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Abstract 

Colloidal lead halide perovskite nanocrystals (NCs) have recently emerged as one of the most 

promising light-emitting materials for optoelectronic devices with outstanding performance. 

However, the facile detachment of surface capping organic ligands from these NCs leads to very 

poor colloidal stability and durability. This is mainly due to the weak interfacial interactions 

between the inorganic perovskite core and ligands, high density of surface defect states, and 

aggregation of NCs. Here, using a combination of time-resolved laser spectroscopy and density 

functional theory (DFT) calculations, we explored the major impact of surface orientations and 

terminations for both CsPbBr3 and Cs4PbBr6 NCs not only on the interfacial binding affinities with 

organic ligands but also on surface defect formation and NC aggregation. By rationalizing that 

surface trap states are responsible for the decrease in photoluminescence (PL) upon fabrication 

and purification, we propose a powerful ligand-engineering strategy for eliminating these trap 

states and preventing the aggregation of CsPbBr3 and Cs4PbBr6 NCs. Interestingly, we find that 

the surface orientation and dimensionality determine the degree of interfacial interactions between 

the inorganic perovskite core and ligands and subsequently control the overall PL intensity and 

NC stability. Our results demonstrate that a treatment of as-synthesized CsPbBr3 NCs consisting 

of the addition of extra oleylammonium bromide (OAmBr) as a capping ligand, allows the 

CsPbBr3 NCs to retain their green emission with increased PL intensity and quantum yields and 

improves colloidal durability. On the other hand, the ultraviolet emissions of Cs4PbBr6 NCs are 

effectively increased upon addition of extra cesium oleate (CsOL) as the trap states induced by 

surface cesium ions are largely reduced by the formation of Cs–O bonds. Our work provides a 

robust and adequate ligand engineering approach to significantly enhance the optical behavior of 
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perovskite NCs with different dimensionalities and various compositions and to achieve more 

efficient and stable light-harvesting devices. 

 

Keywords: perovskite nanocrystals, post-treatment, colloidal stability, surface binding energy, 

DFT calculations 
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INTRODUCTION 

Colloidal all-inorganic cesium lead halide perovskite nanocrystals (PNCs) are enabling a quantum 

leap in light harvesting technology and optoelectronic device efficiencies stemming from their 

tunable band gaps, narrow emission line widths, and high photoluminescence quantum yields 

(PLQYs).1-6 The outstanding optical features of PNCs have led to several promising optoelectronic 

applications, such as light-emitting diodes, scintillators, and lasers.7-13 Colloidal PNCs can be 

considered as a hybrid material containing an inorganic perovskite core (typically CsPbBr3 or 
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Cs4PbBr6) surrounded by organic ligands, usually oleylamine and oleic acid. Although the 

inorganic perovskite core is the optically active center, the overall optoelectronic performance of 

PNCs is also highly dependent on the surface coordination chemistry determined by the organic 

ligands.14-17 Due to the ionic nature of the perovskite lattices, colloidal PNCs suffer from poor 

long-term stability under ambient conditions once surface reconstruction occurs.18  

To address this issue, several strategies have been proposed to passivate NC surfaces by 

eliminating mid-gap trap states, thereby enabling the preservation of their nanostructure and 

ensuring their spectral and colloidal stability.14, 16, 19-21 For example, new zwitterionic capping 

ligands have been used to improve the durability and stability of CsPbX3 NCs (X = Cl-, Br-, and 

I-);21 to heal the surface trap states, it has been proposed to use a dual treatment with lead bromide 

and didodecyldimethylammonium bromide.17 However, the detachment of surface organic ligands 

from PNCs in organic solvents has a detrimental effect on the storage of PNCs, as they tend to 

further aggregate into nanoplates or nanocubes along specific surface orientations.22 Moreover, 

detailed investigations on how the surface orientations and terminations of PNCs control their 

binding affinities with organic ligands are still missing. Hence, in order to guide the further 

development of more stable PNCs with improved optical properties and increase the performance 

of light-harvesting devices, it is of paramount importance to provide a detailed understanding of 

the surface structures at the atomic level to guide chemists, material scientists and engineers to 

design and fabricate highly emissive and stable PNCs. 

