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ABSTRACT: Metal halide perovskites (MHP) are highly promising semiconductors. In this study,
we focus on FAPbBr3 nanocrystals, which are of great interest for green light-emitting diodes.
Structural parameters significantly impact the properties of MHPs and are linked to the phase
instability, which is hampering long-term applications. Clearly, there is a need for local and precise
characterization techniques at the atomic scale, such as transmission electron microscopy. Due to
the high electron beam sensitivity of MHPs, these investigations are extremely challenging. Here,
we applied a low-dose method based on four-dimensional scanning transmission electron
microscopy. We quantified the observed elongation of the projections of the Br atomic columns,
suggesting an alternation in the position of the Br atoms perpendicular to the Pb-Br-Pb bonds.
Together with molecular dynamics simulations, these results remarkably reveal local distortions
in an on-average cubic structure. Additionally, this study provides an approach to prospectively

investigate fundamental degradation mechanisms of MHP.
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Hybrid organic-inorganic metal halide perovskites are highly promising semiconductors for
novel optoelectronic devices, including photovoltaics, light-emitting diodes (LEDs) or X-ray
detectors.? Their excellent optoelectronic properties, e.g. a tunable bandgap, high charge carrier
mobility, high photoluminescence quantum yield (PLQY) and low recombination rate of
photogenerated carriers, are the reason for their rapid evolution.>® The structure of metal halide
perovskites (MHP) is described by the chemical formula ABX3, where A is a monovalent organic
cation (e.g. formamidinium (FA™) [CH(NH:):'] or methylammonium (MA") [CH3NH3"]) or a
metal cation (e.g. Cs"), B is a divalent metal cation (typically Pb**or Sn**), and X is a halide anion
(X = CI, Br, I).*’ Generally, the central B-metal cation is octahedrally coordinated with six
halides, i.e. [BXs]*. The octahedra form a three-dimensional connected network through the
corner halides. Orbitals of the B-ions hybridize with orbitals from the halide ions to form the
conduction and valence band.>* Therefore, the position of the valence band is sensitive to the
choice of both the B-ion and the halide ion. Focusing on the halide, the band gap generally
increases from I" to Br" to Cl" and can be finely tuned by mixing halides.® The A-site cations fill
the cuboctahedral voids in the perovskite structure.* Thus, the band structure is indirectly
influenced by A-site cations, since they affect the bond length and angle between the B- and X-
site ions, i.e. through steric interactions or by octahedral tilting.”® The re-orientational dynamics
of A-cations, in particular organic cations, influences the tilting of the [BXs]* octahedra,*° but the
effect of motion and polarity of cations on ion migration and charge carrier dynamics is still under
debate.” Nevertheless, it is apparent that structural parameters, such as octahedral tilting, have
significant impact on the optical and electronic properties of MHPs.”” Another aspect closely
linked with the octahedral network structure is the polymorphic nature of MHPs, which is of great

importance since phase instability is still one of the major roadblocks for long-term applications



of MHPs. Indeed, for lead iodide-based compositions, only the “black” phase demonstrates
photoactive properties, which dramatically decrease once the MHPs convert to the “yellow”
phase.!!3 The black phase includes the cubic, orthorhombic, and tetragonal phase. From the high-
symmetry cubic (Pm3m, No. 221) phase, the transition to the lower symmetry phases can be
described by rotation or shearing of the octahedra.!*'® The tetragonal phase (P4/mbm, No. 127)
shows an in-phase rotation of the [BXs]* octahedral network about the c-axis,!” whereas in the
orthorhombic phase (Pnma, No.62) the octahedra show an out-of-phase rotation.'® In the yellow
phase, the crystal structure changes and instead of corner-sharing octahedra the structure consists
of face-sharing or edge-sharing octahedra.!” In this study, we focus on hybrid organic-inorganic
FAPbBr3 nanocrystals (NCs), which are of great interest for green light-emitting diodes because
these NCs show a bright and stable emission at around 530 nm. Moreover, the PL exhibits a high
color purity due to narrow emission linewidth and PLQY of > 95 %.2%2! However, the lack of
long-term stability of MHPs is hampering their implementation in commercial applications.!%!2
Understanding the role of the octahedral network to further establish the structure-property
connection and its transformation during degradation is therefore of great importance.

