
SYNTHESIS, SELF-ASSEMBLY AND REGROWTH OF LEAD 
HALIDE PEROVSKITE NANOCRYSTALS 

 

 

 

 
 

Dissertation by 
 
 

Jiakai Liu 
 
 
 
 
 
 
 
 
 

In Partial Fulfillment of the Requirements 
 
 

For the Degree of 
 
 

Doctor of Philosophy 
 
 
 
 
 
 
 
 
 

King Abdullah University of Science and Technology 
 
 

Thuwal, Kingdom of Saudi Arabia 
 
 

OCTOBER, 2020 
 
 



 

 

2 

EXAMINATION COMMITTEE PAGE 

 
The dissertation of Jiakai Liu is approved by the examination committee. 
 
 
 
 

 

 

 

Committee Chairperson: Prof. Omar F. Mohammad 

Committee Members: Prof. Osman M. Bakr, Prof. Husam N.Alshareef, Prof. Jun Pan 

 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 

© OCTOBER, 2020 
 
 

Jiakai Liu 
 
 

All Rights Reserved 
 
 

 



 

 

4 

ABSTRACT 

Synthesis, Self-assembly and Regrowth of Lead Halide 
Perovskite Nanocrystals 

Jiakai Liu 

 

Over the last decade, impressive development in lead halide perovskites (LHPs) 

have made them leading candidate materials for photovoltaics (PVs), X-ray scintillators, 

and light-emitting diodes (LEDs). The success of LHPs NCs in lighting and display 

applications is mainly originated from their high photoluminescence quantum yield 

(PLQY), narrow emission, sizable bandgap, and cost-effective fabrication. 

Consequently, a comprehensive understanding of the design principles of LHP NCs 

will fuel further innovations in their optoelectronic applications. 

This dissertation centers on the synthesis and self-assembly of LHP NCs. At first, 

we investigate the capability of colloidal synthetic routine to engineer the shape, size, 

and dimensionality of the resulting LHPs NCs (chapter 2), including 0D nanospheres, 

2D nanoplates, and 3D nanocubes. Starting from the LHPs NCs, nanoplates (chapter 

3), nanowires (chapter 4), and superstructures (chapter 5) are successfully achieved via 

various self-assembly strategies. In chapter 3, we present a liquid-air interfaces-assisted 

self-assembly technique to obtain micro-scale CsPbBr3 nanoplates from as-synthesized 

nanoscale NCs. The AC-HRTEM offered an atomic-level observation during the 

structural evolution and revealed an oriented attachment-mediated assembly 

mechanism. The assembled CsPbBr3 nanoplates exhibited ultrahigh stability under X-

ray energy dispersive spectroscopy (EDS) mapping conditions (300-kV electron beam), 

and the first atomic-resolution EDS elemental mapping data of LHP NCs were acquired. 
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In chapter 4, we demonstrate an efficient green-chemistry approach for the self-

assembly of CsPbBr3 NCs into 1D nanowires and nanobelts via the light induction. As 

an elegant and promising green-chemistry approach, light-induced self-assembly 

represents a rational method for designing perovskites. In chapter 5, we will explore 

the self-assembly of CsPbBr3 NCs into superstructures to overcome the ‘green gap’ to 

achieve a pure green emission with high PLQY for realizing next-generation vivid 

displays.  

In summary, we systematically investigated the mechanisms of LHP NC self-

assembly, the kinetics of their morphological evolution and phase transitions, and 

driving forces that govern the self-assembly process. The assembled LHP NCs manifest 

desirable properties (e.g., superfluorescence, improved photoluminescence lifetime, 

enhanced stability against moisture, light, electron-beam irradiation, and thermal-

degradation) that translate into dramatic improvements in device performance. 
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Chapter 1 Introduction 

1.1 Introduction of Lead Halide Perovskites (LHPs) Nanocrystals 

(NCs) 

Perovskite initially referred to a mineral compound calcium titanate (CaTiO3), 

discovered by Prussian mineralogist Gustav Rose in 1839, and named in honor of Count 

Lev A. Perovski.1 The materials that share the same basic crystal structure as the 

CaTiO3 are all named as perovskite. Lead halide perovskites (LHPs), were first reported 

in 1893,2 with the general formula ABX3 (A = organic ammonium cation, Cs+ ; B = 

Pb2+ ; X = Cl-, Br-, I-), possessing the same frameworks as CaTiO3. The [BX6]4+ 

octahedra are basic building blocks, where B locates at the center of the octahedra and 

X lies in the corner around B (Figure 1.1a).3 Correspondingly, the ‘A’ cations occupy 

12-fold coordinated voids within the structure and counterbalance the charge of the 

[BX6]4- extended anion. The MX6 octahedra form an extended corner-sharing three-

dimensional (3D) network (Figure 1.1b). 
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Figure 1.1 (a) The basic perovskite structure and (b) their corner-shared MX6 octahedra 

network structure. Reproduced with permission from ref 3. Copyright Royal Society of 

Chemistry. 

However, after a century of silence, the LHPs were rejuvenated until Kojima et al. 

incorporated them into photovoltaic (PV) devices in 2009.4 Over the last decade, the 

LHPs have attracted great interest in PV in a short time,5-7 with power conversion 

efficiency (PCE) of solar cell exceeding 25%.8 These tremendous achievements stem 

from their superior photovoltaic and optoelectronic properties, including long charge 

carrier lifetime, long diffusion length, high mobility, low trap density, intense 

photoluminescence (PL), strong light absorption coefficients, easy-to-tunable traits, 

electronic structures with providing direct tunable bandgaps, and the processability of 

low-temperature solution.9-11 

 

Figure 1.2 (a) Schematic of the LHPs CsPbX3 NCs lattice. (b) TEM image of CsPbBr3 

NCs. (c) Colloidal CsPbX3 (X = Cl, Br, I) NCs dispersed in toluene under an ultraviolet 

(UV) lamp (λ = 365 nm). (d) Representative PL spectra of CsPbX3 (X = Cl, Br, I) NCs. 

(e) The comparison of CsPbX3 NCs (black data point) and current common color 

standards, e.g., liquid-crystal display (LCD) TV with dashed white triangle and 

National Television Standards Committee (NTSC) TV with solid white triangle in CIE 
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chromaticity coordinates. Reproduced with permission from ref 9. Copyright 2015 

American Chemical Society. 

In addition to their excellent performances in light absorption and charge transport, 

LHPs derivatives have also been proven to be geniuses for capturing charges to 

generate light.9 Their excellent color purity and relatively low nonradiative 

recombination rates make them promising candidates for light-emitting diodes 

(LEDs)12. Unfortunately, the nature of low formation energy of LHPs and small exciton 

binding energy in the LHPs bulky state have led to the limitation of low 

photoluminescence quantum yield (PLQY), and also their long diffusion length of 

charge carriers also led to a large chance of diffusing to a trap state, and then undergoing 

subsequent nonradiative recombination, thereby reducing the PLQY in bulk structures. 

These two reasons render scientists to reduce their sizes to quantum-confinement size 

regime in order to effectively minimize exciton dissociation and enhance radiative 

recombination, thereby enhancing the PLQY. In a word, deriving to the strong quantum 

confinement, the nanocrystals (NCs) are typically far outperforming the bulk thin films 

in terms of light emission and optoelectronic device performance. In 2013, Schmidt et 

al.13 first reported the solution-based colloidal approach to synthesize LHPs NCs, and 

successfully prepared the MAPbBr3 NCs with a PLQY of 20%. Shortly thereafter, the 

classical hot-injection method was extended to the synthesis of monodisperse CsPbX3 

NCs by Protesescu et al.9 Based on their prominent work (see Figure 1.2), LHP NCs 

have been optimized toward the full visible spectral range (and beyond), with a pretty 

narrow (12-42 nm) full width at half-maximum (FWHM), a PLQYs of close to 100%, 

and a superior color gamut (up to 140% of NTSC standard). 
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Figure 1.3 Progress and representative achievements in PeLEDs from 2014 to present 

(blue line for blue LEDs, green line for green LEDs, and red line for red LEDs). 

Reproduced with permission from ref 14. Copyright 2019 Wiley. 

Inspired by rapid improvement in LHPs synthesis and fabrication techniques 

(mainly referring to thin film and NCs), the research on perovskite LEDs (PeLEDs) has 

brought a boom in external quantum efficiency (EQE) values. After six years of rapid 

development, the performance of PeLEDs device can compete with that of the organic 

LEDs, as shown in Figure 1.3, which exhibits the picture of the latest progress of red-, 

green- and blue-emitting PeLEDs. LHPs NCs have been proven promising candidate 

materials for lighting and backlight display with their unique optical properties. 

Comparing with traditional quantum dots (QDs) (e.g., CdSe, InP), LHPs NCs exhibit 

much narrower emission wavelength and superior brightness. 

1.2 Size, Morphologies, and Dimensionalities of LHPs NCs 

The quantum-confined nanostructures can be achieved by controlling morphological 

dimensionality or reducing structural dimensionality (Figure 1.4).15 By controlling the 
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morphological dimensionality (Figure 1.4b), LHP NCs with different shapes and sizes 

(e.g., nanospheres, nanocubes, nanowires, nanoplatelets, nanosheets, and nanocuboids) 

have been successfully developed.16-18 In fact, they are inherently built with corner-

shared PbX6 octahedra and their inside crystallographic structures indeed identify to 

that of 3D LHPs. Therefore, in most cases, their chemical formulas remain to express 

by APbX3 and their optoelectronic properties derived from corresponding 3D APbX3 

LHPs but with quantum confinement. 
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Figure 1.4 (a) LHPs quantum confinement nanostructures can be achieved by reducing 

the morphological dimensionality and decreasing the structural dimensionality. 

Reproduced with permission from ref 15. Copyright 2020, Nature Publishing Group. (b) 

Crystal structures of LHPs in different morphological dimensionalities. (c) Molecular 

level dimensional LHPs. 

Similar to classic semiconductors NCs (e.g., PbS, CdSe, InP, and CuInS2) synthesis 

strategies, the size and shape control (e.g. QDs, nanocubes, nanorods/nanowires, and 

nanoplatelets/nanosheets) can be finely engineered by modulation the ligands, reaction 

time, and temperature. As a common rule, the employment of oleic acid (OA) and 

oleylamine (OAm) at relatively low temperatures (90-130 °C) are prone to limit the 

anisotropic growth of NCs, producing quasi-2D nanoplates.18 Further elevating the 

reaction temperatures (170-200 °C) and elongating reaction times will result in the 

formation of nanowires.17 To explore the contribution to CsPbBr3 NCs morphology 

evolution from ligands, a systematical study was conducted by changing the chain 

length of the alkyl amines and carboxylic acids (see Figure 1.5).16 In one series of 

experiments (maintaining a fixed amount of OAm), different carboxylic acids were 

added (at 170 °C). If shortened the chain length of carboxylic acids, the average size of 

CsPbBr3 nanocubes increased from 9.5 to 13 nm. Furthermore, through working on OA 

and decreasing the temperature to 140 °C, nanoplates with a thickness of 2.5 nm and a 

width of 20 nm were produced. In the second series of experiments with a fixed dose 

of OA, different alkylamines were tested. In all of these experiments, only nanoplates 

were formed, except for the group that used OAm at high temperature (170 °C). 
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Figure 1.5 Shape and size control of CsPbBr3 NCs. Reproduced with permission from 

ref 16. Copyright 2016 American Chemical Society. 

Alternatively, by inserting appropriated large organic cations into the 3D corner-

shared frameworks, LHP nanostructures with reduced dimensionality have been 

successfully developed and studied (Figure 1.4c and Figure 1.6).19 [PbX6]4-, the 

building unit of LHPs can be settled in different ways, such as connected in 3D, two-

dimensional (2D, AB2X5), one-dimensional (1D, A4BX6) modes, and isolated to form 

a zero-dimensional (0D, A4BX6) crystal structure (Figure 1.6).20 Specifically, a 2D 

layered LHP structure can be evolved by slicing 3D structure along specific 

crystallographic planes (Figure 1.6d). When the 2D LHPs are further sliced, the 

octahedra are connected only along one axis, classified 1D LHPs (Figure 1.6e). 0D 

nanostructures is the extreme case, which the isolated octahedra or octahedrabased 

clusters are formed by further slicing of 1D structures (Figure 1.6f). Because of the 

strong quantum confinement and isolated sites, the molecular-level low-dimensional 



 

 

29 

LHPs display prominent and distinguished properties that are remarkably contrary to 

those of APbX3 perovskites. 

 

Figure 1.6 Schematically illustrate the connection of PbX6 octahedra unit in low-

dimension LHPs and their formation process. (a) LHP 3D unit cell. (b) The projection 

on the (010) plane of LHP 3D structure. (c) 3D structure is cut along n{100} planes to 

form quasi-2D LHPs; (d) 3D is sliced along the {100} plane to form 2D LHPs, 

presenting octahedra connection along two axes. (e) 2D structure is sliced along the 

(010) plane to form 1D LHPs, with a featuring of octahedra networking along one axis. 

(f) 1D structure is further sliced along the (001) plane to form 0D LHPs, demonstrating 

the isolated octahedra. Reproduced with permission from ref 20. Copyright 2017 

American Chemical Society. 

1.3 Synthesis Methods of LHPs NCs 

Inspired by the tremendous accomplishments of LHPs NCs in the field of PV and 

LED fields, numerous synthesis methods have been developed to obtain LHPs NCs 

with varieties of structures, dimensions, shapes, and sizes. To date, two of the most 

popular synthesis strategies for colloidal LHP NCs have been widely employed, 



 

 

30 

including the hot injection (HI) method and the ligand assisted reprecipitation (LARP) 

method. 

1.3.1 HI Strategy and LARP Approach 

HI Synthesis Approach: The key element in HI synthesis is the creation of a rapid 

supersaturation of precursor by abrupt injection into a high-temperature solvent 

medium with capping ligands. The capping ligands commonly assist to mediate NC’s 

growth as well as stabilize the NCs. The development of the surfactant-assisted HI 

synthesis route enables to obtain of highly luminescent all-inorganic LHPs NCs 

(CsPbX3), through the fast injection of a precursor (Cs-oleate) into a high-boiling-point 

solvent, including the PbX2 precursors and capping ligands (OA and OAm), as 

illustrated in Figure 1.7. Such reactions occur within several seconds. After injection, 

simultaneously, rapid nucleation bursts with producing of small nucleus, and the 

resulting NCs are generally formed as nanocubes.9 The obtained LHPs NCs are purified 

and stored in polar solvents, e.g., toluene or hexane. Normally, the key parameters that 

control the shape and size of colloidal NCs synthesized are (i) the amounts of capping 

ligands; (ii) reaction temperature and time; and (iii) the concentration of the precursors. 
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Figure 1.7 Schematic of the HI method employed for LHP NCs synthesis. Reproduced 

with permission from ref 16. Copyright 2019 American Chemical Society. 

One major drawback of the synthesis strategy from Protesescu et al.9 is that the metal 

halide salts (e.g., PbBr2) are used as both anion and cation precursors, which limits the 

possibility to bring the expected stoichiometry (1:1:3). To counterbalance the halide 

ions, ZnBr2 was introduced as an additional Br ions source combined with PbBr2 

precursor.21 As a consequence, the halide-rich CsPbBr3 NCs demonstrate with 

compositions of Cs:Pb:Br = 1.0:1.2:3.4, while the one without ZnBr2 displays Cs:Pb:Br 

= 1.0:1.0:2.8. Liu et al.22 further improved the halide-rich CsPbX3 NCs synthesis 

approach, called ‘three-precursor’ systems. By introducing NH4X (X = Cl, Br, or I) and 

PbO to replace of the PbX2 (X = Cl, Br, or I),  the prepared Br-rich CsPbX3 NCs exhibit 

enhanced optoelectrical properties and remarkable stability. Attributed to the easier 

decomposition of alkylammonium halide precursors, hence, the introduction of 

different halide sources has been continuously explored. Imran et al.23 employed 

benzoyl halides as halide precursors, and applied it to synthesis a whole family of LHP 

NCs (CsPbX3, MAPbX3, FAPbX3; X = Cl−, Br−, I−), where the size distribution and 

phase purity can be well controlled. Pradhan24 found that the alkylammonium halide 

can significantly affect the thermal stability of LHP NCs. Thus, it becomes possible to 

perform the annealing of reaction at a temperature up to 280 °C and for a longer time 

(up to 5 hours). A systematical investigation of experimental parameters, e.g., precursor 

ratio, reaction temperature and reaction time were revealed.25 

The HI strategy normally has to be fulfilled in the inert atmosphere and high 

temperatures (140 - 200 ̊ C), which definitely increased costs and might limit the output 

yield. To overcome these disadvantages, a more cost-effective means, LARP, was 
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developed as an alternative method to generate high-quality LHPs NCs at the ambient 

atmosphere and room temperature. 

LARP Synthesis Approach: As an alternative synthesis strategy for LHPs NCs, it 

was proposed by Zhang et al.26, based on the fast destabilization of molecular solutions. 

In brief (see Figure 1.8), all of the precursors, lead halide source and alkylammonium 

halide, are first dissolved combined with capping ligands (e.g., OAm and OA) in the 

aprotic polar solvent (often dimethylformamide (DMF)). A nonpolar solvent such as 

toluene is then suddenly injected. Recrystallization occurs after the injection of 

precursors. Due to the injection of a large amount of nonpolar solvent, the solubility of 

LHP NCs decrease rapidly, which stimulates the nucleation of LHP NCs. Here, it is 

indispensable for the organic ligands to control the size of NCs and their dispersion. 

Figure 1.8 schematically illuminates the recrystallization formation progress. Thanks 

to the effects of room temperature and ambient atmosphere, the LARP method is 

capable of reducing the costs and improving the batch-to-batch reproducibility, 

providing a promising route towards the low-cost and large-scale production of LHPs 

NCs. 
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Figure 1.8 Schematic of the LARP method employment for the synthesis of colloidal 

LHP NCs. 

1.3.2 Other Methods 

In addition to the above-mentioned HI and LARP strategies, large numbers of 

alternative approaches have been developed to pursue the highly luminescent and large 

yield LHPs NCs, such as ultrasonication-assisted method,27 solvothermal method,28 

microwave-assisted method,29 mechanically milling or grinding,30 as well as  chemical 

exfoliation, as shown in Figure 1.9. 

 

Figure 1.9 Schematic illustration of the synthesis of colloidal LHPs NCs with different 

methods: (a) ultrasonication-assisted method, (b) solvothermal method, (c) microwave-

assisted method, and (d) mechanically grinding method. All images were modified with 

permission from refs (a),27 (b),28 (c),29 and (d).30 Reproduced with permission from ref 

31. Copyright 2018 American Chemical Society. 

1.4 Self-Assembly and Regrowth of LHPs NCs 

Constructing nanomaterials with a desired structure and function has been an aim of 

nanotechnology. The spontaneous arrangement of individual components into 

organized structures, i.e., self-assembly and regrowth, is one of the most facile ways to 

achieve this target.32-33 The self-assembly of NCs into larger, long-range-ordered 

macroscopic arrays,34-35 superlattices,36-37 and larger crystals38 could provide a set of 
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unique properties, including enhanced mechanical strength,39 electronic couplings,40 

improved charge carrier transport,41-43 and superior stability,44 compared with those of 

their individual constituents. Therefore, these macroscopic assembled nanostructures 

have stimulated the development of a wide range of applications in optoelectronic and 

thermoelectric devices and catalysis.41, 45 Moreover, the bottom-up self-assembly and 

regrowth strategy provides a simple but effective platform for producing diverse NC 

ensembles, in contrast to top-down techniques that require elaborate facilities and 

produce limited structures.32, 35 

 

Figure 1.10 Schematic illustration of the self-organization of LHP colloidal NCs into 

highly ordered superlattices and regrowth into large microstructures. 

Unlike traditional chalcogenide NCs, LHP NCs are soft ionic materials that possess 

unique features,10, 46-47 such as highly dynamic surface ligands,48-49 rapid anion 
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exchange,50-52 and ease of ion migration,53 which facilitate their regrowth and the 

rearrangement of their overall appearance (Figure 1.10). Consequently, the regrowth 

of LHP NCs can subsequently occur after the self-assembly.54-55 LHP NCs, ideally 

suited for self-assembly and regrowth, their organization and fusion into targeted 

nanostructures have been pursued as one way to modulate their optoelectronic 

properties. One example is the self-organized 3D superlattices, exhibiting key 

signatures of superfluorescence,56 with red-shifted PL,56-57 and extremely long exciton 

diffusion length.58-59 These closely packed superlattices with long-range order, which 

accommodate a high density of exciton states of low energetic disorder and a long 

dephasing time, allowing for the construction of macroscopic quantum states.60 

Importantly, the electronic behaviors, such as conductivity and carrier mobility, can be 

substantially modulated when assembled NCs into close-packed assemblies, which 

benefits for fabricating high-performance devices. Moreover, the fused LHP 

nanostructures can lower defect density and thus exhibit significantly enhanced 

stability against moisture,61-62 light,63 and electron-beam irradiation64 compared with 

their individual NC counterparts, offering one route to improve the inherent 

vulnerability plaguing LHPs. As a result, these nanostructures have been employed in 

fabricating LEDs,57 X‐ray scintillation,58 laser,60 and potentially applying in 

nanoantennas65 and photoelectric-compatible quantum processors.60 However, studies 

of LHP self-assembly and regrowth are not as intensive as those pertaining to NC 

synthesis. As a consequence, the mechanism of facets directed connecting and shape 

modulations have not yet clearly elucidated. Therefore, many of the finer details 

regarding their self-assembly and fusion mechanisms and NCs’ unique roles in 

optoelectronic devices remain obscure. It is, therefore, necessary to summarize the 

current progress of LHP NCs self-assembly, regrowth, and their property implications 
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to stimulate further research efforts that would liberate the potential of these highly 

ordered materials for optoelectronic applications. 

