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Lead-halide perovskites have emerged as promising candidates for applications in solar cells, lasing and
solid-state lighting [1]. Most of the work on the defect physics of these materials has focused on point
defects. It is now accepted that point defects with low formation enthalpy lead to shallow defect levels
within the band gap [2]. However, the solution-based process used to synthesize these perovskites also
results in a large concentration of planar defects that can play a critical role on charge transport and
recombination. In our previous work, we used a novel post-synthesis process to trigger fusion in as-
synthesized CsPbBr; nanocrystals [3]. Subsequently, using a combination of aberration-corrected
scanning transmission electron microscope (STEM) imaging and density-functional-theory (DFT)
calculations, we resolved the exact atomic structure of prevalent planar defects, including previously
unreported Br-rich [001](210)X5 grain boundaries (GB) and Ruddlesden-Popper (RP) planar defects
(shown in Figures 1a and 1b respectively) [4]. Moreover, using DFT calculations, we revealed that neither
of these defects induce mid-gap states, but their Br-deficient counterparts do, where Br vacancies lead to
mid-gap states because of Pb dangling bonds. Based on the electronic band diagrams of £5 GBs and RP-
planar defects, as shown in Figures 1c and 1d respectively, we find that the £5 GBs repel electrons and
attract holes while the RP-planar defects repel both electrons and holes. While combining DFT
calculations with STEM imaging is a powerful technique to interpret electronic-structure changes around
defects imaged with atomic-scale resolution using STEM, direct experimental observations of changes in
the electronic structure around planar defects in lead-halide perovskites is still missing.

Recent advances in monochromated electron energy loss spectroscopy (EELS) have enabled access to the
optical transition levels in the low-loss regime with an energy resolution of < 10 meV while maintaining
sub-Angstrom spatial resolution [5]. We aim to leverage these developments in low-loss EELS to directly
investigate changes in the electronic structure of CsPbBr; nanocrystals at atomic-scale around planar
defects. For instance, as shown in Figure 1d, DFT calculations predict that the RP-planar defect in CsPbBr3
acts as a semiconductor-insulator-semiconductor junction with a theoretical band gap widening of ~327
meV at the RP-planar defect boundary. The RP-planar defect, is therefore predicted to act as an effective
barrier to the transport of both electrons and holes, impose strong quantum confinement effects, and results
in high photoluminescence yield [3]. However, direct experimental confirmation is lacking along with the
magnitude of the band gap change, which is often underestimated using DFT. We also aim to study the
effect of Br-concentration on the electronic structure of these planar defects by carrying out in-situ STEM
experiments, where we plan to systematically create Br vacancies by long time exposure of the Br atomic
columns to the electron beam. The experimental understanding of the role of Br vacancies at the planar
defects can enable optimization of the synthesis process towards targeted applications. Results discussing
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changes in electronic structure due to local composition changes in mixed-halide perovskites will also be
presented. Overall, local electronic structure mapping with atomic-scale resolution in semiconductors,
including near defects and interfaces, can enable higher performance with better control over the structure
and properties [6].
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Figure 1. STEM Z-contrast images showing (a) £5 GB and (b) RP-planar defect in CsPbBr; nanocrystals,
where the brightest atomic columns corerespond to Pb followed by Cs and Br. Scale bars correpsond to 1
nm. DFT electronic band diagrams of (¢) £5 GB and (d) RP-planar defect along with their respective DFT
optimized structures. The blue, red and green atomic columns correspond to Pb, Cs and Br respectively.
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