Here, using density functional theory (DFT) calculations and time-resolved fluorescence 

spectroscopy, we systematically investigate the intrinsic surface properties of inorganic PNCs with 

different dimensionalities (i.e., 3D CsPbBr3 and 0D Cs4PbBr6 NCs), and study how the surface 

orientations and terminations influence the luminescence intensity and colloidal stability. 
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According to the calculated binding affinities with organic ligands, we propose a post-treatment 

strategy for improving the PL intensity and colloidal stability of PNCs. In the case of CsPbBr3 

NCs, we demonstrate that post-treatment with oleylammonium bromide (OAmBr) improves the 

colloidal durability while retaining high PL intensity and lifetimes by passivating the surface Br– 

ions. In the case of Cs4PbBr6 NCs, post-treatment with cesium oleate (CsOL) greatly increases the 

intensity and lifetime of ultraviolet emission, which can be attributed to a reduction in surface trap 

states induced by surface Cs+ ions. 

 

Figure 1. (a) Different views of orthorhombic-phase CsPbBr3 crystals. Optimized crystal 

structures and total density of states (TDOS) for (b) CsPbBr3 (001), (c) CsPbBr3 (100), and (d) 

CsPbBr3 (110) slabs with CsBr- and PbBr2-rich surfaces (the calculated surface energies are shown 

in the inserts). The surface energies and TDOS were calculated at the GGA/PBE+vdw level. 
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RESULTS AND DISCUSSIONS 

Surface Properties of CsPbBr3 NCs. To characterize the stable surfaces of CsPbBr3 NCs, we 

considered three representative surface orientations, i.e., the nonpolar (001) and (100) surfaces and 

polar (110) surfaces for orthorhombic-phase CsPbBr3, as illustrated in Figure 1a. Each nonpolar 

and polar surface is terminated either by a CsBr layer (CsBr-rich) or by a PbBr2 layer (PbBr2-rich) 

(see the complete symmetric slab structures in Figure S1). Among these surfaces, the (100) 

surfaces show lower surface energies compared to the (001) and (110) cases, which is inconsistent 

with previous calculations on cubic-phase CsPbBr3.
23 Also, CsBr-rich surfaces exhibit lower 

surface energies than PbBr2-rich surfaces, i.e., 65 vs 141 mJ/m2 for the (001) surface, 47 vs 126 

mJ/m2 for the (100) surface, and 144 vs 173 mJ/m2 for the (110) surface, which mainly due to the 

larger surface relaxation of PbBr2-rich cases.24 We further calculated the total density of states 

(TDOS) and corresponding electronic charge density distributions of CsPbBr3 slabs. In the case of 

the nonpolar (100) and (001) surfaces (Figures 1b and 1c), the TDOS retains electronic features 

similar to those in the CsPbBr3 bulk regardless of surface terminations; this implies that for the 

PbBr2-rich surfaces, the presence of surface dangling bonds related to under-coordinated Pb2+ ions 

does not induce any deep (mid-gap) trap states, which is in a good agreement with previous DFT 

calculations recently reported for the cubic-phase CsPbBr3.
24 In addition, for the PbBr2-rich 

surfaces, the valence band maximum (VBM) is delocalized on the top surface and the conduction 

band minimum (CBM) is delocalized in the CsPbBr3 bulk (Figure S2). In contrast, for the CsBr-

rich surfaces, the VBM is strongly delocalized in the bulk and the CBM is delocalized over the top 

two octahedral layers. It should be noted that the CsBr-rich (110) surface experiences the surface 

octahedral distortions, leading to the appearance of an additional state in the TDOS (slightly above 

the valence band edge), with the charge density highly delocalized on the top surface (Figure S2c). 
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Although the nonpolar (001) and (100) surfaces are calculated to be more stable than polar (110) 

surfaces, to conclude in realistic CsPbBr3 NCs, all the considered surfaces coexist, which means 

that proper surface passivation is needed to increase the colloidal stability of CsPbBr3 NCs by 

preventing their further aggregation.25
 

 

