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ABSTRACT

Mechanical strain can modify the structural and electronic properties of methylammonium lead
iodide MAPDI3. The consequences of ferroelastic hysteresis, which involves the retention of
structural memory upon cycles of deformation, are reported for polycrystalline thin films of
MAPDI;. Repeatedly bent films were examined using Grazing Incidence Wide-Angle X-ray
Scattering (GIWAXS) to quantitatively characterize the strains and proportions of twin domains.
Approximate locations for the coercive stress and saturation on the ferroelastic stress-strain curve
are identified, and changes to the stress-strain curve with cyclic strain are characterized. Notably,
an external stress source, such as thermal stress from the substrate or a roll-to-roll printing setup,
must apply at least |50| MPa to modify the proportions of different twins. The presence of specific
twin domains is found to correlate to previously-reported strain and defect heterogeneity in
MAPDI; films. Domains from differently-strained twin sets interact with each other. Long-term
stability testing reveals that domain walls are highly immobile over extended periods. Nucleation
of new domain walls occurs for specific mechanical strains and correlates closely with
degradation. These results help to explain the behavior of ion migration, degradation rate, and

photoluminescence in thin films under compressive and tensile strain.



INTRODUCTION

Hybrid halide perovskites of type APbX3 have emerged as materials for solar cells and are
attractive for a variety of other thin film electronic devices.'”® The highest power conversion
efficiencies in solar cells have been achieved using compositional derivatives of tetragonal
methylammonium lead iodide (MAPbI3), by alloying MA" with Cs" and/or FA™, or by alloying I
with Br™, to form (Cs,FA,MA)Pb(Br,I);.! Alloying of halides and introduction of large cations
further provides a facile way to tune the band gap, making halide perovskites attractive for light
emitting diodes or lasing applications.>> ! A key advantage of halide perovskites over
conventional semiconductors is the ease with which perovskites can coated via roll-to-roll
processing to form electronic devices.!! A thorough understanding of the structural consequences
of repeated bending - i.e. repeated strain application - on perovskites is therefore crucial. To date,
strain in MAPDI; films has been shown to affect defect concentration'? and related properties such
as degradation rate,'>!* the activation energy of ion migration'® and the photoluminescence
lifetime. !

Tetragonal MAPDI; is ferroelastic, which complicates how it responds to mechanical strain.
Ferroelasticity involves the spontaneous formation of sub-grain domains of differing orientation,
the relative proportion of which can be changed by applying stress.!"!” This phenomenon is

2122 and has

common in a variety of materials, such as zirconia *° or oxide and fluoride perovskites,
been increasingly investigated in halide perovskites.?> 3 At elevated temperatures many APbX3
materials have higher symmetry, but as the material cools the R4" phonon mode condenses,
inducing permanent out-of-phase tilting of the BXs octahedra and a spontaneous strain in the

material >*37 The strain magnitude is lowered by transition to a lower symmetry phase, which in

MAPDI; is the cubic Pm-3m to tetragonal 14/mcm transition.'®!7*7-4> Mechanical constraints such



as surrounding grains encourage twin domain formation, thus ensuring that the original
macroscopic dimensions are maintained. Such domains have previously been observed in
MAPbI;.2422931 Compositional derivatives of MAPbI; that are thought to be cubic on the bulk
scale (e.g. (Cs,FA,MA)Pb(Br,])3) also exhibit twinning on the nanoscale.?? Although processing
conditions may affect the types of domains formed, twinning is inherent to tetragonal MAPbI3; and
is therefore observed in films of this material. 3

Applying stress to a ferroelastic induces ferroelastic hysteresis, which involves semi-
reversibly changing the relative proportion of different domains (“‘domain switching”) by inducing
movement of the walls separating them.!® Recent work shows that that the walls between twin
domains in MAPbI; slow carrier diffusion in single crystals without any external strain applied.*

23.27.2843-49 huch still

Despite the increased attention paid to ferroelasticity in hybrid perovskites,
remains unknown. For example, in other materials, domain walls nucleate point defects and
facilitate diffusion of ionic species.’®>* Understanding how twin walls move and are created and
annihilated is therefore crucial to the successful development of flexible MAPbI3-based devices.
Here, we analyze the ferroelastic hysteresis loop of MAPbI; and its impact on the stability of
polycrystalline films. Strain heterogeneity in previous reports that was linked to increased defect
content was here found to originate from specific twin domains. Cyclic strain tests of films
revealed the approximate stresses at which ferroelastic hysteresis initiated (coercive stress) and
saturated, as well as the ways in which the stress-strain curve changed. The coercive stress revealed
the thermal stress needed to change domain population, which was estimated for different

substrates. Changes to domain sizes and proportions revealed changes to the number of domain

walls and were correlated closely with enhanced degradation. This behavior was related to



particular strain cycles, and can help explain differences in ion migration, degradation and

photoluminescence lifetime behavior observed in literature.

RESULTS AND DISCUSSION
Identifying Sets of Twin Domains using GIWAXS.

We cast MAPbI3 on polyimide (Kapton) and characterized the resulting films using Grazing
Incidence Wide Angle X-ray Scattering (GIWAXS) (Figure 1a). PEDOT:PSS was cast to
planarize the Kapton surface, and was selected because it is a widely-used hole transport layer in
perovskite photovoltaic devices.**>> MAPbI; was then spin-cast following previously-described
procedures (see Experimental Methods),” with an antisolvent rinse and 100°C annealing steps. >
Scanning Electron Microscopy (SEM) (Figure S1) revealed that the MAPDI; film exhibited 200
+ 100 nm grain size and = 400 nm thickness. PMMA was then cast on top of the MAPbI3 to prevent

degradation, >’

as subsequent experiments were largely performed in air. No X-ray scattering
features of Pbl, were observed (expected peak at ¢ =~ 0.9 A™!; Figure 1¢). The ring-like shape taken
by the features in the 2D pattern (Figure 1c) indicates a distribution of orientations of MAPbI3
crystallites, consistent with prior electron back scatter detection (EBSD) work on polycrystalline
films.>® To better understand correlations between these differing orientations and ferroelastic
domains, small areas of the 2D GIWAXS patterns were integrated to form 1D patterns along two
select orientations, near-in-plane (nIP) and near-out-of-plane (nOP) (Figure 1¢). Details related to
the analysis of the GIWAXS patterns are given in the Experimental Methods and in Figure S2.

The large incidence angle (2°) was chosen so that the X-Rays penetrated the entire MAPbI; depth

(calculated penetration depth 1000 nm; 3*° Figure 1a); and observation of substrate peaks (Figure



1¢) confirmed that the entire depth was probed. Because the GIWAXS beam area was several

mm?, the results below are representative of the bulk of the MAPbI; film.
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Figure 1. (a) Schematic of the samples as-prepared, with a Kapton substrate, a PEDOT: PSS planarization
layer, MAPbI3, and a PMMA encapsulation layer. GIWAXS X-Rays with incidence angle 2° penetrate
roughly 1000 nm into the sample (throughout the whole MAPbI; film thickness), 3*° over an area of several
mm?. (b) Twinning in MAPbI; grains, with crystallographic structure of two twin domains of MAPbI;
following reference, 2* and with MAPbI; in the 14/mcm tetragonal phase.?**” The (220) and (004) planes
are shown, as well as the (112) mirror plane (twin boundary/domain wall) separating the domains, and A
and C twin types. (c) GIWAXS pattern of an as-cast MAPDI; film, showing the areas integrated for near-
out-of-plane (nOP) analysis (18°-23°) and near-in-plane (nIP) analysis (67°-72°). The (220), (004), (202)
and (211) rings are labelled. The asterisks correspond to substrate peaks (i.e. Kapton-PEDOT: PSS only;
no MAPbI; or PMMA). Although appearing to overlap in this 2D pattern, the (220) and (004) peaks are
distinguishable (see below).