Using advanced X-ray techniques, the unit cell parameters, the space group and phase
transformations under in situ conditions can be precisely determined.?? However, these techniques
provide only averaged information and lack the ability to probe more local structural details.
Transmission electron microscopy (TEM) is a very powerful technique to measure the local
structure of NCs, even at atomic resolution. However, in the case of MHPs it comes along with
the challenge of a high sensitivity to the electron beam.? Irradiation with the electron beam easily
causes degradation of the MHP NCs with PbX, and Pb as resulting products.?>** To study subtle

changes, such as octahedral tilting, the effect of the electron beam should be taken into account,



especially for hybrid organic-inorganic MHPs that inherently yield a higher sensitivity to the
electron beam than their fully inorganic counterparts due to the presence of organic cations.?>?°

High-angle annular dark-field (HAADF) scanning TEM (STEM) imaging is a common
technique to investigate MHPs,>”?° but a relatively high electron dose is required. Several
alternative imaging techniques have been reported with the aim to mitigate the effect of electron
beam damage, including cryogenic conditions and exit wave reconstruction.?>** The phase of the
exit wave is proportional to the projected electrostatic potential of the structure 3! and phase images
are therefore more sensitive to light elements. Compared to HAADF-STEM imaging, in which the
intensity scales roughly with the atomic number Z!”7, phase imaging is preferred when imaging
MHP materials in which both heavy and light elements are present simultaneously.? A promising
phase contrast imaging technique is based on the concept of 4D-STEM, where a convergent beam
electron diffraction (CBED) pattern is collected for every scan position.>*** It has been shown that
deviations of the center of mass (COM) in these diffraction patterns are directly related to the
electrostatic potential field, resulting in images that linearly depend on the atomic number Z.
Moreover, all electrons are collected by a hybrid pixelated direct electron detector, whereas in
HAADF-STEM only electrons scattered to relatively high angles are used. 4D-STEM is, therefore,
superior with respect to information richness and dose-efficiency as compared to HAADF-STEM.
There are several approaches to extract the phase from a 4D-STEM dataset. Ptychographic
methods have been of particular interest for their super-resolution capabilities and the possibility
to determine/correct for microscope aberrations as well. However, the computational cost and
memory requirements for these algorithms are considerable.

In the present work, we explore the application of machine learning (ML) *-® for reconstructing

phase images of FAPbBr3; NCs from low-dose 4D-STEM data with super-resolution in (near) real



time.*=> This approach allowed us to visualize the light FA and Br atomic columns even at
electron doses below 50 e/A2. Moreover, we were able to perform a quantitative analysis of the
octahedral network structure as a function of electron dose, which was further interpreted based
on molecular dynamics (MD) simulations. This correlative analysis suggested an anisotropic

displacement of the Br anions, which leads to local distortions in an on-average cubic structure.



Figure 1. HAADF-STEM imaging of FAPbBr3 NCs. The electron dose for imaging was ~ 300 ¢’
/A? in panel (a) and ~ 40 ¢/A? in panel (b). In panel (a) the formation of Pb-rich clusters due to

the electron beam irradiation is visible.

