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ABSTRACT: Lead-halide perovskite nanocrystals (PNCs) have attracted much attention 

in recent years due to their outstanding optical properties. We report here a new chemical 

route for triggering post-synthetic growth of CsPbBr3 PNCs at room temperature via 

intentional depletion of stabilizing ligands, resulting in an immediate fusion growth of the 

as-synthesized PNCs. Upon fusion, the CsPbBr3 PNCs can grow from ca. 8 nm to ca. 60 

nm in lateral dimensions in 48 hours, reaching about 14 nm in thickness. More 

importantly, it was found that the fused PNCs have significantly enhanced optical 

properties. They showed an exceptionally higher stability to photodegradation. They also 
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displayed sharper emission lines and a higher quantum yield, contrary to the fact that the 

nanocrystals are much larger. The much-improved optical properties are attributed to the 

Ruddlesden-Popper (RP) planar faults formed during the fusion process and observed 

using atomic resolution scanning transmission electron microscopy, which are predicted 

to result in quantum confinement based on density-functional theory calculations. The 

newly grown nanocrystals with RP defects are expected to significantly improve light 

emission properties of the PNCs and find applications in light emitting diodes and other 

optoelectronic devices.

KEYWORDS: Perovskite nanocrystals, Fusion growth, Photodegradation, Ruddlesden-

Popper faults, Density-functional theory.

Table of Contents Graphic

Page 2 of 45

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



3

Page 3 of 45

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

INTRODUCTION

Lead-halide perovskite nanocrystals (PNCs) have received significant attention in 

recent years, largely due to their outstanding optoelectronic properties. PNCs exhibit 

several superior properties: strong optical absorption, large charge carrier mobility, 

exceptional electron-hole diffusion length, remarkable photoluminescence (PL) quantum 

yield, widely tunable band gap, and unique defect-tolerant photophysics.1-8 The extensive 

research in the field of perovskite nanocrystals was primarily driven by their impressive 

performance in photovoltaics (PV). The efficiency of perovskite-based solar cells jumped 

from 3.8% to 22.1% for a perovskite solar cell within less than a decade.9 PNCs also show 

a potential in other opto-electronic applications, such as light-emitting diodes,10-14 

lasers,15,16 and photodetectors.2,17,18 Despite a significant development in the field of 

organic-inorganic PNCs, a family of all-inorganic CsPbX3 (X=Cl, Br, and I) stands out due 

to their superior stability over the organic-inorganic counterparts.19-23

Protesescu et al. were among the first to successfully synthesize colloidal cubic-shaped 

CsPbX3 PNCs by a hot injection method.5 The authors demonstrated that the size of 
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5

PNCs, as well as their band gaps, could be altered. This was accomplished by modifying 

the halogen component and/or by varying the temperature of injection.5,24 Later, a few 

groups demonstrated ways to synthesize colloidal CsPbX3 PNCs of various shapes, 

including zero-dimensional (0D) spherical quantum dots, nanocubes, one-dimensional 

(1D) nanorods, and two-dimensional (2D) nanoplatelets (NPLs).25-29 More recently, it was 

reported that CsPbX3 NPLs can undergo post-synthetic growth at room temperature.25-30 

It was shown that 2D NPLs could spontaneously self-assemble into more complex 

structures via face-to-face stacking. Udayabhaskararao et al. discovered that such 

spontaneous growth could be triggered by the addition of polar solvents (acetone, 

ethanol) to as-synthesized CsPbBr3 NPLs.31 Those authors hypothesized that the origin 

of self-oriented attachment of NPLs is related to the loss of stabilizing ligands from their 

surfaces. 

In an effort to investigate post-synthesis growth in PNCs, we designed and studied a 

chemically induced fusion process. The growth of PNCs was accomplished through an 

abrupt removal of highly dynamic stabilizing ligands from the surface of PNCs using metal 
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6

alkyl reagents such as diethylzinc (DEZ). It was shown that chemically induced fusion of 

CsPbBr3 PNCs leads to much larger PNCs. By using atomic resolution scanning 

transmission electron microscopy (STEM), we show that the fusion proceeds by the 

formation of Ruddlesden-Popper (RP) planar faults.32 We find that the fused PNCs display 

significantly enhanced optical properties, such as a narrower emission width than smaller 

PNCs along with a quenching of the decay in photoluminescence with time. By using first-

principles density-functional theory (DFT) calculations, we show that the RP planar faults 

lead to efficient quantum confinement by creating deep potential wells, which we attribute 

to the enhanced PL properties despite the increase in the size of the fused PNCs.
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7

Scheme 1. Schematic illustration of the synthesis, purification and fusion processes in 

the work. PNCs were synthesized in octadecene (ODE), purified in acetone and ODE, 

and fused in n-heptane. A condenser and a nitrogen protection balloon were used during 

the synthesis. 

