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One Sentence Summary:

The atomic-scale microstructure of metal halide perovskites is revealed by high-resolution,
low-dose electron microscopy.

Abstract:

Hybrid organic-inorganic perovskites are exciting materials for solar-energy applications
whose microscopic properties are still not well understood. Atomic-resolution (scanning)
transmission electron microscopy, (S)TEM, has provided invaluable insights for many
crystalline solar-cell materials, and is used here to successfully image CH(NH:).Pbl; thin
films with low electron-radiation dose. Such images reveal a highly ordered atomic

arrangement of sharp grain boundaries and coherent perovskite/Pbl; interfaces, with a
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striking absence of long-range disorder in the crystal. We demonstrate that beam-
induced degradation of the perovskite leads to an initial loss of CH(NH.)," ions, leaving
behind a partially unoccupied perovskite lattice, which explains the unusual regenerative
properties of these materials. We further observe aligned point defects and climb-
dissociated dislocations. Our findings thus provide an atomic-level understanding of

technologically important lead-halide perovskites.

Main Text:

Many of the phenomenal advances in the performance of hybrid metal halide perovskite (MHP)
solar cells have resulted from improvements in device architecture and material composition
studied on a mesoscopic to macroscopic scale(/-7), and changes in material properties have
usually been inferred from relatively “large area” probes(8-71). While these probes are able to
resolve properties on the scale of a few hundred nanometres to a few millimetres, the
mechanisms behind the impressive performance of hybrid perovskites have yet to be fully
understood, and are bound to link directly with unique properties at the atomic level. This point
is vividly illustrated by effects such as the gradual rather than abrupt decrease in photovoltaic
performance of MHPs over time(/2), their readily regenerative properties when exposed to
gaseous iodo-organic precursors(/3), and the counterintuitively beneficial effects of adding a
small excess (2 %(14, 15)-7.5 %(16)) of Pbl, to the MHP precursor solution. Similarly,
significant efforts have been made to describe the properties of grain boundaries in MHP thin
films using light and scanning probes(/7-19) with highly inconsistent results(//, /7). Recent
work has shown that a smaller spread of grain boundary orientations increases the
photoluminescence intensity locally(20), but the exact atomic nature of grain boundaries has
still not been described. Even the crystal phase of the technologically important CH(NH)>Pbls

(formamidinium lead iodide, FAPbl3) MHP is still uncertain(2/). Therefore, truly atomic
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resolution imaging of metal halide perovskites has phenomenal potential to provide urgently
needed understanding for a plethora of puzzling observations already established for perovskite
devices, and in turn, boost their efficiencies further. In addition, grain boundaries have been
postulated to have a significant impact on the long-term stability of MHPs(22, 23), yet their
exact nature is still mostly unknown.

These examples illustrate that a detailed understanding of the atomic structure of MHPs is
urgently required in order to address these fundamental issues and allow further development
of perovskite solar cells and other optoelectronic technologies. Atomic-resolution transmission
electron microscopy has uniquely answered similar questions for other crystalline solar cell
materials(24, 25), but the highly beam-sensitive nature of hybrid perovskites makes high-
resolution electron microscopy extremely challenging. While fully inorganic photoactive
perovskites have been successfully imaged(26), the few studies observing the pristine hybrid
perovskite phase are based on nanostructures(27, 28), and no studies of pristine, native hybrid
perovskite thin films have to date been published. Unstable under electron beams, MHPs
rapidly change into a more stable Pbl> phase under even mild electron irradiation(29, 30),
which has resulted in significant differences in the crystallography reported by electron
microscope and X-ray studies(/7).

Imaging the perovskite structure

We employ low-dose scanning transmission electron microscopy to obtain images of pristine
FAPDI3, as STEM has been shown for other materials to produce less damage with the same
total electron fluence (dose)(37). In order to resolve both “near-stoichiometric” polycrystalline
FAPDI; films, and those formed with significant excess Pbl> precursor (“Pblx-rich”), we
prepared two different types of thermally evaporated materials on ultra-thin carbon-coated
copper TEM grids: thinner 30-nm FAPDI; films close to stoichiometry (FA:Pb:I ratios close to

1:1:3, containing a small excess of Pbl, as used to optimize for solar cell applications(32)) and
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thicker 90-nm films containing significant excess Pbl>. To examine whether similar atomic-
scale microstructures were also observable for MAPbI3; we also deposited MAPDI;3 films of 30
nm thickness containing significant excess Pbl,. Full details of the sample preparation
procedures and characterization are provided in the Supplementary Materials and Fig. S1. We
have reported thin films of FAPbI; and MAPDbI3 deposited by us from such dual-source vapor-
deposition protocols to achieve photovoltaic power conversion efficiencies of 14-19 % when
incorporated into suitable device architectures(23, 33). STEM samples were annealed
according to protocols previously developed to optimize photovoltaic performance. In Fig. 1
we show a low-angle annular dark field (LAADF, inner radius of 33 mrad, see Methods for
full low-dose image acquisition conditions) STEM micrograph of a 90-nm thick FAPbI; film
containing excess Pblo. LAADF is similar to high-angle annular dark field (HAADF) as it
detects scattered electrons, making it sensitive to atomic number variations, but has the
advantage of collecting a higher fraction of the scattered electrons, leading to a higher atomic
detection efficiency. In addition, LAADF allows efficient imaging of lower-Z elements, which
scatter at lower angles(34). In order to improve the contrast of this image of a pristine crystal,