1.4.1 Self-Assembly of LHP NCs 

Self-assembly is a spontaneous process that organizes individual components into 

orderly nanostructures, e.g., 1D superlattice chains,54 2D layered superlattices,3 and 3D 

superlattices,27 as displayed in Figure 1.11a-c. The self-assembly is driven by NC-NC 

interactions, including van der Waals forces between inorganic cores and between 

surface ligands as well as osmotic, electrostatic, and elastic contributions.32 The balance 

of these forces can be commonly illustrated by the effective interparticle pair 

interactions potential U (Figure 1.12a). In the colloidal nanoparticle solutions, the 

repulsive potential dominates and favors their monodispersing (Figure 1.12a, deep 

green trace). During the self-assembly process, effective interparticle interaction 

changes from repulsive to attractive (Figure 1.12a, light green trace). The total removal 

of solvent results in the curdling of NCs into a superlattice, with a balance of ligand 

elastic repulsion and van der Waals attraction forces. 
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Figure 1.11 The self-organization of LHP colloidal NCs into highly ordered 

superlattices (a-c) and further regrowth into large bulky phase crystals (d-f). (a) 1D 

superlattice chains. Reproduced with permission from ref 54. Copyright 2019, American 

Chemical Society. (b) 2D layered superlattices. Reproduced with permission from ref 

58. Copyright 2019, American Chemical Society. (c) 3D superlattice. Reproduced with 

permission from ref 56. Copyright 2018, Nature Publishing Group. (d) Nanowires. 

Reproduced with permission from ref 54. Copyright 2019, American Chemical Society. 

(e) Nanoplates. Reproduced with permission from ref. (f) Nanocuboids. Reproduced 

with permission from ref 66. Copyright 2019, Wiley. 

Van der Waals forces are believed to be the most dominant interaction at the 

nanoscale, usually acting in a manner that brings particles together. As one of the three 

types of van der Waals forces, the dipole-dipole interaction dominates the initial stage 

of self-assembly, due to the long interaction distance of dipolar attractions.67 Inorganic 

LHPs, (i.e., CsPbX3), in which a dipole moment should not intrinsically exist, have 

exhibited a perfect distortion-free cubic structure. Electric polarization can emerge 
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from the breakage of crystal symmetry, a process that involves the migration of A 

cations, the movement of B cations away from the center of the BX6 octahedra, and the 

distortion of the BX6 octahedra, all of which can initiate a dipole moment.68 When polar 

solvents (i.e., ethanol) stimulate CsPbI3 lattice distortion, the adsorption of polar 

molecules causes the migration of Cs+, as well as PbI6 octahedra distortion, resulting in 

the breakage of symmetry and the polarization of the CsPbI3 NC.69 When the third 

polarized-CsPbI3 NC approached two-polarized CsPbI3 NCs, the arrangement along 

rectilinear direction would bring the smallest gradient of dipole potential field, which 

accounts for the linear alignment to 1D superlattice chain. This characteristic is 

conspicuous in organic-inorganic hybrid perovskites (i.e., MAPbX3), in which the 

asymmetry of organic cations results in the absence of an inversion center in the 

structure.68, 70 

Self-assembly of NCs can be commonly triggered by solvent evaporation or varying 

the polarity of the reaction system and destabilization of the NC capping ligands. 

Figure 1.12b shows the preparation of assembled nanostructures by evaporation of the 

colloidal solvent. During the solvent evaporation, the interparticle distance decreases, 

and NCs have the potential to assemble in an orderly manner to maximize the total 

entropy of the system. A strong capillary interaction is further exerted to drive parallel 

alignment between neighboring NCs (Figure 1.12b).45 Once the NCs are spaced 

closely, they start to alignment and stack at the interface to form superlattices. The 

formation of superlattice via drying-mediated self-assembly can be modulated by: (i) 

the initial NC concentration, (ii) the temperature of solvent evaporation, and (iii) the 

concentration of capping ligands. For example, the addition of OA and OAm can 

passivate bare NC surfaces, prevent solvent dewetting, and stimulate depletion 

attraction, thereby assisting in the formation of CsPbBr3 NC superlattices,56 where the 
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building blocks, CsPbBr3 nanocubes are atomically aligned involving exclusively the 

four vertical {100}c facets.71 

 

Figure 1.12 (a) Evolution of the effective pair interaction potential U at different the 

self-assembly stages. Reproduced with permission from ref 32. Copyright 2016, 

American Chemical Society. (b) Scheme depicting the capillary forces associated with 

solvent evaporation. (c) Self-assembly of LHPs triggered by modulating solvent 

polarity. Reproduced with permission from ref 72. Copyright 2017, American Chemical 

Society. (d) Illustrated self-assembly of 1D LHP NC superlattice chains assisted by 

surface capping ligands. Reproduced with permission from ref 73. Copyright 2016, 

American Chemical Society. (e) Schematic illustration of the formation of self-

assembled 3D CsPbBr3 superlattices by ultrasonication. Reproduced with permission 

from ref 57. Copyright 2018, Wiley. 
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The assembled nanostructures are significantly affected by the interactions between 

solvents and the capping ligands.74 By exploiting the dynamic ligand-surface 

interaction of LHPs and their sensitivity to solvent polarity, the proper solvents have 

been used to trigger self-assembly. In these assemblies, solvent selection is crucial, and 

a uniform stable dispersion of NCs is undesirable. For example, CsPbBr3 NCs can 

disperse stably in toluene but tend to arrange into chain-like assemblies in hexane 

(Figure 1.12c).72 This arrangement occurs because when LHP NCs are dispersed in a 

nonpolar solvent, such as hexane, the excess aliphatic ligands complex with ionic 

species by oleophilic interactions, and alkyl ligands chains connect to one another due 

to strong van der Waals interactions, resulting in the self-assembly of CsPbBr3 NCs 

into 1D superlattice chains. 

In addition to the abovementioned solvent evaporation and polarity contribution, 

more efforts have been dedicated to investigating the anisotropic/isotropic assembly of 

LHP NCs, including surfactant interactions73, 75 (Figure 1.12d), external forces57, 76 

(e.g., sonication in Figure 1.12e), and templated-assisted assembly.77 Due to the 

inherently soft ionic nature of the LHP crystal structure and low formation energy, the 

obtained LHP superlattices have a tendency of continuous growth into large crystals 

(Figure 1.11d-f). Although the ligands render LHP NCs resistant to aggregation, these 

ligands loosely attach to the surface of LHP NCs because of the highly dynamic binding 

between the surface capping ligands and the oppositely charged NC surface ions. 

Therefore, in contrast to most conventionally hard NCs that their self-assembly prefers 

to ending with superlattices,78 the self-assembly and regrowth of LHP NCs can be 

observed simultaneously54-55 (e.g., Figure 1.11a and d) but are particularly prone to 

regrowth. 
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1.4.2 Phase transition, morphological evolution, and mechanism of LHP NCs 

regrowth 

Regrowth is commonly driven by thermodynamics and occurs as the result of 

physical attachment between NCs. Surface atoms usually possess high chemical 

reactivity compared with the interior atoms due to considerable dangling bonds. 

Removing surface ligands leads to exposure of NC surfaces associated with a 

substantial increase of attraction potential among NCs, and consequently, the NC units 

in superlattice could continue to grow (Figure 1.10). 

The regrowth of LHP derivatives is normally accompanied by a phase 

transformation. However, the atomistic structure of LHP NCs remains poorly 

understood. For example, CsPbBr3, as the most prevalent type of LHP NCs, the crystal 

structure remains a matter of debate on cubic or orthorhombic.9, 79 It is considered that 

the orthorhombic phase evolved from a small tilting of the Pb-Br6 octahedra in cubic 

structure, which preserves the 3D corner-sharing octahedra network while introducing 

structural differences between axially and equatorially coordinated halides. This tiny 

tilting of the Pb-Br6 octahedra is unable to distinguish by powder X-ray diffraction 

(PXRD). Aberration-corrected scanning electron transmission microscopy (STEM) is 

thus adopted to elucidate the atomic details of their crystal structure. The high angle 

annular dark field (HAADF)-STEM image in Figure 1.13b indicates the CsPbBr3 

nanocubes assigned to a cubic phase (ICSD 29073; Pm3�m (221); a = 0.5874 nm) and 

presented in truncated cubic shapes. During the regrowth process, the initial cubic 

CsPbBr3 NCs underwent a phase transformation from cubic phase to the 

thermodynamically more stable orthorhombic phase (ICSD 97851, Pbnm (62), a = 
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0.8207 nm, b = 0.8255 nm, c = 1.1759 nm) as displayed in Figure 1.13c. A similar 

phenomenon can be observed among iodized derivatives.69 

With respect to the isotropic cubic phase, knowing how the orthorhombic structural 

axes are aligned is of paramount significance to understand their anisotropic shape 

evolution (e.g. nanowire and nanoplate). The orthorhombic CsPbBr3 NCs present with 

a model of four side {110}o facets (subscript “o” represents orthorhombic crystal 

structure), two bottom {001}o facets, twelve edge-facets (four {100}o and eight {112}o 

facets).80 Density functional theory (DFT) calculations indicate that both {001}o and 

{110}o surfaces of CsPbBr3 NCs are terminated with CsBr surface.81 However, the 

surface Cs+ ions incline to be replaced by surfactants,82 combined with abundant 

surface Br- vacancies,83 thereby the exposure of PbBr2 termination being no longer less 

possibility. Undoubtedly, the coexistence of CsBr- and PbBr2-terminated surfaces 

guarantee the continuous regrowth, which have been confirmed by atomic resolution 

STEM.54 For {100}o surfaces, terminated with CsPbBr2+- and Br22-- facets, the 

relatively higher surface energy of {100}o surfaces make them less support compared 

to the {001}o and {110}o surface (surface energies: {100}o > {001}o > {110}o). 

Different surface atom configurations of the NC surfaces are especially significant in 

that they can determine the directional growth preference. 
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Figure 1.13 (a) Geometrical relationship between the cubic and orthorhombic unit cell 

axes and faces. Atomically resolved high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image of CsPbBr3 NCs with cubic 

phase along [001]c zone axis (b) and regrowth CsPbBr3 bulk crystals with orthorhombic 

phase along [1-10]o zone axis (c). (d-f) High-resolution transmission electron 

microscopy (HRTEM) images displaying the coalescence of CsPbBr3 NCs via oriented 

attachment along the [110]o (d), [110]o (e), and [100]o (f) crystallographic directions. 

Reproduced with permission from ref 54. Copyright 2019, American Chemical Society. 

(g-i) Investigation of vacancies distribution in CsPbBr3 NC. HAADF-STEM image of 

initial CsPbBr3 NCs (g). Vacancies distribution among the core (h) and surface (i) of 
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CsPbBr3 NC. Green, purple, and red circles represent the Pb, Cs, and Br vacancies, 

respectively.  

Oriented attachment—one of the most significant mechanisms for controlling NC 

growth—is becoming a powerful means to control the design of nanostructures. In a 

dispersed colloidal solution, the NCs frequently collide because of Brownian motion; 

however, not all of these collisions result in NC attachment. Only NCs that share a 

common crystallographic orientation can undergo an effective collision.84 Otherwise, 

the NCs undergo continuous rotations until they match with a perfect lattice.85 

Afterward, the NCs perform oriented attachment at the contacted facets with a common 

crystallographic orientation.84 As illustrated in Figure 1.13d-f, LHP NCs can coalesce 

in various ways, such as face-to-face (e.g., [110]o or [001]o direction), edge-to-edge 

(e.g., [100]o direction), and even corner-to-corner.54 Even if the {100}o surfaces are 

thermodynamically less supported, the electrostatic interaction that originated from 

their charged character (terminated with CsPbBr2+ and Br22-), can promote the 

probability of edge-to-edge coalescence. Longer-range interactions (e.g., van der Waals 

force and Coulombic interactions) are essential to bringing nanoparticles close enough 

for the attachment.86 In a colloidal solution, if two LHP NCs are far away, the dominant 

driving force is van der Waals interaction, while interatomic Coulombic interactions 

can be negligible. When two LHP NCs are in close proximity, the electrostatic 

interactions become dominated drives NCs to approach and eventually fuse.86-87 From 

a thermodynamics viewpoint, the fusion in a coherent crystallographic orientation 

eliminates the interfaces of the NCs, therefore surface energy reduction is supposed to 

be the thermodynamic driving force.88 LHPs, as the ionic materials, the totally energy 

change largely derives from the interatomic Coulombic interactions arising from both 

surface and interior atoms, where the former also contribute to surface energy 
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reduction.87 The simulation89 and TEM evidence indicate that a large number of 

vacancies in both interiors (Figure 1.13h) and surface (Figure 1.13i) of the LHP NCs 

might further promote the intrinsic Coulombic interactions. Because of the dangling Pb 

bonds and considerable vacancies on the surface, LHP NC surface atoms exhibit high 

chemical reactivity for the absorption of ions and contribute to regrowth into various 

microstructures.90 

After attachment, the interface region starts to regrowth. Planar defects (e.g., 

Ruddlesden-Popper (RP) planar faults, symmetric grain boundaries (GBs), or 

asymmetric GBs)91 can be introduced at the attaching surface. The formation of defects 

is mainly due to relatively fast dynamics of attachment together with the low formation 

energy of LHPs, where occasionally, coalescence can occur even if the NCs have not 

reached identical crystallographic orientations. For example, the merging of two NCs 

with the same terminated surface leads to an RP planar fault. If two NCs with the same 

surface termination are not parallel coalesced, a symmetric GB will form. When NCs 

fused with different surfaces terminations, an asymmetric GB would be formed. 

Shape evolution is known to be a kinetic process in which high-energy surfaces grow 

faster than low-energy surfaces.16, 92 According to DFT calculation, the {001}o facets 

maintain the densest atomic stacking mode and possess lower surface energy than 

{110}o facets. For this reason, the manner that orientated with {001}o facets and growth 

along with four [110]o directions is most thermodynamically favorable and guarantees 

maximally exposed low-energy {001}o facets. Ideally, CsPbBr3 NCs are prone to 

evolve into nanoplates along with the [110]o directions.54, 93 However, the impact of 

capping ligands, diverse driving forces, or assembly techniques could alter the growth 

trajectory and give rise to the formation of other morphologies. For example, the 
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contribution of surfactant OAm anisotropically accounts for the production of 

nanowires.54 The basal (largest) facets of the nanowires are of two {001}o and two 

{110}o family make for side nanowire facets, whereas two remaining bottom planes are 

{110}o planes. From the thermodynamic view, the growth manner of nanowires evolves 

along the [110]o direction in order to maximally expose low energy {001}o surfaces 

(Figure 1.13d). In addition, the research on vacancies-assisted-regrowth reveals that 

the {100}o surfaces possess a much larger VBr formation energy than that on the {110}o 

surface, the larger vacancies density on {110}o facets thus determine the growth of 

nanowire along [110]o direction.90 The facet connections manner can be further 

directional selected by controlling reactant composition ratios.94 The Pb-rich (Br-less) 

incline to allow {100}o edge facets connection (Figure 1.13f), resulting in zigzag 1D 

nanowires. However, insufficient Pb precursors, regarded as Br-rich, could facilitate 

merging along {110}o facets, which indicates that bromide ions assist in the elimination 

of the active edge facets {100}o and allowed connection mostly via {110}o facets.94 

While it is controversial to the abovementioned Br-vacancy-induced [110]o direction 

growth.90 Therefore, more experimental and theoretical investigations, such as dipole 

moment and capping ligands selectively adhered to facets, are needed for establishing 

solid evidence in LHP nanostructure formation. 

1.4.3 Strategy for Self-Assembly and Regrowth of LHP NCs 

Over the past five years, considerable efforts have been dedicated to investigating 

the anisotropic/isotropic assembly of LHP NCs. Self-assembly strategies encompass 

approaches involving a variety of materials and techniques, including 1) solvent effects 

(e.g., solvent evaporation and polarity); 2) surfactant interactions (e.g., 

inorganic/organic ligands, polymers, and clusters); 3) external stimuli (e.g., light, 
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pressure, sonication, and gravity); 4) reaction conditions (e.g., temperature and time); 

and 5) self-assembly at interfaces (e.g., air-liquid or liquid-liquid). Details about initial 

LHP NC cores, final structures, techniques, and references are listed in Table 1.1. 

Table 1.1 Example of Initial NC Cores, Final Structures, and Techniques in LHP 
Self-Assembly and Regrowth 

Nanocrystal Core Final Structure Technique Reference 

Cubic CsPbBr3 QDs 1D Superlattices Solvents (Hexane) 72 

Spherical MAPbBr3 QDs  Nanowires and 
Nanoplatelets Solvents (Toluene/Ethyl Acetate) 68 

Cubic CsPb(BrxI1-x)3 QDs Nanowires Solvents (Toluene/Chloroform) 95 

CsPbBr3 Nanorods 2D Superlattices 
Solvents 

(Toluene/Hexane/Chloroform/Dic
hloromethane/o-Xylene ) 

96 

Cubic CsPbI3 QDs Nanowires Solvents (Toluene/Ethanol) 69 

CsPbX3 Nanoplates Nanowires/Submicron 
Particles Solvents (Toluene/Ethanol) 97 

Cubic CsPbBr3 QDs 3D Superlattices Solvent Evaporation 56 

Cubic CsPbBr3 QDs Superlattice Microcavities Solvent Evaporation 60 

Cubic CsPbBr3 QDs 3D Superlattices Solvent Evaporation 71 
CsPbX3 Nanoplates 2D Superlattices Solvent Evaporation 18 
CsPbBr3 Nanoplates 2D Superlattices Solvent Evaporation 58 

MAPbBr3 Nanoplates 1D Superlattices Solvent Evaporation 98 
(RNH3)2[CH3NH3PbBr3]nPbBr4 

Nanoplates 2D Superlattices Solvent Evaporation 65 

CsPbBr3 Nanoplates 1D Superlattices Solvent Evaporation 99 
Cubic CsPbBr3 QDs Nanoplates Organic/Inorganic Ligands 63 
Cubic CsPbBr3 QDs Nanowires Organic/Inorganic Ligands 90 

Spherical MAPbBr3 QDs Nanowires Organic/Inorganic Ligands 100 
Spherical MAPbBr3 QDs Cubic Supercrystals Organic/Inorganic Ligands 101 

CsPbBr3 Nanoplates 1D Superlattices Organic/Inorganic Ligands 102 
CsPbX3 Nanoplates 1D Superlattices Organic/Inorganic Ligands 103 

Spherical CsPbBr3 QDs Superlattice Chains and 
Nanorice Superstructures Polymer Ligands 75 

Cubic CsPbBr3 QDs 1D Superlattices Cluster Ligands 73 
Cubic CsPbX3 QDs 1D Superlattices Cluster Ligands 104 
CsPbBr3 Nanoplates Bulk Phase Photon Irradiation 105 
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CsPbBr3 Nanoplates Nanobelts Photon Irradiation 106 
Cubic CsPbBr3 QDs Nanowires Photon Irradiation 54 
Cubic CsPbI3 QDs Nanocrystals Photon Irradiation 107 

Cubic CsPbBr3 QDs Cuboid or Spindle 
Supercrystals Photon Irradiation and Ligands 108 

Precursors 3D Superlattices Sonication 57 
Precursors Nanowires Sonication 109 

Cubic CsPbBr3 QDs Superlattices/Nanoplatelets Pressure 55 
Spherical MAPbBr3 QDs Nanoplatelets Pressure 110 

CsPbX3 Nanorods Nanoplatelets Pressure, Temperature and Time 111 
(C8H17NH3)2CsPb2Br7 Nanoplates 2D Layered Superlattices Gravity 76 

Cubic CsPbX3 QDs Nanowires Temperature and Time 17 
CsPbBr3 Nanoplates Cuboid NCs Temperature and Time 66 
CsPbBr3 Nanoplates Mosaic Nanotiles Temperature and Time 112 

Spherical MAPbBr3 QDs Nanoplatelets Reaction Time 70 
Spherical MAPbBr3 QDs Nanowires Reaction Time 113 

Cubic CsPbBr3 QDs Nanowires/Nanoplatelets Interface-assisted 93 
Cubic CsPbBr3 QDs 2D Supercrystals Template-assisted 77 
Cubic CsPbBr3 QDs - Template-assisted 114 

1.4.3.1 Solvent Effects 

The self-assembly of NCs can be triggered when the interactions between NCs are 

stronger than the NC-solvent interactions. These interactions can be adjusted by 

controlling solvent evaporation or varying the polarity of the reaction system. Ligand-

ligand interactions can be enhanced as the nanoparticle concentration increases and the 

particles further stack to form long-range-ordered nanostructures. 