RESULTS AND DISCUSSION

The initial CsPbBr3 PNCs were synthesized by a hot-injection method, following the 

procedures of Protesescu et al.5 Cs-oleate was injected into octadecene solution, 

containing PbBr2, oleylamine and oleic acid, under nitrogen atmosphere at 180°C 

(Scheme 1). The reagents were used as received, without further purification or drying. 

The synthesis yielded cubic-shaped PNCs with an average size of 7.8 nm (Figure 1(a, 

b)). Afterwards, a 0.2 M DEZ in anhydrous n-heptane solution was injected to the as-

synthesized PNCs under argon atmosphere at room temperature. Immediately upon 

injection, chemical reactions occurred with a color change from bright green to dark 

brown. Upon stirring, the color of the solution becomes greenish yellow. The PNCs were 

then purified with acetone and re-dispersed in anhydrous n-heptane. The grown PNCs 
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upon DEZ injection have an orthorhombic (Figure 1(c,d)) crystalline structure as 

demonstrated from high resolution TEM images and the corresponding Fast Fourier 

transform (see Supporting Information (SI) Figure S1). The addition of DEZ triggered the 

fusion of the as-synthesized PNCs, resulting in much larger PNCs at ca. 30 nm in average 

size after 48 hours (Figure 1f), reaching up to ca. 60 nm in lateral dimensions. The larger 

fused PNCs have both cubic and rectangular shapes (Figure 1e), but it was noticed that 

rectangular shape was observed more often than the cubic shape.
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9

 Figure 1. Typical high resolution TEM images and size evolution of the CsPbBr3 PNCs 

upon DEZ injection. (a, b) The as-synthesized CsPbBr3 PNCs and their size distribution 

profile showing an average size of 7.8 nm. (c, d) Intermediate fusion growth of CsPbBr3 
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PNCs upon DEZ injection; the insets show crystal lattice information of the fused PNCs. 

(e, f) The fused CsPbBr3 PNCs at 48 hours after DEZ injection and their size distribution 

profile showing an average size of 30.2 nm.

DEZ has been used extensively as a precursor for producing highly oriented zinc oxide 

(ZnO) films in metalorganic chemical vapor deposition. Within this process, DEZ 

undergoes exothermic dissociation with the formation of Zn-O bond, and release of 

ethane (water reaction)33,34 or oxygen and water (oxidation reaction).35,36 Given the easily 

destabilizing nature of the dynamic ligands on the surface of PNCs,26,37,38 we postulate 

that DEZ vigorously reacted with the carboxylate ions on the surface of PNCs, forming 

C2H5-Zn-OOR, while oleylammonium donated a proton to the remaining ethyl group to 

form ethane (see Scheme 2). The fast reaction abruptly depleted the surface ligands and 

subsequently led to the fusion of the PNCs. 
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Scheme 2. Proposed reaction path of DEZ with carboxylates on the surface of CsPbBr3 

PNCs. Upon dissociation, DEZ reacts with carboxylate anion forming C2H5-Zn-OOR 

compound. Oleylammonium donates hydrogen atom to the remaining ethyl group to 

produce ethane.

To support the proposed reaction path, we have performed Fourier Transform Infrared 

Spectroscopy (FTIR) for both types of PNCs (see Figure 2). We find that the FTIR spectra 

for both PNCs are nearly identical, except that there are two peaks appearing in the fused 

PNCs at 482 cm-1 assigned to Zn-O stretching,39 and at 1566 cm-1 assigned to primary 
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12

amine N-H bending.26 These findings lend support for the proposed reaction path 

(Scheme 2). 

Figure 2. (a) FTIR spectra of the fused and as-synthesized PNCs, and (b) the enlarged 

image of the area highlighted in the red box in (a). The two peaks in the fused PNCs are 

assigned to Zn-O stretch and primary amine N-H bend.

