Pb(I-Br),
peak also shifts from 12.44° to 13.4°. The low-dimensional
perovskite peaks in the capping layer appear at low 26-angles.
Depending on the absorber composition, the low-dimensional
perovskite peaks appear at different angles, indicating that
the I-Br ratio plays an important role in forming the type of low-
dimensional perovskite structure within the capping layer. We
also observe that the low 26-angle peak also appears less crys-
talline in the mixed-halide absorber, as shown in ESI Fig. S5,
indicating that the capping layer is more amorphous, which
could potentially lead to a less protection for the absorber
underneath. This could also be due to the addition of Br in the
lattice, although it is harder to conclude, due to the shift in low
260-angle peaks position as we shift towards MAPbBr;.

Atomic force microscopy (AFM) shows the morphology of the
film surface and the surface roughness, as shown in Fig. 4c. In
both 9-Cl-capped MAPbI; and MAPD(I, 5Br, 5); films, the surface
roughness and its variation are greatly reduced. However, that is
not the case for 9-Cl-capped MAPD(I, ;5B »5); film. In case of
MAPD(I,Br;_,)s, the bromine addition into the perovskite film
generally increases the surface roughness, which could be due
to formation of aggregate crystals.*

The device performance for 9-Cl-capped and bare MAPDb(I,-
Br,_,); for x = 1 and 0.75 is also measured. The result is shown
in ESI Fig. S6.f The efficiency of the 9-Cl-capped device is
reduced due to lower short-circuit current (Js¢) in the case of x =
1 even though the open-circuit voltage (Vo) is maintained. In
the case of x = 0.75, the efficiency ends up to be higher, because
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of improvement in Voc. We also measured the recombination
dynamics of the capped-films using time-resolved photo-
luminescence (TRPL) and found that depositing capping layer
on the absorber might actually introduce surface defects, as
shown in ESI Fig. S7.7 This shows that the improvement in
stability could not compensate the loss in efficiency. We should
also note that the device performance still requires several
optimization rounds, which might lead to a better performance.

To understand how the illumination-induced surface
potential changes as the capping layer is introduced, surface
photovoltage (SPV) measurements are conducted. Fig. 4d shows
the summary of SPV results showing the absolute potential
change between dark and white light-illuminated measure-
ments for bare and 9-Cl-capped MAPb(L,Br; _,); films. The I-rich
absorbers show negative potential change, indicating p-type
material, while the Br-rich absorbers show positive potential
change, indicating n-type material. In comparison to the bare
films, introducing 9-Cl capping layer enhances the absolute
potential change effect.

Conclusion

This study systematically investigates the effect of the mixed-
halide absorber compositions with 1D capping layers on the
films' environmental stability. Ten 1D perovskites were intro-
duced for the first time and were compared with the state-of-
the-art 2D capping material, PTEAIL They are used to synthe-
size 55 unique capping-absorber pairs, which are degraded
under high humidity and high temperature. We utilize
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dissimilarity matrices for observing the high-dimensional data
coming from the films' color change. This method helps in
comparing samples within and across compositions and leads
to the discovery of 2MeO-NEA-CI (9-Cl) as an excellent capping
layer for improving the stability of MAPbI; and MAPD(I, sBrg 5)3.
We find that the capping layer changes the potential on the
film's surface differently depending on the absorber composi-
tion, by enhancing p-type and n-type characteristics for I-rich
and Br-rich absorbers, respectively, which might be one of the
reasons for composition-dependent degradation results. We
discover that capping layers have a limited power in improving
those mixed-halide absorbers that are intrinsically unstable. We
perform several material characterizations, including surface
photovoltage, which probes the surface net electrostatic charge
of the films. Our study advances the wide-bandgap perovskite
solar cells field by introducing advanced methods for screening
the stability of capping-mixed halide perovskite absorber pairs
in the film, and discovering a new stable 1D capping layer
material.

Methods

1D perovskite ammonium bromide/chloride powder synthesis

Cations and 1D perovskite crystal were synthesized as previously
reported.* In general, Pbl, (1 eq.) was added in HI (57 weight%
aqueous solution) and stirred at 130 °C for until fully dissolved.
A solution of the salt of the R(NH,),NH;" cation (2 eq.) in HI (or
HI and MeOH) was added and the resultant mixture was stirred
at 130 °C for 2 min. The solution was then allowed to crystallize
at room temperature for 24 h. The solids were filtered and dried
under high vacuum.

Film and capping layer fabrication

For 3-D methylammonium lead iodide (MAPbI;) precursor
solution: 1.5 M PbI, (TCI chemicals) solution was dissolved in
9:1 DMF : DMSO mixed solvents, before mixing them with
ammonium powder. For every gram of methylammonium
iodide (MAI) powder (Dyenamo), we added 5.10 mL PbI, stock
solution correspondingly, which corresponds to MAI : Pbl,
molar ratio of 1:1.09. The same protocol was followed for
making methylammonium lead bromide (MAPbBr;) precursor
solution. The mixed-halide perovskite precursor solutions were
made by mixing MAPbI; and MAPbBr; precursor solutions in
3:1,1:1,and 1: 3 ratios.