1.4.3.1.1 Solvent Polarity 

By exploiting the dynamic ligand-surface interaction of LHPs and their sensitivity 

to solvent polarity, the proper solvents have been used to trigger self-assembly. In these 
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assemblies, solvent selection is crucial, and a uniform stable dispersion of NCs is 

undesirable. For example, CsPbBr3 NCs can disperse stably in toluene but tend to 

arrange into chain-like assemblies in hexane (Figure 1.14a).72 This arrangement occurs 

because when the LHP NCs are dispersed in a nonpolar solvent, such as hexane, the 

excess aliphatic ligands complex with ionic species by oleophilic interactions, and alkyl 

ligands chains connect to one another due to the stronger van der Waals interactions, 

resulting in the self-assembly of CsPbBr3 NCs into 1D superlattice chains. Higher-

polarity solvents are expected to remove additional aliphatic capping ligands due to an 

increase in the diffusion coefficient of the ligands82 as well as the repulsive forces 

between the polar solvents groups and nonpolar ligands groups. Therefore, adding ethyl 

acetate to a MAPbBr3 QDs toluene solution resulted in assemblies of nanowires and 

nanoplates.68 In addition, various solvents with different polarities, such as 

chloroform,95-96 dichloromethane,96 and o-xylene,96 have also been explored. It can be 

concluded that the self-assembly of LHP NCs can be controlled by solvent polarity, 

although all solvents tested in the aforementioned studies were hydrophobic. Solvents 

with high dielectric constants induced a rapid reaction, while less polar solvents slowed 

the self-assembly process. Apart from the well-known effect of polar solvents on the 

desorption of surfactants, the effect on lattice structure to initiate self-assembly remains 

unclear. Li-Jun Wan et al.69 demonstrated a polar-solvent-induced self-assembly 

mechanism (from α-CsPbI3 QDs into nanowires) in which adsorbed ethanol molecules 

caused lattice distortion, thereby initiating a dipole moment to drive QD self-assembly. 

Polar-solvent-induced self-assembly is not limited to iodide derivatives; it is also 

suitable for all halide compounds, such as CsPbBr3 and CsPbCl3 NCs.97 

1.4.3.1.2 Solvent Evaporation 
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In the case of self-assembly by solvent evaporation, the interparticle distance 

decreases as the concentration increases, and NCs have the potential to assemble in an 

orderly manner to maximize the total entropy of the system. That ordering occurs 

during the late stages of solvent drying, during which NCs communicate with each 

other in a crowded solution. Kovalenko et al.,56 recently reported the self-organization 

of CsPbX3 NCs into highly ordered 3D cube-shaped superlattices generated by solvent-

drying-induced spontaneous assembly (Figure 1.14b). The occurrence of NC stacking 

is not limited to monodispersed cubic NCs but also occurs among LHP nanoplates. 

Upon slowly drying concentrated solutions, CsPbBr3 nanoplates exhibited a clear 

tendency to self-assemble into stacked columnar phases.18 This behavior also extends 

to organic-inorganic hybridized LHP NCs. For example, a wire-like superlattice was 

created through the face-to-face packing of CH3NH3PbBr3 nanoplates by simply storing 

concentrated dispersions or by evaporation.98 
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Figure 1.14 Schematic diagram summarizing the strategies of LHP NCs self-assembly. 

(a) Solvent polarity effect. Reproduced with permission from ref 72. Copyright 2017, 

American Chemical Society. (b) Slow solvent evaporation. Reproduced with 

permission from ref 56. Copyright 2018, Nature Publishing Group. (c) Self-assembly 

through surfactant effect. Reproduced with permission from ref 90. Copyright 2019, 

Wiley. (d) External stimuli (e.g., light, pressure, sonication, and gravity). Reproduced 

with permission from ref 106. Copyright 2017, American Chemical Society. Reproduced 

with permission from ref 57. Copyright 2018, Wiley. (e) Interface-assisted self-

assembly. Reproduced with permission from ref 93. Copyright 2020, Royal Society of 

Chemistry. (f) Effect of assembly temperature and time. Reproduced with permission 

from ref 72. Copyright 2017, American Chemical Society. Reproduced with permission 

from ref 70. Copyright 2017, Wiley. 

1.4.3.2 Surfactants Interactions 

Capping ligands are used to absorb onto and passivate the dangling bonds on NC 

surfaces to maintain their colloidal stability.115-116 The assembly of NCs can be 

exploited via intentional depletion of stabilizing ligands, particularly for LHP NCs with 

loosely passivated ligands. By using this strategy, converting originally inert NCs into 

a highly chemical reactive species becomes a possibility. Hence, it is reasonable to 

expect surfactants to play a prominent role in self-assembly behavior. 

1.4.3.2.1 Organic/Inorganic Ligands 

Metal alkyl reagents (diethylzinc) can vigorously react with surface carboxylate ions 

of LHP NCs, where the reaction abruptly depletes the surfactants and subsequently 

leads to NC coalesence.63 Additional studies were scrutinized to figure out the 
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surfactants occupied vacancies to trigger the self-assembly process, as illustrated in 

Figure 1.14c.90 Often, the addition of excess surfactants, such as OA, can assist the 

formation of long-range ordered superlattices by repassivating naked NC surfaces, 

which prevents solvent dewetting of the subphase and stimulates depletion attraction.102 

1.4.3.2.2 Molecular Clusters 

Molecular clusters can be utilized for the anisotropic assembly of NCs. For example, 

Dong et al.,73 have achieved the molecular cluster-induced self-assembly of CsPbBr3 

NCs, yielding of 1D ordered superlattice chains by adding PbSO4 clusters to a CsPbBr3 

NCs hexane solution. Because hexane is not a good solvent for PbSO4 clusters, the 

clusters are prone to minimize the surface energy of the system. 

1.4.3.2.3 Polymers 

Polymers attach to surfaces through coordinating interactions or covalent bonds, and 

their inherently conformational flexibility and functional versatility make polymer 

brushes an attractive platform.117 A recent study reported the self-assembly of CsPbBr3 

NCs into individual/bundled pearl necklaces and lamellar superstructures via the 

functional surface-passivating ligands of poly(ethylene glycols).75 The self-assembly 

of high-order superstructures originates from the combination of van der Waals 

interactions between surface-passivating ligands and the dipole-dipole attraction 

between NCs. 

1.4.3.3 External Stimuli 

1.4.3.3.1 Photon Irradiation 
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Light, which carries momentum and energy, can trigger materials synthesis or 

assembly. As a light-sensitive materials, LHPs actively respond to light during their 

nucleation and regrowth.118 Initial explorations employed laser105 or UV-light 

irradiation,106 acting on CsPbBr3 nanoplatelets to assemble them into their bulk analogs 

or nanobelts, mainly due to the strong van der Waals attraction among nanoplatelets 

(Figure 1.14d). Compared with lamellar stacking nanoplatelets, their QD counterparts 

exhibit weaker interparticle interactions and generate a much lower energy transfer rate, 

where the occurrence of self-assembly is much more difficult to trigger. Bakr et al.54 

recently reported the self-assembly of CsPbBr3 QDs into nanowires through visible-

light irradiation. It is the anisotropy created via light-selective surface ligand desorption 

that enables the generation of nanowires. Beyond Br-based LHPs, a moderate UV-

irradiation route drives the assembly of α-CsPbI3 QDs into large-grained NCs.107 

1.4.3.3.2 Pressure 

Pressure-induced synthesis is conducted by applying pressure to solid-state NCs. 

The exertion of pressure can improve the ordering degree of a materials system, 

decrease the entropy, and alter the Gibbs free energy (G = E + PV − TS), thereby 

allowing for the tuning of the phase or configuration of the materials involved.119 When 

the applied external pressure is increased, the separation distance among NCs initially 

decreases. Under continuous compression, the force balance between adjacent 

nanoparticles will be broken and lead to nanoparticles being close. As pressures exceed 

a threshold, the adjacent NCs come into contact and then consolidate, enabling the 

formation of various classes of nanostructures.120-121 For LHPs derivatives, if applied 

sufficient pressure, their surface states, crystallography, electronic properties, and 

carrier dynamics are of altering significantly.122-123 Nagaoka et al.,55 have reported the 
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first detailed study using pressure to induce the self-assembly of CsPbBr3 NCs. Under 

pressure, ordered NCs can periodically convert into lateral nanoplates that have 

essentially identical thicknesses, high crystallinity, and enhanced optical properties. 

Furthermore, through the synergistic effects of pressure, temperature, and time, CsPbX3 

nanoplates can be produced via the assembly of nanorods, where high pressure under 

solvothermal conditions facilitates spatial constraints and decreases the free volume.111 

1.4.3.3.3 Sonication 

Sonication is the act of applying sound energy to agitate nanoparticles, where the 

energy carried by sound waves is converted to mechanical energy. At the molecular 

level, the cavitation and shock waves created during ultrasonication can accelerate 

molecules to high velocities. The resultant interparticle collisions are capable of 

inducing dramatic changes in surface morphology and reactivity. In some cases, the 

reactivities can be improved by almost one million-fold via ultrasonic irradiation. 

Jochen Feldmann et al. have expanded sonication-induced self-assembly to CsPbX3 

nanowires and superlattices by direct ultrasonication of the corresponding precursors 

(Figure 1.14d).57, 109 

1.4.3.3.4 Gravity 

Gravitational sedimentation, which is an unpopular approach for assembling NC 

superlattices, is seldomly exploited because gravity is most suitable for NCs with a 

large diameter (approaching 1 μm); otherwise, gravity cannot compete with repulsive 

interparticle interactions.124 The relative size of thermal energy (kBT) and the 

gravitational potential energy (mgd) define the tendency of NCs accumulation.32, 125 

Correspondingly, the effect of gravitational force is usually negligible at the atomic 
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scale. However, for large nanoobjects, the gravitational force can no longer be ignored, 

yet playing a dominant role of forcing their movement to direct their assembly.126 

Recently, the layer-by-layer assembly of LHP nanosheets into a 2D layered RP phase 

superlattice building blocks was demenstrated.76 The as-synthesized square nanosheets 

had a lateral dimension of approximately 500 nm, and because their colloidal 

suspension solution was not stable, it experienced slow layer-by-layer self-assembly 

and formed a precipitate at the bottom of the vial. 

1.4.3.4 Interface-Assisted Self-Assembly 

Liquid/liquid and liquid/air interface-assisted self-assembly offers a powerful 

platform for conducting asymmetric surface chemistry on NCs and is especially 

applicable to NCs grafted with an anisotropic distribution of ligands or Janus-type 

NCs.127 This method has been adopted to confine the NC dimension at the interface and 

successfully fabricate highly crystalline nanowires and nanoplates.93 The stacking 

orientation of the generated nanostructures at the interface can be controlled by the 

surface properties of the NCs, their concentration, and the rate of solvent evaporation. 

Recently, a hexane-dissolved CsPbBr3 NC solution was added dropwise to an ethylene 

glycol (EG) solution as illustrated in Figure 1.14e, constructing an immiscible thin 

layer on the surface of the EG. As a result of the EG’s effects, the NCs started to align, 

and their surface ligands gradually detached, thereby causing epitaxial growth of 

CsPbBr3 NCs.93 

1.4.3.5 Tuning Reaction Conditions 

Temperature, one of the most popular stimuli for exerting experimental control, 

serves as a vital factor for nucleation, regrowth, and self-assembly. Both experimental 
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results and theoretical modeling have shown that self-assembly and sintering are 

thermodynamically driven processes. During the formation of assembled 

nanostructures or superlattices, temperature affects the internal energy and entropy, 

tailoring the relative weights of interparticle interactions and free-volume entropy.128 

Specifically, when elevating temperature, the NCs structure, geometry, surface 

chemistry, and NCs-NCs friction are sufficiently volatile for their size further 

evolution.32, 129 The gentle heating of assembly solutions facilitates the ordering of NCs 

into superlattices because the thermal energy adjusts the spatial position of NCs and 

counteracts the configurational entropy loss. If sufficient thermal energy is provided, 

the NCs experience a thermodynamic drive to coalesce. For example, the self-assembly 

of CsPbBr3 nanoplatelets into mosaic nanotiles can be monitored over a few months, 

where this temperature-driven process can be significantly accelerated within tens of 

minutes by heating.112 Because time-temperature equivalence is a pivotal principle in 

the growth of NCs, the spontaneous self-assembly of QDs into nanorods17, 113 or 

nanoplates,70 is possible; also, self-organization from nanoplates into large cuboid-

shaped NCs66 has become possible by finely adjusting the aging time and temperature 

(Figure 1.14f). 

1.4.4 Applications of the Self-Assembled and Regrowed LHP Nanostructures 

The self-assembly and regrowth of LHPs inspired numerous very promising 

applications, including fabricating high-performance LEDs,57, 130 laser,60 X‐ray 

scintillation,58 and appealing candidates in nanoantennas65 and photoelectric-

compatible quantum processors.60 Self-assembly of NCs into close-packed assemblies 

is efficient in the electronic behaviors (e.g., conductivity and carrier mobility) and the 

assembled LHP NCs, stemming from the electronic and physical coupling of NCs, 
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integrate novel optoelectronic properties (e.g., superfluorescence,56 renormalized 

emission,57 longer phase coherence times, and extremely long exciton diffusion 

length58-59). The fused nanostructures could lower defects and remedy the instability of 

LHPs, which can be useful for practical applications but have not yet received much 

attention. These attractive properties and concerns will be addressed in this section with 

representative cases. 

 

Figure 1.15 (a) Schematic of the build-up process of superfluorescence. Reproduced 

with permission from ref 56. Copyright 2018, Nature Publishing Group. (b) Optical 

properties and energy diagram of CsPbBr3 NCs and superlattices. Reproduced with 

permission from ref 57. Copyright 2018, Wiley. (c) Steady-state exciton diffusion 

measurement. Normalized PL intensity profile emitted by the sparse (top) and close-

packed (bottom) LHP NC monolayer when excited with a diffraction-limited laser spot. 

Reproduced with permission from ref 59. Copyright 2019, American Chemical Society. 
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(d) Time-resolved PL decay of uncoupled (blue) and coupled (dark-red) NCs. 

Reproduced with permission from ref 56. Copyright 2018, Nature Publishing Group. 

 In assembled superstructures, novel properties arising from the electronic coupling 

between NCs can be expected to enable light-emitting applications. Compared with 

those for the individual NCs building units, the self-organized superlattices display key 

signatures of superfluorescence (short, intense bursts of light)56 (Figure 1.15a) because 

of many-body quantum phenomenon induced by collective coupling, and exhibit 

redshifted narrowing emission56-57, 131 (Figure 1.15b) with accelerated radiative decay 

(Figure 1.15d),56, 60, 132 longer phase coherence times as well as the fluorescence 

resonance energy transfer (FRET)-mediated long exciton diffusion length (Figure 

1.15c).58-59 

 To further exploit such superfluorescence characteristics, a perovskite-based 

quantum dots superlattice microcavity (QDSM) was developed, exhibiting cavity-

enhanced superfluorescence behavior and optically stimulated amplification effect as 

displayed in Figure 1.16.60 The typical Q factor of QDSM can reach about 2000 

(Figure 1.16b). During their lasing process, the cavity field in the QDSM further 

accelerates the superfluorescence process, leading to a picosecond radiative time 

(Figure 1.16c). Moreover, the coherent nature of these exciton states, derived from the 

strong mesoscopic coupling between NCs, could be utilized to enable the development 

of entangled multiphoton quantum light sources or applied in ultrafast, photoelectric-

compatible quantum processors. On the other hand, decoupled multi-quantum-well 2D 

superlattices, which exhibit high photoluminescence quantum yield (PLQY), 

narrowband emission, and enhanced light outcoupling, have also emerged as a desirable 

candidate for many practical applications, such as LEDs and nanoantennas.65 
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The self-assembly of LHP NCs into electronically coupled superlattices, resulting in 

the formation of a delocalized, extended electronic state, thus can renormalize their 

emission energy.131 These ensembles still retain the high PL efficiency of their NC 

subunits, which can be employed to design a new set of electronic applications. For 

example, the assembled of CsPbBr3 3D superlattices exhibit redshifted emission at 535 

nm (Figure 1.15b), while the individual NCs emit cyan-green color (515 nm), allowing 

them to overcome the “green gap” and thus enable the fabrication of efficient Rec. 2020 

pure-green LEDs.57 

 

Figure 1.16 (a) PL spectra of the cavity-enhanced superfluorescence effect from a 

quantum dot superlattice microcavity (QDSM). (b) Power dependence of the PL 

intensity in cavity mode. (c) Radiation dynamics. (a-c) Reproduced with permission 
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from ref 60. Copyright 2020, Nature Publishing Group. (d) STEM image reveals the 

self-assembly of CsPbBr3 NCs with an atomic-scale interparticle distance. (e) Exciton 

diffusion length measurement. (f) Current-voltage traces and carrier mobility 

measurements. (d-f) Reproduced with permission from ref 133. Copyright 2020, Nature 

Publishing Group. (g) Schematic showing the self-assembly process of CsPbBr3 

nanosheets. (h) Schematic showing the energy transfer process from thin to thick 

nanosheets, with a fluorescence resonance energy transfer (FRET) efficiency of 74%. 

(i) Photograph and X-ray imaging of a standard central processing unit panel with a 

silicon chip integrated underneath. (g-i) Reproduced with permission from ref 58. 

Copyright 2019, American Chemical Society. 

Due to FRET, the CsPbBr3 NCs assemblies extremely efficient in exciton diffusion, 

demonstrated a record diffusion length of 200 nm with 0.5 cm2/s diffusivity, far more 

than that of chalcogen-based NCs.58-59 Their self-assembly in close-packed systems 

facilitates the communication between neighboring NCs, by enabling FRET of 

excitons, which results in the transport of the excitonic energy for multiple steps before 

the exciton recombines. The presenting of FRET in assemblies is critical for enhancing 

optoelectronic device performance. For example, an X‐ray high-resolution scintillator 

fabricated from self-assembled CsPbBr3 nanosheets (Figure 1.16g) behaves super 

scintillation performance because of the energy transfer process inside those stacked 

nanosheet (Figure 1.16h), with a FRET efficiency of 74%. Such a simple prototype 

enables a spatial resolution within 0.2 mm (Figure 1.16i).58 

 Self-assembly is an effective means of surface engineering for fabricating high-

performance PVs and LEDs. Self-assembly of the NCs into densely packed assemblies 

offer a routine to tailor their electronic behaviors, such as conductivity and carrier 
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mobility. For example, the solvent-assisted assembly strategy can modulate the 

prototypical long, insulated ligands via surface engineering and leads to a close-packed 

and smooth surface. Connecting NCs after removal of surfactant barriers can greatly 

improve charge injection and carrier transporting.133-134 Consequently, a substantially 

boosted external quantum efficiency (EQE) was achieved, indicating that the properties 

associated with the CsPbBr3 emitting layer, such as carrier transport and radiative 

decay, are greatly enhanced.134 In addition, assisted by the surface-functionalized self-

assembly, an ultrasmooth monolayer nanocube thin films with a root-mean-square 

(RMS) roughness of around 4 Å.135 The introduced short-chain ligands enable more 

efficient charge transport and substantially reduce the NC-NC interactions, therefore 

greatly promote self-assembly. Similarly, a bipolar-shell-resurfacing strategy is 

proposed to stabilize CsPbBr3 NCs, where the ligand exchange leads to close-packed 

films, exhibiting long diffusion length, high carrier mobility, and reduced trap 

density.133 As displayed in Figure 1.16d, the TEM image reveals the assembled feature 

of CsPbBr3 NCs. Contribution from FRET in the assembled films and reduced trap 

density originated from a bipolar shell resurfacing, lead to an elongated exciton 

diffusion with ~70 ± 30 nm (Figure 1.16e) and improved carrier mobility (Figure 

1.16f). The self-assembly of LHP NCs exhibiting an atomic-scale interparticle distance, 

together with a resurfaced bipolar shell, yielded an EQE of 12.3% for blue devices and 

an EQE of 22% for green devices.133 
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Figure 1.17 (a) HAADF-STEM image and atomic-resolution EDS elemental mapping 

of CsPbBr3 nanoplate. Reproduced with permission from ref 64. Copyright 2020, Wiley. 