It was found that the size of the fused PNCs strongly depended on the amount of DEZ 

added to the as-synthesized PNCs. For example, a PNC colloidal solution with 5 wt. % of 
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13

DEZ produced fused PNCs with average lateral dimensions of 25 to 35 nm, whereas a 1 

wt. % of DEZ produced a size of ca. 15 nm. The fused PNCs also differed in shapes. 

When a 1 wt. % DEZ was used, fused PNCs were mostly represented as cubic shape, 

whereas a 5 wt. % DEZ favored the formation of rectangular shaped PNCs (see SI Figure 

S2). However, excess amount of DEZ (> 11 wt. %) can lead to PNC dissociation within 

24 hours, resulting in a sediment of a yellow powder. It was experimentally found that the 

injection of DEZ of 5 wt. % to the as-synthesized PNCs produced the best results in terms 

of their fusion growth and particle size distribution.

It was learned that purification of the PNCs with acetone was essential; it allowed 

removal of the extra carboxylate anions from the bulk of the colloidal solution, thus shifting 

the reaction to the surface of the PNCs. For the same reason, it is necessary to re-

disperse the PNCs using anhydrous n-heptane to reduce the amount of moieties present 

in the solution. Detailed study of the surface reaction itself is beyond the scope of this 

letter and therefore not discussed here. 
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Previous reports on the growth of CsPbBr3 colloidal perovskites at room temperature 

were mostly associated with 2D NPLs.31 To find out whether a transformation to 2D NPLs 

occurred during the fusion process, the thickness of the fused PNCs was investigated. A 

3D model of the fused PNCs was produced with the help of Electron Tomography (see 

SI Figure S3). The obtained image revealed that the fused PNCs had a rectangular-

cuboid shape with a thickness of ca. 14 nm. While this dimension is shorter than the 

lateral dimensions, it is different from that in 2D NPLs that show a thickness of 2.3 to 5.0 

nm,25,26,40 demonstrating that there was also growth in the third dimension during the 

fusion process. Optical measurements also show the fused PNCs are not characterized 

by 2D NPLs, as discussed below.

Both the as-synthesized and the fused PNCs were studied for their optical properties. 

Given the increase in size of the fused PNCs, it was anticipated that a red shift would 

occur in both UV-vis and PL spectra in the fused PNCs. According to our findings, UV-vis 

spectrum of the fused PNCs indeed displayed a red shift, but the shift is very small in the 

absorption onset (ca. 0.01 eV); a significant shift is seen in the maximum absorption peak 
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(ca. 0.12 eV), see Figure 3(a). The red shift in the absorption spectra was undoubtedly 

caused by the reduction of band gaps in the larger fused PNCs. However, despite a 

significant increase in lateral dimensions of the fused PNCs, the shift in their onset 

absorption is surprisingly small. This could be attributed to the quantum confinement 

effect in both the as-synthesized and the fused PNCs. As will be discussed below, the 

fused nanocrystals retain their quantum confinement due to the formation of RP faults in 

the nanocrystals. 

Figure 3. (a) UV-vis light absorption, and (b) PL emission spectra for the as-synthesized 

(green) and the fused CsPbBr3 (orange) PNCs.
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The PL spectrum of the fused PNCs was obtained and compared to that of the as-

synthesized PNCs (see Figure 3(b)). The PL spectrum of the fused PNCs exhibited a 

single peak positioned at 515 nm, corresponding to 0.02 eV red shift in comparison to 

that of the as-synthesized PNCs. Additionally, we did not observe multiple exciton peaks, 

which would be a characteristic of 2D NPLs,41 demonstrating again that the fused PNCs 

may not be characterized as 2D PNCs. 

Interestingly, the fused PNCs exhibit a significantly narrower emission band with the full 

width half maximum (fwhm) of 21 nm, as compared to 33 nm for the as-synthesized 

PNCs. Narrow spectral width is usually attributed to a homogeneous size distribution.42 

Yet, the fused PNCs, while displaying considerably narrower emission lines, have a 

relatively large size distribution. The narrower PL emission in fused PNCs was attributed 

to the presence of RP planar faults, retaining quantum confinement in the smaller grains 

(domains) in the larger fused PNCs. Quantum confinement can have a large effect on 

optoelectronic properties, for example, to suppress the non-homogeneity effect and 
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enhance PL intensity.43,44 Non-radiative Förster resonance energy transfers were 

considered negligible as the measurements were taken in strongly diluted colloids.45 

To estimate the impact of the intra-system energy transfers, we measured the quantum 

yield (QY) of the fused PNCs, and compared it to the QY of the as-synthesized PNCs. 