The predominant twin domain structure and twin domain types observed by GIWAXS are

shown in Figure 1 and in Figure 2. At room temperature, MAPDI3 is in the tetragonal 14/mcm

37-42 ) 24,25,30

phase, with several ferroelastic domains cohabitating in the same grain (Figure 1a-b
Previous Transmission Electron Microscopy (TEM) work 2* revealed that the (112) plane acts as
a boundary between different domains (also called domain wall), and is also a mirror plane to these
domains. Because we primarily saw ferroic a and ¢ domain types (see below - Figure 2, 3, 6, 7),
we named the domains observed A and C. %192 To distinguish A vs. C, we used the scattering
intensities and positions in reciprocal space of the (220) and (004) planes. The (220) nOP peak and
associated (004) nIP peak revealed Domain A, while the (220) nIP peak and associated (004) nOP
peak revealed Domain C (Figure 1b, Figures 2-3). However, the (220) and (004) planes have
similar d-spacings in the 2D patterns (Figure 1c¢). For this reason, we additionally examined the
evolution of the intensity of the (211) peak with respect to the (202) peak (see discussion of Figure
S3). Importantly, the analysis of the intensities of the (220) vs. (004) peaks also allowed us to

extract the relative fraction of Domains A vs. C in the film, and how this proportion changed after

bending.

az

Qxy

{110}

{112}

b a c
Y e 1,
C b a

Figure 2. Summary schematic showing A and C domains, with preferential 90° a-c arrangement. ¢"-%2



Films that had not experienced mechanical deformation exhibited both A and C domain types
(Figure 3). Figure 3a shows nOP and nIP patterns of an as-cast sample. The main nOP peak (near
3.14 A) was assigned to a (220) plane, which is consistent with a higher intensity of the (211) peak
appearing nOP (Figure 3b, see discussion of Figure S3). This preference for the nOP orientation
of the (220) plane is consistent with what is typically observed for MAPbI; films. *! In the nIP
pattern, the peak near 3.16 A was considerably more intense than in the nOP direction, and the
(211) peak was much weaker, indicating less scattering from the (220) peak in the nIP direction.
We therefore assigned the nIP peak near 3.16 A to be the (004) plane that corresponds to
crystallites with (220) planes oriented nOP. Based on these two assignments, there is a
considerable population of A-type domains in the film. Thus, the typically-observed strong
presence of (220) in films *' corresponds to Domain A.

Since MAPbI; is a ferroelastic, twin domains exhibit the same crystal structure, but in different
orientations. Therefore, the strains of (220) planes in different twinned domains should be equal.
The nlIP peak near 3.14 A was thus assigned to (220) and the nOP peak near 3.16 A was thus likely
(004). These two peak assignments reveal Domain C. The two populations identified here,
Domains A and C, are consistent with the well-established 90° a-c configuration, hence our
nomenclature for the domains (Figure 2).°1:*> Further analysis of the domains required correcting
the intensities for structure factor (see Supporting Information). We note that there were two
other weaker peaks in this region, one near 3.12 A and the other near 3.18 A, with the latter being
stronger in the nIP direction. The peak at 3.12 A in particular appeared much more strongly after
bending (Figure 7a). We thus appear to have two sets of twin domains: Twin Set 1 (TS1), that is

dominant, with domains A:1 and C:1, and a smaller population of Twin Set 2 (TS2).



Correlating Strain Heterogeneity with Ferroelastic Domains.

We analyzed the strain of all peaks, allowing the assignment of peaks to TS2 (Figure 3a, 3d).
The structure of 14/mecm MAPDI; in single-crystal form has been extensively studied, with broad
agreement regarding lattice parameters at various temperatures. >/ *> Here, we selected the
unstrained d-spacings at 300°K from a neutron-diffraction study of MAPbI; single crystals,
chosen due to the precision of the method. *7 Strain was calculated based on shift from these
unstrained d-spacings. To ensure consistency, we took patterns of four film samples and calculated
average d-spacings and d-spacing uncertainties. For TSI, the (220) peak (near 3.14 A), hereafter
called “(220):1”, exhibited weak tensile strain (+ 0.08 £ 0.03 %). The (004) peak in TS1 (near 3.16
A, “(004):1”) exhibited compressive strain (— 0.37 = 0.09 %). It is expected that the (220) and
(004) planes of domains A and C for TS1 exhibit the same strain, as these domains should only
differ in their orientation. For TS2, based on the improbability of having domains with strains >
1.5 %, we assigned the peak near 3.12 A to the (220) plane and the peak near 3.18 A to the (004)
plane. Thus, for TS2, we have compressive strain (— 0.39 £ 0.13 %) for (220):2, and large tensile
strain (+ 0.8 = 0.4 %) for (004):2. The relative intensities of (220):2 and (004):2 roughly follow
those of (220):1 and (004):1, likely indicating A and C domain types for TS2 as well, called A:2
and C:2. The strains from the (220) peaks for both twin sets are approximately a third of the
magnitudes of the strains of the (004) peaks, and opposite in sign, matching what is expected from
Poisson’s ratio of 0.33.% Thus, the strains identified are consistent with the film having two twin
sets, each containing @ and c type twin domains.

Importantly, we establish a correlation between the heterogeneity of strain in the films and the

ferroelastic domains (Figure 3d). Sub-grain changes to strain and orientation were previously



observed, but were not correlated with ferroelastic domains.’® The d-spacings of the (220) peak
were shown to vary by = — 0.2 % within films, with the more compressed regions having higher
defect densities.'> Here, we show that variations in d-spacing in films correlate with different
ferroelastic domains. Specifically, large compressive (220) strains originate from a different twin
set. The large strains and small population of TS2 throughout the entire film thickness (Figure 1a)
suggest that TS2 originates from unfavorable growth conditions such as rapid solvent removal,
spatial constrains imposed by grain boundaries, and other factors. Because TS2 exhibits larger
strains than TSI, it is more likely to appear in areas in which local strain is greater, such as near
grain boundaries or at the substrate interface (Figure 3d and 7). The films are dense with few

pinholes (Figure 1a) and it is possible that TS2 may help offset strain gradients within the film.

10



(a) osum (b))  (202) (211)
T T T T T T T
.4 —nOP 1.01 Coupled to 1
i A1 | ¥
-0 Q W\ (220
£ /) o A “\
g/ \‘ \‘\
..“E 0.0 1 b Ealndd |‘
5 "3.60 3.70 3.80
8 d(A)

0. (€) (220):2(220):1(004):1(004):2
¢ ¢ o e
100
b All errors = 0.02 %
- 80l 1
£ \ [
g < 80F 1
o ?: 3-_1 [
E Az | T A0L ]
| 20F .
0.0 fv/’w\z //\ .
3.10 3.14 3.18 nOP nlP
d(A)
(d)
+0.8 %
-0.37%
+0.08 % -0.39%
¢

Figure 3. (a) GIWAXS near-out-of-plane (nOP) and near-in-plane (nIP) patterns of an as-cast MAPDI;
film, with assignments to various (220) or (004) and twin domain type labelled. nOP and nIP patterns are
normalized to highlight the relative contributions of different (220) and (004). Each fit is shown
individually, as is the sum of the fit peaks. (b) (202)-(211) region of the nOP and nIP patterns (see Figure
S3), normalized with respect to the (202) for (211) intensity comparison. (c) Fraction fof the film exhibiting
the different (220) and (004) orientations nOP and nlIP for the patterns in (a). Average fractions for 4
samples are shown in Figure S4. (d) Summary schematic of the sub-grain twinning microstructure
identified here, with two possibilities for Twin Set 2 location (separate small grains and boundaries of grains
that are predominantly Twin Set 1). Strains associated with the (220) and (004) peaks are listed (calculated
from peak shifts from the single crystal structure at 300°K *7) and were calculated from the average and

standard deviation for 4 samples.
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Determining Volume Fractions of Ferroelastic Domains.

Next, we calculated the relative fraction f of each domain in the film (see Supporting
Information). The fractions for the patterns shown in Figure 3a are shown in Figure 3¢, and the
averaged fractions for four samples are shown in Figure S4. We distinguish two fractions f,
obtained respectively from the nOP and nIP patterns. The distinction is necessary, as nOP
scattering detects most planes parallel to the substrate; however, nIP scattering can miss a
significant number of planes perpendicular to the substrate (Figure S5), in crystallites that
otherwise have nOP planes visible. Thus, we extract volume fraction from the nOP patterns, and
use the nIP patterns to qualitatively confirm our interpretations. The large incidence angle (2°)
means the entire film thickness is considered (Figure 1).