we applied a Bragg filter, as described in detail the Methods Section and Fig. S2.
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Fig. 1: Atomic resolution imaging of the metal halide perovskite structure. (1) Bragg-filtered
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atomic resolution LAADF micrograph of a pristine 90-nm thick, <001>-oriented FAPbI; film

fabricated with excess Pbl. A distinct pattern in the contrast of the individual atomic columns



SCience Submitted Manuscript: Confidential

AVAAAS

is clearly visible, with the area in the red square magnified in (B). Here, the variations in
composition appear as differences in contrast, the dashed blue and red circles showing the
Pb/I columns, the red circles showing the pure I columns, and the green circles showing the
FA* columns, indicated in the atomic unit cell seen in (C). The Fourier transformation (FT) in
(D) confirms the presence of the {010} and {100} planes, which are often missing from atomic-
resolution studies of beam-damaged FAPbI3. The scale bars in (4,B) represent 5 and 1 nm,
respectively. The total dose used for acquisition of images (A) and (B) is ~100 e A2. A
comparison of the full image, for raw (unfiltered), Butterworth- and Bragg-filtered data is

shown in Fig. S2.

The lower magnification image in Fig. 1A reveals an atomic lattice pattern consistent with a
cubic structure observed along the <001> orientation. The magnified image in Fig. 1B clearly
shows the atomic-level crystal structure corresponding to the cubic structure of room-
temperature FAPDI3, displayed schematically in Fig. 1C(27). We note that the preferred
alignment of growth along the [100] axis (“face-up”) is generally observed by us in these dual-
source vapor-deposited films, and is common for lead halide perovskite deposited across a
variety of alternative processing techniques(35). We also note that an important advantage of
LAADF imaging in this case is that, similarly to HAADF imaging, the column intensities retain
a monotonic dependence on atomic number. For completeness, a comparison with a HAADF
image, acquired as described in the Methods, is shown in Fig. S3.

Three levels of intensity are observable in the LAADF images: the brightest corresponds to the
corners of the cubic unit cell (dashed blue and red circles in Fig. 1B), containing alternating
lead and iodine, both strongly scattering elements. The second brightest intensity corresponds
to the edges of the unit cell containing only iodine, illustrated by the red circles in Fig. 1B. In

the z viewing direction, the corners make up a total of one lead atom and one iodine per unit
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cell, whereas the edge position only contains one iodine, resulting in less scattering and a less
bright image intensity. The central, lowest intensity position corresponds to the FA™ ions,
which scatter the least because of their organic nature and singular presence in the centre of the
unit cell(34). Intensity line profiles and a multislice simulation verifying the differences in
contrast are provided in Fig. S4.

To support structure identification, we performed a Fourier transformation (FT, shown in Fig.
1D) on the area marked in Fig. 1A, clearly identifying the presence of the (100) and (010)
planes along with the (200) and (020) planes. Out of the three proposed room-temperature
crystal phases of FAPbI; (cubic, trigonal, and hexagonal(217)), the spots corresponding to the
(100) and (010) planes are unique to the cubic perovskite structure and cannot correspond to
either of the other two. This strongly indicates that the room-temperature phase of FAPbI3 is
cubic in the Pm3m space group.

We note that the (100) and (010) FT spots evident in Fig. 1D have been absent in previous
atomic-resolution (S)TEM studies of both FAPbI; and MAPDbI3, with only the supposed (200)
and the (020) (plane spacings of 3.181 A) or other higher index spots still visible(36-39).
Broad-beam diffraction studies carried out on MAPDI3 have explained this apparent absence of
lower-order diffraction signatures as the result of structural damage caused by high electron
irradiation dosage(29, 30). Thus, the spots attributed to the second-order diffraction off the
perovskite lattice may instead derive from the Pbl, formed as a decomposition product under
intense electron irradiation(40, 41).

Electron-induced decomposition

Using a suitably chosen irradiation dosage, we are indeed able to observe the gradual
decomposition of FAPbI; with electron beam exposure. Fig. 2A shows a lower magnification
Butterworth-filtered LAADF image of a pristine grain boundary in a 30-nm thick FAPbI3 film