Both nanocrystals were evenly dispersed in n-heptane with absorbance much lower than 

0.1. Rhodamine 6G dispersed in ethanol was used as a reference dye. The 

measurements were taken at 350 nm. QY was estimated using the following formula:46

∅ =
𝑛2

𝑛2
0

∙
𝛼𝐴0

𝛼0𝐴 ∙ ∅0

where n is the refractive index of the solvent used,  the absorbance at the excitation 

wavelength, A the area under the emission curve, and  quantum yield. Subscript 0 

stands for the reference dye. Remarkably, the fused PNCs exhibited a higher QY, 

reaching 77% for the best sample, whereas the best QY of the as-synthesized PNCs was 

found to be 65%. Smaller, as-synthesized PNCs possess a higher density of surface 

states, which serve as quenchers due to the much higher surface area of the smaller 

PNCs. The fused PNCs, being larger, have a comparatively smaller density of surface 

Page 17 of 45

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18

states (smaller surface area), leading to suppressed non-radiative recombination. This is 

one of the factors attributed to the higher QY observed in the fused PNCs.

The stability of PL emission of the PNCs was studied. Colloid samples of both PNCs, 

equally dispersed in n-heptane, were exposed to continuous light at 400 nm for 60 min. 

Measurements were then taken with a 1 min interval. The fused PNCs exhibited an 

extraordinary resistance to photodegradation, showing only 8.5% drop in PL intensity, as 

compared to a drop of 93.0% in the as-synthesized PNCs within the 1-hour duration 

(Figure 4).
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Figure 4. (a) Normalized PL intensity dynamics of as-synthesized (green) and fused 

(orange) CsPbBr3 PNCs upon continuous UV-light exposure for 60 min. Raw data of PL 

decay are given in (b) for the fused and (c) for the as-synthesized PNCs. Curves in (b) or 

(c) from top to bottom are at 1, 15, 30, 45, and 60 min.

It is common for semiconductor nanocrystals to display fast quenching in the PL 

intensity with time. A decrease in PL intensity was associated to the formation of 
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quenching surface states due to chemical oxidation, photo-oxidation, or corrosion.47 It 

was discovered that CsPbBr3 PNCs tend to aggregate when exposed to light, and the 

formation of such aggregates is accompanied by the development of charge trap 

sites.48,49  Interestingly, we did not observe such an aggregation in our experiments upon 

continuous light exposure of PNCs for 1 hour. The fused PNCs are observed to be much 

more stable than as-synthesized. It is noted that most ligands on the fused PNCs were 

removed in reaction with DEZ during the fusion process. Therefore, we anticipated a 

faster quenching PL in the fused PNCs, but on the contrary, we observed an opposite 

response showing that the fused PNCs are exceptionally stable. This surprising 

observation led to our further study of the atomic structures of the fused PNCs, as 

discussed below, in which we found that the enhanced PL stability is closely related to 

the formation of RP planar faults in the fused PNCs. 

 To investigate the atomic structure of the nanocrystals, aberration-corrected scanning 

transmission electron microscopy (STEM) experiments were performed which revealed 

that the fusion of the as-synthesized PNCs is accompanied by the formation of RP planar 
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defects.32 Figure 5(a) shows a composite of low magnification high-angle annular dark 

field (HAADF) images, showing the presence of RP planar defects in several fused PNCs 

(highlighted as rectangular boxes). Using aberration-corrected-STEM imaging, we have 

resolved the atomic structure of the RP planar defects, as shown in Figure 5(b). The 

HAADF images in STEM are obtained by elastic scattering of the electron beam from 

different atomic columns (Cs, Pb and Br), where the degree of elastic scattering is 

proportional to the squared atomic number (~ Z2).50 As a result, the atomic columns 

corresponding to Pb (Z = 82) appear the brightest in these images, followed by the Cs (Z 

= 55) and then the Br (Z = 35) atomic columns. As shown in Figure 5(b) with the overlaid 

atomic model of CsPbBr3, the RP planar defect is formed by two CsBr layers that are 

shifted by half a unit cell and sandwiched between CsPbBr3 perovskite domains on either 

side. 