From the nOP pattern (Figure 3a), = 70 % of the film exhibits (220):1, with = 20 % of the
film exhibiting (004):1 and another = 10 % exhibiting some combination of (220):2 and (004):2,
with a greater amount of (220):2 (Figure 3¢). This confirms the predominance of A-type domains.
The results in Figure 3 were also reproduced for 3 subsequent films, with between 80-100% of
fractions f from the nOP patterns belonging to TS1, and the remaining 0-20 % being TS2 (Figure
S4). Analysis of nIP patterns revealed ~ 45 % and = 40 % for the (004):1 and (220):1 respectively,
in agreement with both 80-100 % of the film being TS1, and with there being some invisible peaks
nlP (Figure S5). Some of the lack of agreement between nOP and nIP fractions could also
originate from the grains being rotated in-plane with respect to each other. Another possibility is
that we have some 90° a-a twinning, involving two A-type domains, where the domain wall
belongs to the {112} family. This 90° a-a configuration is the structural equivalent of the 90° a-c
configuration (Figure 2), but with a different orientation.> Prior work reported 90° a-a

configuration for films cast directly on TEM grids,* rather than the predominant 90° a-c

12



configuration observed here under different growth conditions. To circumvent questions of nIP
plane invisibility vs. in-plane grain rotation vs. of 90° a-c¢ / 90° a-a twinning type, we restrict
quantitative analysis of fractions to the nOP patterns. Overall, the films are 80-100% TS1 and 0-

20 % TS2, with a preference for 90° a-c twinning type (Figure 2, 3d).

Residual Stress in MAPbI; Films on Flexible Substrates.

. nlP |
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Figure 4. Conversion of the strains of (220):1, (004):1, (220):2 and (004):2 to stresses, with the

corresponding nIP twin domains labelled. All error bars refer to the standard deviation from 4 samples.

Because the impacts of thermal stress from the substrate have garnered much interest, !%14:64
we also quantified the nIP stresses of the four domains (Figure 4). We multiplied the strains
identified for (220):1, (004):1, (220):2 and (004):2 (C:1, A:1, C:2 and A:2, nIP) by the Young’s
modulus for MAPDbI; (14 GPa, chosen to be mid-range among reported values) and plotted these
stresses in Figure 4. 497 Because the modulus is nearly directionally isotropic, ®” we multiplied

the strains by the same modulus for (220) and (004) values to get the nIP stresses. These stresses
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were 11, —52,— 55 and 112 (+ 10) MPa for (220):1, (004):1, (220):2 and (004):2 respectively. As
discussed above (Figure 1a), these are representative of the entire film depth. In prior work,
switching from a silicon substrate with low thermal expansion coefficient or T.E.C. (0.26 X
1073/K) to a polycarbonate substrate with similar T.E.C. (6.5 x 1079/K) to those reported for
MAPbI; (4-16 x 1075/K) % was reported to greatly reduce the average residual in-plane stress,
as measured via wafer curvature. '* However, the contributions of individual twin domains to this
stress were not elucidated. Here, we have a Kapton substrate (T.E.C. 3-11 x 1075/K) %! and
PEDOT: PSS planarization layer (T.E.C. 5 X 107/K), "> with similar T.E.C. to MAPbI; (4-16 X
1075/K), % and a PMMA capping layer that also has similar T.E.C. (5-10 x 1079/K). *> Because
T.E.C .Kapton/PEDOT: Pss = T.E.C.polycarbonate and because the films in prior work ' were also processed
at 100°C, we compared the individual domain stresses to the reported average stress of MAPbI3
on polycarbonate (12 = 2 MPa). With the exception of the (220):1, all of the individual domain
stresses exhibited much larger magnitude than the average stress of MAPbI3; on polycarbonate,
with some exhibiting opposite sign. Notably, most individual domain stress magnitudes were of
equal or larger magnitude to the average stress reported for MAPbI3 on Si (54 = 8 MPa). These
results demonstrate that the residual stresses of individual twin domains in MAPbI3; can be quite

large even when using a substrate of similar T.E.C..

Expected Ferroelastic Behavior upon Bending and Experimental Design.

The ferroelastic hysteresis loop for MAPbI3 has not yet been characterized in detail. Therefore,
we analyzed structural changes caused by repeated bending, which is of interest for the behavior
flexible devices. We will first describe expected ferroelastic behavior (Figure 5), then discuss the

effects of repeated bending on film structure (Figures 6,7,8) and stability (Figure 9). We then
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relate our findings to existing literature on defect behavior in MAPDbI3, as domain walls have been
found to nucleate vacancies and facilitate ion diffusion in other materials.’*>3

Ferroelastic hysteresis involves non-linear, but to limited extent, reversible switching from
one domain type to another; in our case, from domain A to domain C (Figure 5a). '*7* This is
accomplished by applying tensile strain (or stress) in gx, which causes the domain wall to move,
provided that the applied stress has some minimum magnitude corresponding to the coercive stress
oc. Thus, the bond distances between the Pb>" ions and the I ions change at the domain wall, on
the side of domain A, such that eventually the octahedral tilting of domain C at the domain wall
becomes more energetically favorable. '® The domain wall thus advances through A and converts
all the octahedral tilting to that of C. Correspondingly, the orientations of the (220) and (004)
planes become that of C. If the material is under an opposite (compressive) stress in gx, the
octahedral tilting of A becomes again more favorable, so the domain wall moves back through C
and A becomes bigger. Thus, while being somewhat reversible, the process is highly non-linear
(Figure 5b), and the domain sizes after a full ferroelastic hysteresis loop may not be the same as
they were initially. Saturation S (Figure 4b) is achieved when all possible switching to either A or
C has occurred. Domain switching also imparts an inelastic strain & on the material 2*?! that is
retained after the applied strain is removed. This retention enabled us to indirectly analyze the
ferroelastic hysteresis loop.

Ferroelastic hysteresis is one part of the stress-strain curve for ferroelastics. An idealized curve
based on the literature for various oxide perovskites and zirconia is presented in Figure S¢. 20227
Upon fabrication, a spontaneous strain es exists in the material. At very low applied stresses

(between point 1 and oc), there is an elastic-only regime, in which the domain walls do not move

and bonds between atoms simply stretch or compress. At the coercive stress oc, ferroelastic

15



hysteresis begins (Figure Sb-5¢). In this regime, the types of strains acquired by the material are
assigned differently from study to study; 2°2? but it is generally agreed that ferroelastic hysteresis
imparts inelastic strains on the material, which for simplicity, we call the inelastic strain ¢i. The
end of the ferroelastic hysteresis regime is marked by saturation S, at which point all possible
domain switching has occurred. After this ferroelastic regime, a second mostly-elastic regime
(until point 2) occurs, followed by the fully plastic regime (points 2-3) and fracture. For applied
stresses below the fully plastic regime, the total strain in the material iS &t = €Elastic + &i; Where
EElastic 18 elastic strain and ¢; is the inelastic strain. Some ferroelastics exhibit large plastic regimes,

2122 indicated by two possible locations for fracture. Experiments on free-standing

20 others less so,
MAPbI; films identified only a single mostly-linear elastic regime before fracture. ’® This indicates
1) that that the fully plastic regime is likely quite small and 2) that the slopes both quasi-elastic
regimes and the ferroelastic hysteresis regime are likely quite similar. In Figure Sc¢, we have drawn
them to be very different for clarity. For any stress larger than oc, if the applied stress is removed
(“Unloading” in Figure 5¢), the material does not go back to its initial state, due to the inelastic
strain &;. Subsequent re-loading occurs much more closely to the Unloading (dashed) line in Figure

Sc than to the original curve. In the following experiments, we focus particularly on the

unloading/re-loading behavior to indirectly study the hysteresis loop.