(b) Atomic resolution HAADF image of an RP planar defect with an overlaid atomic 

model. (c) Normalized PL intensity dynamics of as-synthesized and fused CsPbBr3 

NCs upon continuous UV-light exposure. (b-c) Reproduced with permission from ref 

63. Copyright 2018, American Chemical Society. (d) Relative PL intensity comparison 

of both NCs and fused nanosheets immersed in water. Reproduced with permission 

from ref 61. Copyright 2018, American Chemical Society. (e) Performance of assembled 

nanowires for PeLED:  constant driving current of 6 mA (150 mA cm-2) led to the 

luminance increasing from 0 to 11 500 cd m-2 (L0) and then diminishing. The estimated 

operational half-lifetime (T50) at 100 cd m-2 is 694 h. Reproduced with permission from 

ref 130. Copyright 2020, Wiley. (f) PL lifetime measurements on CsPbBr3 NCs and the 

obtained nanowires via light-induced regrowth. Reproduced with permission from ref 

54. Copyright 2019, American Chemical Society.  

The inherent vulnerability of LHP derivatives to degradation remains a major 

obstacle to their practical applications. Self-assembly and regrowth might offer a new 
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avenue for remedying their instability. For example, CsPbBr3 nanoplates from the 

regrowth of their NCs exhibited ultrahigh stability under the 300-kV electron beam, 

and the first atomic-resolution X-ray energy dispersive spectroscopy (EDS) elemental 

mapping data of LHPs were successfully acquired, as shown in Figure 1.17a.64 

Similarly, fused CsPbBr3 nanoplates with RP defects (Figure 1.17b) showed 

significantly improved stability against UV light compared with that for as-synthesized 

NCs (see Figure 1.17c).63 Another example is the pressure-driven regrowth of LHP 

NCs into nanosheets (Figure 1.17d), these nanoplates demonstrating enhanced 

properties, including higher PL intensity and remarkable resistivity against water.61 In 

addition, a strategy was developed to fabricate 2D/3D perovskite films by the self-

assembly of low-n-value 2D perovskite crystals with enhanced device stability against 

moisture.62 In summary, these results demonstrate that the stability of assembled or 

fused LHP derivatives is superior to that of unassembled NCs. 

Defects can be effectively self-healed during the self-assembly and regrowth process, 

resulting in a low density of trap states LHP nanostructures with excellent stability. The 

formation of defect-free LHPs is key to the successful implementation of these films in 

optoelectronic devices.46 It has been reported that self-assembled nanowire arrays emit 

with a PLQY of 91% at a wavelength of 600 nm, for the reason of low trap density and 

the strong quantum confinement, where the ultralow trap density contribute to 

remarkable structural and environmental stability.130 As displayed in Figure 1.17e, the 

fabricated LEDs based on these assembled nanowires exhibit record luminance of 

13644 cd m-2 with an EQE of 6.2%, and significantly improved operational lifetimes 

(T = 13.5 min at 11500 cdm-2,T = 694 h at 100 cd m-2). In another study, the fused 

highly crystalline nanowires demonstrate two orders of magnitude longer carrier 

lifetime than that of initial NCs (Figure 1.17f), evidencing in the lowering defect during 
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the regrowth, thus could hinder the nonradiative recombination in the these fused 

CsPbBr3 nanowires.54 

1.5 Application of LHPs NCs 

Featured with high color purity, narrow emission, high PLQY, and color-tunable 

wavelength, the LHPs NCs are mainly used as the candidates for next-generation 

displays, which are mainly divided into two types of LEDs, one is white-light QD-

LEDs (used as backlight) and the other is the active-mode QLEDs (AM-QLED). 

1.5.1 White-light QD-LEDs 

For white-light QD-LEDs, the near-UV or blue LEDs (e.g., GaN and InGaN blue 

chips) are utilized as a backlight source. The schematic is originated from LCD module 

as displayed in Figure 1.18a, specifically the white light sequentially passes through 

the first polarization filter, thin film transistor (TFT) matrix with liquid crystals, the 

color filter, and second polarization filter. The factor to achieve the best performance 

displays is the color gamut, where the wider color gamut results in improved high-

quality display. Therefore, LHPs NCs with tunable wavelength, narrow emission 

wavelength, and high PLQY, can be regarded as promising candidates for novel 

multicolor white-light LEDs. 
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Figure 1.18 (a) Schematic diagram of LCD display and thin-film transistor. 

Reproduced with permission from ref 136, Copyright 2017 Nature Publishing Group. (b) 

Schematic configuration of LED device structure and White-light LED images. 

Reproduced with permission from ref 137, Copyright 2016 Wiley. 

Recently, the main types of LHPs, including MAPbX3, FAPbX3, and CsPbX3 have 

been widely investigated. The MAPbX3 NCs can reach up to the 130% of NTSC space 

and CsPbX3 NCs can reach up to 150% of NTSC space,138 both exhibited much superior 

color gamut and color purity than that of Cd-based QDs. Wang et al.139 first utilized all-

inorganic CsPbX3 NCs as backlight layer in white-light LEDs. The color coordinates 

of the white-light LEDs were (0.24, 0.28) and LE was 30 lm w-1. The RGB color 

coordinates exhibited (0.69, 0.30), (0.19, 0.73), and (0.14, 0.04) (passed through the 

color filter), with 113% color gamut in NTSC space, which was much better than that 

of phosphor and Cd NCs based white-light LEDs. Zhou et al. reported MAPbBr3 NCs-

polymer composite films used for backlight applications. Figure 1.18b clearly depicts 

the device configuration, that the red emissive layer originated from K2SiF6:Mn4+ 

(KSF) phosphor encapsulated into a UV cure adhesive film, and a 

MAPbBr3/Polyvinylidene fluoride (PVDF) composite film are chosen as the top layer. 

At 20 mA current, the white-light LEDs exhibited color coordinates of the (0.272, 

0.278), corresponding to LE of 109 lm w-1, and reaching 121% of color gamut (not 

passing through the color filter). The above-mentioned achievements have been proven 

as promising candidates for backlight display. 

1.5.2 AM-QLED 

AM-QLED display is a self-emissive device driven by current, which possesses 

advantages of simplified structure (removal of the liquid crystals and color filters), 
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more energy-effective, faster response time, higher contrast, and wider viewing angle. 

In the AM-QLED display, each RGB pixel is individually controlled, thereby 

significantly enhancing the power efficiency. As shown in Figure 1.19a, the achieved 

color gamut of high-efficiency QLEDs could reach 140% of the NTSC standard, 

overcoming that of commercial OLED displays. The recently developed perovskite 

LED (PeLED), as the new type of QLEDs, has the traits of better color quality, 

extremely narrow emission wavelength and less toxic, making them more competitive 

against traditional QLEDs (e.g., Cd-based and Cd-free QDs). Inspired by the excellent 

optoelectronic properties of LHPs NCs, tremendous efforts have been devoted to 

enhancing their device performance, starting from the manipulation of active materials 

and device structures. Here, we evolve the recent development of PeLED based on the 

three main types of LHPs, CsPbX3, MAPbX3, and FAPbX3. 
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Figure 1.19 (a) The color gamut of LCD, OLED, QD-LCD, and QLED in CIE 

chromaticity diagram. Reproduced with permission from ref 140. Copyright 2017 Wiley. 

(b) Normalized EL and PLQY spectra of CsPbBr3 PeLEDs. Reproduced with 

permission from ref 141, Copyright 2016 Wiley. (c) Normalized EL spectra and PLQY 

spectra of CsPb(Br/I)3 PeLEDs. Reproduced with permission from ref 142. Copyright 

2016 American Chemical Society. (d) Normalized EL spectra of CsPb(Br/Cl)3 PeLEDs 

device. Reproduced with permission from ref 143. Copyright 2016 Wiley. 

1.5.2.1 CsPbX3 PeLEDs 

CsPbBr3 PeLEDs was first reported by Zeng and co-workers144 with an EQE of 

0.12% and a luminance of 946 cd m-2. The CsPbX3 NCs are normally covered by long 

chain surface ligands, which could negatively affect conductivity and block the carrier 

injection and charge transportation. Regarding the insulated surface ligands, the ligand 

exchange means was proposed, through a relatively short ligand to replace the initial 

long chain ligands.145 As a result, the carrier transport and emission efficiency of the 

LHPs NCs film was remarkably improved, and the EQE was boosted up to 3%. 

Similarly, Li et al.141 demonstrated that a high-performance PeLEDs device with the 

EQE of 6.27% was achieved by employment a mixture of hexane and ethyl acetate to 

significantly remove the presented surface ligands. The red PeLEDs device based on 

well-passivated CsPb(Br/I)3 NCs film, with the configuration of inverted 

ITO/ZnO/PEI/QDs/CBP/TCTA/MoOx/Au structure, exhibited a CE of 3.4 cd A-1, and 

with an EQE of 6.3%.142 The blue device demonstrate a maximum luminance of 2673 

cd m-2, a CE of 4.01, and an EQE of 1.38%.143 

1.5.2.2 MAPbX3 PeLEDs 
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Huang et al.146 utilized MAPbBr3 NCs as emitting layer and achieved brightness of 

2503 cd m-2, CE of 4.5 cd A-1, and EQE of 1.1%. Xing et al.147 fabricated the PeLEDs 

device with the configuration of ITO/PEDOT:PSS/MAPbBr3/TPBi/Cs2CO3/Al. This 

MAPbBr3 based PeLED showed maximum luminous efficiency of 11.49 cd A-1, power 

efficiency of 7.84 lm W-1, and an EQE of 3.8%. 

1.5.2.3 FAPbX3 PeLEDs 

CH(NH2)2 (FA)-cation based perovskite has been rarely studied because of their 

much more vulnerability. Recently, Kim et al.148 employed FAPbBr3 NCs as emitter to 

fabricate the PeLEDs device, achieving of CE of 9.16 cd A-1, PE of 6.4 lm w-1, and 

EQE of 2.5%, as the highest values for FAPbBr3-based PeLEDs. 

Inspired by the tremendous efforts and pioneering work dedicated to enhancement 

the device performance of PeLEDs, however, the research on PeLED remain in its 

infancy. Many problems have been encountered in the practical application of PeLEDs, 

including morphology and PLQY of film, the removal of surface ligand, carrier 

injection and charge transfer efficiency, band alignment of energy level, injection 

balance, and radiative recombination in emitting layer. 

Beyond PV149 and LEDs, the LHPs NCs have also become a candidate for other 

optoelectronic applications (Figure 1.20), such as laser, photo-detector, X-ray 

imaging,150 bioimaging and even photocatalyst.151 Liu and coworkers discovered that 

LHPs NCs are extremely sensitive to X-ray irradiation and thus small doses of X-ray 

photons can be detected. Using the LHPs NCs, Liu’s team have developed a low doses 

X-ray detector that is about 400 times lower than the common medical diagnostics 

radiation dose. Recently, Xu et. al. used CsPbBr3 NCs as novel photocatalysts to 
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convert CO2 into solar fuels within a non-aqueous media, generating a potentially 

photochemical application.151 Fu et. al. demonstrated that water-resistant LHP NCs can 

be prepared via embedding CsPbX3 (X = Cl, Br, I) NCs into microhemispheres (MHSs) 

of polystyrene matrix, which can be utilized as a high stability and nontoxicity 

multicolor luminescence probe employed in live cells for bioassay displays.152 

 

Figure 1.20 The current and potential optoelectronic applications of LHPs NCs. 
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Chapter 2 Tailoring Sizes, Shapes, and Dimensions of LHPs 

NCs 

The exploration of NCs structure-morphology and manipulation of their shape or 

morphology remain essential research topics in modern nanochemistry. More 

specifically, the modulation of opto-electronic properties can be accomplished by 

controlling geometric sizes and shapes of NCs. For example, the PL of spherical QDs 

is isotropic, while nanorods exhibit polarized emission. Especially for LHPs, the 

dimensions and morphology engineering could significantly affect their stability. For 

LHPs, the lack of long-term stability under the ambient operating conditions, especially 

the extreme low stability upon humidity and even light, is attributed to the insufficient 

formation energy of 3D perovskites. Herein, the reduced-dimensionality of LHPs NCs 

are continuously focused because their formation energies are much higher, which is 

owing to its appreciable van der Waals forces that make them more robustness against 

degradation factors. Therefore, the searching on low dimensional LHP NCs, such as 

2D, and quasi-two-dimensional (quasi-2D) LHPs, has opened the possibility for their 

usage to replace 3D LHPs.153-154 In addition, the 2D and quasi-2D nanoplates have also 

manifested outstanding photophysical properties, e.g., increased exciton binding 

energy, reaching as much as 320 meV. In 2D nanoplates, the generated electrons are 

strictly limited into planes without interlayer interactions, resulting into novel 

electronic properties that can be utilized into the next generation of electronic devices. 

Therefore, the engineering of size, shape, dimensionalities, and composition of 

LHPs NCs is essential to enable additional degrees of freedom to modulate their 

optoelectronic properties, thereby unlocking their full potential in PV and LEDs 

applications. In this chapter, by using a sample LARP strategy, the 0D nanospheres, 2D 
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nanoplates, and 3D nanocubes of MAPbBr3 NCs are colloidal synthesized through 

varying ligands concentration and types, combined with reaction temperature. This 

means generates a simple and versatile route to rationally control the shape of the LHPs 

NCs, thereby bringing opportunities for displays, lasing, LEDs and applications. 

2.1 Experimental Details 

2.1.1 Chemicals. 

Methylamine (CH3NH2, 33 wt % in absolute ethanol, Aladdin), octylamine 

(CH3(CH2)7NH2, 99%, Aladdin), HBr (48 wt % in water, Aladdin), oleic acid (OA, 

90%, Alfa Aesar), n-oleylamine (OAm, 70%, Sigma-Aldrich), PbBr2 (98%, Alfa 

Aesar), N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich), acetonitrile (99.9%, 

Alfa Aesar), 1-octadecene (ODE, technical grade 90%, Sigma-Aldrich), toluene 

(Honeywell Burdick & Jackson), and tetracyanoethylene (TCNE, Sigma-Aldrich) were 

used as purchased without further purification.  

Preparation of Precursors. The methylammonium bromide (CH3NH3Br, MABr) and 

octylammonium bromide (CH3(CH2)7NH3Br, OABr) were synthesized through the 

reaction of hydrobromic acid (HBr, 5 mL) with methylamine (12 mL) and octylamine 

(7 mL), respectively, followed by recrystallization from ethanol at 0 °C under stirring. 

Finally, a rotary evaporator was used to remove solvents, and the product was washed 

three times with ethanol to yield the final product.  

2.1.2 Synthesis and Purification of MAPbBr3 NCs.  

The synthesis of halide perovskite NCs was carried out via modification of the 

reprecipitation method by Zhang et al. In a typical synthetic procedure, a mixture of 
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methylammonium bromide (MABr) and lead(II) bromide (PbBr2) in DMF along with 

OA and OAm was injected into toluene at different temperatures in order to get 

different NC shapes. For the spherical and cubic nanostructures, 0.2 mmol MABr and 

0.2 mmol PbBr2 were dissolved in DMF (5 mL) with OAm (200 μL) and OA (500 μL) 

to form a precursor solution. A 4 mL precursor solution was quickly injected into 20 

mL of toluene. When the temperature was set at 40 and 100 °C, the spherical and cubic 

NCs were formed, respectively. For the nanoplatelets, we adopted 0.1 mmol MABr, 0.1 

mmol OABr, and 0.2 mmol PbBr2 with 100μL of OAm and 500μL of OA at 88°C.  

Isolation and Purification of MAPbBr3 NCs. The 20 mL crude solution was 

centrifuged at 3000 rpm for 3 min to remove the bulk MAPbBr3 microcrystals. The 

supernatant became much brighter. Then, acetonitrile (8 mL) was added into the 

colloidal solution (supernatant) and centrifuged at 8000 rpm for 5 min to precipitate the 

NCs. After centrifugation, the supernatant was discarded and the NCs were re-dispersed 

in toluene.  

2.1.3 Characterizations. 

Steady-State Measurements. Steady-state absorption and fluorescence spectra of 

freshly prepared MAPbBr3 were carried out using a Cary 5000 UV−vis−NIR 

spectrometer (Varian Inc.) and a Fluoromax-4 spectrofluorometer (Horiba Scientific), 

respectively. In these experiments, fixed concentrations of MAPbBr3 solutions of each 

shape were used, while subsequent TCNE concentrations were sequentially added.  

XRD Measurements. Powder XRD patterns were performed on a Bruker AXS D8 

diffractometer using Cu-Kα radiation.  
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Quantum Yield Measurements. The quantum yield was measured using an Edinburgh 

Instruments integrating sphere with an FLS920-s fluorescence spectrometer.  

Transmission Electron Microscopy (TEM) Analysis. TEM was carried out with a 

Titan TEM (FEI Company) operating at a beam energy of 300 keV and equipped with 

a Tridiem post column energy filter (Gatan, IQD). The samples were imaged in EFTEM 

mode with a 20 eV energy slit inserted around the zero-energy-loss electrons to acquire 

high-resolution TEM (HRTEM) micrographs.  

X-ray Photoelectron Spectroscopy (XPS). XPS measurement were carried out using 

a Kratos Analytical Axis Ultra DLD spectrometer equipped with a monochromatic 

Al−Kα X-ray source (hν = 1486.6 eV) operated at 150 W. The high-resolution spectra 

were collected at fixed analyzer pass energies of 10 eV. The binding energies were 

referenced to the C 1s binding energy of adventitious carbon contamination, which was 

taken to be 284.80 eV. The data were analyzed by using commercially available 

software, CasaXPS.  

Transient Measurements. Femtosecond and nanosecond TA measurements were 

carried out using an Ultrafast Systems HELISO UV-NIR spectrometer and EOS 

system, respectively. The solutions of NCs of different shape were measured in toluene 

at room temperature upon 380 nm optical excitation. The experimental setup of 

femtosecond−nanosecond TA is detailed elsewhere. 

Time-Correlated Single-Photon Counting (TCSPC). TCSPC measurements were 

done using a Halcyone ultrafast spectrometer (Ultrafast System). Halcyone is an all-in-

one box that uses a PMT detector with a spectral range of 200-700 nm where the 

instrument response function (IRF) is ∼250 ps with a time window up to 200 μs. This 
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unit is integrated in our existing laser system described above. The samples were 

measured in 2 mm cuvettes, and a magnetic stirrer was used to ensure that experiments 

were constantly performed on fresh portions of the sample.  

Brunauer-Emmett-Teller (BET) Method for Surface Area Measurements. The 

BET method was used to calculate the total surface area/g for the sphere and cube 

shapes. In a typical experiment, krypton adsorption isotherms in a relative pressure 

range were obtained on ASAP 2420 (Micromeritics, USA) at -196 °C. Prior to the 

measurements, all of the samples were degassed under vacuum for approximately 12 h 

at 50 °C.  

Band Gap Measurements. Band gaps were estimated by the Tauc plot derived from 

the absorbance measurements using the diffused reflectance setup with an integrating 

sphere on a Cary 6000i spectrophotometer. Model AC-2, used for photoelectron 

spectroscopy in air (PESA), contains an open counter as an electron detector, which 

can operate in air and detect and count a small number of low-energy photoelectrons. 

The UV photons emitted from a deuterium lamp were monochromatized by a 

spectrometer and focused on the sample at 50 nW. The photoelectrons emitted from the 

sample were counted by the open counter. The energies of monochromatized UV 

photons were shifted at 0.1 eV intervals up to 6.20 eV. 
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2.2 Engineering MAPbBr3 NCs Size and Shape via Ligands 

 

Figure 2.1 Exploration on the effect of ligand concentration in MAPbBr3 NCs 

synthesized at 65 ˚C. TEM images of colloidal MAPbBr3 NCs (a) nanocubes with 100 

μl OAm. (b) 4-5 layers nanoplates with 150 μl OAm. (c) 2-3 layers nanoplates with 200 

μl OAm. (d) Nanospheres with 250 μl OAm. Bottom panels: corresponding optical UV-

vis absorption and emission spectra of each related shape dispersed in toluene. 