close to stoichiometry on a carbon-coated TEM grid after a single scan of the electron beam,
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with a total dose of ~66 eA2. The subsequent scans were also recorded and are provided in Fig.
2B-D. After three scans (~200 eA?), the contrast within the perovskite structure has visibly
changed, and after nine scans (~600 eA-2), the perovskite structure is completely depleted and
replaced by a crystal structure with uniform column intensities, displayed in Fig. 2C. Further
extensive exposure (~1333 eA?) slightly alters this phase into one very similar to 2H-
hexagonal Pbly, displayed in Fig. 2D. This final structure is highly stable, does not change
significantly after further exposure and corresponds well to the Pbl, phase observed by
diffraction in broad beam TEM studies(29). A full crystallographic determination of the phase
seen in Fig. 2C is beyond the scope of this study, but Fig. S10 shows how a small distortion of
hexagonal Pbl; can form a structure that projects as a square lattice and forms a coherent
epitaxial interface with FAPbI3 as observed in the image data. The FTs in Fig. 2E-H show the
degradation process on a crystallographic level: for the pristine perovskite, diffraction spots
corresponding to the {100} plane family are initially clearly visible (Fig. 2E). Additional spots
appear after brief exposure (orange circles, Fig. 2F), likely corresponding to the ordered loss
of formamidinium ions discussed in full detail further below. Continued exposure fully
destroys the perovskite structure, transforming it into electron-irradiation-stable Pbl
concomitant with the disappearance of the {100} plane family of the original perovskite (Fig.

2F), and finally into a structure similar to that of 2H-hexagonal Pbl, (Fig. 2H).
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Fig. 2: Damage mechanism of FAPbI; under a scanning electron beam observed in a 30-
nm thick film prepared near the correct stoichiometry. (A) The first scan (~66 eA) shows the
pristine perovskite structure and a grain boundary. (B) After three scans (~200 eA2), changes
in the crystal structure are apparent in the LAADF image but the grain boundary is still
distinguishable. (C) After nine scans (~600 eA) the perovskite structure has fully disappeared
and a new crystalline phase has replaced it. Different crystal orientations are visible, but there
is no clear grain boundary. (D) After 20 scans (~1333 eA?), the angles of the crystal plans
change slightly, indicating the complete transformation into 2H-Pbl>. (E-H) show the Fourier
transformations corresponding to the areas in the red squares in (A-D), respectively, and
confirm the dynamic radiation-induced transformation. Initially, the FT in (E) reveals a
pristine cubic structure, but additional spots appear after brief exposure, circled in orange in
(F). After further exposure, the additional spots disappear again, along with the {100} spots,
whose expected location is marked by red circles in (F). Finally, after extended exposure, the
FT contains two sets of spots: one set that can be indexed with the degraded cubic phase and
another corresponding to the hexagonal Pbl>-phase, marked with a blue and yellow circle in
(G), respectively. The 220, (2.2493 A) and 110, (2.2775 A) spots overlap, indicating an
intergrowth of the two phases. Indices marked with a subscript ‘c’ are from the epitaxial
FAPbI;3 phase and those marked with a subscript ‘h’ are from the hexagonal Pbl> phase. Note
that the material is no longer in its pristine perovskite phase after the initial scan and the ‘c’
subscript only serves to illustrate the corresponding plane in the pristine phase. The scale bar

represents 10 nm and applies to (A-D).

Nanoscopic properties of metal halide perovskites
The implementation of low electron dose, < 200 e A2, inevitably results in a low signal-to-

noise ratio when images are recorded. We find that combining low-dose LAADF imaging with
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simple Butterworth and Bragg filters allows us to investigate pristine and slightly damaged
FAPDI; thin films with atomic resolution, observing phenomena invisible to other techniques.
The details of each filtering technique are provided in the Methods section and in Fig. S5. Our
findings are based on hundreds of STEM images taken across 7-8 thin-film samples prepared
for each stoichiometry, with the selected images shown in the main section (and further
examples provided in the Supplementary Material section) being carefully chosen to be
representative of each material’s microstructural features. In Fig. 3 (A-C) we show LAADF
STEM images of polycrystalline perovskite films fabricated with excess Pbl,. We observe a
surprisingly coherent transition boundary between remnant precursor Pbl (highlighted in light
orange) and the FAPDI3 grains, with undetectable lattice misfit. In addition, a light and dark
chequered pattern becomes clearly visible in images of FAPbI3 after mild radiation damage, as
highlighted schematically in the bottom right of Fig. 3A through white and black circles and
seen surrounding the Pbl> region in Fig. 3D. We propose that the observed chequered pattern
in the central position of the FAPbI3 unit cell is triggered by an initially random, beam-induced
loss of FA*, likely due to dissociation of the FA® by radiolysis(42, 43), potentially
complemented by loss of I through knock-on (displacement) effects(4/, 44). We postulate that
the remaining FA™ ions then migrate to form an ordered structure with an associated energy
reduction that helps stabilise the FA* deficient structure. Such migration of FA™ ions within the
perovskite structure after electron irradiation then results in the observed chequered pattern as
an intermediate equilibrium(29). A degradation mechanism assuming solely the ordered loss
of I" has previously been proposed based on analysis of diffraction patterns alone(30), however,
we note that this approach struggles to distinguish between ordered loss of FA* and I". Although
vacancy ordering is clearly apparent on the FA* sublattice, there is no equivalent effect evident

for the I or Pb/I columns (see Fig. S8A for intensity line profiles corresponding to Fig. 3D).
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Our direct interpretation of real-space images is thus able to reveal that the degradation is

strongly driven by the loss, and likely subsequent reordering, of FA™ ions.