16



(a) Domain A Domain C

A F.H.
Oy 0==O= O Y |:> [ o o
e oo 004
- o, Convex | ), o N,
( )o-.,.-a-—"--...—u <}: ~ @ { ° ( o
Y 1Y Concave gz S
(004 ‘t_> Oy
Ferroelastic
(b) Hysteresis (F.H.) (C) ot = & + & Plastic
A +————p—»
& S 3 -_.,.‘*

o
("-ES 2 3
e > £x
|
7
1<i>,’ Unloading

S & >

&

Figure 5. (a) Expected structural changes during ferroelastic hysteresis; tetragonal crystal structure from
reference.’” Convex bending applies tensile in-plane strain and concave bending applies compressive in-
plane strain. (b) Ferroelastic hysteresis loop and (c) Idealized stress-strain curve for a ferroelastic based on
prior work,??* where s, &i, €ot, €pnsiic are the spontaneous, inelastic, total and elastic strains respectively,
S is the saturation point, and oc is the coercive stress. The stars indicate fracture point locations for different
materials. GIWAXS patterns were collected after unloading the applied stress (black dot on the stress-strain

curve).

The bending experiment is schematically shown in Figure S7, and referenced in Figure Sa.
The MAPDI; stack was repeatedly bent around cylinders and then released, with two different
bending configurations used. Following the naming convention used in prior works, > convex
bending (“outward” bending) involves having the Kapton substrate touch the cylinder, with
MAPDBI;/PMMA on the outside, and concave bending (“inward” bending) involves having
MAPDI;/PMMA touch the cylinder with Kapton on the outside (Figure 5, S7). Thus, strain ex is
applied along ¢gx, and strains ey and ¢z are induced in gy and gz, following the coordinate system

of Figure S7. Convex bending results in tensile ex (compressive ey and ¢z) and concave bending

results in compressive ex (tensile ey and &z). Several bending diameters were selected and the
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applied strains |ex| were calculated following the methodology outlined in the Supporting
Information.®>%-777-7 Using Poisson’s ratio (0.33), ¢ the induced strains |ez| in gz were then
approximated (Table 1). We verified via SEM that applying these strains did not cause readily
observable fracture of the films (Figure S8). Prior to bending, the film was isotropic in-plane, as
the small thermal expansion mismatch between the polymer substrate (T.E.C. 3-11 x 1075/K, /%71
and MAPbI; (T.E.C. 4-16 x 107/K, %) induced a mild biaxial in-plane strain. We collected
GIWAXS patterns immediately after the applied strain was relieved, i.e. after “Unloading” (Figure

5), and we call these post-bending samples “unbent”.

Diameter

P ex| (%) lez] (%)
35 0.34 0.10
31 0.39 0.12
18 0.67 0.20
10 1.26 0.41
4.1 3.06 1.01

Table 1. List of diameters employed and the corresponding applied strains |ex| and induced strains |ez| to

the gx and ¢z directions respectively.

Sweeping Through the Ferroelastic Hysteresis Loop by Bending.
Bending with a diameter of 10 mm (Figure 6) induced clear signatures of ferroelastic
hysteresis. Figure 6a shows the evolution of the nOP patterns of a film after up to 12 convex

bending cycles around a 10 mm diameter. Following this, the film was bent concavely up to 12
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times. After convex bending, the initial (220):1 intensity decreased, in favor of the (004):1 intensity
increasing. Subsequent concave bending restored the (220):1 intensity. These observations were
backed by quantitative analysis of the fractions for all peaks (Figure 6b) and by the decrease
(convex bending) then increase (concave bending) of the (211) intensity (Figure S9). Thus, A:1
domains were replaced by C:1 domains upon convex bending, and this process was generally
reversed upon subsequent concave bending. However, the strong retention of (220):1 intensity
(Figure 6a-b) suggests that the domain walls did not move very far. Some changes in (220) and
(004) strains were observed after bending; however, the origins of these were not clear (see

discussion of Figure S12).
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Figure 6. 10 mm bending experiment. (a) GIWAXS nOP patterns in the (004)-(220) region for the
successive convex and concave bending around a 10 mm diameter. For the (220):1, (004):1, (220):2 and
(004):2 peaks in these patterns, (b) corrected fractions fof the total scattered intensity in the peaks from (a).

(c) Relationships between the observed domain switching and the stress-strain curve.

19



The changes observed can be correlated with the stress-strain curve, shown in Figure 6¢. In
cycles 4-12 for both convex and subsequent concave bending, the fractions plateaued at consistent
values (Figure 6b), indicating that after cycle 4, the amount of A vs. C was stable. This suggests
that during the first convex bending, MAPbI; followed the initial stress-strain curve, and the A:C
domain ratio changed. When the applied stress was removed, the curve followed the unloading
line (dashed). Subsequent re-loading and unloading occurred in a similar location to the first
unloading line, leading to the plateau in the fraction of each domain. During subsequent concave
bending, the domain walls moved closer to their original positions, and the unloading/reloading
lines moved closer to the original curve.

We next applied larger strains to MAPbI; films. The bending experiment was repeated with a
diameter of 4.1 mm (lex| = 3.06 %; |ez| = 1.01 %; Figure 7). Separately, we investigated the effects
of concave bending only, without prior convex bending. The changes to the (220):1 and (004):1
peaks (Figure 7a) were more pronounced than for the 10 mm experiment, likely due to the larger
applied strain (see also Figure S10). Interestingly, the (220):2 appeared much more distinctly after
convex then subsequent concave bending, suggesting some interaction between TS1 and TS2 (see

discussion below).
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Figure 7. 4.1 mm bending experiment. (a) nOP patterns and (b) Corrected fractions of total scattered
intensity f (uncertainties < 0.1 %) for nOP peaks in the (220)-(004) region, for 6 convex followed by 6

concave bending cycles, and 6 concave bending cycles only.

Saturation was nearly attained upon bending around a 4.1 mm diameter (Figure 7a). As-cast,
the film exhibited the typical preference for A:1 ((220):1 nOP), with some C:1 ((004):1 nOP) and
A:2 ((220):2 nOP). Convex bending increased the C:1 population to = 85 % of the film,
accompanied by a large decrease in the A:1 fraction and complete disappearance of A:2. No
fracturing was observed (Figure S8). This process was to some extent reversed with concave

bending, with A:1 ((220):1) occupying = 65 % of the total nOP population, which is still higher

21



than the as-cast A:1 population (= 50 %). A:2 reappeared, much more distinctly, although at
slightly lower fraction than for the as-cast sample. Strikingly, concave-only bending induced near-
complete (95 %) A:1 population nOP, indicating near-complete saturation. These trends in the
fractions suggest near-complete cycling through the hysteresis loop, and certainly to greater

extents than for the 10 mm diameter.

Removing Large Compressive Strains.

The evolution in fractions f for TS2 suggested interaction between TS1 and TS2 (Figure 7),
and therefore, physical contact between them. TS2 disappeared after 4 convex cycles and
reappeared very distinctly after subsequent concave bending. Because the entire film depth was
probed (Figure 1), this suggests either the presence of a mobile domain wall between TSI and
TS2, or that small grains of TS2 only can be converted to the more favorable TS1 using very large
applied strains (|ex| = 3.06 % here). In support of these interpretations, the compressively-strained
A:2 disappeared completely after 6 concave cycles only (induced tensile |ez|), in favor of A:1,
which has mild tensile strain. Thus, the ratio of TS1: TS2 can be controlled by applying large

strains.
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Figure 8. Determination of the coercive strain, from which the coercive stress oc was calculated. Powder
XRD data for the 35 mm, 31 mm and 18 mm-diameter bending experiments, corresponding to applied |ex]
of = 0.34 %, 0.39 % and 0.67 % respectively. The location of the coercive stress on the stress-strain curve
is shown on the right. The yellow arrows show growth of the (004):1, indicative of ferroelastic hysteresis

(F.H.).