Capping layer solutions were made in 10 mM concentration,
by mixing previously synthesized ammonium bromide/
ammonium chloride powder with isopropyl alcohol, pure, ACS
reagent, =99.5% (Sigma-Aldrich).

65 uL of MAPbI; solution was then deposited on the pre-
cleaned substrate (glass slides for UV-Vis and XRD, ITO
substrates for AFM and KPFM), and spin coated with this 2-step
recipe: 1000 rpm for 10 seconds and acceleration of 200 rpm
s~ ', then 6000 rpm for 30 seconds and acceleration of 2000 rpm
s~'. 5 seconds after the start of the second step, 150 uL of
chlorobenzene was dropped on the substrate. Then, the
deposited film was annealed on the hotplate at 100 °C for 10
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minutes. After the substrate is cooled down, 60 uL of capping
layer solution was deposited on top, and spin coated with
3000 rpm speed for 30 seconds. The substrate was then
annealed at 100 °C for 10 minutes.

Device fabrication

ITO substrates are cleaned as follows: ultrasonic bath in acetone
and isopropanol for about 10 min respectively; UV-ozone
treatment for 20 min. SnO, nanoparticle solution is diluted with
DI water to 3% (wt/wt) with 3 mg mL~" KCI as the additive. The
resulting solution is spin coat at 3000 rpm for 30 s with accel-
eration of 3000 rpm s~ ' and annealed at 150 °C for 30 min.
Perovskite films and the capping layers are prepared as previous
session. Spiro-MeOTAD solution contains 72 mg spiro-
MeOTAD, 1 mL chlorobenzene, 17.5 pL Li-TFSI stock solution
(520 mg mL~" Li-TFSI in acetonitrile) and 28.8 L t-BP. The
solution is then spin-coated at 4000 rpm (4000 rpm s ' accel-
eration) for 30 s on the perovskite. Finally, a 70 nm for Au is
thermally evaporated on the spiro-MeOTAD to finish the device.

General characterization

The crystal structure and the film phases were characterized
using X-ray diffraction (XRD, Rigaku SmartLab), with Cu-Ko
sources. Samples were stored in inert conditions inside
a nitrogen-purged glovebox between synthesis and aging test/
characterization steps. The film's absorptances were measured
using UV-Vis spectrophotometer (PerkinElmer Lambda 950)
between 350-1000 nm. The AFM and KPFM measurements were
performed using a Veeco Multimode 8 (Bruker). The topography
images were measured in ScanAsyst mode using a silicon
cantilever. For the KPFM experiments, a Ti/Pt cantilever was
used and a voltage of 3 V was applied to the cantilever to
measure the surface contact potential difference. For the SPV
analysis, a white light source from the top was employed. PL
decay lifetimes were measured via time-correlated single
photon counting (TCSPC) under 405 nm excitation (LDH-D-C-
405, PicoQuant) at an average power of 3.2 mW. To collect the
photon arrival times, a HydraHarp 400 (PicoQuant) and
a single-photon avalanche photodiode (Micro Photon Devices)
were used. A 550 nm LP filter was used to remove excess laser
scatter. J-V characteristics of the devices were measured in
ambient environment with a Keithley 2400 source meter under
AM1.5 100 mW c¢m~? irradiance. The light source is calibrated
with encapsulated Si cell certified by the National Renewable
Energy Laboratories (NREL). The device areas are 0.15 cm?,
defined by a metal mask. The J-V curves were measured from
1.3 V to —0.2 V and then backwards.

Accelerated aging chamber and image acquisition

The films were degraded in an environmentally-controlled
chamber under (80 + 2)% RH, 85 °C, and 0.16 sun illumina-
tion. A camera was taking a picture every 3 minutes during the
aging process, and the images (in PNG format) were calibrated
following an established protocol,>'” and the red, green, blue
(RGB) values over time for each sample.
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Data integrity

The project data was generated in different forms. The film
fabrication conditions are collected in a laboratory notebook,
while the image data generated were stored in the cloud service
(Dropbox). Raw materials characterization data were processed
using either MATLAB or Python.

Dissimilarity matrix analysis

The dissimilarity matrix utilizes the pairwise distance metric
available at scikit-learn.’® The distance metric is a function
d(a,b) such that d(a,b) < d(a,b) if objects a and b are more similar
than objects a and c. In this study, we use the cosine similarity
metric, that computes the L2-normalized dot product of the
vectors, as shown in eqn (1).***

Do X
i=1

“ZX:'ZHZ)’,'Z
i=1 i=1

In addition, the Euclidean metric is the non-normalized L2
dot product of the vector difference, as shown in eqn (2)."** The
Euclidean-based dissimilarity matrix analysis is shown in ESI
Fig. S3.t

dx,y)=1- (1)

n

d(x,y) = [>_xi—nl’ (2)

i=1

Data availability

The dissimilarity matrix analysis code and experimental data
are available in GitHub repository (https://github.com/PV-Lab/
dissimatrix). The pairwise distance algorithm is implemented
using scikit-learn."®
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