As further elaborated below, these microstructural features help explain important phenomena
pertinent to perovskite solar cells. Specifically, small amounts of Pbl, are not detrimental to
the solar cell performance(/4-16) since perfect crystallographic alignment between the Pbl,
and FAPbI; perovskite occurs at the material interface, and no crystal defects are apparent in
this region. The observation of the chequered pattern further explains why the perovskite

structure can sustain significant deviations from stoichiometry and recover remarkably well

from damage.
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Fig. 3: Atomic-resolution LAADF micrographs of FAPbI; thin films showing undistorted
transitions between PbI; (highlighted in light orange) and FAPbI;, as well as a chequered
intensity after mild radiation damage. (A-C) show native intergrowth between Pbl> and
FAPbI; formed during the deposition process in 90-nm thick FAPbI; films fabricated with
excess Pbl>, and (D) shows a local area of Pbl> formation, induced by focusing an electron
beam on a near-stoichiometric FAPbIs thin film. The highlighted area in (D) corresponds to
the damage phase displayed in Fig. 2C and the surrounding area corresponds to that shown
in Fig. 2B. The transitions do not induce any measurable phase boundary misfit distortions in
the crystal lattice. The nanoscopic Pbl> domain surrounded by FAPbI; in (B) indicates that
Pbl> can act as a seed for growth of FAPbI; crystals. The parallel blue lines in (C) begin in a
Pb/I lattice site and end in an FA" lattice site after crossing a Pbl, domain, indicating that
areas on either side of the Pbl; are crystallographically separated and that the presence of
Pbl is not beam-induced. A chequered pattern in the intensity of the FA™ lattice site is visible
in (A,C,D), schematically presented as black and white circles in (A). This pattern is indicative
of a highly ordered restructuring of the moieties in the crystal after mild electron radiation
damage. The Fourier transform of (A) is seen in Fig. S6. All micrographs have been filtered
using Butterworth filtering. The scale bars represent 10 nm. The figure is shown without the

overlaid colour graphics and with Fourier transforms in Fig. S7.

We note that at cryogenic temperatures, MAPbI; has been shown to amorphise under electron
irradiation rather than inducing the gradual, ordered restructuring of the crystal observed at
room temperature(29). Rothmann ef al. argued that such amorphisation at low temperatures is
the result of impeded ion mobility(29), further supporting our notion here that ion migration is

a key factor in mitigating the beam induced damage through atomic rearrangement.
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We further examine the nature of the native interfaces formed between FAPDI; and its
precursor Pbly (Fig. 3). Small amounts of Pbl, surprisingly do not impede solar cell
performance(/4-16), but the reasons for such benign influence are still a matter of debate. We
are able to reveal the presence of a low misfit, low lattice strain interface between FAPbI; and
Pbl, by examining the intergrowth between FAPbI; and Pbl, in a film grown specifically under
Pbl,-rich conditions (see Methods). In Fig. 3B a nanoscopic domain of Pbl> with a continuous
transition into FAPbI; can be seen in the top right-hand corner, with the continuous transition
likely arising because of the inclination of the interface to the beam direction. The Pbl> domain
perfectly follows the surrounding perovskite structure and orientation. The lack of evidence for
misfit dislocations (see Fig. S9 for more examples) shows that the interface is highly coherent
and epitaxial. We note that the known 2H hexagonal phase of Pbl, could not be coherent with
the cubic FAPDI; in all directions in the interface, but that a modified 2H structure described
in Fig. S10 can be coherent with the perovskite, and is possibly stabilised by its interface with
FAPDI; (see Fig. S10 for an atomic model) as evidenced by the square nature of the observed
lattice. The weak van der Waals binding between the strongly ionically bound Pbl, sheets
enables the existence of many different Pbl, polytypes(45), and a small shift between the layers
of the 2H structure does allow coherent interfaces to form with FAPbI; (see Fig. S10).(45) This
coherence also indicates that the Pbl, has either acted as a seed for the surrounding perovskite
or has grown out of the perovskite because of a local lack of FAI.

Further evidence for Pbl> seeding is revealed in Fig. 3C, where irregularly shaped domains of
Pbl, can be seen to interweave with the perovskite lattice. Here, we observe a shift of half a
unit cell in the perovskite crystal across the Pbl, domain, as evidenced by the two sets of
parallel blue lines. These lines are oriented in the <100> direction and begin in an FA" lattice
site on one side of the Pbl> domain and end in a Pb/I lattice site on the other side. These columns

are not found together on the same {100} plane in a perfect crystal so there must be a relative
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shift of half a unit cell on either side of the Pbl> region. The LAADF signal intensity line profile
displayed in Fig. S8B further illustrates this shift across the Pbl> region. It is unlikely for
degradation of FAPDI; to have resulted in the growth of such an epitaxial Pbl, phase which
exhibits a half-unit-cell distortion of the FAPbIs matrix, because the low misfit of the interface
would not give a driving force for such a distortion of the FAPbI; structure. We can therefore
conclude that the perovskite has grown out of the Pbl> and not vice versa. Despite this shift,
geometric phase analysis (GPA) strain mapping, displayed in Fig. S11, shows an absence of
significant strain associated with this perovskite/Pbl, interface. Fig. S12A,B show examples of
both the half a unit cell shift and the Pbl, intergrowth, respectively, similarly occurring in
pristine perovskite that has not suffered electron-beam damage. These observations provide
further evidence that the presence of perovskite/Pbl, intergrowth is not caused by radiation-
induced damage, but is an intrinsic property of the material, present from the point of crystal
growth. In order to verify that this approach is also applicable to other hybrid perovskites, we
also imaged Pbl>-rich MAPbI3 and found similar crystallographic properties, as shown in Fig.
S13.