Organic acids and bases are the general capping ligands employed for the preparing 

of conventional colloidal NCs, which can effectively dissolve precursors, alter the 

reaction kinetics, and stabilize the final colloidal NCs as surface ligands. OA and OAm 

are the most common pair of choice. MAPbBr3 NCs were prepared via a modified 

LARP method.26 We designed the experiments at 65 ˚C with different doses of 

oleylamine (OAm = C18H35NH2). OAm, with a large ionic radius, does not fit into the 

corner-shared PbX6 octahedral 3D framework. By interacting with the surface of atoms, 

the long-chain amine ligands could constrain the growth rate, thereby causing the 3D 

perovskite architecture to separate into layers and achieving the multilayered quasi-2D 

perovskite NCs. Consequently, the dimensionality of LHPs can continuously tuned by 
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mixing stoichiometric quantities of lead bromide (PbBr2), methylammonium bromide 

(MABr, CH3NH3Br), and OAm to yield compounds with different layers from green 

emissive to blue emissive. The shape of MAPbBr3 NCs was precisely modulated by the 

amount of OAm, transforming from nanocubes to nanoplates and nanospheres, as 

shown in Figure 2.1. Reactions with at lower ligands amount (100 μl OAm) yield 

nanocubes with green emission (Figure 2.1a). As increase of ligands dose, the reaction 

presents blue-shifted PL spectra, since the large organic cation will incorporate into the 

3D perovskite architecture to separate into layers and realize the multilayered quasi-2D 

perovskite compounds. When adopted 150 μl OAm, nanoplates with lateral dimensions 

of 13 nm and thickness of 2.7 ± 0.3 nm were formed, representing 4-5 monolayers 

nanoplates as shown in Figure 2.1b. The thickness of quasi-2D nanoplates is further 

reduced via the incorporation of additional protonated OAm+ cations (Figure 2.1c). As 

the OAm amount increase to 200 μl, the quasi-2D nanoplates with hundreds of 

nanometers lamellar structures and thickness of 1.5 ± 0.3 nm were formed, referring to 

1-2 monolayers nanoplates. Reactions with at extremely high ligands amount (250 μl 

OAm) can only generate spherical particles. This is because the precursors are severely 

covered by the surfactants and the formed NCs were strictly restricted to growth. The 

diameter of the MAPbBr3 nanosphere is approximately 5 nm, as shown in Figure 2.1d. 
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2.3 Engineering MAPbBr3 NCs Size and Shape via Reaction 

Temperature 

 

Figure 2.2 Exploration on the effect of reaction temperature in MAPbBr3 NCs 

synthesis by 200 μl OAm. TEM images of colloidal MAPbBr3 NCs (a) nanospheres 

synthesized at 40 ˚C. (b) 2-3 layers nanoplates synthesized at 65 ˚C. (c) 4-5 layers 

nanoplates synthesized at 80 ˚C. (d) nanocubes synthesized at 100 ˚C. Bottom panels: 

corresponding optical UV-vis absorption and emission spectra of each related shape 

dispersed in toluene. 

Temperature, one of the most popular stimuli for exerting experimental control, 

serves as a vital factor for NCs’ nucleation and regrowth. Both experimental results and 

theoretical modeling have shown that the nucleation is a thermodynamically driven 

process. Reaction temperature plays a significant role in determining the shape and size 

of LHPs colloidal NCs as displayed in Figure 2.2. The PL spectra shows a red-shift 

with increasing temperature. To explore the effect of reaction temperature on the 

synthesis of MAPbBr3 NCs, reactions were designed with certain amount  of OAm (200 

μl), conducting at a temperature of  40 ̊ C to 100 ˚C. At the relatively lower temperature 
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(from room temperature to 40 ˚C), only spherical MAPbBr3 NCs were achieved as 

illustrated in Figure 2.2a. Between 65 ˚C and 80 ˚C, we discovered that the reaction 

tends to strongly promote asymmetric growth, resulting in a quasi-2D lamellar structure 

shown in Figure 2.2b,c. Specifically, at 65 ˚C, the PL peak appears at 484 nm with 

lateral dimensions of around 50 nm and a thickness of 1.5 ± 0.3 nm, representing 2-3 

layers of perovskite nanoplates (see in Figure 2.2b). With the further increase of 

temperature (80 ˚C), much thicker nanoplates were formed, and the PL peak appeared 

at 497 nm, with lateral dimensions of around 10 nm and a thickness of 2.7 ± 0.3 nm, 

meaning a mixture of 4-5 layers of perovskite unit cells (Figure 2.2c). Because of the 

low temperature, the alignment of precursors could only be achieved in low dimensions. 

However, the rod- and platelet-shaped nanostructures since the extraction of more 

ligands were difficult at low temperature, thereby the growth in multiple facets was 

prohibited. With a further increase of temperature, these were again fragmented and 

transformed into much higher dimensional nanostructures. When the reaction was 

conducted at 100 ˚C, nanocubes with 8 nm of green-color PL emissions were produced. 
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2.4 Synthesis 2D and Quasi-2D MAPbBr3 Nanoplates 

 

Figure 2.3 (a) Samples synthesized with the 200 μl OAm at 65 ˚C also presents certain 

amount of nanospheres and nanoplates. (b) A certain amount of nanospheres and 

nanoplates are also presented in the sample that synthesized with the 200 μl OAm at 80 

˚C. (c) A certain number of nanoplates and nanocubes are presented in the samples 

synthesized with the 200 μl OAm at 100 ˚C. d) XRD spectra of as-synthesized 

MAPbBr3 NCs compared with the standard 3D MAPbBr3 diffraction pattern. (“*” 

indicates the diffraction peaks of quasi-2D nanoplates) 

Although the sizes and shapes of MAPbBr3 NCs can be achieved via controlling 

ligands concentration and reaction temperature, the reaching of pure 2D nanoplates 

remains a challenge due to the difficulty in size dispersion. Therefore, the co-existing 

of MAPbBr3 nanospheres/nanoplates or nanoplates/nanocubes were inevitably 

presented, as illustrated in TEM images and XRD pattern (Figure 2.3). This is because 

not all neutral OAm can be protonated to OAm+ cation. Otherwise, the neutral OAm 
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hardly competes with CH3NH3+ cation during the formation of NCs. Consequently, 

even with large amount of OAm, the vertical dimension growth cannot be effectively 

slowed down or completely restricted. Under this condition, dimensional modulation is 

achieved by introducing a large organic cation, octalyammonium (OCA = C8H17NH3+) 

at a judiciously chosen stoichiometry. By adjusting the ratio of methylammonium 

bromide (CH3NH3Br, MABr) to octylammonium bromide (C8H17NH3Br, OCABr), the 

compounds can be synthesized with different layer (n) values in the series 

OCAm(CH3NH3)n-1PbnBr3n+1. In this notation, the limit n = ∞ corresponds to the cubic 

3D perovskite, CH3NH3PbBr3, while the other n values describe 2D (n = 1) or quasi-

2D (n > 1) perovskite structures. 

There is a significant difference between the XRD patterns of quasi-2D and 3D 

LHPs NCs samples (Figure 2.4). In the case of quasi-2D perovskites, a series of (00l) 

diffraction peaks angles (2θ < 10˚) corresponding to the interlayer spacing was clearly 

observed, yet these low-diffraction-angle features represented the unambiguous 

signatures of the layered structure. The XRD data confirms the formation of lead 

bromide n-layer perovskite sheets (Figure 2.4c) but are not conclusive on the phase 

purity of quasi-2D nanoplates. However, as a matter of fact, as shown in Figure 2.4a,b, 

it is indeed hard to reach the uniform size quasi-2D nanoplates with the assistance of 

the OCABr, and the thickness of nanoplates is ∼1.8-5 nm.  
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Figure 2.4 (a-b) TEM micrograph depicting both flatting and stacked nanoplates. (a) 

Side-view of stacked nanoplates with typical thickness of 1.8-5 nm corresponding to 

three to eight perovskite unit cells. (b) Top view of the MAPbBr3 nanoplates. (c) XRD 

spectra of the quasi-2D MAPbBr3 nanoplates. 

2.5 Shape-Tunable Charge Carrier Dynamics at the Interfaces 

between MAPbBr3 NCs and Molecular Acceptors 

Hybrid organic/inorganic perovskites have recently emerged as a highly esteemed 

material in the field of optoelectronics, with the exceptional upsurge in their 

performance in a remarkably short time frame, particularly in photovoltaics.155 The key 

to this remarkable success is their large absorption co-efficient, excellent charge carrier 

mobility, small exciton binding energy and easy solution processability of these 

materials.156-160 Along with bulk perovskites, the synthesis of perovskite NCs with 
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different sizes and shapes has evolved enabling additional degrees of freedom to tune 

their optical and electronic properties.9, 105, 161 In this regime, the control of size, shape, 

and composition of semiconducting NCs is generally the key factor to tune the carrier 

dynamics at the interfaces of these NCs and consequently unlock their full potential for 

solar and light-emitting applications.159, 162 Despite extensive research efforts over the 

past several years on the synthesis and technological development of perovskite NCs, 

notably little progress has been made towards understanding the charge carrier 

dynamics at the interface of these materials, which remains superficial and creates a 

major bottleneck that significantly impedes the development and optimization of these 

devices. To the best of our knowledge, only few papers have been reported about the 

ultrafast exciton dynamics and interfacial charge transfer (CT) properties of CsPbBr3 

perovskite quantum dots and molecular acceptors.163-164  

Herein, we report for the first time a detailed study of the interfacial charge carrier 

dynamics of methylammonium lead bromide (MAPbBr3) NCs in the presence of 

tetracyanoethylene (TCNE) as a strong electron acceptor.165 We explore the effect of 

the shape variation of these NCs on the interfacial CT using steady-state and time-

resolved femtosecond transient absorption (TA) spectroscopy with broadband 

capability.166 Our experimental results indicate that the CT rate significantly varies 

from one shape to the other. Additionally, the electron transfer mechanism is static for 

spheres, where the molecule is preadsorbed to the NCs surface and diffusion-controlled 

for cubes where CT occurs upon collision of the NCs with a freely diffusing molecular 

acceptor.167-168 However, for platelets, a combination of static and dynamic 

mechanisms occurs. These findings provide a fundamental understanding of the charge 

carrier dynamics at any device interface incorporating these donor-acceptor systems 

and open a new avenue to tailor the efficiency of perovskite-based photovoltaic devices.  
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Figure 2.5 (a-c) TEM images of colloidal MAPbBr3 (a) nanospheres, (b) nanoplates, 

and (c) nanocubes. (d-f) The corresponding XRD of each related colloidal MAPbBr3 

(d) nanospheres, (e) nanoplates, and (f) nanocubes. (g-i) UV-vis absorption and 

emission spectra of each related shape dispersed in toluene. 

Figure 2.5 a-c shows the TEM images of the as-synthesized nanospheres-(a), 

nanoplates-(b) and nanocubes-(c) shaped NCs. Additional TEM images at different 

magnifications provided in Figure 2.6. The diameter of the spherical particles is 

approximately 5 nm, as represented in Figure 2.5a, and the edges of the cubes are ∼10 

nm, whereas the platelets have a thickness of ∼1.8-5 nm (see Figure 2.7). Perovskite 

structural formation is further confirmed from the XRD analysis of the NCs synthesized 

(Figure 2.5 d-f), where all of the peaks match with those of the cubic phase of 

MAPbBr3 with a Pm3�m space group. To account for the broadening and shifting of the 

Bragg reflections, all the measurements are carried out on a standard Si-specimen and 

are corrected accordingly. The shift in the peak positions in all the NCs is in accordance 
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with the literature compared to the bulk perovskite and for each shape as previously 

reported.98, 168-171 The absorption and PL spectra for each shape of NC as presented in 

Figure 2.5 (g-i) exhibit well-defined excitonic peaks, where the spectra of the 

nanoplates and nanocubes are red-shifted compared to those of the spheres. 

 

Figure 2.6 TEM images of (A) nanospheres, (B) nanoplates and (C) nanocubes at 

different magnifications.  
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Figure 2.7 TEM images (a, b) of the MAPbBr3 platelets. The drop casting method led 

to estimate the thickness of the standing platelets from the dark contrast TEM 

micrographs. 

 

Figure 2.8 Steady-state absorption (left) and emission spectra (right) of MAPbBr3 

perovskite NCs of different shapes ((a) nanosphere, (b) nanoplates, and (c) nanocubes) 

upon successive TCNE additions. The final concentration of TCNE added to the 

samples was 186 μM. The absorption and emission spectra of blank TCNE in toluene 

have also been provided in dotted lines. The perovskite NCs were selectively excited 

at an excitation wavelength of 380 nm. 
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Figure 2.8 shows the steady-state absorption and emission spectra of three different 

shaped MAPbBr3 NCs with successive addition of TCNE as a molecular acceptor. The 

addition of a notably low concentration of TCNE (186 µM) to the NCs dispersed in 

toluene causes significant PL quenching in all three cases, which suggests an efficient 

excited-state interaction with the NCs. However, the nature of the change in the spectra 

remains different for different shapes upon addition of an identical concentration of 

TCNE.  

For the spherical NCs, the intensity of both the absorption and emission peaks at 445 

nm and 450 nm, respectively, gradually decreases with a small redshift of the peak 

positions with higher concentration of TCNE. Simultaneously, a new broad absorption 

feature appears in the range of 500-560 nm and an emission peak appears at 

approximately 507 nm. The intensities of these bands enhance with the increase in 

TCNE concentration, which suggests a ground-state complex formation between the 

NCs and TCNE.172-174 For the nanoplates, similar behavior is observed upon successive 

TCNE addition, with significant quenching and red shifting of the characteristic 

absorption and emission peaks at 490 and 509 nm, respectively. In this case, a 

featureless broad absorption tail also appears in the range of 520-600 nm. It is worth 

mentioning that TCNE can also form complexes with aromatic hydrocarbons and give 

visible luminescence.175-176 In particular, the TCNE-toluene complex has been reported 

to exhibit charge transfer character and absorption band in the visible range at high 

TCNE concentrations.175-179 However, as we used extremely low concentration of 

TCNE (186 µM), it did not show any signature of such complex formation, and no 

absorption or emission bands were observed when excited at 380 nm (Figure 2.8 

dashed lines in left and right panels). This clearly indicates that the complexation 

between TCNE and toluene is negligible, if exists at all, in this case and hence toluene 
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is acting only as a solvent medium. This indeed proves that the changes observed in the 

absorption and emission spectra of the NCs after addition of TCNE solely comes from 

the interaction of perovskites NCs with TCNE; where insignificant concentrations of 

TCNE can dramatically quench the PL intensity of the perovskites NCs indicating the 

efficiency of the excited state interactions between both. To confirm the origin of the 

new emission peak for the spherical NCs, we have measured the excitation spectrum at 

different emission wavelengths (Figure 2.9), which shows clearly that the new 

emission peak originates from the ground-state complex species formed between 

TCNE and spherical NCs. 

 

 
Figure 2.9 Photoluminescence excitation spectrum of MAPbBr3 nanospheres NCs with 

and without TCNE excited at different emission wavelengths as indicated in the legend. 

For the nanoplatelets, a similar behavior is observed upon successive TCNE addition, 

with significant quenching and the red shifting of the characteristic absorption and 

emission peaks at 490 nm and 509 nm, respectively. In this case, a featureless broad 

absorption tail also appears in the range of 520-600 nm. However, unlike the spherical-

shape case, there is no appearance of well-defined peak in the emission spectra, which 
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suggests a different degree of complexation between NCs and TCNE as well as 

different excited-state interaction.180 For the nanocubes, the absorption spectra do not 

show significant change, and the emission spectrum shows quenching with no shift in 

peak position. No spectral shift for the cubes reflects very weak ground-state 

complexation, if any at all, with TCNE compared to the other two shapes.174 

It is worth noting that the shape of the NCs typically remains identical before and 

after TCNE addition. For the case of nanosphere,  as shown in TEM images (Figure 

2.10). XRD analysis of the NCs after TCNE addition also reveals the presence of 

MAPbBr3 characteristic peaks which indicates the stability of the NCs and perovskite 

phase (Figure 2.11). While the cubic NCs show almost no changes upon TCNE 

addition, suggesting the weaker interaction of TCNE with cubic NCs. However, the 

spherical NCs showed clear spectral shift which suggests an apparent complexation of 

TCNE with sphere NCs. Such signature from XRD for complexation has been also 

reported for other donor-acceptor systems.181 

 

 

Figure 2.10 TEM image of the MAPbBr3 spherical NCs (A) Before and (B) after the 

addition of TCNE which shows similar size and shape as the NCs before addition of 

TCNE. 
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Figure 2.11 XRD pattern of MAPbBr3 perovskite colloidal nanospheres. Inset showing 

the peak shifting to higher 2θ with TCNE. 

To investigate the nature of the interaction between the NCs and TCNE, we 

conducted X-ray photoelectron spectroscopy (XPS) for the spherical and cubic shapes 

of NCs before and after TCNE addition. The Pb4f and Br3d peaks remain essentially 

the same as shown in Figure 2.12, suggesting there is no change in oxidation state of 

these elements after TCNE addition. However, there is a distinguishable change in the 

N1S spectra for spherical NCs after TCNE addition as shown in Figure 2.13. The N1S 

spectra before adding TCNE can be deconvoluted into two peaks at 401.8, and 400.1 

eV. The peak at 400.1 eV can be assigned to the amine group while the peak at 401.8 

eV can be assigned to NH3+ in MABr,181-182 whereas in the presence of TCNE, it can 

be deconvoluted into three peaks at 399.1, 400.1, 401.8 eV. The additional peak is 

observed in the N1S spectra for the NCs after addition of TCNE confirmed the binding 

of TCNE in the NCs. Similar observation has been reported for the complexation of 

PbS QDs with different molecular acceptors.183-184 
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Figure 2.12 MAPbBr3 NCs XPS data: (A,E) Sphere, (B,F) Cubic, (C,G) Sphere-TCNE, 

(D,H) Cubic-TCNE. In the Pb4f spectra, two peaks were observed at ~138.5 and ~143.4 

eV due to the spin orbit splitting that correspond to Pb4f7/2 and Pb4f5/2 levels, 

respectively. B.E peak positions for Br 3d5/2 and Br 3d3/2 are at 68.2 and 69.2 eV, 

respectively which are in agreement with the literature values.185-186 

 
 

Figure 2.13 XPS N1s of MAPbBr3 spherical NCs in absence and presence of TCNE. 

(S) refers to spheres NCs. 
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In colloidal solutions of donor-acceptor moieties, quenching of the donor emission 

may take place either in a static way, i.e., via complex formation between the donor 

(NCs in this case) and the acceptor (TCNE), or when the excited state donor (NCs) is 

deactivated by being in contact with the acceptor molecule (TCNE) in solution, and 

hence depends on the diffusional behavior of the excited state.  Accordingly, to get 

further insights into the interaction between the NCs and TCNE in our case, we 

analyzed the PL quenching data using Stern-Volmer equation: (Io/I = 1+Ksv [TCNE]), 

where Io and I are the fluorescence intensities before and after the TCNE addition, 

respectively. Ksv is the quenching constant and [TCNE] is the TCNE concentration.187 

In general, static and dynamic quenching can be distinguished from the slope of 

Stern–Volmer plot, however, it has been reported in literature that both static and 

dynamic quenching may give a linear Stern-Volmer plot187-189, and deviation from 

linearity is only expected at high concentrations of the molecular acceptor.190 In our 

case also, the relation between the fluorescence intensities (Io/I) and [TCNE] shows a 

linear behavior for all the three NCs shapes (Figure 2.14). One of the reasons behind 

this may be the extremely low concentration of TCNE used in our experiments. Despite 

that, the magnitude of the Stern-Volmer constant, Ksv can be used to distinguish 

between static and dynamic quenching. The value of the quenching constant Ksv 

remains different for each shape with Ksv being highest for the spheres (0.090 M-1), 

followed by Ksv = 0.055 M-1 for the platelets and 0.028 M-1 for the cubes, respectively. 

This suggests that the strongest interaction with TCNE occurs for the spherical NCs, 

and also suggests that the interaction might be static in nature. We presume that less 

values for the other two shapes might be due to the presence of another parameter that 

need to be explored. Thus, additional information is required to distinguish between the 
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two mechanisms; for example, the lifetime dependence measurements, as we will 

discuss later in the dissertation. 

 

Figure 2.14 (A), (B) and (C) Stern-Volmer plots for the nanospheres, nanoplatelets and 

nanocubes, respectively with Stern-Volmer rate constant Ksv obtained from the straight 

line as represented by the linear fitting. 

Transient Absorption (TA) spectroscopy has proven to be a critical method to study 

excited-state interactions.191 Here, we used it to monitor the carrier dynamics at the 

interface between different shaped NCs and TCNE. Figure 2.15 shows the 

femtosecond (fs)-TA spectra of the NCs in the absence and presence of TCNE, which 

were measured after a 380 nm laser pulse excitation. For pristine NCs, a clear ground-

state bleach (GSB) due to the removal of the occupied valence band population upon 

excitation and positive absorption bands attributed to the excited-state absorption of the 

excited charge carriers are observed in all cases, whereas recovery of the GSB with 
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time reflects the relaxation of the excited carriers to the ground-state as a result of 

charge recombination (CR).192-193 

 

Figure 2.15 fs-TA spectra of (A) MAPbBr3 spheres NCs, (B) platelets and (C) cubes 

NCs without and with TCNE. The data were recorded from 1 ps to nearly 1 ns probe 

delays after 380 nm laser pulse excitation. 