 

Figure 2. (a) Optimized crystal structures of the CsBr- and PbBr2-rich CsPbBr3 (001), CsPbBr3 

(100), and CsPbBr3 (110) slabs with R–NH3
+ and R–COO– adsorption, R = (CH2)6. (b) Calculated 

binding energies of the CsPbBr3 slabs adsorbed with R–NH3
+ or R–COO– at the GGA/PBE+vdw 
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level. (c) Schematic illustration of the functional groups (–COO– and –NH3
+) of organic ligands 

interacting with the surface atoms of CsPbBr3.  

 

Surface Ligand Binding with CsPbBr3 NCs. To understand the ligand capping and passivation 

mechanisms, we introduced shorter ligands [R–NH3
+ and R–COO–, R = (CH2)6] to mimic the 

oleylamine (OA) and oleic acid (OLA) ligands and estimated their binding affinities with the 

CsPbBr3 NC surfaces by DFT calculations (see the optimized structures in Figure 2a; the complete 

symmetric slab structures are shown in Figure S3). As illustrated in Figure 2b, the R–NH3
+ ligand 

tends to bind with surface Br– ions via hydrogen bonding interactions, while the R–COO– ligand 

binds with surface uncoordinated Pb2+ ions or Cs+ ions to form Pb–O or Cs–O bonds. For the 

nonpolar (001) and (100) surfaces, the binding energies (Eb) for R–COO– adsorption are in the 

range of -2.00 to -2.36 eV, slightly smaller than the Eb values for R–NH3
+ adsorption (-2.03 to -

2.48 eV), suggesting that both OA and OLA are effective capping ligands for passivating the 

surfaces of CsPbBr3 NCs. In the case of the polar (110) surface and CsBr-rich termination, the 

calculated Eb value for R–NH3
+ adsorption reaches -5.27 eV, which is much larger than that for 

R–COO– (-0.65 eV), mainly due to the strong hydrogen bonding formed between H atoms from 

R–NH3
+ and surface Br– ions (see Figure S4). Note that the ligand attachments do not affect the 

intrinsic charge density distributions of the CBM and VBM for these surfaces (see Figures S5-S7). 

Importantly, R–NH3
+ adsorption on the CsBr-rich (110) surface can eliminate the shallow trap 

state (see the TDOS in Figure S3e). This points to the need for extra OA ligands to stabilize the 

(110) surface of CsPbBr3 NCs, especially upon fabrication and purification, thus not only to reduce 

the trap states but also to suppress ligand detachment and any further aggregation along this 

direction. 
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Figure 3. (a) Absorption and PL spectra at day 0 and day 15, (b) integrated PL intensity collected 

over different days, and (c) time-resolved photoluminescence collected at day 0 and day 15, for 

the as-synthesized CsPbBr3 NCs and CsPbBr3 NCs (in an amount of 1 mL) post-treated via adding 

of 10, 20, and 50 μL oleylammonium bromide (OAmBr). The fitting parameters of the PL decays 

are given in Tables S1 and S2. 

 

Post-treatment of CsPbBr3 NCs with OAmBr. In view of our DFT calculations showing that 

R–NH3
+ ligands could serve as strong capping ligands for CsPbBr3 NCs, we synthesized these 

NCs by the well-established hot-injection method and further treated them (in an amount of 1 mL) 

by adding different amounts (10, 20 and 50 μL) of oleylammonium bromide (OAmBr). The X-ray 

diffraction (XRD) patterns confirm that all the CsPbBr3 NCs crystallize in the orthorhombic phase 

(see Figure S8). Figure 3a shows the absorption and PL spectra for CsPbBr3 NCs without and with 

OAmBr treatment in toluene. This surface treatment of the CsPbBr3 NCs has a minor impact on 

the absorption spectra and the PL peak at 512 nm, as well as the full width at half maximum 