While the RP planar defects are commonly observed within the nanocrystals, STEM 

likely only detects a small fraction of the defects present in the crystals. One reason is 

that some faults only extend across a few unit cells in any dimension. The HAADF image 
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in Figure 5(c) shows a RP planar defect that extends all the way through the crystal in 

one dimension (the beam direction) but only across a few unit cells in the other dimension. 

If the fault were to only extend across a few unit cells in both dimensions it would not be 

directly observable in a HAADF image. Additionally, in order to detect the presence of a 

fault, the fault plane has to be aligned with the electron beam direction, such that the 

individual atomic-columns are sharp and the half-unit cell shift is clearly distinguishable. 

These conditions are specialized enough to suggest that the majority of the RP faults in 

the fused nanocrystals are not detected by STEM, and that the nanocrystals likely 

possess an extensive network of partial or non-aligned RP planar defects.

Figure 5. (a) A composite of low magnification HAADF images showing RP planar 

defects (highlighted as rectangular boxes) in several of the fused PNCs. (b) Atomic 
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resolution HAADF image of a RP planar defect with an overlaid atomic model. The blue, 

red and green atomic columns correspond to Pb, Cs and Br, respectively. (c) Atomic 

resolution HAADF image of a RP planar defect extending only a few unit cells. The scale 

bars correspond to 3 nm. 

  

These RP faults are supposed to induce significant quantum confinement in the fused 

NCs, as found in the organic-inorganic lead-halide perovskites, where RP defects are 

known to lead to quantum confinement and result in strongly bound excitons.51,52 The fact 

that the fused PNCs have RP faults can be ascribed to the much better PL stability and 

brightness experimentally observed. For a semiconductor to exhibit significant quantum 

confinement of excitons, the size of the nanocrystals should be smaller or comparable to 

that of an exciton Bohr diameter.53 The effective Bohr diameter of CsPbBr3 was estimated 

to be ~7 nm and most recent work on the absorption and emission spectra of CsPbBr3 

PNCs reported a significant quantum-size effect up to 16 nm in size.5,54  Although such 

quantum confinement would not occur in much larger as-synthesized PNCs, the fused 
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PNCs in our experiments still have the obvious quantum confinement effect, because the 

RP planar faults separate the fused PNCs into domains with a size of about 10-40 nm. 

For the domains that are significantly larger than the Bohr diameter, they would not 

contribute to properties from quantum confinement.

To further verify that the RP defects can lead to quantum confinement in CsPbBr3, we 

have performed DFT calculations to examine the macroscopic electrostatic potential 

(MEP) of electrons across the RP defects.  As shown in Figure 6, two models with a 

thickness of 3 and 7 unit cells of CsPbBr3 indicate that the rock-salt CsBr bilayers exhibit 

a significantly higher MEP (~1.5 eV) than that of the enclosed perovskite CsPbBr3 

domains. Such a high MEP at the RP faults should strongly confine the electrons within 

the perovskite domains. Therefore, the RP faults are expected to result in similar PL peak 

positions between the as-synthesized PNCs and the fused PNCs, despite the larger size 

of the latter, and possibly other quantum confinement effects, such as suppressing the 

non-homogeneity and enhancing PL intensity.43,44 
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Figure 6. Quantum wells of the macroscopic electrostatic potential (MEP) formed due 

to the RP planar defects. 

CONCLUSIONS

In summary, we developed a new chemical route for triggering post-synthetic growth of 

CsPbBr3 perovskite PNCs at room temperature via an abrupt removal of highly dynamic 

stabilizing ligands from the surface of PNCs using metal alkyl diethylzinc as a reagent. 

As a result, PNCs grow in size from ca. 8 nm to ca. 60 nm in maximum lateral dimensions, 
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with a thickness of about 14 nm. Significantly enhanced emission stability was observed 

in the fused PNCs. Narrower emission lines and higher quantum yields were also 

observed. Based on atomic-scale characterization of the PNCs, combined with DFT 

calculations, we attribute the improved optical properties of the larger fused PNCs to the 

presence of an extensive network of RP planar faults that lead to a strong quantum 

confinement in the nanocrystals. Our work underscores further investigation of the 

reactions that lead to the formation of RP planar faults and presents post-synthesis fusion 

as an attractive route to achieve atomic scale control over the position of the RP planar 

faults to attain stable inorganic lead-halide PNCs with enhanced optical properties.