Grain boundaries and crystal defects

We further reveal the nature of the boundaries between individual FAPbI; grains through high-
resolution LAADF imaging. Such grain boundaries are of particular interest for perovskite
solar cells since they have been proposed to act both as charge recombination centres(/8, 46,
47) and conduction pathways(/6). In addition, grain boundaries have been shown to be
intimately linked with the long-term stability of MHPs such as FAPbI3(22) and the photo-
stability of mixed-halide perovskites towards halide segregation(23). Therefore, much effort
has been devoted to passivating their negative impact and promoting their positive influence,
through appropriate treatments and film growth(//, 16, 19, 48-51). While many techniques

have been used to infer properties of the grain boundaries in photoactive perovskites(/7, 17),
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reliable imaging with atomic resolution has remained elusive, which has led to some
uncertainty about the inherent nature of the boundaries(/7, 57). A full understanding of the
crystallographic nature of grain boundaries is likely to aid an understanding of a plethora of
observations already well established in the field of perovskite solar cell devices, leading to
further improvements in performance.

Butterworth-filtered LAADF images displayed in Fig. 4A-C illustrate a representative set of
grain boundaries in an evaporated thin film of FAPbIs, with several striking features. First, the
grains are highly crystalline adjacent to the boundaries, showing that the presence of the
boundaries does not disrupt the long-range crystal quality of the surrounding perovskite.
Secondly, the grain boundaries themselves are clearly defined, with the perovskite structure
remaining unchanged to the interface, with no obvious preferred interfacial orientation and
typically no amorphous material visible. These two points are illustrated by the strain maps
displayed in Fig. S16. While an exhaustive description of the strain associated with all the
potential boundaries is beyond the scope of this study, we have mapped the strain associated
with the low-angle grain boundary seen in the bottom left of Fig. 4B. We find that the strain is
negligible to within one or two unit cells away from the boundary. Along the boundary itself,
the strain exhibits a periodic behavior with alternating sign, which arises from the periodic
array of edge dislocations forming the grain boundary. The yy strain (lying close to
perpendicular to the dislocation burgers vectors) is much lower at the boundary.

Near-120° triple boundaries are commonly observed at the intersection of three grains. Fig. 4A
shows a typical image of a triple boundary in a FAPbI; film, which we generally found to be
crystallographically continuous, with minimal lattice distortion and no defects extending away
from the grain boundary plane associated with them. Across the STEM micrographs examined,

we found this type of “clean” triple boundary to be the most common in FAPbI3, with Fig. S14
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providing further examples, as well as an illustration of the wide range of grain boundary angles

found within the films.

16



Science
Submitted Manuscript: Confidential

AVAAAS

P 3a




SCience Submitted Manuscript: Confidential

AVAAAS

Fig. 4: Butterworth-filtered atomic-resolution LAADF micrographs of representative
FAPbI; grain boundaries and crystal defects as seen in a 30-nm thick film prepared close to
the correct stoichiometry. (A) Abrupt grain boundaries meeting at a triple junction showing
no amorphous or intergranular phase. (B) A triple junction showing signs of amorphisation in
the left-hand intersection and a line of vacancies at the right-hand intersection. The boundaries
appear randomly oriented, with the presence of a curved boundary in (B) visible in the top
right-hand corner. The low-angle grain boundary in the lower left of the image are formed of
a series of <100> edge dislocations. (C) A straight section of a grain boundary with virtually
no empty lattice sites and very little distortion across the boundary. (D) Aligned vacancy
defects on the I/Pb lattice site are seen in the red circle. (E) Intrinsic stacking faults are seen
in the orange rectangles with a stacking fault vector of 7>2<110>. (F) Edge dislocations are
seen in the green rectangles with a burgers vector of <100>. The dislocations can be seen to
have dissociated in the climb direction forming two %<I100> partial dislocations and a fault
lying perpendicular to the glide plane. The scale bars represent 10 nm. The figure is shown

without the coloured highlights in Fig. S15.