Colloidal FAPbBr3 NCs were synthesized following a hot injection method as previously
reported *’, which delivered monodispersed cubic-shaped NCs samples with a PL maximum at
530 nm (see S1, method section for details). The FAPbBr3 NCs are imaged by HAADF-STEM in
Figure 1, which reveals that the NCs have a cubic morphology and their size is about 15 — 20 nm.
The total electron dose used for imaging in Figure 1a was ~ 300 ¢/A?. This relatively high dose
leads to Pb-rich clusters as a consequence of radiolysis>**, which can be observed as bright
particles in Figure 1a. To reduce the effect of electron beam damage, we lowered the total electron
dose to ~ 40 e/A? (Figure 1b), which is in accordance with the dose recommendation for hybrid
organic-inorganic perovskites by Rothmann et al.*®. Although this electron dose reduction
overcomes the formation of the Pb-rich clusters, only the heavy Pb atomic columns are clearly
detectable in the HAADF image, whereas the nearby light elements, such as Br or C, that scatter

less, are hardly invisible.
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Figure 2. High-resolution imaging of FAPbBr; NCs. (a) CNN reconstructions were applied to
obtain the high-resolution image of a FAPbBr; NC from a 4D-STEM dataset. The total electron
dose is ~ 48 e/A?. (b) Enlarged image corresponding to the area indicated by a rectangle in panel
(a). The overlay indicates the unit cell (Br = purple, Pb = black, FA = orange). (c) The line profiles,
which were taken along the direction of the arrows in panel (b), where the vertical line is along the
Br-FA columns and the horizontal line along the Br-Pb columns, show that in the CNN

reconstruction Pb, Br and FA can be distinguished from their intensity.



To overcome this limitation, we here applied 4D-STEM in combination with a recently
developed convolutional neural network (CNN). The phase reconstruction can be considered as an
inverse problem, which is here solved for every scan point based on a set of diffraction patterns
(3x3 kernel) of overlapping probe positions by means of CNNs.** The CNN was trained based on
a large synthetic dataset, using atomic structures extracted from the materials project database
(www.materialsproject.org).’® The CNN reconstruction of a FAPbBr; NC is shown in Figure 2a.
The total electron dose for the dataset was equal to 48 e/A%. From this figure, it is clear that the
CNN reconstruction enables to visualize these beam-sensitive NCs with an electron dose that is
sufficiently low to avoid the formation of Pb-rich clusters due to electron beam irradiation, while
maintaining a high signal-to-noise ratio (SNR) (see S3). It should be emphasized that, in contrast
to the HAADF-STEM images, the CNN reconstruction reveals all atomic columns, including the
FA and Br columns, which can be distinguished from their intensity in the line profile (see Figure
2b,c). Close inspection of the Br columns indicates deviations from perfect round projections. This
observation suggests an alternation in the position of the Br atoms along the viewing direction (see
projected images of the FAPbBr3 unit cell in S4), which directly affects the [PbBrs]* octahedral
network within the NCs. As mentioned before, the octahedral tilt and the Pb-Br-Pb bond angle
serve as a crucial indicator for the phase stability and can change upon doping or degradation due
to environmental triggers.

To determine the shape of the projections of the atomic columns in more detail, we applied an
averaging process to the 4D-STEM dataset of a single NC, as explained in the methods section
(see S6, S7, template matching section in SI). In short, we assumed perfect crystal periodicity,
CBED patterns from equivalent lattice positions, which were added to obtain an averaged 4D-

STEM dataset that could be used as input for the CNN reconstruction (see Figure 3a). Next, we