METHODS

Materials and chemicals. Lead bromide (PbBr2, Aldrich, 99.999%), 1-octadecene (ODE, 

Aldrich, 90%), oleic acid (OA, Sigma-Aldrich, 90%), oleylamine (OLA, Aldrich, 70%), 

cesium carbonate (Cs2CO3, Aldrich, 99%), diethylzinc (DEZ, Aldrich, ≥52 wt.% Zn basis), 

n-heptane (anhydrous, Sigma-Aldrich, 99%), acetone (Sigma-Aldrich, ≥ 99.9%). 
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Synthesis of Cs-oleate. Cs2CO3 (0.407g) was loaded into a 50 ml 3-neck flask along with 

ODE (20 mL) and OA (1.25 mL); dried up in vacuum for 1 hour at 120°C. The solution 

was then heated up to 150°C under N2 atmosphere until all Cs2CO3 has reacted with OA. 

Note that the solution must be preheated to 100°C before the injection.

Synthesis of CsPbBr3 PNCs. PbBr2 (0.0069 g) was loaded into a 25 mL 3-neck flask along 

with ODE (5 mL) and dried up in vacuum for 1 hour at 120°C. OA (0.5 mL) and OLA (0.5 

mL) were injected at 120°C under N2 atmosphere. After complete solubilisation of PbBr2, 

the mixture was heated up to 180°C and Cs-oleate (0.4 mL) was injected. Upon 10 sec, 

the mixture was cooled down with the water-ice bath. 

Purification and isolation of PNCs. Acetone (6 mL) was added to the crude NC solution, 

and the mixture was centrifuged at 4000 rpm for 10 minutes. The supernatant was 
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decanted, and the PNCs were redispersed in n-heptane anhydrous (6 mL). Hereafter this 

product is referred to the ‘as-synthesized’ PNCs.

 

Diethylzinc induced fusion of CsPbBr3 PNCs. 0.2M solution of DEZ in n-heptane 

anhydrous was injected to as-synthesized CsPbBr3 PNCs in the glovebox under Ar 

atmosphere at room temperature. The concentration of DEZ added to NCs was calculated 

in regards to the mass of PNCs present in the solution. 5 wt. % of DEZ was experimentally 

found to produce the best results in terms of PNC fusion and size distribution. Upon DEZ 

injection, the PNC colloid solution was stirred for 1 min in the glovebox, and then it was 

diluted with n-heptane anhydrous in [1:10] ratio in ambient air for further analysis. 

Hereafter referred to the ‘fused’ PNCs.

Characterization methods. UV-Vis absorption spectra were collected with Agilent Cary 60 

UV-Vis spectrophotometer. Photoluminescence spectra were obtained with Varian Cary 

Eclipse fluorescence spectrometer. Transmission Electron Microscopy imaging and 
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Electron Tomography were both performed on FEI Tecnai F30 Twin 300kV transmission 

electron microscope. 3D model of NCs was built with the help of IMODsoftware.55,56 

Scanning Transmission Electron Microscope (STEM) experiments were carried out using 

the aberration-corrected (equipped with fifth-order aberration corrector) Nion 

UltraSTEM200 (operating at 200 kV) and Nion UltraSTEM100 (operating at 100 kV) at 

Oak Ridge National Laboratory. The Fourier Transform Infrared (FTIR) spectroscopy was 

conducted on a Thermo Nicolet Nexus 4700 FT-IR Spectrometer.

Computational methods. The calculation of the macroscopic electrostatic potential was 

carried out using density-functional theory as implemented in the Vienna Ab initio 

Simulation Package.57 The Perdew–Burke-Ernzerhof exchange-correlation functional 

was adopted and the plane-wave cutoff energy was set to 400 eV. The projector 

augmented wave method58 was used with the following potentials provided in VASP: 

Cs_sv_GW(5s25p66s1) for Cs, Pb_d_GW(5s25d106s26p2) for Pb, and Br_GW(4s24p5) for 

Br. We adopted the experimentally confirmed orthorhombic structure of CsPbBr3 

Page 29 of 45

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



30

nanocrystals.59 A Monkhorst-Pack k-point grid of 4 × 4 × 1 was used for sampling the 

Brillouin zone of the crystals with RP defects.
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