Interestingly, while most grain boundaries in these evaporated FAPbI; films appear to be highly
ordered and sharp, some exceptions also occur. For example, the triple boundary displayed in
Fig. 4B contains amorphous material and aligned point defects, as seen in the left-hand and
right-hand sides, respectively. Such variation in the nature of grain boundaries observed here
for FAPbIz may thus also explain the disparity in the grain boundary properties reported in
MAPbI;, ranging from detrimental(/8, 46, 47) to beneficial(/6), or even both(//, 17). If a
particular preparation method favors a particularly beneficial or detrimental type of grain

boundary it can improve or decrease solar cell performance, respectively.
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Finally, we uncover the presence of aligned point defects and stacking faults in FAPbIs. The
nature and distribution of crystal defects in photoactive perovskites is a topic which has
received significant attention, but the exact nature of these defects is still unclear(47). Most
studies and simulations have focused on point defects and their influence on charge-carrier
properties(52). As revealed in Fig. 4D, aligned point defects in the form of vacancies on the
FA™ sub-lattice are indeed present in the FAPDI; crystal. We find here that stacking faults and
edge dislocations, displayed in Fig. 4E,F, respectively, are also very common in FAPbI.
Interestingly, the stacking faults shown in Fig. 4E correspond to a shift of half a unit cell,
connecting Pb-I columns with I" columns rather than with FA* columns. Edge dislocations are
also present, as highlighted in the green rectangles in Fig. 4F. The dislocations are dissociated
in a direction perpendicular to their glide plane, and are thus referred to as climb dissociated,
with an apparent region of Pbl, forming the planar fault joining the dislocations.

Discussion

Resolving the atomic structure of FAPDI;3 thin films allows us to explain many of the intriguing
and unique properties of MHPs that had already been well established in the literature, but
lacked an explanation to date. The observed loss of FA" through an intermediate perovskite
structure displaying a chequered FA™ vacancy pattern provides a direct clue to the ability for
metal halide perovskites to sustain significant deviations in stoichiometry, and the regenerative
capacity of hybrid organic-inorganic MHPs. This mechanism is likely to be general, given that
gradual changes have also been observed in photoluminescence and cathodoluminescence
spectra when MHPs are exposed to photon(53) and electron(54) irradiation, respectively, which
do not occur in all-inorganic photoactive perovskites(54). It is also bound to underpin the
readily regenerative properties of photobleached MAPbI;3 solar cells when they are exposed to
gaseous MAI(/3), showing that the lead-iodide perovskite framework remains even after a

significant loss of the organic A-cation. This highly adaptable and resilient structure can thus
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accommodate dramatic stoichiometry changes without collapsing, which, along with its
potential for regeneration, is a clear advantage for applications. Such resilience of structure,
induced by ion migration, may well be unique to metal halide perovskites, as compared to other
more covalent crystalline solids, and is likely to be the origin of the “radiation hardness™ of
metal halide perovskites, beckoning well for their use in space applications and as gamma and
X-ray detectors.

In addition, the observed atomically coherent nature of perovskite/Pbl, interfaces explains how
the presence of Pbl, can enhance the crystal quality of MHP films(7/6) by acting as seeds for
crystal growth, while not adversely affecting the local optoelectronic properties of the material.
Higher-energy charge carriers generated in Pbl, can easily transfer to the lower-energy
perovskite, contributing to the overall photogenerated current(55) which is relatively
unaffected by the perovskite/Pbl, boundaries. The highly ordered nature of the perovskite/Pbl»
boundary is therefore a core mechanism underpinning the facile fabrication of high-
performance solar cells. In essence, this feature forms the MHP analogue of the native S10,-Si
interface, which is benign and is probably the main reason why our electronics industry is
primarily based on silicon.

The presence of predominantly sharp, strain-free boundaries between individual FAPbI; grains
is a vital clue to the reasons for the high performance of perovskite solar cells based on
polycrystalline films. Grain boundaries in other polycrystalline semiconductor solar cells are
generally detrimental to performance, decreasing the short-circuit current density and
introducing trap states(56, 57). The revelation of such sharp boundaries in evaporated FAPbI;3
films, with some amorphous exceptions, therefore presents a first step towards understanding
the exact nature of grain boundaries in perovskite solar cells, through which improved control
can ensure the highest possible solar cell performance and stability. In addition, our acquisition

of truly atomic-resolution images, enabled through careful choices of image acquisition and
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filtering approaches, will form the basis of investigations into the microstructure of MHPs
across a wide range of different stoichiometries. For example, addition of small fractions of Cs
to replace some of the FA cations in FAPbI3 has been shown to enhance material stability and
crystallinity(58), which may link with the nature of grain boundaries.

Finally, stacking faults have been shown to act as recombination sites in dislocation-free
silicon(359), and edge dislocations decrease the PL intensity in multicrystalline silicon(60). Our
identification of aligned point defects in the form of vacancies on the FA™ sub-lattice and climb-
dissociated dislocations in FAPbI3 provides first insights into the specific forms such defects
take in MHPs. Such information will pave the way for future modelling of defects based on
first principles, which can reveal the impact such defects have on the optoelectronic properties

of metal halide perovskites, and the subsequent performance of perovskite solar cells.