(FWHM, ~18 nm), which is consistent with the unchanged NC size and shape (see the transmission 

electron microscopy (TEM) images in Figure S9). At day 0, the PLQY of the as-synthesized 
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CsPbBr3 NCs is 63% and it increases up to 68-73% after adding OAmBr. Figure 3b shows the 

degradation of the integrated PL intensity for CsPbBr3 NCs obtained over 15 days under ambient 

conditions. While a degradation of the integrated PL intensity (~48%) is observed in the untreated 

CsPbBr3 NCs, NCs treated with 50 μL OAmBr maintain ~98% of the initial integrated PL intensity 

at day 15. It is worth noting that these results are highly reproducible through our repeated PL 

spectra measurements (see Figure S10). 

Figure 3c shows the time-resolved PL decay curves fitted with a biexponential decay function 

(the fitting parameters are given in Tables S1 and S2), together with the average lifetimes (τavg). 

The PL decays consist of a fast decay component (τ1) that can be assigned to trap-assisted 

nonradiative recombination and a slow decay component (τ2) that can be attributed to free charge 

carrier recombination.26 At day 0, the average PL lifetime (τavg) of the as-synthesized CsPbBr3 NCs 

is 5.62 ns, a value slightly increases after OAmBr treatment (i.e., τavg = 5.95–6.13 ns). At day 15, 

the τavg of the as-synthesized CsPbBr3 NCs decreases from 5.62 ns to 3.11 ns, while those of treated 

NCs slightly decrease to 5.62–6.07 ns. Moreover, the TEM images indicate that as-synthesized 

and post-treated CsPbBr3 NCs incline to aggregate and to assemble into a large nanosheet, leading 

to the redshift of the excitonic peak in the absorption spectra (Figure 3a); while the treated CsPbBr3 

NCs are still well dispersed without aggregations (Figure S11). Thus, surface treatment with extra 

OAmBr is an effective way to maximize the PL intensity and increase the colloidal durability of 

CsPbBr3 NCs. While a similar strategy has been used to improve the stability of CsPbBr3 and 

CsPbI3 NCs,27-28 the passivation mechanism proposed here, in which extra oleylammonium with 

functional –NH3
+ groups is added, can both adequately passivate the CsBr-rich (110) surface and 

efficiently reduce the concentration of mid-gap trap states. 
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Figure 4. (a) Crystal structure of orthorhombic-phase Cs4PbBr6. Optimized crystal structures and 

total density of states (TDOS) for (b) Cs4PbBr6 (001) and (c) Cs4PbBr6 (110) slabs with Cs-

deficient and Cs-rich surfaces (the calculated surface energies are shown in the inserts). (d) 

Electronic charge densities for trap states induced by surface Cs+ ions. The surface energies and 

TDOS were calculated at the GGA/PBE+vdw level. 

 

Surface Properties of Cs4PbBr6 NCs. We now turn to Cs4PbBr6 NCs. Due to their zero-

dimensional character involving isolated octahedra separated by Cs+ ions, the representative (001) 

and (110) surfaces show similar structural features (the complete symmetric slab structures are 

shown in Figure S12). The surface terminations can be classified into two categories: 

stoichiometric Cs-deficient and nonstoichiometric Cs-rich surfaces. As shown in Figures 4b and 

4c, Cs-deficient surfaces have slightly lower surface energies than Cs-rich surfaces, i.e., 129 vs 

134 mJ/m2 for the (001) surface and 127 vs 146 mJ/m2 for the (110) surface. The TDOS and 

electronic charge densities for CBM and VBM of the Cs-deficient (001) surface retain almost the 

same electronic character as those in the Cs4PbBr6 bulk (Figures 4b and S13a); while the additional 

electronic state slightly below the CBM for the Cs-deficient (110) case originates from the surface 

hybrid state (see Figure S13b). The Cs-rich surfaces would induce an additional trap state below 
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the conduction band edge originating from the extra surface Cs+ ions, which leads to the highly 

localized electronic states (see Figure 4d and Figure S14). Such defect states are expected to 

provide a nonradiative channel associated with the degradation of the broadband ultraviolet (UV) 

emission, as observed in Cs4PbBr6 NCs at room temperature.29 

 