Finally, we repeated the bending experiment with much larger diameters, to find the coercive
stress (Figure 8). Because (004):1 grows into a peak that is very distinct from (220):1 (Figure 6,
7) we were able to use powder X-Ray diffraction (PXRD), rather than GIWAXS. Due impurities
in the X-Ray wavelength (Cu-Ka2, tungsten and Cu-Kp) resulting in extra peaks, and due to the
low counts on the powder diffractometer, TS2 could not be resolved as easily; however, the onset
of hysteresis was clearly identified using the TS1 peaks. The PXRD patterns of films bent convexly
up to 4 X around diameters of 35 mm, 31 mm and 18 mm are shown in Figure 8, with applied
strains |ex| of = 0.34 %, 0.39 % and 0.67 % respectively. The patterns shifted slightly and
inconsistently in d-spacing after bending. This is likely caused by the lack of height alignment of
the flexible films in PXRD, which is done in GIWAXS and necessary to obtain accurate d-
spacings. Notably, the (004):1 did not grow when [ex| = 0.34 %, grew noticeably when |ex| = 0.39

%, and grew significantly when |ex| = 0.67 %. A control experiment was performed to confirm that

23



these changes were not induced by the X-Ray beam (Figure S11). Thus, the coercive strain is |ex|
~ 0.36 % Because the actual applied strain is in gx, we take |ex| to calculate the coercive stress.

Using a modulus of 14 GPa, %997 the coercive stress for MAPDI; is thus oc =~ 50 MPa.

Using Substrate Thermal Mismatch to Control the Population of Twins.
If an external stress source, such as thermal stress from the substrate or roll-to-roll printing
setup, causes application of more than the coercive stress, |50 MPa in ex (Figure 8), it will modify

the twin domain population. The stress or imparted by thermal mismatch can be calculated using

Ep
1-vp

or = (a5 — ap)AT, * where Ep is the Young’s modulus, vp is the Poisson’s ratio, as and

ap are the T.E.C.s of the substrate and the perovskite and AT is the temperature gradient while
cooling. Using the values discussed in the Residual Stress section, (Ep = 14 GPa, vp = 0.33, ap =
5 x 10°/K and AT = 100°C — 20°C = — 80°C), a low T.E.C. substrate such as silicon (ag = 0.26
x 107°/K) will induce = 50 MPa on MAPbI; for a low annealing temperature of 70°C. A glass
substrate with mid-range T.E.C. (ag = 1 X 107/K) will induce the coercive stress upon cooling
from 80°C and finally, a substrate with a higher T.E.C. such as Kapton (ag =3 X 107°/K, chosen
among the lower reporter T.E.Cs for Kapton) "*’! will induce the coercive stress upon cooling
from 140°C. These numbers will vary based on the Ep and T.E.C. selected for the calculation;
however, it is clear that ferroelastic behavior should be quite different with substrates of differing
T.E.C. Thus, it does seem that thermal mismatch can be used to tailor the ferroelastic domain
population. However, this does not exclude interface interactions or other solution-casting
phenomena * which may also greatly direct twin population. Further work is needed to decouple

these effects.
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Domain Walls and Long-Term Stability.

We also examined the long-term stability of films with no bending, and either 6 convex cycles
only or 6 concave cycles only around the 4.1 mm diameter (Figure 9). We stored these films for
7 months in ambient and in the dark, and then examined powder XRD patterns. Specifically, we
looked for the appearance of the degradation product Pbl, at d =~ 7 A (Figure 9a) and for major
changes in the proportions of A:1 vs. C:1 (Figure 9b). Due to low signal on the powder
diffractometer, TS2 was not easily resolvable. Prior convex bending only correlated with a large
amount of Pbly, while no bending and concave bending only showed no Pbl, (Figure 9a). In
addition, the patterns in the (220)/(004) region (Figure 9b) were quite similar to those 7 months
prior (Figure 7a), suggesting that the proportions of A:1 vs. C:1 changed negligibly over 7 months

(Figure 9b). Thus, without external stimulus, the domain walls appear to be fairly immobile.
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Figure 9. Powder XRD patterns of non-bent films (flat) and films previously bent convexly and concavely
around a 4.1 mm diameter, after 7 months of storage in air, showing (a) the region in which the degradation

product Pbl; typically appears and (b) the (220)/(004) region. Schematics are shown of twin domain layout
prior to storage (see Figure S13), with the dashed lines indicating ghost walls.

We noticed an interesting correlation between these differences in degradation, and creation
vs. annihilation of domain walls. Analysis of peak widths after bending (4.1 mm experiment —
Figure S6 and S13) indicated wall creation during convex bending and annihilation during concave
bending. This analysis (see discussion of Figure S6 and S13) is consistent with observations in
literature from polarized optical microscopy of MAPbI3.*? Indeed, the as-cast films contained few
C domains, so nucleation of new C domains might be necessary to accommodate all the applied

strain during convex bending. In contrast, because concave bending favors the presence of A
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domains and because the as-cast films contained mostly A domains, existing A domains grew and
merged into a few large domains without the need of domain nucleation. Thus, walls seemed to be
created during convex bending, with more degradation occurring after bending in this
configuration (Figure 9). In contrast, films with no changes in number of walls or annihilation of
walls were stable.

More walls likely correlates with more degradation because walls encourage point defect
presence. In other systems, walls are known to harbor a higher concentration of vacancies and to
facilitate diffusion of vacancies/ionic species.’*>* Domain walls can also nucleate point defects,’!
so the walls nucleated during convex bending may have also nucleated more point defects.
However, walls may also have moved during convex bending. When they move, domain walls can
leave behind some of the vacancies they contain, creating a “ghost line” of vacancies in the old
wall location, also sometimes called “ghost wall”.>® This can create a “memory” of the wall, ?>83

which has been observed several times in MAPbI3.24?°

This memory could mean that wall
movement or annihilation does not fully remove the point defects residing in the previous location
of the wall. Here, we found that the films with likely wall nucleation (convex bending) showed
Pbl, formation; while the films for with wall annihilation or movement only (concave bending)
showed no Pbl, formation. Additionally, films for which no wall movement was imposed, also
showed no Pblx formation. This result implies that additional point defects, created during the wall
nucleation in convex bending, are responsible for the enhanced degradation. In contrast, wall

movement, lack thereof, or annihilation do not nucleate new defects, so films with concave or no

bending showed no bulk degradation.

Impact for Behavior of Optoelectronics.
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Wall creation during convex bending and wall annihilation during concave bending help
explain prior defect-related results in MAPbIs.'3~!5 Prior studies found that films maintained under
convex bending exhibited lower activation energy for vacancy-mediated ion migration'* and more
Pbl, formation (i.e. degradation),'>!'* than flat films, suggesting higher defect content.
Correspondingly, the photoluminescence lifetime of MAPDI3 films decreased during convex
bending in a different study,'> suggesting more trap-mediated recombination. Our analyses
(Figures 7, 9, S13) indicate that these behaviors originate from domain wall nucleation during
convex bending. The opposite trends regarding degradation, ion migration, and photoluminescence
lifetime were observed for in-situ concave bending, suggesting fewer point defects/ domain walls
(Figures 7, 9, S13). Our results also indicate that repeated bending in one configuration (convex
or concave) will likely not change the above-described behaviors much after the first few bending
cycles (Figure 6 and Figure 7). In addition, domain walls will not move without external stimulus
(Figure 9). Subsequent bending in the opposite configuration (i.e. concave or convex) will change
these defect behaviors to limited extents (Figure 6 and Figure 7). To avoid such defect-related
changes, the films should not be bent past the coercive stress (= 50 MPa, Figure 8), which is likely
most relevant in the context of roll-to-roll processing MAPbIs, or installing flexible modules.
Thermal control over twin population may be employed using low-TEC substrates and mild
temperatures (Using Substrate Thermal Mismatch to Control the Population of Twins section;
Figure 8). A possible method for eliminating unfavorably-strained domains (compressive A:2
domains, Figure 3) and reducing the number of domain walls is to apply large out-of-plane tensile
strain (Figure 7).