For spherical NCs, when coupled with TCNE, the GSB band is slightly red shifted 

by 5 nm, which may be related to a similar spectral shift in the steady-state absorption 

spectra (Figure 2.15A) because of the ground-state complexation between NCs and 

TCNE. In addition, a new GSB is observed at 527 nm, which confirms the existence of 

a new species that formed with NCs and TCNE. For the platelets (Figure 2.15B), the 

TCNE addition causes a spectral shift of the GSB band from 502 to 529 nm, which 

again confirms the ground-state complexation between MAPbBr3 and TCNE.174 In a 

sharp contrast, the GSB band of the cubes (Figure 2.15C) at approximately 515 nm 

remains essentially identical, with no spectral change after the TCNE addition. 

Interestingly, in all three cases, the extent of GSB recovery increased in the presence 
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of TCNE, which suggests the existence of an additional deactivation pathway for the 

photogenerated electrons in MAPbBr3 to TCNE, whose extent is maximum for the 

spherical NCs, followed by the platelets and cubic shape. The faster GSB recovery 

results from quenching of NCs excitons by TCNE, indicating ultrafast electron injection 

from the NCs conduction band to the LUMO of the TCNE. 

 

Figure 2.16 (A) Kinetic traces of the bleaching recovery profiles of spheres, platelets 

and cubes MAPbBr3 perovskite NCs in the absence (Cyan) and presence of TCNE 

(Orange), which were recorded after a 380 nm laser pulse excitation. The solid lines are 

the best kinetic fit of the data. (B) Fluorescence lifetime measurement based on the 

time-correlated single photon counting (TCSPC) decay of free MAPbBr3 NCs and 

MAPbBr3 in the presence of TCNE, which were collected after laser excitation at 400 

nm. 
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Figure 2.17 Femtosecond transient absorption spectra for (A) neat MAPbBr3 (S) and 

(B) MAPbBr3 (S) NCs with TCNE recorded within 1ps probe delays after 350 nm laser 

pulse excitation and in a 2 mm optical cell representing the excited state absorption 

decay. (S) refers to spheres NCs. 
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Figure 2.18 Kinetic traces of the excited state decays of spherical, platelet and cubic 

MAPbBr3 perovskite NCs in the absence (orange) and presence of TCNE (blue), which 

were recorded after a 380 nm laser pulse excitation. The solid lines are the best kinetic 

fit of the data. 

To obtain a quantitative picture of the carrier dynamics, we compared the kinetic 

traces of both GSB recovery in Figure 2.16 (A), left panel) and the excited-state decays 

see (Figure 2.17, 2.18) before and after TCNE addition for all three NCs, after 380 nm 

laser pulse excitation. The data were fitted with a bi-exponential decay using eq. 1, and 

the obtained time components are provided in Table 2.1. 

𝑦𝑦 = 𝑦𝑦0 + 𝐴𝐴1𝑒𝑒−𝑡𝑡/𝜏𝜏1 + 𝐴𝐴2𝑒𝑒−𝑡𝑡/𝜏𝜏2 ………………………………… (1) 
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Table 2.1 Fitted Kinetic data of ground state bleach (GSB) recovery of MAPbBr3 

perovskites NCs collected at the emission maxima of each shape; 450, 507 and 520 

nm for sphere, platelets and cubes, respectively in the absence and presence of TCNE. 

Shape A1 t1 (ps) A2 t2 (ns) 

Nanospheres 60% 27 40% 2.9 

Nanoplatelets 66% 60 33% 2.5 

Nanocubes 50% 148 50% 1.7 

 

 
 

The GSB recovery kinetics for all NCs have one fast component with a time constant 

of tens to hundreds of picoseconds, based on each shape, and one slow component in 

the range of ns (Table 2.1). Similarly, the ultrafast (within few ps) decay of the excited 

states of the NCs in the presence of TCNE is also observed, suggesting the presence of 

additional deactivation channels, as indicated by the GSB recovery data, with similar 

decay time constants. However, the time constant of the slow component cannot be 

accurately extracted because it extends beyond our time window. 

In pristine NCs, the fast component observed in the GSB recovery kinetics may 

originate from electron trapping by surface states near the conduction band, whereas 

the slow one originates from the excitonic recombination of the NCs.168 In the presence 

of TCNE, both time constants decrease, which indicate a faster GSB recovery and 

suggest the presence of additional ultrafast CT and CR channels in the system. This 

hypothesis is also supported by the ultrafast excited-state decay of the NCs in presence 

Shape A1 t1 (ps) A2  t2 (ns) 

Nanospheres 75% 17 25% 1.4 

Nanoplatelets 57% 37 42% 1.2 

Nanocubes 53% 133 46% 1.1 
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of TCNE within few ps (Figure 2.18). To obtain more details regarding the nature of 

the excited-state interactions between MAPbBr3 and TCNE, we measured the PL decay 

lifetime based on the time-correlated single photon counting (TCSPC) with a 150 ps 

temporal resolution (the emission decay traces are measured at the emission maxima of 

each shape; 450, 507 and 520 nm for nanosphere, nanoplatelets and nanocubes, 

respectively). As observed in Figure 2.16B, the lifetime decay for all shapes can be 

fitted with a bi-exponential function (time constants provided in Table 2.2). The fast 

component can be attributed to the radiative excitonic recombination in these NCs, 

whereas the slow component may arise from the radiative recombination that involves 

the trap states.166, 180, 194 For the spherical NCs, the PL excited-state decay remained 

nearly identical with and without TCNE, which again indicates that the quenching 

occurred via a static mechanism that was driven by a ground-state complex formation 

between these NCs and TCNE, as indicated in the steady-state measurements. On the 

contrary, for both platelets and cubes, the lifetime decreased, (the cubes having a shorter 

lifetime than the platelets), which suggests that the quenching mechanism in these cases 

is dynamic. However, for the platelets, the steady-state spectra also show a signature of 

ground-state complex formation. Hence, a combination of static and dynamic 

quenching mechanisms is presumably responsible for the fluorescence quenching of 

the platelets.195 

Table 2.2 Fitted Kinetic data obtained from TCSPC of MAPbBr3 Pervoskites NCs 

collected at the emission maxima of each shape; 450, 507 and 520 nm for sphere, 

platelets and cubes, respectively in the absence and presence of TCNE. 

Shape A1 t1 (ns) A2 t2 (ns) 

Nanospheres 40% 3.3 60% 13 

Nanoplatelets 44% 5 56% 9.2 
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Nanocubes 42% 3.2 58% 9.1 

 

The quenching mechanism varies for different shapes, possibly because of different 

degrees of complexation and different surface areas. For example, the surface areas of 

the spheres and the cubes were calculated using the Brunauer-Emmett-Teller (BET) 

method, which is one of the most widely used methods for calculating the surface area 

of NCs. The calculated surface areas of the nanospheres and nanocubes are 6.816 

𝑚𝑚2/gm and 3.505 𝑚𝑚2/gm, respectively. These results support that spherical NCs, which 

have the largest surface area, can accommodate more TCNE molecules, which enables 

efficient ground-state complex formation between the two components. It is worth 

mentioning here that we also measured the ns-s transient spectra for the NCs before 

and after addition of TCNE (Figure 2.19) and it showed similar trends to that of PL 

excited state decay kinetics affirming our conclusion about the quenching mechanism. 

Shape A1 t1 (ns) A2 t2 (ns) 

Nanospheres 32% 3 68% 11.08 

Nanoplatelets 68% 1.2 32% 5.4 

Nanocubes 73% 0.8 27% 5.3 
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Figure 2.19 (A, B) ns TA Kinetic traces of the bleaching recovery profiles of spheres 

and cubes MAPbBr3 perovskite NCs in the absence (cyan) and presence of TCNE 

(orange), which were recorded after a 380 nm laser pulse excitation. (C, D) 

Fluorescence lifetime measurement based on the time-correlated single photon 

counting (TCSPC) decay of free MAPbBr3 NCs and MAPbBr3 in the presence of 

TCNE, which were collected after laser excitation at 400 nm. The solid lines are the 

best kinetic fit of the data. 



 

 

101 

 
 

Scheme 2.1 Bandgap offset of MAPbBr3 NCs of spheres, platelets and cubes shapes 

with respect to LUMO value of TCNE.196-197 

It is well-known that Marcus theory correlate the relation between the free energy 

driving force (-∆G) which is energy difference between the acceptor and donor moieties 

and the rate of CT. As the energy difference increases, the rate of electron transfer 

increases.193, 198 As depicted in Scheme 2.1, there is a clear difference of electron 

affinities between each shape of NCs and TCNE, with the energy offset between the 

conduction band of the NCs to the LUMO level of TCNE is the highest for the spherical 

particles flowed by the nanoplatelets and the nanocubes. So, according to Marcus 

model, when the perovskites NCs interact with TCNE, a faster CT rate is expected in 

the spherical shape than the nanoplatelets or nanocubes which are in good agreement 

with the static nature of interaction for the spherical shape as previously mentioned in 

the dissertation. 

In conclusion, although control of the shape of semiconducting NCs has gained 

significant progress over the past decade and has huge potential for solar and light-

emitting applications, not much progress has been made in the shape-tunable ultrafast 

charge carrier dynamics at the interface of these NCs. Here, we present the first direct 
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observation of the tremendous effect of shape variation of perovskite NCs on interfacial 

CT dynamics with molecular acceptors using time-resolved femtosecond TA 

spectroscopy with broad-band capability. The time-resolved data reveal that the rate 

and mechanism of electron transfer strongly depend on the shape of the NCs. We have 

found that the spherical NCs have the maximum rate, followed by the platelets and the 

cubes. In addition, the electron transfer mechanism is very different and is driven by 

the complexation of the molecular acceptor on the surface of NCs. Our results 

demonstrate that static and dynamic electron transfer are responsible for PL quenching 

in spherical and cubic shapes, respectively. However, a combination of both 

mechanisms is evident for the platelets. Thus, this work serves as a milestone to further 

develop and design light-harvesting systems. 
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Chapter 3 Interface-Assisted Self-Assembly of CsPbBr3 NCs 

into Nanoplates with Ultrahigh Stability against Irradiation 

Colloidal lead halide perovskite (LHP) nanocrystals (NCs) have recently emerged 

as a novel class of luminescent materials with outstanding optical properties, such as 

extremely high photoluminescence quantum yields (PLQYs) (≈100%), tunable optical 

properties across the entire visible range, remarkable light absorption, long electron-

hole diffusion length, and controllable dimensionalities.9-10 In particular, the cesium 

derivatives (CsPbX3, X = Cl, Br, and I) have shifted to the center of attention as their 

higher stability compared to organic-inorganic hybrid perovskites. Undoubtably, 

CsPbX3 NCs have been promising candidates in the fields of displays and lighting, i.e. 

light-emitting diodes (LEDs),199 amplified spontaneous emission (ASE),200 

photodetectors,201-202 X-ray detectors203. 

In spite of their great application potentials, their inherent vulnerability, remains the 

major obstacle to impeding practical applications. The instability mainly arises from 

their low formation enthalpy, intrinsically high soft character, weakly bonded surface 

ligands,204-205 rapid anion exchange,50-52, 206 and ease of ion migration.53, 204 Inevitably, 

LHPs decompose when exposed to external stimuli such as temperatures, moisture, 

polar solvents, light, and electric field.207-208 Correspondingly, various strategies for 

improving the stability of LHPs have been continuously proposed, which can be 

typically classified into: dimensional and compositional engineering,209 surface ligands 

modification,210 waterproof materials encapsulation,211-213 and construction of core-

shell structures.214 In addition, another possibility to address this issue is the self-

assembly of NCs, since their ensembles behave collective properties comparing to their 

individual constituents.32, 215 For example, the stability of assembled CsPbBr3 
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nanoplates was significantly improved against UV-light, compared to that of as-

synthesized NCs.63 Fabricated 2D/3D perovskite films by self-assembly of 2D 

perovskite crystals exhibited enhanced device stability against moisture.62 Motivated 

by these promising accomplishments, a novel self-assembly strategy to achieve free-

standing, micro-scale CsPbBr3 nanoplates from as-synthesized CsPbBr3 NCs was 

promoted by introducing cyanamide molecular in the colloidal solution. The assembled 

CsPbBr3 nanoplates exhibited ultrahigh stability under high-energy and high-intensity 

electron beam and the first atomic-resolution EDS elemental mapping data of LHP NCs 

were acquired.64 Here the introduced cyanimide molecular anchored on CsPbBr3 NCs 

surface, via passivating the surface dangling bonds or defect sites. Thus, their structure 

decomposition can be effectively retarded, and the stability of the assembled CsPbBr3 

nanoplates can be significantly improved. 

Although considerable efforts have been dedicated to investigating the 

anisotropic/isotropic assembly of LHP NCs, driving forces that control of LHP NC self-

assembly is largely unknown. Unfortunately, a lack of detailed analysis of the driving 

forces, it is challenging to achieve diverse assembled nanostructures. Assisted on the 

interface-assisted self-assembly technique, the driving forces (i.e., electrostatic 

interactions and capillary force) governing the assembly process were thoroughly 

investigated. During the assembly process, the typically oriented attachment growth 

mechanism is verified at atomic-scale resolution using AC-HRTEM. The 

understanding of self-assembly mechanism here can thus provide a designable and 

controllable self-assembly technique for LHPs. The extreme stability of assembled 

CsPbBr3 nanoplates under electron beams, makes it possible to record atomic-

resolution STEM images with a high signal/noise ratio for further addressing their 

poorly understood atomistic nature. 
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3.1 Experimental Details 

Chemicals: All chemicals were used as procured without further purification: cesium 

carbonate (Cs2CO3, 99.995%, Sigma-Aldrich), oleic acid (OA, technical grade 90%, 

Alpha Aesar), n-oleylamine (OAm, 70%, Sigma-Aldrich), PbBr2 (98%, Alfa Aesar), 

Cyanamide (H2NCN, 99%, Sigma-Aldrich), 1-octadecene (ODE, technical grade 90%, 

Sigma-Aldrich), and toluene (Honeywell Burdick & Jackson).  

Synthesis of CsPbBr3 NCs: CsPbBr3 NCs were synthesized via the method reported 

by Kovalenko et. al.9 Cs2CO3 (0.814 g) was loaded into a 100 mL 3-neck flask with 

ODE (40 mL) and OA (2.5 mL), dried for 1 hour at 120 ˚C, and then heated under N2 

to 150 ˚C until all Cs2CO3 reacted with OA. The solution was kept at 150 ˚C to avoid 

solidification. Into a flask, 125 mL of ODE, OAm (12.5 mL), OA (12.5 ml), and PbBr2 

(1.725 g) were loaded, degassed at 110 ˚C for 30 min and heated to 180 ˚C under 

nitrogen flow. Into the lead precursor solution, 10 mL of Cs-oleate solution was quickly 

injected. After 5 s, the reaction was quenched by an ice-water bath. The crude solution 

was directly centrifuged at 8000 rpm for 5 min. Then, the supernatant was removed, 

and the precipitate was collected and dispersed in 10 mL toluene. One more 

centrifugation was required to purify the final NCs. 

Synthesis of free-floating CsPbBr3 nanoplates: The achievement of CsPbBr3 

nanoplates free-floating film was induced with the assistance of cyanamide. 84 mg 

cyanamide powders were dissolved into 20 mL toluene and then heated 80 ˚C with 

stirring for 30 mins. To prepare the self-assembled nanoplates, 200 μL cyanamide 

toluene solution was added into the 2 mL as-prepared CsPbBr3 NC colloidal solution. 

After standing by for some time, the finial large-sized free-floating nanoplates film 

would be formed. 
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3.2 Computations 

DFT calculation. To understand the ligand exchange on the aggregation of CsPbBr3 

NCs and formation of nanoplates, we performed DFT calculations on the CsBr-rich 

slabs with different ligand passivation. We excluded another possible PbBr2-rich 

surface in our calculations since OAm and similar amine-ligands incline to get 

protonated in the presence of the acid and thus generate the weak binding between NH3+ 

of oleylammonium and Br atoms in the surface PbBr6 octahedra of the nanocrystals. 

3.3 Interface-Assisted Self-Assembly of CsPbBr3 NCs to Nanoplates 
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Figure 3.1 (a) Schematic illustration of the self-assembly of CsPbBr3 NCs into CsPbBr3 

nanoplates induced by cyanamide. (b) Scheme depicting the capillary forces of 

directional attraction at the interface. (c) The assembled CsPbBr3 NCs are grown along 

with the lateral direction and perpendicular direction growth is restrained at the 

interface. TEM images of as-synthesized CsPbBr3 NCs (d) and self-assembled CsPbBr3 

free-floating films (e). 

The interface-assisted self-assembly, taking advantage of solvent effect on the 

asymmetric surface chemistry of NCs, is especially applicable to NCs grafted with an 

anisotropic ligands distribution and offers a powerful platform to control 

dimensionality. Herein, to trigger self-assembly at liquid-air interfaces, the symmetric 

CsPbBr3 NCs surfaces are required to modify into asymmetric chemical surfaces. Three 

key prerequisites need to be addressed regarding the surfactants of CsPbBr3 NCs to 

trigger interface-assisted self-assembly: insoluble in good solvents of CsPbBr3 NCs 

(e.g., toluene, hexane), easy replacement protogenetic surfactants (e.g., OA and OAm), 

and no damaging CsPbBr3 nanostructures. After carefully screening surfactants, the 

cyanimide was proved to act as the ideal trigger. Figure 3.1a illustrates the self-

assembly procedure of CsPbBr3 NCs into free-standing films at the liquid-air interface. 

The initial CsPbBr3 NCs were synthesized following the reported hot-injection 

method,9 and dispersed into toluene to form a bright green solution (Figure 3.1a-I). 

Afterward, a hot cyanimide toluene solution was injected into the as-synthesized 

CsPbBr3 NCs stock solution (Figure 3.1a-II). After injection, the original clear 

solution turns into turbid and then becomes greenish-yellow. Subsequently, a 

freestanding film composed of CsPbBr3 nanoplates appears at the air-liquid interface 

(Figures 3.1a-III and 3.2). 
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Here, the temperature-controlled solubility of cyanimide was ingeniously utilized to 

trigger the occurrence of interface-assisted self-assembly. Cyanimide cannot dissolve 

into toluene at room temperature because of its strong polarity. However, when heated 

to 80 °C, the white cyanimide crystals were totally dissolved in toluene (see in Figure 

3.3). Due to the little solubility when naturally cooled down to room temperature, 

cyanamide modified CsPbBr3 NCs are continuously driven to anchor at the liquid-air 

interface. The deforming of NCs’ surrounding interface alters the surface properties 

such as interfacial energy and surface tension.216 The interfacial energy reduction is the 

dominant driving force for assembly at the interface, and this assembly is further 

controlled by lateral interface-mediated capillary forces, a force that exerted by 

interfacial or surface tension effects as shown in Figure 3.1b.217-218At the interface, 

CsPbBr3 NCs are assembled in the horizontal direction and grow into micron-sized, 

single-crystalline nanoplates since the perpendicular direction growth is restrained 

(Figure 3.1c). Consequently, the free-floating film composed of assembled CsPbBr3 

nanoplates is achieved, where the CsPbBr3 nanoplate unit possesses physical integrity, 

with typical lateral dimensions of ~1 μm and thickness of hundreds of nanometers as 

shown in Figures 3.1c and 3.4. 
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Figure 3.2 Photographs of the visual appearance of assembled nanoplates film under 

room light (a) and UV light illumination (b). 

 

Figure 3.3 The solubility of cyanimide into toluene under different temperatures. a) 

Insoluble in toluene at room temperature. b) Totally dissolved when heated to 80 °C. 

c) After cooling down to room temperature, cyanimide molecular precipitates again. 