applied statistical parameter estimation theory (see Ref. 4**!) to Figure 3a to measure deviations
from perfectly circular projections of atomic columns. For this purpose, a parametric model
consisting of a sum of 2D elliptical Gaussians, each centered on the atomic column positions, was
used (see Figure S5). The unknown parameters, i.e. the positions and the width along the major
and minor axes, were estimated by fitting this model to the CNN reconstruction using a non-linear
least squares optimization.*'** In Figure 3b, the model resulting from the fitting is presented. The
arrows within the figure indicate the ellipticity ratio of the projections of the Br atomic columns.
In a perfectly cubic structure, the [PbBrs]* octahedra are not tilted (see S4) and hence, the value
for the ellipticity ratio, defined as the ratio of the major to minor axis, is expected to be one.
However, for the analyzed FAPbBr3 NC, the median of the ellipticity ratio of the projections of
the Br atomic columns was found to be 1.28 + 0.01. Moreover, additional datasets on the analysis
of the ellipticity ratio are presented in S8. The deviation from 1 is possibly related to an alternation
in the position, due to thermal motion, of the Br atoms along the viewing direction, as
schematically illustrated in Figure 3b and Figure 3c. This might be related to a small degree of
flexibility in the octahedral network structure. In this case, the Br atoms can be displaced
perpendicular to the Pb-Br-Pb bond. Due to the ionic nature, the bond between Pb*" and Br™ ions
is much stronger than the bond of the organic FA-cations to the surrounding [PbBrs]* octahedra
through hydrogen bondings.”*** Another possible explanation is that the octahedra in the
perovskite structure have a small, fixed tilt, which would, however, lead to a deviation of the
Pm3m cubic structure. As XRD measurements and Rietveld refinement (see S2) for the
investigated FAPbBr3; NCs agree best with the cubic structure, the observed ellipticity is likely the
result of a slight deviations of Br atoms from their ideal positions, as described by the first

explanation. These results are in good agreement with previous synchrotron XRD measurements
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of FAPbBr3 NC, where the measured Pb-Br-Pb bond angles deviate by up to 15 ° from the ideal
180 © angle due to local disorder caused by displacement of Br anions, while the average structure
is cubic and no superstructure peaks were observed.?!* Via the “split cubic” model,>"*** where
displacements of the Br anions perpendicular to the Pb-Br-Pb bonds are considered, the measured
XRD patterns and peak intensities could be fitted well. Also in other recent reports, for different
types of MHPs similar anisotropic displacements and dynamics of the halide ions were

observed.*>#
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Figure 3. Octahedral network in FAPbBr3 NCs. (a) CNN reconstruction of a FAPbBr3 NCs. The
4D-STEM data of the NC depicted in Figure 2a was averaged via template matching. (b) The
obtained model after fitting elliptical Gaussian peaks to the atomic columns in the CNN
reconstruction of panel (a). The color bar represents the ellipticity ratio of the projections of the
Br atomic columns. The overlay indicates the different atomic columns (Br = purple, Pb-Br = blue,
FA = orange). (c) Schematic illustration of a FAPbBr; structure, where the Br anions contain a
small displacement perpendicular to the Pb-Br-Pb bond, as indicated by the red arrows. The red
ellipses show the exemplary position of the Br atomic columns that are analyzed in panel (b). (d)
Simulated image of the projected electrostatic potential of the FAPbBr3 structure at 300 K and
atmospheric pressure obtained via MD simulations. (e) The obtained model after fitting elliptical
Gaussian peaks to the simulated image shown in panel (d). The arrows indicate the ellipticity ratio

of the projections of the Br atomic columns.
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To understand if the observed displacement of the Br anions in FAPbBr3 NCs would be a result
of electron beam illumination, a series of MD simulations of 250 ps were performed using a
machine learning potential (MLP) trained on underlying Density Functional Theory (DFT)
energies and forces (more computational details are given in the methods section). The temperature
and pressure were controlled during the MD simulation and set to 300 K and 0.1 MPa,
respectively. The MLP makes it possible to increase the time scale of MD simulations performed
with DFT from a few picoseconds to hundreds of picoseconds. After averaging the structure over
200 ps, a cubic structure, with slightly displaced Br positions, is obtained. This input structure was
used for image simulations using the MULTEM software* to compare our 4D-STEM experiments
with the MD simulations. During the MULTEM image simulations, the projected electrostatic
potential is calculated and considered to be the equivalent of the phase object reconstruction, which
is obtained via CNNs in the experiment.*® For these image simulations, one snapshot every 50 fs
was selected from the last 200 ps of the MD simulations. After averaging the simulated images of
the projected electrostatic potential of each snapshot (see Figure 3d), a model of 2D elliptical
Gaussian peaks was fitted (Figure 3e). The median of the ellipticity ratio of the projections of the
Br atomic columns was determined as 1.30 = 0.03. These results are in good agreement with the
values obtained via low-dose 4D-STEM measurements (see Figure 3a-b, Table 1). The
comparison between the experiments and the MD simulation shows that, at the electron doses
used, the electron beam does not affect the observed ellipticity. Moreover, the locally distorted
structure (see S9), which is cubic on-average, is caused by an inherent anisotropic displacement of
the Br anions.