Changing the number of twin walls in films upon repeated bending may greatly impact carrier

diffusion. Our findings reveal twin wall movement, and strongly suggest wall creation,
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annihilation, and the presence of “ghost walls” 2429-50:82.83

in the sample after bending, which is a
memory of the wall formed by the point defects the departed wall has left behind. Deep traps seem
to nucleate along with twin walls in films, as evidenced by the decreased photoluminescence
lifetime upon convex bending (i.e. enhanced trap-mediated recombination).'> In apparent contrast,
recent work on single crystals suggests that twin walls contain shallow traps that slow carrier

diffusion, but do not induce trap-mediated recombination.** 1t is

possible that single crystals
contain fewer deep traps than films, and thus that twin walls impact carrier diffusion very
differently in films vs. single crystals. It is also not clear to what extent twin walls carry their traps
with them when they move or annihilate. “Ghost walls” may therefore greatly impact carrier
transport in both films and single crystals. The impacts of repeated bending on shallow trapping
and carrier diffusion requires further investigation, particularly in films.

We note that the detailed ferroelastic loop will also depend on factors such as the grain size. In
oxide perovskites, grain size is known to affect domain/domain wall formation.®* Here, we used
films with grains of 200 + 100 nm, but films used in devices can have grain sizes of up to several
microns,® which may affect the types of twin domains formed and their strains. However, because
MAPDI; is ferroelastic, the presence of twin domains is expected, regardless of processing
conditions. We also probed the entire film thickness (Figure 1a), but different types of twins, in
particular TS1 vs. TS2, may predominantly exist near different interfaces. Bringing the perovskite
closer to the cubic phase via either temperature or composition should lower the spontaneous
strain, and thus reduce the size of the hysteresis loop.'®3 In addition, dislocations at interfaces are

known to pin domain walls, thus preventing domain wall movement.®”-¥® Complete understanding

of defect behavior in MAPbIs-based devices will therefore likely require investigations of how
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grain size, temperature, pinning, substrate interface interactions and other parameters affect the

ferroelastic hysteresis loop of MAPDI:.

CONCLUSIONS

In conclusion, we have examined ferroelastic twinning in polycrystalline thin films of
MAPDI;. Strain inhomogeneity in films originated from specific twin domains. We then
characterized the ferroelastic hysteresis loop of MAPbI3, and identified approximate values for the
onset of the loop (coercive stress) and saturation. External stress sources such as thermal stress
from the substrate or roll-to-roll printing setups must apply at least |[50] MPa to modify the
proportions of different twins, and the temperature at which this occurs is substrate-dependent.
Cyclic strain tests revealed changes to the unloading/reloading line locations in the stress-strain
curve. Domains from differently-strained twin sets in the films are found to interact with each
other, and convert from one twin set type to another. Degradation was found to correlate with
domain wall presence, with more domain walls (convex bending) favoring degradation and fewer
domain walls (concave bending) favoring stability. These results help to understand the structural
processes related to defects in polycrystalline films of MAPbI3, and the ionic and optoelectronic
properties that they impact. We anticipate that the method presented above for characterizing the
hysteresis loop will aid future studies of how strain and the hysteresis loop change under different

device fabrication and operation conditions.

EXPERIMENTAL METHODS

30



Materials. Lead (II) iodide was purchased from Sigma Aldrich (PbI2 —99.999% purity, trace
metal basis) Methylammonium iodide (CH3NH3I, > 99% purity) was purchased from Dyseol. N-
N-dimethylformamide (DMF, 99.8%, anhydrous), dimethyl sulfoxide (DMSO, > 99.9%,
anhydrous), Chlorobenzene (99.8%, anhydrous) were purchased from Sigma Aldrich and kept in
a nitrogen glove box.

Spin-casting of Kapton-PEDOT: PSS-MAPbI3-PMMA. Kapton sheets were cleaned via
ultrasonication in isopropyl alcohol for 10 min. To stabilize the Kapton against further changes
during heating, the cleaned sheets were carefully put between two aluminum plates, protected with
very flat Al sheets, and the stack was heated at = 350°C for 2h on a hot plate in an N2-filled glove
box. Following this, the heat was turned off and the stack was allowed to cool naturally to room
temperature. The pre-treated Kapton sheets were then exposed to an oxygen plasma at ~ 300 mTorr
for 10 min, with air as the oxygen source. To keep the Kapton flat during spin-casting, the Kapton
sheets were gently placed onto a glass slide covered with a thin PDMS sheet (for information on
making the PDMS sheet, see reference 1). For annealing, the Kapton sheets were then removed
from the glass-PDMS support. Care was taken to not bend the Kapton sheets during any of these
steps. PEDOT: PSS (= 300 uL) was spin-cast in air onto the treated Kapton substrates at 2000 rpm
for 10 seconds. The Kapton-PEDOT: PSS stack was annealed at 130°C for 4 min. To ensure film
smoothness, 1) Kapton substrates of at least 2 cm % 2 cm size were required and 2) the PEDOT:
PSS spin-casting and annealing procedures were repeated a second time, with the second annealing
being 6 min. The samples were then transferred to a nitrogen-filled globe box for MAPbI3 and
PMMA spin-casting. The precursor solution for MAPbI3 was fabricated in a nitrogen-filled glove

box. PbI2 and CH3NH3I were dissolved in 1 mL DMF and 96 pL. DMSO to make a 1M solution,

and the mixture was stirred overnight under mild heating (60°C). The solution was then spin-cast
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onto the Kapton-PEDOT: PSS at 1000 rpm for 10 s then 4000 rpm for 30 s. When 8 s passed after
the spin turned to 4000 rpm, 0.2 mL of anhydrous chlorobenzene was dropped on the substrate (23
seconds before the end of the coating). The films were then immediately annealed at 100 °C for
10 min on a hot plate, again in a nitrogen-filled glove box. All temperatures were verified with a
thermocouple. PMMA was then cast onto the Kapton-PEDOT: PSS-MAPDbI3 as a capping layer.
60 uL of a 25 mg/mL solution of PMMA in toluene was spin-cast onto the stack at 2000 rpm for
30 seconds, and no further annealing treatment was performed.

GIWAXS characterization. Grazing Incidence Wide-Angle X-Ray Scattering (GIWAXS)
experiments were performed on beamline 11-3 (12.7 keV, wiggler side-station) at the Stanford
Synchrotron Radiation Lightsource (SSRL). The source-to-detector (two-dimensional Rayonix
MX225 CCD) distances were calibrated using lanthanum hexaboride (LaB6). All raw images were
geometrically corrected using Nika. Sections (cakeslices) of the 2D GIWAXS patterns at specific
angles were selected and integrated to obtain 1D patterns. GIWAXS analysis was performed
primarily on two cakeslices: the first near-out-of-plane (“nOP”, 18°-23° - Figure 1c) and the
second near-in-plane (“nIP”, 67°-72°). Both cakeslices were chosen to be 18° from 0° and 90°.
Due to sample roughness and to avoid double diffraction issues, a large incidence angle (2°) was
chosen, resulting in the entire MAPbI3 film thickness being probed, and the near-0° angles being
cut off. Nevertheless, the parameters chosen enabled clear determination of near-in-plane vs. near-
out-of-plane twin orientations and of the strain magnitudes of the planes in each domain. All
patterns were converted to d from g, and all peaks were fit to Pseudo-Voigt patterns using Igor,
with Gaussian and Lorentzian contributions kept constant (Igor Multipeak “shape” factor of 1)

across all peaks and samples. The d-spacings of the peaks in Figure 3a were then compared with
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measured d-spacings of MAPDbI3 single crystals at 300°K 2 to assign (220) vs. (004) nature and to
calculate strain magnitude (see also discussion of Figures 3 and S3).

Other characterizations. Scanning Electron Microscopy was performed using an FEI Nova
Nano 650 FEG SEM operating at 10-20 keV accelerating voltage with beam currents of 0.40-0.80
nA. For SEM measurements, the samples were sputter-coated with gold to prevent charging. No
PMMA was cast on samples used for top-down measurements, to get accurate grain size
measurements. Powder X-Ray Diffraction patterns were obtained using a Panalytical Empyrean
powder diffractometer in reflection mode with a Cu-Ka source, operating with an accelerating

voltage of 45 kV and beam current of 40 mA.
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Figure S1. SEM images of an as-cast film, showing (a) a cross-section of an as-cast film, (b) a lower-
magnification cross-section showing the Kapton thickness and (c) a top-view image of an MAPbI;
film on top of which no PMMA was cast. 19 keV accelerating voltage was used for (a) and (c) and 10
keV was used for (b). Scale bars in (a) and (c) are 1 pm.