 

Figure 3.4 The free-floating film is composed of CsPbBr3 nanoplates. 
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In order to understand the formation process of these floating films, surface 

chemistry characterizations combining with DFT calculations were utilized to inspect 

the surface structure evolution during the self-assembly process. DFT calculations 

reveal that CsPbBr3 NCs are terminated by CsBr surface.219 Unfortunately, the 

atomistic nature of the CsPbX3 NC surface remains poorly characterized, even assisted 

via AC-HRTEM and scanning transmission electron microscopy (STEM). Hence, the 

indirect evidence (e.g., STM (Scanning tunneling microscopy) and solid nuclear 

magnetic resonance (NMR)) were employed here to support the CsBr-terminated 

CsPbBr3 structure.220-221 Based on the reported models, protonated amines such as 

oleylammonium (C17H35NH3+), n-butylammonium (n-C4H9NH3+), and 

phenylethylammonium (C8H9NH3+)) can replace most of Cs+ ions at the surface.219, 222 

Correspondingly, the protonated cyanamide (NH3+-C≡N), whose molecular can be 

easily protonated (NH3+-C≡N) via reacting with mobile OA in solution, can also occupy 

the Cs+ sites by forming hydrogen bonds between H atoms in NH3+ and Br atom sitting 

on the surface of CsPbBr3 NCs.223-224 Nevertheless, it must be mentioned that addition 

of cyanimide cannot always guarantee production of free-standing CsPbBr3 nanoplates 

films, but the weak light illumination plays a significant role in the formation of free-

standing films. Otherwise, the CsPbBr3 NCs stock solutions remain clear in dark 

surroundings even if it is mixed with cyanamide for a long time. This is because the 

protonated cyanamide (NH3+-C≡N, 4.97 eV, in Figure 3.5b-II), is hard to compete with 

oleylammonium (C17H35NH3+, 4.96 eV, Figure 3.5b-I) due to the relatively higher 

binding energies from DFT calculations. However, under illumination treatment, the 

original surface ligands (C17H35-COO- and C17H35NH3+) can be partly removed 

according to our recent findings.54, 225 Consequently, the protonated cyanamide gets an 

opportunity to adhere to CsPbBr3 NCs surface and occupy Cs+ sites. 
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Figure 3.5 (a) Illustration of ligand-triggered CsPbBr3 NCs surface engineering: (I) 

protonated OAm, (II) protonated cyanamide, and (III) NH2-C(Br)=NH molecule 

attached on CsPbBr3 NCs surface. (b) Calculated binding energies of (I) protonated 

OAm, (II) protonated cyanamide, and (III) NH2-C(Br)=NH molecule attachment on 

CsPbBr3 NCs. (c) Energy dispersive spectroscopy (EDS) elemental mapping images of 

CsPbBr3 intermediates for Cs (green), Pb (red), Br (blue), N (cyan), and C (yellow), 

respectively. (d) FTIR spectra of as-synthesized CsPbBr3 NCs and assembled 

nanoplates. (e) The high-resolution N 1s core-level XPS spectra of CsPbBr3 NCs and 

nanoplates. 
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Figure 3.6 NMR spectra of as-synthesized CsPbBr3 NCs and assembled Nanoplates. 

In addition to triggering NCs migration to the liquid-air interface, the cyanamide 

also leads to the coalescence of CsPbBr3 NCs via consumption of surface ligands 

(reacted with OA and substituted OAm), which contributes to the driving force for 

primary NCs self-assembly (Figure 3.6b). Based on the DFT calculations exhibited in 

Figure 3.5b-III, the protonated cyanamide (NH3+-C≡N) prefers transforming to their 

isomers formulated of H2N-C(+)=NH.223-224 This transformation is a spontaneous and 

energy release process, where the binding energy of H2N-C(+)=NH (3.96 eV) is far less 

than that of protonated cyanamide (NH3+-C≡N, 4.97 eV). The H2N-C(+)=NH will 

further capture mobile Br- or R-COO- anions to form neutral H2N-C(Br)=NH or H2N-

C(R-COO)=NH molecules and then lie down the surface. The falling off of these 

neutral molecules results in the exposure of uncovered and charged surface atoms, and 

contribute to the driving force for secondary assembly of these nanometer-scale 

intermediates units by abundant electrostatic interactions of ionic bonding (Figure 

3.7d). 
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To prove our hypothesis on the self-assembly process, FTIR, XPS, NMR together 

with energy dispersive spectroscopy (EDS) elemental mapping were conducted to 

investigate the surface chemistry modulations. As shown in Figure 3.5c, the presence 

of elements N and C were identified, confirming the attachment of cyanimide molecular 

to CsPbBr3 nanoplates surface. From the observation of FTIR (Figure 3.5d), a new 

peak appearing at the C≡N (2250 cm-1) stretching vibrations bands confirms the partly 

ligands exchange from protonated OAm (NH3+-R) to protonated cyanamide (NH3+-

C≡N), comparing with the spectra of original CsPbBr3 NCs. The absorption features at 

1647 cm-1 exhibited in assembled CsPbBr3 nanoplates are ascribed to the -C=N 

stretching vibrations, indicating that the protonated cyanamide (NH3+-C≡N) 

transformed to neutral H2N-C(Br)=NH. The N 1s core level in XPS survey obtained 

from CsPbBr3 NCs and nanoplates shows a noticeable difference in Figure 3.5e. The 

peak at 397.8 eV absent in NCs corresponds to nitrogen from nitrile and/or imine 

groups, confirming that protonated cyanimide was grafted into the surface of CsPbBr3 

nanoplates (-C=N/C≡N, 397.8 eV). For 13C NMR spectra (Figure 3.6), in comparison 

to NCs, the CsPbBr3 nanoplates appear new peaks at 138.4 ppm assigned to the -C=N 

group and 114.1 ppm attributed to and C≡N group. Thus, it means partly ligands 

exchange from OAm to cyanamide and the fact of protonated cyanamide (NH3+-C≡N) 

transforming to their isomers (H2N-C(+)=NH) during the assembly progress. In short, 

the above evidence offers support for the proposed surface ligands evolution, from 

protonated OAm to protonated cyanimide, and neutral H2N-CR=N molecular. 

Specifically, when cyanamide molecules approach CsPbBr3 NCs, they prone to attach 

onto CsPbBr3 via two steps: light-assisted replacement of original surfactants and the 

exothermic isomers transition. 
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3.4 Mechanism and Driving Force of Interfaced-Assisted Self-

Assembly of CsPbBr3 NCs to Nanoplates 

 

Figure 3.7 (a-d) Shape evolution of the self-assembled CsPbBr3 nanoplates. (a) Initial 

CsPbBr3 NCs. (b) Primary CsPbBr3 nanoplates at the beginning of assembled process, 

from a) to b) named stage I. (c) Secondary CsPbBr3 nanoplates. (d) The final CsPbBr3 

nanoplates. The process from (c) to (d) named stage II. (e) Illustration of shape 

evolution from CsPbBr3 NCs to nanoplates. (f-i) The corresponding PXRD pattern of 

shape evolution from CsPbBr3 NCs to nanoplate at different stages, as-synthesized 

CsPbBr3 NCs (f), primary CsPbBr3 nanoplates (g), secondary CsPbBr3 nanoplates (h), 

and final CsPbBr3 nanoplates (i). 



 

 

115 

 

Figure 3.8 STEM image of the CsPbBr3 secondary nanoplates along [001]o projection 

(a) and [1-10]o projection (b). 

Table 3.1 DFT-simulated surface energies for orthorhombic phase CsPbBr3 with 

CsBr- and PbBr2-terminated (110)o and (001)o surfaces. 

 Orthorhombic (110)o (001)o 

CsBr Termination 0.32 J/m2 0.07 J/m2 

PbBr2 Termination 0.40 J/m2 0.11 J/m2 
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Figure 3.9 STEM image (along [001]o projection) of the CsPbBr3 final nanoplates 

arranged as [110]o and [1-10]o crystallographic orientation. 

The oriented attachment mechanism has been adopted to explain the regrowth or 

self-assembly of LHPs. However, real-time TEM imaging of CsPbBr3 NCs self-

assembly in solution is challenging because of their sensitivity to electron beam. Hence, 

we scrutinize the individual stage during the morphological evolution to reveal the 

oriented attachment growth mechanism by AC-HRTEM and Powder X-ray diffraction 

(PXRD). Firstly, the coalescence of initial cubic CsPbBr3 NCs was observed after 

introducing cyanimide molecular, as shown in Figure 3.7b. The oriented attachment 

could be described as a self-directed arrangement of neighboring NCs presenting 

identical crystallographic configurations. When a favorable crystallographic 

orientation is satisfied, these NCs merge together in the ways of corner-to-corner 

([110]c) or face-to-face ([100]c). Process of forming primary CsPbBr3 nanoplates is 

called stage I. At this stage, the fused CsPbBr3 NCs exhibit apparent splitting 

diffraction peaks at 15˚ in PXRD pattern, reflections from the orthorhombic (ICSD 

97851, Pbnm (62), a = 0.8207 nm, b = 0.8255 nm, c = 1.1759 nm) crystalline structure 

(Figure 3.7g). Since the as-synthesized CsPbBr3 NCs belong to the cubic phase, there 

is a cubic-to-orthorhombic phase transition accompanying the self-assembly process.54 
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As synthesis progresses, CsPbBr3 NCs gradually vanish and merge to much larger 

nanoplates, namely secondary nanoplates within Figure 3.7c, which is called stage II. 

These secondary CsPbBr3 nanoplates have both [110]o and [001]o crystallographic 

orientation (Figure 3.8), which is consistent with the PXRD pattern in Figure 3.7h. As 

time further continues, the fused NCs can be automatically adjusted their positions to 

eliminate the high-energy surfaces, thereby minimizing the total surface energy of the 

NCs.  The final CsPbBr3 nanoplates grow only along the [110]o direction, reflected by 

the peaks at 15.05˚ and 30.1˚ in the XRD pattern of Figure 3.7i, so-called stage III. 

Based on the DFT calculations (Table 3.1), {001}o facets possess smaller surface 

energy than that of {110}o facets. Hence, the most thermodynamically favorable growth 

should be along with four [110]o directions to guarantee the maximal exposure of the 

lower energy {001}o surfaces. The final CsPbBr3 nanoplates were arranged as [110]o 

and [1-10]o crystallographic orientation, is further carefully resolved by STEM 

characterization in Figure 3.9. This shape evolution from CsPbBr3 NCs to nanoplates 

is schematically illustrated in Figure 3.7e. 

 



 

 

118 

Figure 3.10 (a) AC-HRTEM image of initial CsPbBr3 NCs. (b) Zoom-in view of the 

core area in (a), marked with a yellow square. Red circles represent the Br vacancies, 

respectively. (c) Zoom-in view of the surface area in (a), marked with a white square. 

Green, purple, and red circles represent the Pb, Cs and Br vacancies, respectively. (d) 

Schematic illustration of the aggregation of CsPbBr3 NCs attracted by electrostatic 

interactions. (e) The corresponding projected structural model of (b) displaying Br 

vacancies with red dash circles. Green, purple and red dots, represent Pb-Br column, 

Cs atoms and Br atoms column. (f) The corresponding projected structural model of (c) 

displaying Br, Pb, Cs vacancies with red, green, and purple dash circles, respectively. 

To probe the driving forces of self-assembly, the lattice structure of CsPbBr3 NCs 

was thoroughly investigated via atomic-resolution AC-HRTEM and STEM. The 

vacancy distribution in CsPbBr3 NCs was straight-forwardly observed, as the first 

evidence to directly character on vacancies and overcome the limitation of simulation. 

Due to the low formation energy, labile ligands dynamics, and soft lattice of CsPbBr3 

NCs, it possesses more defects compared with other conventional semiconductor NCs, 

mainly referring to vacancies.226-227 Figure 3.10a-c reveals the abundant distribution of 

vacancies, indicating previous recognitions of approximate one defect in a 10 nm 

CsPbBr3 NC were hugely underestimated,228 in fact where the number of vacancy is 

one or more orders of magnitude high. Among our as-synthesized Br-poor CsPbBr3 

NCs, the Br vacancy has the lowest formation energy than that of Cs and Pb vacancy, 

and thus becomes the dominant defects.229 The Br- vacancies (red circles) are found to 

extensively locate at the core (Figure 3.10b) and surface (Figure 3.10c), contributing 

to local positive charges. Their corresponding projected structural models are shown in 

Figure 3.10e,f. However, defects formed in the core eventually travel towards surfaces 

to eliminate the charge imbalance.228 The migrated core vacancies to surface together 
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with existed surface vacancies, make surface atoms more active for regrowth. 

Therefore, it is believed that the elimination of vacancy density serves as the driving 

force for self-assembly. This is the reason that a large number of vacancies can be 

clearly detected in the initial CsPbBr3 NCs, yet almost no vacancy distributes among 

final CsPbBr3 nanoplates (Figure 3.9). 

Even if a large number of surface Cs+ vacancies are supposed to exist among the 

outermost layer of CsPbX3 NCs, unfortunately, the outer surface remains poorly 

characterized. As displayed in Figure 3.10c,f, only little of Cs+ and Pb2+ vacancy sites 

can be detected on CsPbBr3 surface, generated with negative charges. The motion and 

merging CsPbBr3 NCs are accelerated because of the attraction among them as well as 

the intrinsically abundant electrostatic interactions of ionic bonding. Figure 3.10d 

schematically illustrated the fusion of initial CsPbBr3 NCs attracted by electrostatic 

interactions. The Coulomb interaction generally from the oppositely charged NCs, can 

be a simple and flexible driving force to keep them regrowth into desired 

nanostructures. 

3.5 Ultrahigh Stability Against Electron-Irradiation of the Self-

Assembled CsPbBr3 Nanoplates 

Such a specific assembly mechanism contributes to the monocrystalline nature of 

large-sized CsPbBr3 nanoplates, shelled with cyanimide surfactants and exhibited 

ultrahigh stability against electron-irradiation, which is vital for structural studies at the 

atomic scale using continuous high-energy electron beams. Hence, we employed EDS 

to reveal the generation of Pb0 clusters under continuous electron-irradiation. As shown 

in Figure 3.11, when exposed under electron beams, the CsPbBr3 NCs cannot be 
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survived and suddenly generated dark spots, referring to the generation of Pb0. While 

the assembled CsPbBr3 nanoplates exhibited ultrahigh stability under 300 kV electron 

beam and no beam-induced structural damage occurred (Figure 3.12), which allows 

acquiring the first atomic-resolution EDS elemental mapping data. These results of Cs, 

Pb, and Br atomic distribution columns reveals that a perfect perovskite structure is 

constituted via self-assembly. The assembled defect-free CsPbBr3 nanoplates are hard 

to damage, where the decomposition normally starts from defect points. Considering 

the -CN group being a strong electron-withdrawing group, the free radicals originated 

from photon-irradiation can be mostly captured and consumption. Herein, the 

cyanamide shelled CsPbBr3 nanoplates exhibited an extraordinary resistance to 

electron-degradation. Importantly, the employment of electron-withdrawing groups 

might offer an avenue to achieve photo-irradiation stable LHPs. 

 

Figure 3.11 Electron-beam-induced structural decomposition of CsPbBr3 NCs during 

high-resolution electron microscopy imaging. Overview of the formation of Pb0 

nanoparticles produced from CsPbBr3 NCs under a focused electron beam. 
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Figure 3.12 Atomic-resolution EDS elemental mapping of the assembled orthorhombic 

CsPbBr3 nanoplates. a) Atomically resolved high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image of CsPbBr3 nanoplates. b) 

Pb-column mapping. c) Cs-column mapping. and d) Br-column mapping. The specific 

conditions for this mapping data are an accelerating voltage of 300 kV; a beam current 

of 196 pA; a dwell time of 5 μs; a pixel size of 0.07 Å-2; and a total electron dose of ≈ 

9 × 104 e Å-2. 



 

 

122 

 

Figure 3.13 (a) STEM image of the interfaces between two assembled CsPbBr3 NCs 

and corresponding EDS elemental mapping for Br (b), Cs (c), and Pb (d) respectively. 

e) Illustration a proposed merging mechanism: i) Approaching of two CsPbBr3 NCs. ii) 

Anchoring of two CsPbBr3 NCs and forming interfacial gap. iii) Elimination of 

interface boundary. 

Understanding the origin of defects in LHPs NCs are paramount to attaining long-

term structural stability and improved optical efficiency, key features for their 

successful implementation in optoelectronic devices. Based on sufficient stable 

exposed electron beam, more opportunities for TEM characterization can be provided 

to address much deeper investigations, such as the elimination of interface boundary. 

Figure 3.13 provides an atomic-scale resolution STEM and EDS investigation on the 

interface gap boundaries. When adjacent CsPbBr3 NCs find a lattice match, they 

perform oriented attachment started from a contact point. As the illustration of Figure 

3.13a, the upper and lower ends of the interface gap (yellow arrows) have already been 

anchored, consequently, further movement between each other is blocked. Therefore, 

the migrations of Cs+, Pb2+, and Br- ions are the only way to eliminate the interface gap, 

where the solvent as the carrier medium. The corresponding EDS elemental mapping 
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of the assembled intermediate presented in Figure 3.13b-c, have proved the insufficient 

distribution of Br-, Cs+, and Pb2+ among the gap valley. Due to the presence of vacancies 

on CsPbBr3 NC surfaces, the immigrated ions are attracted first to occupy the existing 

vacancies sites. A continuous growth could occur because of the affinity from ionic 

bonding between Cs+, Pb2+, and Br- ions. As a consequence, the interface region 

between two adjoining particles is filled up to form a smooth CsPbBr3 nanoplate. In 

summary, the coalescence and interface elimination of CsPbBr3 NCs during the self-

assembly process is schematically illustrated in Figure 3.13d, including CsPbBr3 NCs 

approaching (i), merging (ii), and elimination of interface boundary (iii). 

3.6 Summary  

In summary, we have developed a controllable interface-assisted self-assembly 

technique to generate micro-scale free-floating CsPbBr3 nanoplates, with enhanced 

stability against irradiation. The cyanamide not only triggers the self-assembly of 

CsPbBr3 NCs, but also appears as  shells via passivating on CsPbBr3 nanoplates 

surfaces and thus account for their ultrahigh stability. The formation mechanism of 

CsPbBr3 nanoplates was revealed by atomic-scale TEM characterization combining 

with DFT calculations. Additionally, the exploration of driving forces that governed 

the assembly process was deeply carried on. Understanding of the mechanism on the 

adopted self-assembly strategy offers a more designable and controllable technique for 

the synthesis of inorganic LHPs, which also would lead to the development of more 

robust films in the future. Finally, on the basis of the extreme stability of assembled 

CsPbBr3 nanoplates exposed to the electron beam, we explored the merging and 

interface elimination mechanisms that occurred CsPbBr3 NCs self-assembly by the 

atomic-scale resolution STEM and EDS. 
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Chapter 4 Self-Assembly of CsPbBr3 NCs into Nanowires 

via Light-Induction 

Light-induced synthesis has been of continuing interest as a promising route to 

realizing new types of materials structures and morphologies.230-231 Light can be used 

to stimulate the synthesis or assembly of light-responsive materials, such as silver,232 

gold,233 and Cd-based nanoparticles,234 offering an alternative route to conventional 

synthetic methods. Similar to other light-sensitive materials, halide perovskites tend to 

actively respond to light through changes in their structure and properties. For instance, 

substantial effects of light on the phase transition,235-236 structural dynamics,237 ion 

migration and conductivity,238-239 and nucleation and growth118, 240 of halide perovskites 

have been reported. The rapid development of halide perovskite synthesis has led to the 

fabrication of high-quality, uniform perovskite NCs, which benefited device 

performance and opened gateways to the assembly of novel supra-structures.9-10, 144-145, 

241-251 However, fabricating halide perovskite nanostructures using light remains largely 

unexplored. The only notable studies were performed using laser or UV-light 

irradiation, which induced the self-assembly of CsPbBr3 nanoplatelets into stacked 

lamellar structures, presumably based on strong van der Waals attraction among the 

nanoplatelets.252-253 However, halide perovskites are extremely susceptible to undergo 

aggressive degradation upon exposure to laser or UV-light environments.254 To the best 

of our knowledge, the assembly of smaller perovskite NCs (the most prevalent type of 

perovskite nanocrystals) that exhibits weaker inter-particle interactions driven by 

visible light has not been reported, but is important to understand the growth kinetics, 

assembly mechanisms, and surface ligand chemistry of highly ionic perovskite NCs 

(given that virtually all such syntheses are carried out in the visible light, without much 
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head to its effect on the reaction).161, 255-257 

Here, we report a conceptually new method for assembling CsPbBr3 NCs using 

visible light that does not require the particles to have a special morphology or to be 

laboriously functionalized with photo-responsive ligands switches. Under visible light, 

defect-free nanowires were spontaneously formed from individual cubic CsPbBr3 NCs 

through assembly and fusion. Counterintuitively, the initial cubic-phase CsPbBr3 NCs 

do not assemble by isotropic coalescence but undergo anisotropic linear growth via 

oriented attachment, and more interestingly, this process coincides with a cubic-to-

orthorhombic phase transformation. Because these two phases (i.e. cubic and 

orthorhombic) present significantly different optoelectronic and stability character 

(when integrated in devices); and it remains controversial whether the crystal structure 

of CsPbBr3 NCs is cubic or orthorhombic, the exploration of the underlying perovskite 

crystal structure is crucial to comprehending the NCs’ structure-property 

relationships.9, 56, 79 Moreover, we systematically investigated the morphological 

evolution and phase transition of CsPbBr3 NCs as a function of illumination time and 

photon energy. The results show that the self-assembly of CsPbBr3 NCs is initiated by 

the light-induced selective desorption of surface ligands, namely, oleic acid (OA) and 

oleylamine (OAm). This desorption leads to reduced steric repulsion between adjacent 

NCs. The remaining carboxylate-rich ligand-shell creates an anisotropic environment 

to facilitate the formation of nanowires. The resultant nanowires display a 

photoluminescence lifetime of ~125 ns – about two orders of magnitude longer than 

that of the initial precursor NCs (~2 ns). Our study represents the first example of the 

use of visible light to direct the assembly and subsequent growth of perovskite NCs, 

providing important insight into the mechanisms underlying the observed light-induced 

assembly behavior. 
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4.1 Experimental Details 

Chemicals: All chemicals were used as procured without further purification: cesium 

carbonate (Cs2CO3, 99.995%, Sigma-Aldrich), oleic acid (OA, technical grade 90%, 

Alpha Aesar), n-oleylamine (OAm, 70%, Sigma-Aldrich), PbBr2 (98%, Alfa Aesar), 

Cyanamide (H2NCN, 99%, Sigma-Aldrich), 1-octadecene (ODE, technical grade 90%, 

Sigma-Aldrich), and toluene (Honeywell Burdick & Jackson).  