 

Figure 5. (a) Optimized interfacial structures of the Cs-deficient and Cs-rich Cs4PbBr6 (001) slabs 

and Cs-deficient and Cs-rich Cs4PbBr6 (110) slabs with R–NH3
+ and R–COO– adsorption, R = 

(CH2)6. (b) Schematic illustration of functional group (–COO– and –NH3
+) binding on the surface 

of Cs4PbBr6. (c) Calculated binding energies between the Cs4PbBr6 slabs and R–NH3
+ and R–

COO– at the GGA/PBE+vdw level. 

 

Surface Ligand Binding with Cs4PbBr6 NCs. We further estimated the binding affinities for R–

NH3
+ and R–COO– adsorption on the Cs4PbBr6 surfaces and evaluated the ligand passivation 
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effects (see the optimized structures in Figure 5a and the complete symmetric slab structures in 

Figure S15). As in the case of the 3D CsPbBr3 NCs, the R–NH3
+ ligand tends to bind to surface 

Br– ions through hydrogen bonding, while the R–COO– ligand binds with Cs+ ions on the surface 

via the formation of Cs–O bonds (Figure 5b). Overall, the binding energies for R–COO– ligand 

adsorption are larger than those for the R–NH3
+ ligand. For the Cs-rich (001) and (110) surfaces, 

the Eb values for R–COO– adsorption are -4.79 eV and -5.69 eV, respectively; those values are 

much larger than those in Cs-deficient cases (-2.64 eV and -2.00 eV), suggesting that R–COO– 

ligands are effective capping ligands for passivating extra Cs+ ions on the surface. Significantly, 

our results demonstrate that R–COO– adsorption on Cs4PbBr6 surfaces eliminates the mid-gap trap 

states generated by surface Cs+ ions, as well as the surface localized states (see Figures S16 and 

S17). 

 

Figure 6. (a) Absorption and PL spectra at day 0 and day 14, (b) integrated PL intensity collected 

over 14 days, and (c) time-resolved photoluminescence collected at day 0 and day 14 for the as-

synthesized Cs4PbBr6 NCs and Cs4PbBr6 NCs (in an amount of 1 mL) post-treated upon addition 

of 10, 50, and 100 μL cesium oleate (CsOL). The fitting parameters for PL decays are given in 

Tables S3 and S4. 
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Post-treatment of Cs4PbBr6 NCs with CsOL. To verify the results of our DFT calculations 

suggesting that the R–COO– ligands can serve as capping ligands and prefer to bind on Cs4PbBr6 

NC surfaces, we synthesized these NCs via the hot-injection method5 and further treated them (in 

an amount of 1 mL) by adding different amounts (10, 50, and 100 μL) of cesium oleate (CsOL). 

Note that the as-synthesized NCs have broadband emissions only in the 310–500 nm spectral 

region. From the absorption and PL spectra of Cs4PbBr6 NCs in toluene, we find that the absorption 

peak at approximately 310 nm and the broadband UV emission centered at approximately 380 nm 

are almost unchanged upon addition of extra CsOL. Also, the addition of CsOL did not 

significantly impact the NC size and morphology (see the XRD patterns in Figure S18 and TEM 

images in Figure S19). The degradation of the integrated PL intensity of Cs4PbBr6 NCs over 14 

days without and with extra CsOL is shown in Figure 6b. At day 0, there is a negligible change in 

the PL intensity before and after CsOL treatment, and the time-resolved PL decays show an 

average PL lifetime of ~230 ps. However, starting from day 3, the addition of CsOL led to an 

enhancement in PL intensity, especially upon addition of 100 μL CsOL during treatment. After 

day 3, the Cs4PbBr6 NCs (in an amount of 1 mL) treated with 100 μL CsOL maintain ~80% of the 

day 3 PL intensity even under ambient conditions after 14 days, which can be well reproduced 

through the repeated PL spectra measurements (see Figure S20). Note that the PL intensity of 