The MAPbI; film measured here was 1-4 grains thick. Because the films were cast on plastic
substrates, they did not break in half cleanly, so parallax issues were encountered when trying to
determine thickness. The exact thicknesses were difficult to measure, but were approximately 400
nm for MAPbL;, 200 nm for PEDOT: PSS and 50 nm for PMMA. To properly measure grain size
without parallax issues, we measured a film from the top (FigureSic) that did not have PMMA.
The average grain size was estimated from measurement of 100 grain widths to be 200 + 100 nm.
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Figure S2. GIWAXS nOP patterns of films bent concavely around a cylinder with 4.1 mm diameter.

Scan 1 and Scan 2 indicate two consecutive scans of the same sample, showing lack of change and
thus good stability under the beam.
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Figure S3. Crystal structures of MAPDL, in the tetragonal I4/mcm phase * showing (a) the angles
made between the (202) plane and the (220) and (0o04) planes and (b) the angles made between the
(211) plane and the (220) and (004) planes. (c-d) Cosines of the angles in (a) and (b) respectively.

In order to properly assign GIWAXS peaks as (220) vs. (004), we tracked the intensity of the (211)
peak with respect to its neighboring (202) peak. Figures S3a-b show the angles that the (202)
(Figure S3a) and (211) (Figure S3b) planes make with the (220) and (0o04) planes. Conveniently, the
(202) plane is at equal angle from the (220) and (004), making normalization of the (211) with
respect to the (202) useful for analysis (i.e. the (202) is a reference point and the (211) intensity will
reveal (220) or (0oo4) predominance). The cosines of the above-mentioned angles are shown in
Figure S3c-d. Because the (211) plane is nearly parallel to the (220), much stronger (211) intensity
will be observed when the peak at d =~ 3.1-3.2 A is (220) (Figure S3c). Correspondingly, because the
(211) is nearly perpendicular to the (004), a weak (211) intensity with respect to the neighboring
(202) peak likely indicates that the peak at d = 3.1-3.2 A is (004) (Figure S3d). So, in nOP patterns,
strong (211) correlates more with A domains and weak (211) correlates more with C domains. To
further verify these assignments, we compared the nOP patterns with the nIP patterns, as a domain
with (220) reflections out-of-plane should have corresponding (0o4) reflections in-plane (Figure

3).



Additional information regarding fraction f

To calculate f; the fitted peak intensities were corrected for structure factor, >* and we used
Equation 1:

Ic ,peak of interest
f =100 x -Gerrpeakof (1)
ICorr,total

Where Icor is the corrected peak intensity.

frepresents the fraction of the film having (220) or (004) reflections, in the nOP or the nIP patterns.
Thus, it is important to correct the scattering intensities of (220) and (0o4) relative to each other.
The intensities I of a peak (hkl) ((220) or (004)) were therefore corrected for structure factor Fiu,
using Icorr = (Inkt) ( Faia)®. > Conveniently, the (220) and (0o4) peaks were always within < 0.1 A of each
other, and we calculated the fs for each for the same nOP or nIP pattern. Other correction factors >
that might otherwise be necessary were therefore ignored, such as the Debye-Waller thermal
correction or Lorentz/polarization factors. In addition, because each pattern probed specific
domain orientations and not a powder sample, the multiplicity of all peaks should be 1. Thus, the
corrected intensities were Icor = (Ink)( Fhia)®.



¢ ¢ o e

220).2 (220):1 4):1 (004):2
100( 0):2 (220):1 (004):1 (004)

80

—t

T T T I T T T I T T T I T T T I T T T

—t—i
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

0 = W

nOP nIP

Figure S4. Reproduction of Figure 3c for 4 samples, where the values are the average fs and the
error bars represent the standard deviation of these values. The results reproduce those shown in
Figure 3, albeit with larger uncertainty values.
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Figure S5. A-type domains with all planes visible nOP but with only some planes visible nIP,
depending on domain rotation. Two A-type domains with the orientation shown here, and with a
domain wall between them belonging to {112}, would exhibit 9o° a-a type twinning (also possible
in this study).



Derivation of Equation for Minimum Domain Size Dmnin

Counts

dl dZ
d(A)
Figure S6. Sample peak in real-space, showing a peak of center d, with breadth b spanning from d. to d-.

Here, we extracted peak breadths to obtain domain size. Because we did this only for one peak,
rather than over a series of peaks, the numbers reported in this study should be taken as the
minimum domain size. We did not calculate size from a series of peaks because the (10) and (002)
peaks significantly overlapped with each other and because the (330) and (006) peaks significantly
overlapped with substrate peaks, so the (220) and (004) peaks were best for breadth calculations.
For this reason, we caution that the following analysis provides estimates only, because the effects
of strain are not decoupled from peak width, over multiple peaks. We do note, however, that the
results of this analysis (number of walls increases or decreases) are consistent with prior microscopy
observations. > We were also primarily concerned with relative changes to Dmin upon application of
stress, not with the absolute values of the numbers themselves.

Prior work modified the Scherrer equation for GIWAXS to obtain the following: ®

2K
Aqni

hkl =

Where Dy is the average domain size, K is an hkl-dependent constant 7 and Agn is the breadth of
the Bragg reflection hkl in reciprocal space. However, because we analyzed all our data in real-space
(d-spacings) and not in reciprocal space (gq), we converted the above equation to real-space. Because
q = 2n/d and Aghu = q: - qa:

Qi = ”(dl d2>_ "( d,d, )‘ ”(d1d2>

Where b is the breadth (area divided by intensity)® in real space, d is the center of the hkl peak, d,
=d-b/2and d,=d + b/2 (see Figure S6). Thus,

Aqpy = 21



Where K is the Scherrer constant (= 1.0 for both (220) and (004)) 7, b is the breadth which in this
case is the peak area divided by the peak intensity (uncorrected), and d is the d-spacing. Pseudo-
Voigt fitting methodology was applied to all samples.



Calculation of Applied Strain Magnitudes

8z

S
AsCast Convex -
GIWAXS

Unbent
- <: v & Convex
A GIWAXS
Unbent Concave
Concave
GIWAXS

Figure S7. Bending experiment for convex and concave bending. GIWAXS patterns were taken after
the applied strain was released.

Here we calculate the approximate magnitudes of the strains € applied to MAPbI, films during
bending (Figure S7). To do so, we use the equation provided by Suo et al.: ®

B (tf + ts) (1 +2n+ xyn?
forax = \"R ) W+ A+ 1)

In this equation, the “top” designates the top region of the Kapton-PEDOT: PSS-MAPbL;-PMMA
stack; thus, the area closest to MAPbL;. “gx” designates the strain in the gx direction; i.e. in-plane.
R is the radius around which the film is bent (so 2R is the diameter), tfis the film thickness, tsis the
substrate thickness, i) = tf/ts and y is the ratio of elastic moduli Y, where y =Y//Ys.

The Young’s modulus of MAPDI; has been found to vary between 10 and 20 GPa (= 10, 12.8, 14, and
20 GPa); ™ so we take 14 GPa here as a mid-range value for approximation. The moduli of PEDOT:
PSS is = 2 GPa 2, that of PMMA is 3 GPa and that of Kapton is 2.5 GPa. Because the moduli of
PEDOT: PSS and Kapton are not only very similar but also an order of magnitude lower than that
of MAPbI;, we can approximate the “substrate” as being composed of Kapton and PEDOT: PSS. In
addition, because the modulus of PMMA is much lower than that of MAPbI; and because the
PMMA layer is much thinner than the MAPbI, layer, we can approximate the “film” as being MAPbI,
only. Thus, y =Y/ Ys = Ymarbiz/ Ykapton = (14 GPa) / (2.5 GPa) = 5.6.