We also analyzed a FAPbBr; NC with an increased total electron dose of 144 ¢/A? (see S10).

In this case, the median of the ellipticity ratio of the projections of the Br atomic columns was
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determined as 1.43 + 0.04, which is a significant increase compared to the low-dose 4D-STEM
data shown in Figure 3. Electron beam irradiation can lead to degradation of MHP NCs through

the loss of halide ions and organic cations,**4¢

meaning that vacancies are expected to increase
upon electron beam irradiation. To understand if the increased ellipticity is related to the presence
of vacancies and therefore beam damage, we compared the experimental observations with MD
simulations that contain vacancies in the perovskite structure. Following the same approach as
explained above, the ellipticity ratio was measured as a function of increasing number of FABr
vacancies, i.e. the loss of cation/anion (FA™ and Br") pairs (see S11). In the MD simulations the
FABr vacancies are randomly distributed, assuming no ordered structure of vacancies is induced.
The determined average Pb-Br-Pb angle (see S11) slightly decreases with increasing number of
vacancies, which correlates with more mobile Br™ anions. For randomly distributed vacancies, the
median of the ellipticity ratio determined for the projections of the Br atomic columns showed no
significant increase with increasing number of vacancies. However, the standard error of the
median increased for the MD simulations with vacancies as well as for the TEM experiment with
increased electron dose, which indicates a more disordered structure due to mobile Br™ anions. It
can therefore be hypothesized that other effects, such as a higher energy transfer from the
impinging electron beam to the sample, further increase the mobility of the Br~ anions.
Alternatively, a more complex ordered vacancy structure and rotation of the [PbBrs]* octahedra
may also contribute to the observed increase in ellipticity ratio. We suggest that the investigation
of the ellipticity ratio of the atomic columns at low electron doses is a valuable approach for

studying phase changes and degradation of MHP NCs, for instance caused by environmental

triggers, at a local scale.
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Table 1. The ellipticity ratio of the projections of the Br atomic columns. For each fit the median

and the standard error of the median is given.

Low-dose Increased dose MD simulation MD simulation
(48 e/A?%) (144 ¢/A?%) pristine structure 11 FABr vacancies
4D-STEM 4D-STEM (200ps) (200 ps)

Br 1.28+£0.01 1.43+0.04 1.30+0.03 1.32+0.04

In conclusion, we have demonstrated an approach to apply low-dose 4D-STEM imaging to the
quantitative analysis of FAPbBr3 NCs. To retrieve phase contrast imaging from 4D-STEM
datasets, we utilize the capacity of machine learning. In the CNN reconstructions, the different
atomic columns in the perovskite structure could be detected and remarkably, it was also possible
to clearly distinguish the light FA cations and the Br atomic columns from the image intensity. To
analyze the octahedral network structure, we determined the shape of the projections of the atomic
columns via a parametric model, which consists of a sum of 2D elliptical Gaussians, each centered
on the atomic column positions. The analysis of 4D-STEM datasets of FAPbBr3; NCs and MD
simulations revealed an elongation of the projections of the Br atomic columns. This is caused by
an anisotropic displacement of the Br anions perpendicular to the Pb-Br-Pb bonds, causing local
distortions in an on-average cubic crystal structure. The presented technique enables the analysis
of the octahedral network in MHPs at a local scale. Furthermore, since it can be transferred to in
situ TEM experiments, this study provides an approach to prospectively investigate fundamental

degradation mechanisms of MHP NCs under environmental triggers.
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