In conclusion, using low-dose LAADF STEM imaging, we are able to obtain atomic-resolution
micrographs of pristine cubic FAPbI3 films. We show that electron irradiation causes the
perovskite structure to change through an initial loss of the FA™ ion, leaving behind a resilient,
partially empty but ordered perovskite lattice, which deteriorates to Pbl, under further
irradiation. This intermediate step explains the surprising regenerative properties of radiation-
damaged perovskite films, highlighting the highly adaptive nature of the perovskite structure.
We further examine the film microstructure, showing that Pbl, precursor remnants readily and
seamlessly intergrow with the perovskite lattice, with an atomically continuous co-existence of
the two materials within grains. We image FAPbI; grain boundaries, revealing that the long-
range perovskite structure is preserved up to the grain boundaries, where sharp interfaces are
generally present, and finally we identify a number of different crystal defects in the perovskite
lattice. These findings reveal several mechanisms underpinning the remarkable performance

of metal halide perovskites and pave the way for obtaining atomically localised information
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from metal halide perovskites, enabling control over these materials for optoelectronic and

solar energy applications at a hitherto unseen level.

Methods and Materials

Sample preparation

Both FAPbI; and MAPDI3 thin films were deposited on the carbon-coated side of 300-mesh
copper TEM grids. Immediately prior to deposition, the grids were O-plasma cleaned for 0.3
minutes.

CH(NH)2I (FAI) and Pbl, were co-evaporated in a customised thermal evaporation chamber
described previously(617). Heating of the sources started once the chamber pressure fell below
5x107° mbar. The Pbl, rate was kept constant at 0.23 A/s, measured using a gold-plated quartz
microbalance (QMB). For the “Pbl,-rich” FAPbI; films with significant excess of Pbl,, the FAI
rate was set to 40 % of the rate used for the “near-stoichiometric” FAPbI3 films. This resulted
in FAI crucible temperatures of around 150 °C during the deposition of the Pbl>-rich FAPbI3
films and 180 °C during the deposition of the near-stoichiometric FAPbI3 films. During
deposition, the pressure increased to 1-2x10~ mbar for the Pbl-rich FAPbI; films, and to 5-
9x10 mbar for the near-stoichiometric FAPbI; films. The duration of the overall perovskite
deposition was controlled such that the film thickness was 90 nm for the Pbl>-rich FAPbI; films
and 30 nm for the near-stoichiometric FAPbI; films. After deposition, all films were annealed
at 170 °C for 1 min. The films were stored in a nitrogen-filled glove box after preparation and
transported to the microscope in a triple-sealed nitrogen atmosphere to prevent exposure to

moisture.
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CH3NH3Pblz (MAPDI3) thin films were prepared using a recently published method(32).
CH3NH;I (MAL Greatcell) and Pblz (99.999% metal base, Sigma-Aldrich) were co-evaporated
in the same custom Lesker thermal evaporator chamber. Heating of the sources started once
the chamber pressure fell below 5x10°° mbar. During the subsequent evaporation, the pressure
increased to 1-2x10~° mbar. The Pbl, rate was kept constant at 0.30 A/s using a gold-plated
quartz microbalance, while the MAI temperature was controlled to aim for an overall MAPDI;3
deposition rate of 0.45 A/s, as measured by a quartz microbalance located next to the substrate.
For the depositions used in this work, this involved ramping the MAI crucible from 175.1 °C
to 175.6 °C over 1070 s, for 1.1 g of MAI initially in the crucible. The substrate was cooled to

0 °C during the deposition; the sensors were cooled to 17 °C.

All samples were loaded rapidly into the microscope, being in contact with air for less than a

minute.

Perovskite film thicknesses were determined from calibration of material deposition rates of
the two sources according to quartz microbalance readings inside the vacuum chamber,
supported by film depositions on hard transparent quartz substrates for which film thickness
readings were determined from a combination of Dektak profilometer readings and optical

transmission measurements.
Image acquisition
Microscopy for imaging and condition development was performed on two microscopes. A

JEOL ARM-200F cold FEG, C; probe corrected STEM at 80 or 200 kV acceleration voltage,

20-21 mrad convergence angle, using an annular dark field detector at 8§ cm camera length,
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resulting in inner and outer collection angles of 33 and 120.77 mrad, respectively for LAADF
imaging and 72.80 and 235.75 mrad for HAADF imaging. A JEOL ARM-300F Cs probe
corrected STEM at 300 kV was used for imaging condition development. Both room
temperature and cryogenic conditions were examined, and the cryogenic conditions did not
noticeably reduce the beam sensitivity of the FAPbI3 thin films, so all imaging was done at
room temperature. Similarly, no noticeable difference in beam sensitivity was found between
200 and 300 kV acceleration voltage, but the material was found to damage faster at 80 kV.
All imaging presented in the manuscript was at 200 kV. All alignments and focusing were done
away from the areas imaged to reduce electron beam-induced damage to the material. All
micrographs were obtained without tilting the sample to reduce the beam damage.

