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Table S1: Overview of the imaging conditions for the images included in this manuscript.

Figure Beam current Dwell-time Pixel size Total dose
per darea
Per scan
1A-B 1.49 pA 1 us 042 Ax0.42A 53e A2
2A-C 1.49 pA 2 s 053 A x053A 66 e A2
3A-C 1.49 pA 2 s 0.35 Ax0.35 A 152 e A?
3D 1.49 pA 2 s 0.29 A x0.29 A 221 e A?
4A.B.EF 1.49 pA 2 s 0.29 A x0.29 A 221 e A2
4C 1.49 pA 2 s 0.42 A x0.42 A 105 e A?
4D 1.49 pA 2 us 053 A x053A 66 e A2
S2A-C 1.49 pA 1 s 0.42 A x0.42A 53e A2
S3A-C 1.49 pA 2 s 053 A x0.53A 66 e A2
S4A 1.49 pA 1 us 042 Ax042A 53e A?
S5A-F 1.49 pA 2 s 0.35Ax0.35 A 152 e A2
S7A-C 1.49 pA 2 s 0.35Ax0.35A 152 e A2
S7D 1.49 pA 2 s 0.29 A x0.29 A 221 e A?
S9A-C 1.49 pA 2 s 0.53 A x053A 66 e A2
S12A-B 1.49 pA 2 s 053 A x053A 66 e A2
S13 1.49 pA 2 s 053 A x053A 66 e A2
S14A-C 1.49 pA 2 s 029 A x0.29 A 221 e A2
S15A,B.EF 1.49 pA 2 s 0.29 A x0.29 A 221 e A?
S15C 1.49 pA 2 s 0.42 A x0.42 A 105 e A2
S15D 1.49 pA 2 s 053 A x053A 66 e A2




Filtering

Butterworth filtering adds a low-pass filter across the Fourier transformation of the real-space
image before reconstructing the image from the filtered FT, increasing the contrast of the image
uniformly, as seen in Fig. S1B,E(61, 62). This approach makes it possible to retain information
at grain boundaries, as seen on the left-hand side of Fig. S4B,E. All of the Butterworth-filtered
images in this paper have been filtered using a 1% order filter.

Bragg filtering imposes a strict periodic mask on the Fourier transformation, only maintaining
the signal from a selected set of spots in the FT, as seen in Fig. S1C,F(63). This process removes
all signal not included in the spots, giving the highest signal-to-noise ratio. This makes the
atomic structure very visible, but also removes any features not included in the mask, leading,
for example, to weakening of grain boundary information, as seen in Fig. S4C: the right-hand
grain has excellent contrast, but the left-hand grain is blurry from the filtering. Choosing the
appropriate filtering is, therefore, essential in order for reliable information to be obtainable.

The film area imaged and displayed in Fig. S1A-C contains both pristine and damaged
perovskite as evidenced by the chequered pattern most clearly seen in the top right corner of
the filtered images, as well as the additional periodicity observed in the Fourier
transformations.

LAADF multislice simulation

The multislice simulations were performed using the MUSTEM software(64, 65) with a
thickness of 30 nm and other parameters chosen to match the experimental LAADF acquisition.
Aberrations were assumed to be negligible. The highly mobile FA™ ion was modelled as a
single particle, located at the notional carbon position with mean square displacements from
the XRD literature(66). Multislice simulations are not able to quantitatively calculate the
scattering intensity of the rotating FA" ions precisely and as a result, the intensity of the FA*
columns in Fig. S4D and Fig. S10 is underestimated but the relative locations are correct. The
brightness and contrast of the image were adjusted to clearly illustrate the geometry of the
material, which however makes the Pb/I columns appear saturated

Geometric phase analysis (GPA) strain map

GPA strain mapping (Fig. S11) was done using the open-source Strain++ program written by
Jon Peters(67) and based on the algorithm in ref. (68). The g-vectors were chosen to
correspond to the 200 and 020 spots in the Fourier transform and the resulting exx Strain map
was overlaid on the corresponding Butterworth-filtered LAADF image. The strain profile in
Fig. S11 B was extracted from the strain map using Digital Micrograph.
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Fig. S1: X-ray diffraction patterns of FAPbIs films measured with a Panalytical X’pert
powder diffractometer for (a) near-stoichiometric FAPblz and (b) FAPDbI3 deposited under Pbl-
rich conditions. Thin-films were deposited from dual-source vapour protocols analogous to
those described in the Methods section, but on quartz substrates which allowed for signal to be
collected from areas larger than those defined by the copper TEM grids, and facilitated angle
calibration with respect to the known quartz diffraction peaks (marked by stars). Film
thicknesses were the same as those of the TEM samples. The background was subtracted from
the spectra. The characteristic perovskite diffraction peaks (marked by black pentagons) are
clearly visible near 14° and 28°. The near-stoichiometry FAPDbI3 film only exhibits a small Pbl
diffraction peak (marked by beige circles) while the Pblz-rich FAPDIs film fabricated with
significant excess Pblz exhibits a much stronger Pbl, peak.