Cs4PbBr6 NCs was gradually enhanced by the post-treatment, as confirmed by the integrated PL 

intensities obtained from the first 12 hours (see Figure S21). It is also worth mentioning that the 

PLQY of the as-synthesized Cs4PbBr6 NCs is quite low (below the detection limit) and increases 

up to ~1.1% after the 100 μL CsOL treatment. Moreover, with CsOL treatment, the PL lifetimes 

of the Cs4PbBr6 NCs are greatly prolonged, up to 1.52–2.47 ns, indicating that the NC surface 

defects are largely reduced, which significantly suppresses nonradiative recombination. This is 
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also supported by our DFT calculations showing that the strong binding between R–COO– and Cs+ 

ions on Cs4PbBr6 surfaces can eliminate the mid-gap trap states. Therefore, the strong binding of 

–COO– groups from extra CsOL onto the Cs4PbBr6 NC surface can enhance the optical properties 

and stability of UV-emissive Cs4PbBr6 NCs in toluene solution. 

 

CONCLUSIONS 

In summary, we have reported a powerful ligand-engineering approach that not only contributes 

to eliminate trap states, but perhaps more importantly, prevents the aggregation of CsPbBr3 and 

Cs4PbBr6 NCs. Taken together, these effects lead to significant improvements in the NC optical 

behavior and stability. More specifically, based on the calculated surface energies and binding 

affinities with organic ligands along with time-resolved photoluminescence results, we find that –

NH3
+ groups can strongly bind to Br– ions on the surface of CsPbBr3 (110), while –COO– groups 

can strongly link to Cs+ ions on the Cs4PbBr6 surface; in both instances, the main result is the 

removal of surface trap states. The time-resolved data show that the addition of extra 

oleylammonium bromide into colloidal CsPbBr3 NCs leads to an increase in their PL intensity 

while retaining their bright green emission for more than 15 days in toluene, in comparison to the 

as-synthesized NCs. On the other hand, the addition of extra cesium oleate into colloidal Cs4PbBr6 

NCs enhances the PL intensity of the UV emissions as well as the colloidal stability in toluene 

solution. Our study indicates that post-treatment with appropriate ligands for CsPbBr3 and 

Cs4PbBr6 NCs is an effective strategy to improve their performance in light-emitting related 

devices. We suggest that ligand-engineering approaches can be extended to other semiconductor 

materials with different compositions and dimensionalities. 
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EXPERIMENTAL SECTION 

Material and Synthesis. Cs2CO3 (cesium carbonate, 99%, Sigma-Aldrich), OLA (oleic acid, 90%, 

Sigma-Aldrich), OA (oleylamine, 90%, Sigma-Aldrich), PbBr2 (lead bromide, 99.99%), ODE (1-

octadecene, 90%, Sigma-Aldrich), toluene (99.8%, Sigma-Aldrich), HBr (hydrobromic acid, 

99.9999%, 48% w/w aq. solution, Alfa Aesar), and ethanol (99%, Sigma-Aldrich) were used 

without further purification. 

OAmBr solution: Briefly, 100 ml of ethanol and 12.5 ml of OA were combined in a 100 mL 3-

neck flask and vigorously stirred. The reaction mixture was cooled in an ice-water bath, and 8.5 

ml of HBr was slowly added. The mixture was allowed to react overnight while purging with N2, 

the solvent was evaporated under vacuum, and the product was washed with diethylether. The 

product was further dried, and a white powder of OAmBr was obtained. Then, 350 mg of OAmBr 

was dissolved in 10 mL of toluene and 0.1 M solution of OAmBr was obtained. 

CsOL solution: 163 mg of Cs2CO3 and 0.5 ml of OLA were loaded into 9.5 ml of toluene, and the 

solution was stirred and degassed at 100 °C until Cs2CO3 completely dissolved. Eventually, a 0.1 

M CsOL solution was obtained. 