The specific image acquisition conditions for all images are listed in Table S1.
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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  area
per scan
1A-B 1.49 pA 1 us 042A x042A 105 e A2
2A-C 1.49 pA 2 us 0.53A%x053A 66 ¢ A
3A-C 1.49 pA 2 us 035A%x035A 152 ¢ A
3D 1.49 pA 2 us 0.29 A x029A 221 e A2
4A,B.EF 1.49 pA 2 us 0.29 A x029A 221 e A2
4C 1.49 pA 2 us 042A x042A 105 e A2
4D 1.49 pA 2 us 0.53A%x053A 66 ¢ A
S2A-C 1.49 pA 1 us 042A x042A 105 e A2
S3A-C 1.49 pA 2 us 0.53A%x053A 66 ¢ A
S4A 1.49 pA 1 us 042A x042A 105 e A2
S5A-F 1.49 pA 2 us 035A%x035A 152 ¢ A
S7A-C 1.49 pA 2 us 035A%x035A 152 ¢ A2
S7D 1.49 pA 2 us 0.29 A x029A 221 e A2
S9A-C 1.49 pA 2 us 0.53Ax053A 66 ¢ A
S12A-B 1.49 pA 2 us 0.53Ax053A 66 ¢ A
S13 1.49 pA 2 us 0.53Ax053A 66 ¢ A
S14A-C 1.49 pA 2 us 0.29 A x029A 221 e A2
S15A,B.E,F 1.49 pA 2 us 0.29 A x029A 221 e A2
S15C 1.49 pA 2 us 042A x042A 105 ¢ A2
S15D 1.49 pA 2 us 0.53A%x053A 66 ¢ A




SCience Submitted Manuscript: Confidential

AVAAAS

Filtering

Butterworth filtering adds a low- or high-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(59, 60). This approach makes it possible to retain
information at grain boundaries, as seen on the left-hand side of Fig. S4B,E, but while it
improves the overall contrast ratio dramatically, the noise is also amplified. All of the
Butterworth-filtered images in this paper have been filtered using a 1% order filter with a half-
point of between 0.02 and 0.05 and a radius of 80.

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. SIC,F(67). 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. If
information relating to the local atomic positions in the structure is desired, Bragg filtering
should be applied, and where more macroscopic phenomena, such as grain boundaries, are
studied, Butterworth filtering is appropriate.

The film area imaged and displayed in Fig. S1IA-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(62, 63) 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(64). 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(65) and based on the algorithm in ref. (66). 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 FAPbI; films measured with a Panalytical X pert
powder diffractometer for (a) near-stoichiometric FAPbI3 and (b) FAPbI3 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 FAPDI; film only exhibits a small Pbl»
diffraction peak (marked by beige circles) while the Pblr-rich FAPbI; film fabricated with

significant excess Pbl, exhibits a much stronger Pbl, peak.
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Fig. S2: Different filtering methods and their associated Fourier transformations. (A,D)
show the raw LAADF image of an area of a FAPbI3 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).
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Fig. S3: Atomic-resolution HAADF micrographs of pristine Pbl,-rich FAPbI3. (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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Fig. S4: Intensity line profiles across the Pb/I and the I/FA lattice sites. (A) shows a Bragg-
filtered atomic resolution micrograph of a FAPbI3 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 FAPbI; when using parameters chosen to match

the experimental LAADF acquisition.
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Fig. S5: Atomic-resolution LAADF mlcrographs of FAPDI; thin ﬁlms prepared Wlth
excess Pbl, showing a chequered intensity after mild radiation damage and seamless
transitions between Pbl, and FAPbIs. (A-C) show real-space LAADF images of a FAPDI3
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,-FAPDI;3
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.
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Fig. S6: Fourier transform of Fig. 3A. The scale bar represents 4 nm™.
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Fig. S7: Atomic-resolution LAADF micrograph
undistorted transitions between Pbl, and FAPDbI;, 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 FAPbIs. (A) Line profile 1
(red) shows the intensity variation across Pb/I and I columns of damaged FAPbI3 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:I 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: Pbl; incorporation into FAPbI; prepared with significant excess Pbl,. (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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FAPbDI; / 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-I distance across the Pbl, octahedra
(0.64 nm(42)) is very close to the corresponding distance in the similar octahedra in FAPbI;
(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 [Pbls] 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 [-Pb-I-Pb-1-Pb-I. The next most intense columns are
those in the Pbl, phase that follow the sequence I-Pb-I- -1-Pb-I 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 FAPbI; and slightly modified 2H
Pbl; as well as LAADF signal intensity simulation of the interface. Top shows [100]-
oriented 2H Pbl,. Middle shows the interface between FAPbI; and Pbl.. The interface is
shown in three different orientations, with the orientation index corresponding to the FAPbI;
orientation. The perovskite structure is displayed on the left and the Pbl> 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
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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 PbIo/FAPbI; interface. (A) Geometric phase
analysis heat map of the ex 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 Pbl>-rich FAPbI; 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 Pblo/FAPDI; interface
than within the rest of the film. The scale bar represents 10 nm.
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Fig. S$12: Atomic-resolution LAADF micrograhs of pristine Iz-rich FAPI shwing
(A) shift of half a perovskite unit cell in pristine FAPbI3 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 Pblz-rich MAPI 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 FAPbI; 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 FAPbI.
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Fi. S15: Butterworth-filtered atomic-resolution micrographs of represetative FAPBI;;
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
FAPDI3 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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