Fig. S2: Different filtering methods and their associated Fourier transformations. (A,D)
show the raw LAADF image of an area of a FAPDI3 thin film and its associated Fourier
transformation, respectively. (B,E) show the same area and Fourier transformation after a
Butterworth low-pass filter has been applied. (C,F) show the same area and Fourier
transformation after a Bragg filter has been applied. The real-space scale bar represents 10 nm
and applies to (A-C). The Fourier space scale bar represents 4 nm™ and applies to (D-F).



Fig.S: Atomic-resolution ’ mcrogaphs pristie Pbl2-rich FAPDbIs. (A) Raw
data, (B) Butterworth filtered, (C) Bragg filtered. Images were obtained using a detector
setting with 72.80 and 235.75 mrad as the inner and outer collection angles, respectively. The

scale bar represents 10 nm.
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ne profiles across the Pb/l and the I/FA lattice sites. (A) shows a Bragg-
filtered atomic resolution micrograph of a FAPDbI3 thin film similar to that displayed in Fig. 1
of the main manuscript. (B,C) show the intensity line profiles obtained from the dashed and
solid rectangles in (A), respectively. The scale bar in (A) represents 5 nm. (D) Multislice
simulation of the LAADF signal obtained from FAPbIs when using parameters chosen to match

the experimental LAADF acquisition.




~ Raw LAADF

Fig. 85 Atomlc resolutlon LAADF mlcrographs of FAPbIs thin fllms prepared Wlth

excess Pblz showing a chequered intensity after mild radiation damage and seamless
transitions between Pbl2 and FAPbIs. (A-C) show real-space LAADF images of a FAPbI3
thin film with (A) no filter applied, (B) a Butterworth low-pass filter applied, and (C) a Bragg
filter applied. (D-F) show the corresponding areas marked in the red squares in (A-C). The raw
LAADF images are noisy because of the low number of electrons used in order to minimise
beam damage. Applying a Butterworth filter dramatically improves the signal-to-noise ratio,
making grain boundaries evident. A Bragg filter further improves the signal-to-noise ratio, but
does not maintain information from the grain boundaries. Both filters make the Pbl>-FAPbI3
intergrowth in the top of the images visible, and the presence of the Pbl fringes in (F) confirms
the close crystallographic relationship between the two phases. Both filters also make the
chequered damage pattern in the right-hand grain very visible. The scale bars represent 10 nm.



Fig. S6: Fourier transform of Fig. 3A. The scale bar represents 4 nm.



T

bl Ny #

Nt oy Bt

. *‘\‘0 *u®
FE Sl i .

N -~
=
3

e T cad@b 5.4

5

ek v Pniod g &
LR B

PR R
’QAg.Jf._,'w,",

%

N N

L 0 N R

-
.
-

o

o &j »

A ook T

B S P e
- 4
%

PR e

[T STV

lﬁo.
il
[

e s (g atope ,
R g e . Al i o+ A

R et ]
s i T W ¥ Ny B
e ™ Pt ot o W 1

0_3 c-ﬁ - "ﬁ)‘ :’.;‘4”'.,_.(‘.,“,

g2
e Lhen Py 3

v"

14

aheitey

A,
P AL
»&*’m‘:’(‘x’ ;

Fig. S7: Atomic-resolution LAADF micrographs of FAPbIz thin films showing
undistorted transitions between Pbl2 and FAPDIs, as well as a chequered intensity after
mild radiation damage without colour overlay. All micrographs have been filtered using
Butterworth filtering. (A-C) were prepared with significant excess Pbl> and (D) is near-
stoichiometric. The inserts show the Fourier transform of the real-space images, illustrating the
epitaxial nature of the interfaces. The scale bars represent 10 nm in the real-space images and

4 nm™ in the inserted Fourier transforms.
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Fig. S8: Intensity line profiles of different atomic columns in FAPDbIs. (A) Line profile 1
(red) shows the intensity variation across Pb/I and | columns of damaged FAPbIs and the
columns in the associated Pbl,. The intensity of the signal decreases within the Pbl. region
(marked by the black and white arrows), indicating a local loss of material. Line profile 2
(yellow) shows the ordering of the FA™ columns with every other column being either
partially or fully empty, indicating a columnar redistribution of the FA* after beam damage.
Line profile 3 (blue) shows minimal evidence of ordered loss of I, suggesting that the [Pbls]
octahedral units can remain intact in the perovskite lattice despite the loss of FA*. (B) Line
profile 4 (green) shows the intensity variation across the perovskite/Pbl, intergrowth causing
half a unit cell shit, displayed in Fig. 3C. The LAADF signal intensity of the FA*/I columns
(blue arrow) is lower than that of the I/Pb:l columns (orange arrow), illustrating the shift of
half a unit cell across the Pbl, (black arrow). The composition of the film imaged in (A) is
near-stoichiometric, and in (B) as prepared with significant excess Pbl..
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Figure S9: Pblzincorporation into FAPbIs prepared with significant excess Pblz. (A-C)
Representative Butterworth-filtered LAADF micrographs showing coherent incorporation of
Pbl> clusters into the surrounding perovskite lattice. (D-F) Fourier transforms of the
micrographs taken before Butterworth filtering, showing only a single pattern in each
transform, indicating that the Pbl. is incorporated epitaxially into the perovskite lattice in all
directions. The scale bars in (D-F) represent 4 nm™.
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FAPDbI3 / Pbl: interface

The structure of Pbl> comprises [Pbls] octahedra that form 2D layers which interact through
van der Waals forces with neighbouring layers. The I-1 distance across the Pbl, octahedra
(0.64 nm(45)) is very close to the corresponding distance in the similar octahedra in FAPDI3
(0.63 nm). The structure of the 2H polytype viewed along [110] is shown in the top of Fig.
S10.