Synthesis of CsPbBr3 NCs: CsPbBr3 NCs were synthesized by the hot-injection method. First, 

0.203 g of Cs2CO3 was loaded into a 50 ml round bottom flask with 10 ml of ODE and 0.625 ml 

of OA. The solution was stirred and degassed at 120 °C under vacuum for 1 h until all Cs2CO3 

dissolved to obtain a clear solution as a cesium oleate precursor. PbBr2 (350 mg) was loaded into 

a flask with 25 ml of ODE, and the mixture was dried under vacuum for 1 h at 120 °C. OLA 

(2.5 mL) and OA (2.5 mL) were injected with N2 purging, and the solution was stirred until the 

PbBr2 fully dissolved. The temperature was increased to 180 °C, and 2 mL of the cesium oleate 

precursor was quickly injected. After 5 s of reaction, the flask was cooled in an ice-water bath. 
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Then, the solution was centrifuged at 10000 rpm for 5 min, washed with toluene, and centrifuged 

again. The CsPbBr3 NCs were collected by dispersion in 5 ml of toluene. 

Synthesis of Cs4PbBr6 NCs: Cs4PbBr6 NCs were also synthesized by the hot-injection method. 

First, 0.5 g of Cs2CO3 was dissolved in 10 ml of OA in a round bottom flask and degassed at 

120 °C under vacuum for 1 h. Then, 147 mg of PbBr2 was dissolved in 20 mL of ODE, 0.8 mL of 

OLA, and 6 mL of OA in a round bottom flask and heated to 120 °C until fully dissolved, at which 

point the solution was cooled to 80 °C. Briefly, 3 mL of the previously prepared CsOL solution 

was injected, and the color of the solution turned white. After 10 min, the solution was cooled to 

room temperature. The solution was centrifuged at 10000 rpm for 5 min and dispersed in 5 ml of 

toluene. 

Post-treatment with OAmBr: Briefly, 1 mL of CsPbBr3 NCs (35.1 mg/mL) were mixed with 10 

μL, 20 μL, and 50 μL OAmBr solution in toluene and 90 μL, 80 μL, and 50 μL of toluene was 

added accordingly to keep the total amount of solution same (1.1 mL) for the characterizations. 

Post-treatment with CsOL: Briefly, 1 mL of Cs4PbBr6 NCs (20.8 mg/mL) was mixed with 10 μL, 

50 μL, and 100 μL CsOL solution in toluene and 90 µL, 50 μL, and 0 μL of toluene was added 

accordingly to keep the total amount of solution same (1.1 mL) for the characterizations. 

Steady-State Photoluminescence and Absorption Measurements. Solutions of CsPbBr3 and 

Cs4PbBr6 NCs were prepared for steady-state photoluminescence and absorption measurements, 

respectively. A Cary 5000 UV-vis spectrometer (Agilent Technologies) was used for absorption 

measurements in the range from 300 nm to 600 nm. A FluoroMax-4 spectrofluorometer (Horiba 

Scientific; a slit width of 2 nm and a scan rate of 500 nm/min) was used to record the 

photoluminescence spectra. The excitation wavelength used for nanocrystals was set at 375 nm for 

CsPbBr3 NC solutions and 310 nm for Cs4PbBr6 NC solutions. 
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Transmission Electron Microscopy (TEM) Measurements. TEM images were acquired using a 

Tecnai transmission electron microscope with an acceleration voltage of 120 keV. It is worth 

noting that the nanocrystals were not stable under irradiation with electron beams and tended to 

decompose within a short period of time (< 5 s). 

X-ray Diffraction Measurements. Powder X-ray diffraction was performed using a Bruker AXS 

D8 diffractometer with a Cu-Kα radiation source (λ = 1.5406 Å). The samples were prepared as a 

film through a spin-coating process. 

