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Lead-halide perovskites have emerged as a promising class of highly efficient and affordable 

semiconductors with applications in solar cells and optoelectronic devices [1]. Nanocrystals of inorganic 

lead-halide perovskites, such as CsPbBr3, display bright photoluminescence with a narrow emission 

bandwidth due to strong quantum confinement. Furthermore, the emission wavelength of these 

nanocrystals can be efficiently tuned over a wide spectral range either by changing their size or the anion 

composition (Cl, Br and I) [2]. One of the key features of these lead-halide perovskites that has been 

attributed to their success as high-performance semiconductors is their defect tolerance [3], which is an 

ability to retain the electronic structure of the pristine material even in the presence of a large concentration 

of defects. Their reported defect-tolerance, to a large extent, is based upon first-principles density-

functional theory (DFT) calculations of the formation energy of point defects and their effect on the 

electronic structure. Unlike in conventional semiconductors, wherein point defects often lead to deep-

level defect states within the band gap that act as trap sites, point defects with low formation energy in 

lead-halide perovskites either lead to shallow defects levels or resonant levels within the valence or 

conduction bands [4]. In addition to the point defects, line- and planar-defects present in these perovskites 

may also have a large effect on their electronic structure. While there are theoretical reports on the 

electronic structure of hypothetical stoichiometric grain boundaries [5], direct observations of the atomic 

structure of dislocations, grain boundaries, twin boundaries and antiphase boundaries (APBs) are required 

so that accurate theoretical models could be built to evaluate their effect on the electronic structure.  

In this work, we will present results showing the atomic structure and chemistry of line defects and planar 

defects in CsPbBr3 nanocrystals using aberration-corrected scanning transmission electron microscope 

(STEM) imaging and electron energy-loss spectroscopy (EELS). We have combined the atomic structure 

obtained from STEM-EELS with DFT calculations to elucidate the electronic structure of the perovskite 

nanocrystals in the presence of such defects. 

We have used colloidal synthesis along with a novel fusion process to grow large nanocrystals of CsPbBr3 

of size >40 nm by merging smaller nanocrystals of size <10 nm. Via STEM imaging, we observe 

dislocations and twinned domains in the smaller nanocrystals. In the larger nanocrystals, we observe an 

extensive network of APBs and low-angle grain boundaries that are formed during the fusion process. 

Figure 1a shows a high-angle annular dark field (HAADF) image of a non-stoichiometric ∑5 grain 

boundary (Region-I) and an APB made up of an additional layer of CsBr with the rock salt structure 

(Region-II). We have used total energy DFT calculations to find the optimized structure of these defects, 

which are in excellent agreement with the STEM results, as shown in Figure 1b and 1c, respectively. 

Generally, in conventional semiconductors planar defects - such as grain boundaries and APBs - are 
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detrimental to optoelectronic devices as they can introduce mid-gap states, which can act as nonradiative 

recombination centers. However, our DFT calculations reveal that neither the ∑5 grain boundary nor the 

APB defects induce mid-gap states, as shown in Figure 1d, which lends support to the defect-tolerant 

nature of these perovskites. Moreover, we find that the APB defects introduce a potential barrier 

significant enough to cause quantum confinement of the electrons. Overall, our results provide insights 

into the defect structure and their effect on the properties of CsPbBr3 nanocrystals along with knowledge 

of chemical control over defects to achieve novel functionalities [6]. 
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 Figure 1. (a) HAADF image showing the Σ5 grain boundary (Region-I) and APB (Region-II). DFT 

optimized crystal structure of (b) the Σ5 grain boundary and (c) APB superimposed on respective parts of 

the image in (a). The blue, red and green atomic columns correspond to Pb, Cs and Br respectively. (d) 

Density of states (DOS) plot for the Σ5 grain boundary (top) and APB (bottom). 
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