The weak van der Waals interaction between layers leads to extensive polytypism in Pbl>
corresponding to various shifts between the layers. The bottom of Fig. S10 shows how a
small shift in the registration of the layers and a slight compression of the gap between the
layers can lead to a structure that is epitaxial and coherent with the cubic perovskite structure
with the [Pble] octahedra being continuous across the two structures.

This interpretation of the interface structure also explains the relative intensities of the atomic
columns in the images in Fig. 3 and Fig. S8. The most intense columns are those in the
perovskite with the atomic sequence I-Pb-1-Pb-I-Pb-1. The next most intense columns are
those in the Pbl, phase that follow the sequence I-Pb-1-_-1-Pb-1 where the underscore is the
gap between the layers. They have consistent intensity in both the 2H structure and the
distorted epitaxial structure in Fig 2 consistent with our model. The I-_-I-_-I columns in the
perovskite follow in the weakening intensity sequence with finally the FA columns being the
weakest.
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Fig. S10: Stick and ball model of the interface between FAPDbI3 and slightly modified 2H
Pbl2as well as LAADF signal intensity simulation of the interface. Top shows [100]-
oriented 2H Pbl>. Middle shows the interface between FAPDbIz and Pblz. The interface is
shown in three different orientations, with the orientation index corresponding to the FAPDI3
orientation. The perovskite structure is displayed on the left and the Pbl2 on the right of each
interface. Bottom shows the simulated LAADF signal intensity across the interface along the
perovskite <100> axis, with the perovskite on the left and Pbl> on the right. The low intensity



of the FA™ columns caused by the multislice simulations being unable to quantitatively
calculate the scattering intensity of the rotating FA* ions precisely.
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Fig. S11: Crystallographic strain across a Pbl2/FAPDIs interface. (A) Geometric phase
analysis heat map of the exx Strain showing virtually no strain associated with the interface.
(B) Line profile of the strain within the red rectangle along the orange arrow. The strain
across the interface varies from -1 % to 2 %. (C) Geometric strain analysis heat map of the
gyy Strain map in the pristine Pblz-rich FAPDbI3 film displayed in Fig. 9A, showing some
atomic strain throughout the film. Some Pbl. inclusions are highlighted by the dotted lines,
showing that there is no inherently higher strain associated with the Pbl./FAPDI3 interface
than within the rest of the film. The scale bar represents 10 nm.
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Fig. S12: Atomic-resolution LAADF micrographs of pristine PI-ri FAPbIssoing
(A) shift of half a perovskite unit cell in pristine FAPbIs and (B) Pbl. intergrowth with the
pristine perovskite lattice. The scale bars represent 10 nm.
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Fig. S13: Atomic-resolution LAADF icrorph of Pbl-rich MAPbIs showing both the
undistorted perovskite-to-Pbl, transitions and the shift of half a unit cell across a Pbl region
(parallel yellow lines). The scale bar represents 10 nm.
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Fig. S14: Representative lower-magnification Butterworth-filtered atomic-resolution
micrographs of FAPDbIs grains as seen in a 30-nm thick film prepared near the correct
stoichiometry. The round dark areas are regions damaged by the parked electron beam before
image acquisition. Fig. 4A in the main manuscript is a magnified excerpt of (A), Fig. 4B is a
magnified excerpt of (C), and Fig. 3D and Fig. 4E are magnified excerpts of (D). A wide range
of grain boundary angles are evident in (C), illustrating the highly conformal nature of FAPbIs.

18
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Fig. 815 Bttrrth-filteed atic-resolution microgrphs 0

represetative FAPbI3
grain boundaries and crystal defects as seen in a 30-nm thick film prepared near the correct
stoichiometry, shown without colour overlay. The scale bars represent 10 nm.
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Fig. S16: GPA strain maps near the low-angle boundary between two near-stoichiometric
FAPDIs grains displayed in the bottom left of Fig. 4B. (A-C) show the xx, yy, and Xy strain
in the left-hand grain, and (D-F) show the xx, yy, and xy strain in the right-hand grain,
respectively. A periodic pattern of xx and xy strain with alternating sign is evident and arises
from the periodic array of edge dislocations forming the grain boundary, whereas the yy strain
(lying close to perpendicular to the dislocation burgers vectors) is much lower at the boundary.
All significant strain is localised to within one or two unit cells from the boundary, showing
that the boundary does not induce long-range strain in the grains themselves. The inserted
coordinate axes show the respective defined lattice directions. The periodic strain patterns at
the bottom of each image are due to edge effects and are not physical. The scale bar represents
10 nm and applies to all the images.
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