Time-resolved Photoluminescence Measurements. PL lifetime measurements on films were 

performed using the time-correlated single-photon counting technique (TCSPC). The setup was 

based on a modified confocal microscope (Olympus IX71). The sample was excited at 375 nm for 

CsPbBr3 NC solutions and 310 nm for Cs4PbBr6 NC solution with a pulsed diode laser (70 ps, 

HORIBA, Delta Diode) focused through a 10×0.4 NA microscope objective (Olympus) that was 

also used to collect the emission. The interpulse duration was set to be longer than the PL decay 

time to ensure complete relaxation (10 MHz), and the intensity of the pulses was adjusted with a 

set of neutral density filters (Thorlabs) to ensure that less than 1% of the excitation events resulted 

in single-photon detection. Longpass 480 nm and bandpass 510 nm filters were used to reject 

scattered laser light and select the emission detection range. The filtered PL signal was sent to an 

avalanche photodiode (PDM series, Micro Photon Devices). TCSPC data were collected using a 

HydraHarp 400 acquisition controller (PicoQuant). The overall time resolution of the system was 

better than 150 ps. The histograms obtained were fitted with the SymphoTime64 software 

(PicoQuant) using the Levenberg-Marquardt iteration algorithm as implemented in the software. 

Computational Methods. We performed density functional theory (DFT) calculations via the 

projector-augmented wave (PAW) method as implemented in the VASP code.30-31 The generalized 
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gradient approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional were employed. Furthermore, van der Waals (vdW) interactions were also included to 

optimize the crystal structures of orthorhombic-phase CsPbBr3 and Cs4PbBr6 using the zero 

damping DFT-D3 method of Grimme. Uniform grids of 6×6×4 and 6×6×6 k-mesh in the Brillouin 

zone were used for the orthorhombic-phase CsPbBr3 and Cs4PbBr6 bulk, respectively. 2×2×1 

CsPbBr3 and Cs4PbBr6 slabs were used for the ligand/perovskite interface calculations; the 

Brillouin zone was sampled by a 2×2×1 k-mesh. The plane-wave basis set cutoffs of the 

wavefunctions were set at 500 eV for the bulk and 450 eV for slab structures. To study the 

interactions between ligands and perovskites, R–NH3
+ or R–COO– molecules, R = (CH2)6, were 

placed on both the top and bottom surfaces of CsPbBr3 and Cs4PbBr6 slabs. The atomic positions 

of all slabs without and with ligand adsorption were fully relaxed until the supercells had forces 

on each atom less than 0.02 eV/Å. 

The surface energies were calculated using the bond cleavage and surface relaxation method 

following the equation: Esurface = Ecl + Erel.
23, 32 Ecl is the bond-cleaving energy, defined as 𝐸𝑐𝑙  =

1

2𝐴
 (𝐸𝑠𝑙𝑎𝑏(𝑢𝑛𝑟𝑒𝑙) −

𝑁𝑠𝑙𝑎𝑏

𝑁𝑏𝑢𝑙𝑘
𝐸𝑏𝑢𝑙𝑘) , and Erel is the surface relaxation energy, defined as 𝐸𝑐𝑙  =

1

2𝐴
 (𝐸𝑠𝑙𝑎𝑏(𝑟𝑒𝑙) − 𝐸𝑠𝑙𝑎𝑏(𝑢𝑛𝑟𝑒𝑙)), where Ebulk is the total energy of the bulk; Eslab(unrel) and Eslab(rel) are 

the total energies of the unrelaxed and relaxed slabs, respectively; Nslab and Nbulk are the number 

of atoms in the slab and in the bulk; and A is the surface area. The binding energies were calculated 

following the equation: 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔  =
1

2
 (𝐸𝑡𝑜𝑎𝑙 − 𝐸𝑝𝑒𝑟𝑜𝑣𝑠𝑖𝑡𝑒 − 𝐸𝑙𝑖𝑔𝑎𝑛𝑑) , where Etotal is the total 

energy of the slab with ligand adsorption; Eperovskite is the energy of the CsPbBr3 or Cs4PbBr6 slab; 

and Eligand is the energy of the organic ligand. 
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