Next, from Figure S1, we obtained the thickness of Kapton tkapton (125 000 nm), of PEDOT: PSS (=
200 nm), of MAPbI; (= 400 nm) and of PMMA (= 50 nm). Assuming again that the “substrate” is
Kapton + PEDOT: PSS and that the “film” is MAPbL;, n = tf/ts = (400 nm)/(125200 nm) = 0.00319.
Because ) ~ 107, &0p, qx is practically independent of both  and x.* We can therefore approximate
the applied strain in the gx direction:
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The ex obtained are listed in Table 1. Then, Poisson’s ratio was used to calculate &z.
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(a) No bending (b) After bending

S ' D

Figure S8. SEM micrographs of films with no bending ((a), (c)) and after bending 2 times ((b), (d))
convexly around a diameter of 4.1 mm, with low and high magnifications. No cracks were observed
here. (19 keV)

12



nOP r—————— —Flat
n Ve
=
5 012 x
£
0 then
cC
=
O
O -
A12 x

Figure Sg. (211)-(202) region of the nOP patterns in Figure 6 (repeated bending around 10 mm
diameter), showing the expected drop in (211) intensity as C replaces A after convex bending, with
subsequent recovery of the (211) (and of A) after concave bending.
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Figure S10. (a) GIWAXS nOP patterns in the (004)-(220) region for the successive convex and

concave bending around a 4.1 mm diameter, as listed. (b) (221)-(202) region of select GIWAXS
nOP and nIP linecuts.

Convex bending resulted in very large growth of the (004):1, with the main as-cast (220):1 peak
considerably decreasing (Figure 7a). Correspondingly, the (211) strongly increased nIP and
decreased nOP (Figure Siob). Subsequent concave bending resulted in an increase of the initial
(220):1 peak, but with much (004): left over from the convex bending, and with a large and visible
(220):2 shoulder. As expected, the (221) increased nOP and decreased nIP. Interestingly, when only
concave bending was applied with no prior convex bending (called “concave bending only”), the
(220):1 was practically the only peak observed, indicating mostly A:1. In this case, the (211) nIP is
weaker than the (211) for the as-cast film, indicating more (004) nIP after 6 concave cycles only and
therefore more (220) nOP. These striking changes are clear signs that much domain switching
occurred during bending, with modifications made to the film being significantly retained when
the applied strain was relieved.
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Figure S11. Three sequential powder XRD patterns (black, then red, then blue) of an as-cast MAPbI;
film in the (220)-(004) region, showing a lack of change, and thus, stability under the beam.
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Figure S12. Evolution of (220) and (004) strains after the (a) 10 mm bending cycles and (b) 4.1 mm
bending cycles.

Some changes in strain for the (220) and (0o4) peaks were observed after bending. For the 10 mm
experiment, these changes seemed to correlate with bending configuration (convex vs. concave). It
is possible that inelastic strain was retained by the (220) and (0o4) planes of MAPDIL, after the
applied strain was released.

While extensive alignments and calibrations performed on multiple instruments enabled us to
determine with certainty the strain values pre-bending (Figure 3), alignment difficulties
encountered after bending made us hesitant to draw conclusions from the trends observed post-
bending (Figure S12). The strains measured in GIWAXS were fairly close to the resolution of both
the height alignment performed during data collection, and the chi-q alignment performed during
data processing (a further alignment that is done to correct any potential insufficient alignments
during data collection). Good agreement for strains of the flat (pre-bent) samples measured via
GIWAXS (Figure 3) and via lab XRD (on a variable-height stage) enabled us to conclude with
confidence the values of the strains in Figure 3. Identification of different peaks post-bending was
also obvious, such as the growth of the (0o4):1 peak in Figures 6 or 8. However, because the
substrate was a very flexible polymer film, the precise locations of the different (220) and (004)
peaks were less certain post-bending, even with all alignments, corrections, and various other
measurement tricks (e.g. a very slightly sticky stage). For this reason, we included here the
measured strains should the reader be curious, but do no extensively comment. We did not analyze
the strain evolution of the (110)/(002) or (330)/(004) because the (110) and (002) peaks significantly
overlapped with each other and the (330) and (006) peaks significantly overlapped with substrate
peaks, so the (220) and (004) peaks were best for strain calculations.

16



(a) 100 T — T Ié 4.1 mm

(%) |
- =0 1 0(220):1
501 1 ©(004):1
| ¢(220):2

L% Wﬁ 1 ®(004):2

3O
32
B [«2]
o o
A

—_
(9]
~
‘ol
Nk
B
O)_
N4

¢ 00 7

DWs f G: Domain Growth DWs *
N: New Domain
C: TS2 ->TS1 Conversion
TS2 --- Ghost Wall

Figure S13. 41 mm bending experiment. Corrected fractions of total scattered intensity f
(uncertainties < 0.1 %) for nOP peaks in the (220)-(004) region. (b) changes in minimum domain
size Dmin for the (220)1, (004):1, (220):2 and (004):2 peaks of nOP patterns (see Figure 7). (c)
Summary schematics of the processes occurring during the 4.1 mm diameter bending experiments,
with the evolution in the number of domain walls (DWs) listed. TS stands for Twin Set. For clarity,
only the prior locations of walls that disappeared are shown as ghosts, rather than the prior
locations of both walls that moved and walls that disappeared.

Changing the Number of Domain Walls during Bending (4.1 mm).

We examined changes to the minimum domain size Duin for the 4.1 mm bending experiment
(Figure 7) in more detail, to see if the walls only moved, or if walls were created/annihilated as
well. We caution that this study provides estimations only, as the effects of strain are not decoupled
from peak width, over multiple peaks; but the analysis below is consistent with prior microscopy
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work. > We focus on TSy, as the peaks in TS2 were quite weak. Convex bending induces more C, and
concave bending induces more A (Figures 5, 6 and S13), due to wall movement. Thus, if we only
have wall movement, C domains should become bigger after convex bending and A domains should
become bigger after concave bending. However, if new C domains nucleate during convex bending,
the size of C should decrease. These trends should also apply to the minimum size Dnin, estimated
using Scherrer broadening analysis (see above). Rapid growth of nucleated domains might mean
that Dmin of C decreases only slightly, as opposed to sharply decreasing. With respect to the
minimum size specifically, if many C domains are annihilated during concave bending, the Duin of
A domains will likely increase significantly. Such domain nucleation/annihilation is necessarily
accompanied by an increase/decrease in the number of domain walls. In MAPbI; under applied
stress, both domain nucleation and annihilation have been observed, so we know that large changes
to the number of domain walls is possible. °

Changes in Dmin revealed both wall movement and creation/annihilation (Figure S13b-c). Duin
of C:1 increased after 2 cycles of convex bending, and Duin of A:1 dropped. Thus, the walls moved
through Aus to increase the sizes of Cus. This is reflected in the large increase in fraction of Cx1
(Figure S13a). The minimum size of C:1 then decreased (cycles 4-6) while fraction of C:1 continued
to increase, suggesting C:1 nucleation upon further convex bending, and thus, more walls.
Curiously, the Duin of A1 concurrently increased. This suggests annihilation of the smallest A1
domains as walls move from C:s. The mixture of wall movement with wall creation/annihilation
during convex bending/unbending is consistent with previous microscopy observations made on
MAPDI, single crystals.”> This process of wall movement/creation/annihilation appeared to be
reversed with subsequent concave bending: Duin of A:1 decreased, suggesting A:1 nucleation. Dmin
of Cu increased slightly but stayed within measurement uncertainty, suggesting slight C:
annihilation. In the case of concave bending only (no prior convex bending), the minimum domain
size of A1 was 57.1 + 0.4 nm, which is substantially larger than the range of as-cast domain sizes for
Az (38 + 4 nm, 4 samples). This result combined with the 95 % proportion of A1 (Figure S13a)
suggests the microstructure shown in Figure Si13c, in which large A:s are separated by very few
Cus, with very few domain walls total in the grain. Such a microstructure would result from
progression of walls from A:1s through most C:1s such that many walls are annihilated, and large
A:1s remain. Again, this behavior is consistent with observations of wall annihilation under concave
bending in single crystals. > Thus, convex bending resulted in both wall creation and annihilation,
while concave bending only seemed to favor annihilation.
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