Synthesis of CsPbBr3 Nanocrystals: CsPbBr3 NCs were synthesized via the 

method reported by Kovalenko et. al.9 Cs2CO3 (0.814 g) was loaded into a 100 mL 3-

neck flask with ODE (40 mL) and OA (2.5 mL), dried for 1 hour at 120 ˚C, and then 

heated under N2 to 150 ˚C until all Cs2CO3 reacted with OA. The solution was kept at 

150 ˚C to avoid solidification. Into a flask, 125 mL of ODE, OAm (12.5 mL), OA (12.5 

ml), and PbBr2 (1.725 g) were loaded, degassed at 110 ˚C for 30 min and heated to 180 

˚C under nitrogen flow. Into the lead precursor solution, 10 mL of Cs-oleate solution 

was quickly injected. After 5 s, the reaction was quenched by an ice-water bath. The 

crude solution was directly centrifuged at 8000 rpm for 5 min. Then, the supernatant 

was removed, and the precipitate was collected and dispersed in 10 mL toluene. One 

more centrifugation was required to purify the final NCs. 

Self-assembly of CsPbBr3 Nanowires: The post-synthesis of CsPbBr3 nanowires 

was induced with the assistance of light. To prepare self-assemblies, 1 mL as-prepared 

CsPbBr3 NC colloidal solution was dispersed into a vial and illuminated under an AM 

1.5G solar simulator. Under the illumination, the transparent green solution gradually 

transformed into a yellow turbid solution, indicating the formation of perovskite 

nanowires. It should be noted that the addition of a small amount of OAm can benefit 

wire growth. Moreover, SCN-1-treated CsPbBr3 NCs tend to form extremely long 

nanowires.  
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4.2 Computations 

4.2.1 Lattice and Surface Structure 

Crystal structures and each stable surface were investigated using the first-principles 

density functional theory (DFT) implemented by the Vienna ab initio simulation 

package (VASP).258-261 The projector augmented wave (PAW) pseudopotential method 

was employed with an energy cutoff of 520 eV and an adjusted k-point sampling 

density. The unit cell structures of CsPbBr3 were downloaded from the Materials 

Project (IDCubic: mp-600089, IDTetragonal: mp-1014168, IDOrthorhombic: mp-567629). 

Table 4.1 Calculated lattice parameters of CsPbBr3 in cubic, tetragonal and 

orthorhombic phases. 

Symmetry Space Group a b c 

Cubic Pm3�m 6.02 6.02 6.02 

Tetragonal I4/mcm 8.45 8.45 8.46 

Orthorhombic Pnma 8.37 8.42 12.01 

 

The surface energy was calculated using the slab-vacuum model that has fully 

relaxed first 5 layers on top and bottom, 10 bulk layers with fixed atomic positions, and 

more than 15 Å vacuum interval. The optimized geometries of ligand molecules were 

determined using the B3LYP hybrid DFT method with the 6-31G(d) basis set, as 
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implemented by the Gaussian 16 software package.  

4.2.2 Ligand Adsorption 

The conventional ligands used to assist the synthesis of CsPbBr3 are OA and OAm. 

As the surface energies of CsBr and PbBr2 terminated (001)o surfaces of cubic CsPbBr3 

are much lower than those of (110)o surfaces with different terminations, we focused 

on the adsorption of OA and OAm onto (001)o surfaces with different terminations. We 

placed ligands onto the 2×2 supercell of (001)o surface models, which is equivalent to 

the coverage of 1/4 ML in terms of the ligand.  

We considered all the possible configurations including the binding of electron-

donating groups to surface cations, the formation of interfacial hydrogen, and a 

combination of the two. On CsBr-terminated surfaces, OA adsorption by forming a 

hydrogen bond with surface Br, with the carbonyl oxygen interacting electrostatically 

with the surface Cs, was found to be the most plausible mechanism (Figure 4.16a). In 

this configuration, the H-Br distance is only 2.50 Å, while the O-Cs distance is 2.89 Å. 

The adsorption energy (Ead) decreases from -0.54 to -0.35 eV without the O-Cs 

interaction; thus, the hydrogen bond contributes mainly to the OA adsorption. The 

combination of both hydrogen bonds and electrostatic interaction was also observed for 

the OAm adsorption. In the most plausible configuration (Figure 4.16b), OAm sits on 

top of a Cs atom at a Cs-N distance of 3.09 Å, with the two amino-hydrogen groups 

pointing toward two adjacent surface Br atoms, while the Br-H distances are 2.89 and 

2.93 Å. These two effects make the OAm adsorption as stable as -0.49 eV. 

A similar scenario was observed on the PbBr2-terminated surface. The largest Ead 

for OA is -0.75 eV. In this structure, the OA interacts with both the surface Pb and Br, 

and the O-Pb and H-Br distances are 2.60 and 2.25 Å, respectively (Figure 4.16c). 
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OAm adsorption is most plausible with the amino-N pointing toward a surface Pb atom 

at a Pb-N distance of 2.65 Å (Figure 4.16d), and the calculated Ead is -0.86 eV. 

According to differences in bond distance and Ead, it can be concluded that over a CsBr-

terminated surface, hydrogen bonding with surface Br is the dominant interaction, 

where the O-Pb and N-Pb bonding represent the major interactions and hydrogen bonds 

play only a minor role due to the strong charge accumulation at surface Pb atoms.  

4.3 Light-Induced Self-Assembly of CsPbBr3 NCs to Nanowires 

 
Figure 4.1 Schematic illustration of the self-assembled CsPbBr3 NCs to nanowires via 

light-induction. (a) TEM images of CsPbBr3 NCs. (b) SEM image of CsPbBr3 

nanowires. 

 
Figure 4.2 (a, d) Atomically resolved high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image of CsPbBr3 NCs with cubic 

phase along [001]c zone axis (a) and CsPbBr3 nanowires with orthorhombic phase along 
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[1-10]o zone axis (d). Inserted: The low magnification of the HAADF-STEM image of 

the CsPbBr3 nanowire. (b, e) The corresponding experimental fast Fourier transform 

(FFT) patterns of NCs (b) and nanowires (e). (c, f) Simulated selected area electron 

diffraction patterns of cubic CsPbBr3 structures along [001]c (c) and orthorhombic 

CsPbBr3 structures along [1-10]o direction (f). Purple, gray and red spheres represent 

Cs, Pb and Br atoms, respectively. 

  The light-inducted self-assembly procedure of CsPbBr3 NCs to nanowires is 

illustrated in Figure 4.1. The as-synthesized NCs possess cubic morphologies with an 

average diameter of 7 nm (Figure 4.1a). High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) imaging (Figure 4.2a) and fast 

Fourier transform (FFT) (Figure 4.2b)262 analysis indicate that the as-synthesized 

CsPbBr3 NCs are of a cubic phase, including the rare particles that exhibited a 

somewhat more rectangular morphology (Figure 4.3). This assignment is supported by 

the correspondence between the experimental FFT and the simulated electron 

diffraction (ED) patterns (Figure 4.1f) of the cubic CsPbBr3 structure (ICSD 29073; 

Pm3�m (221); a = 0.5874 nm) along the [001]c zone axis. As the contrast of atomic 

columns in the HAADF-STEM image scales approximately with the square of the 

corresponding atomic number Z (∼Z1.7), one can identify different atomic columns in 

CsPbBr3 NCs along the [001]c direction in the order of contrast: Pb-Br > Cs > Br. The 

observed atom positions perfectly match the structural model of the cubic CsPbBr3 

phase projected along the [001]c direction (Figure 4.1a, inset), further confirming this 

assignment. 
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Figure 4.3 HAADF-STEM image of a single, rectangular-shaped CsPbBr3 NCs and 

the corresponding FFT patterns indicating its cubic crystal structure. 

 
Figure 4.4 (a) TEM images of an individual CsPbBr3 nanowire. (b) Magnification of 

the region marked in (a). (c) HRTEM images of the region marked region in (b). (d) 

High-angle annular dark-field scanning transmission electron microscopy (HAADF-

STEM) image along [001]o zone axes of orthorhombic CsPbBr3 nanowire, showing its 

single crystalline nature and the [110]o crystallographic axes. Inset: The corresponding 

fast Fourier transform pattern. 
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A solar simulator generating an irradiance of 1.7 suns (170 mW/cm2) was used as 

the light source to drive the assembly of CsPbBr3 NCs. Under irradiation, nearly defect-

free single-crystalline nanowires (Figure 4.1d and 4.4) spontaneously assembled from 

individual NCs and gradually settled at the bottom of the containing vial. Powder X-

ray diffraction (PXRD) data in Figure 4.5 reveals that during the self-assembly process, 

the initial cubic CsPbBr3 NCs underwent a phase transformation from cubic phase to 

the thermodynamically more stable orthorhombic phase, as reflected by the splitting of 

diffraction peaks associated with the decreased symmetry. The PXRD pattern of the 

resulting nanowires can be well indexed according to the orthorhombic phase of 

CsPbBr3 (ICSD 97851, Pbnm (62), a = 0.8207 nm, b = 0.8255 nm, c = 1.1759 nm). A 

representative HAADF-STEM image of a CsPbBr3 nanowire is displayed in Figure 

4.1d. The observed atomic positions match well with the structure model of 

orthorhombic CsPbBr3 phase projected along [1-10]o direction. The axis of the 

nanowire is along [110]o, as determined form the corresponding FFT patterns (Figure 

4.1f). This indicates that the nanowire has a [110]o-oriented growth direction. Electron 

diffraction pattern of orthorhombic CsPbBr3 along the [1-10]o zone axis was simulated 

and presented in Figure 4.1f for comparison with the FFT pattern to consolidate the 

phase determination. 
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Figure 4.5 XRD patterns of NCs and nanowires. 

 
Figure 4.6 TEM images of CsPbBr3 NCs (a) kept in the dark, (b) under an irradiance 

of 1.7 Sun, (c) heated to 40 ˚C in the dark; (d) under an irradiance of 1.7 suns at room 

temperature. The treatment period for (a-d) was 20 hours. 

As shown in Figure 4.6, experiments under both dark and light conditions were 

further carried out to provide solid evidence for the effects of light on nanowire growth. 

Because the strong illumination produced an elevated temperature (38 ˚C), the 

possibility that the heat generated by the illumination was responsible for the self-

assembly process was also considered. By comparing samples heated to 40 ˚C without 

illumination, this possibility was excluded (Figure 4.6c). Elevated temperature could 

not trigger the self-assembly of NCs into nanowires or nanobelts, and higher 
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temperatures resulted in the aggregation and decomposition of CsPbBr3 NCs rather than 

oriented growth. To explore the effective waveband of the broad-spectrum white light, 

we cut the entire light spectrum at a wavelength of 550 nm, close to the band-edge of 

CsPbBr3 NCs, which is approximately 2.4 eV. When the NC solution was irradiated 

with light of wavelengths longer than 550 nm, self-assembly did not occur (Figure 

4.7a,b). In the absence of an exciting light during the reaction, the emission spectra – 

measured by taking reaction aliquots – remained constant over time, further indicating 

that no self-assembly occurred in the CsPbBr3 NC solution (Figure 4.7c). This finding 

indicates that the self-assembly of perovskite NCs can only be realized with light that 

has sufficient energy to generate electrons and holes in CsPbBr3 NCs. 

 

Figure 4.7 Comparison of CsPbBr3 NCs treated under full-spectrum light (a) and (fb) 

at wavelength longer than 550 nm. (c) Emission spectrum peaks collected at different 

time intervals for CsPbBr3 NCs solution treated with full-spectrum light (blue line) and 

light of wavelengths longer than 550 nm (red line). 
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Figure 4.8 (a-d) Shape evolution of 1D CsPbBr3 nanowires with illumination time 

under a light intensity of 1.7 suns. (a) NCs formed after 2 hours, (b) nanorods formed 

after 5 hours, (c) nanowires formed after 20 hours, (d) nanowires formed after 24 hours. 

 

Figure 4.9 Self-organization of CsPbBr3 NCs at the initial stage. 

To elucidate the formation process of nanowires, we monitored the evolution of the 

growth reaction at different time points by high-resolution transmission electron 

microscopy (HRTEM). The shape evolution from the original NCs to the final 

nanowires is schematically illustrated in Figure 4.8. At the initial stage (0 ~ 2 hours), 

the NCs spontaneously aligned and fused to form nanowire prototypes (Figures 4.8a 

and 4.9). Figure 4.8b illustrates the early formation stage of nanorods, which were 
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composed of aggregated CsPbBr3 NCs. The structures show features of oriented-

attachment-dominant fusion and coalescence. At this stage (2 ~ 5 hours), nanorods 

began to appear. Over time, the NCs progressively disappeared. At a later stage (5 ~ 20 

hours), the nanorods were continuously grafted into nanowires (Figures 4.8c). The next 

step was the attachment of adjacent nanowires, followed by their evolution into 

nanobelts and even longer and thicker nanowires, as shown in Figures 3.8d, via 

homoepitaxial growth.263 The final products were a mixture of nanobelts and nanowires 

with diameters of hundreds of nm and typical chain lengths in the range of 10 – 20 μm. 

Extremely long but flexible chains with lengths exceeding 50 μm formed, 

corresponding to  approximately 7000 close-packed NCs.  

The 1D nanowires growth is a surprising outcome given the seeming lack of 

directional interactions in perovskite nanocrystals. Perhaps counterintuitively, CsPbBr3 

NCs with a highly symmetric cubic lattice could grow into 1D chains, growing 

anisotropically rather than isotropically. In general, highly symmetric cubic-phase 

crystal structures lack inherent anisotropy and typically yield nanocubes or large 

crystals with no-extreme anisotropy. However, the initial self-organization of NCs 

shown in Figures 4.8a indicates the formation of linear chains. The observation of the 

straight arrays suggests that understanding the self-assembly process requires 

understanding the intermolecular forces between the crystals.73, 264 Indeed, a driving 

force must be imparted and manipulated among the NCs. The driving force for the 

spontaneous alignment and fusion of CsPbBr3 NCs is believed to be dipole-dipole 

interactions, which have been widely investigated in gold nanorods as well as the 

wurtzite and zinc-blende structures.264-268 With respect to halide perovskite systems, 

this dipolar potential field has been simulated for the CsPbI3 system and could explain 

the tendency to form linear structures.69 However, there could also be concomitant 
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phase changes that are driving or magnifying this tendency. To explore the driving force 

behind the self-assembly process, HRTEM was utilized to inspect the phase changes 

during self-assembly. The FFT pattern in Figure 4.10a, indicates that the intermediate 

NCs (under illumination for 5 hours) generated before the formation of nanowires 

belong to the orthorhombic phase, suggesting that the phase transition of CsPbBr3 NCs 

may occur at an earlier stage of the assembly process. Because of the distortion of Pb-

Br6 octahedra in the orthorhombic structure, the symmetry of the structure breaks, and 

a dipole moment induced field is generated accordingly. After two polarized 

orthorhombic NCs coalescence, the lowest dipole field gradient is achieved when the 

third orthorhombic phase NC approaches along the linear alignment rather than through 

side attachment. The linear self-organization of these NCs guarantees the NCs to grow 

in one dimension.69 

 

Figure 4.10 (a) HRTEM images showing the oriented attachment of CsPbBr3 NCs 

coalescing along the [110]o crystallographic direction and the corresponding FFT 

patterns (inset). (b) HAADF-STEM image of nanorods acquired along the [1-10]o zone 

axis, showing an interface between two nanorods that are attached through (001)o 
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surfaces. (c) Magnification of the selected area in (b) clearly showing the continuous 

CsBr layer and PbBr2 layer interfaces between CsPbBr3 intermediates. (d) Illustration 

of shape evolution process driven by light from CsPbBr3 NCs to nanorods and further 

to nanowires. (e) Schematic diagram of half-unit cell fusion process on CsBr- and 

PbBr2-terminated (001)o surface.  

The self-assembly process consists of two main steps: the merging of NCs into 

nanorods and nanowires (stage I) and the extension of nanorods or nanowires into 

nanobelts (stage II). In stage I, the intermediates were mainly formed by the oriented 

attachment of CsPbBr3 NCs along the [110]o axis of the orthorhombic phase (Figure 

4.10a), consistent with the growth direction of the final nanowires. Structural analysis 

showed that the (110)o surfaces were terminated by either CsBr or PbBr2, as illustrated 

in Figure 4.11. The detailed growth mechanisms were investigated by the first-

principles density functional theory (DFT), through which we systematically studied 

the surface energies of CsPbBr3 NCs with all possible surface terminations. According 

to our computations, CsBr- and PbBr2-terminated (110)o surfaces exhibited similar 

surface energies, (i.e., 0.32 J/m2 and 0.4 J/m2 respectively); this finding suggests that 

the two type of (110)o surface terminations potentially coexisted, providing the 

possibility for assembly. Intuitively, the cubic phase has highly symmetric Pb-Br6 

octahedral sites, so this phase has symmetric surfaces. However, the orthorhombic 

phase has rotated octahedral Pb-Br6 sites which break the symmetry on surfaces. 

Therefore, (110)o surface and (001)o surface are different terminations on the 

orthorhombic phase (Figure 4.12). In this sense, compared with the (110)o facets, the 

(001)o facets possess a smaller surface energy and maintain the atomic densest stacking 

mode. This finding was further verified by DFT calculations, as shown in Table 4.1, 

and the energies of the (001)o plane for CsBr- and PbBr2-terminated surfaces were 
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determined to be 0.07 J/m2 and 0.11 J/m2, respectively; moreover, the (001)o surface 

energy was determined to be distinctly lower than that of the (110)o surface (0.32 J/m2 

for CsBr termination and 0.40 J/m2 for PbBr2 termination). The growth of nanowires 

along the [110]o direction leads to maximal exposure of low energy (001)o surfaces, 

and is therefore thermodynamically favorable. Either nanorods or nanobelts and 

nanowires prefer to assemble along the [110]o direction. Despite the assembly along 

the [110]o direction is predominant, lateral assembly of nanorods into nanobelts along 

[001]o is also observed at the later stage, as shown in Figure 4.10b. This is stage II, 

where the nanorods evolved into nanobelts and nanowires. This shape evolution from 

NCs to nanowires is schematically illustrated in Figure 4.10d. 

 

Figure 4.11 Structure and simulated surface energy of orthorhombic phase CsPbBr3 

with CsBr- and PbBr2-terminated (110)o surfaces. 
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Figure 4.12 Comparison of surface energies for (110)o and (001)o facets with PbBr2 

termination of orthorhombic phase. 

Table 4.1 DFT-simulated surface energies for orthorhombic phase CsPbBr3 with 

CsBr- and PbBr2-terminated (110)o and (001)o surfaces. 

 Orthorhombic (110)o (001)o 

CsBr Termination 0.32 J/m2 0.07 J/m2 

PbBr2 Termination 0.40 J/m2 0.11 J/m2 

According to our observations, CsPbBr3 NCs grow through an oriented-attachment 

mechanism rather than through Ostwald ripening.256 Inevitably, both CsBr- and PbBr2-

terminated surfaces must coexist, which is a necessary condition for oriented-

attachment growth. However, to the best of our knowledge, direct evidence of 

coexisting surface terminations has not yet been reported. Hence, we employed 

HAADF-STEM to gain atomic-scale insight into the interfacial structure. Because the 
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initial NC surfaces are usually covered with large amounts of ligands, intermediate 

nanorods were chosen for the observation of the interfacial structure. The atomic 

structure of the interfaces between assembled CsPbBr3 nanorods was clearly obtained 

in Figure 4.10b,c, unequivocally demonstrating that both CsBr and PbBr2 surfaces 

terminations coexisted. Thus, it can be concluded that two half-unit cells with different 

terminations (PbBr2 or CsBr termination) coalesced to become a new slab; the 

corresponding projected structural model is shown in Figure 4.10e. 

4.4 Mechanism of Light-Induced Self-Assembly of CsPbBr3 NCs to 

Nanowires 

 

Figure 4.13 (a) Illustration of light-induced ligand removal mechanism. (b) FTIR 

spectra of NCs and nanowires. (c) High-resolution N 1s core-level XPS spectra of NCs 

and nanowires. 

The factor dominating the self-assembly process is the interaction between the 

ligands and NC surfaces. To determine the underlying mechanism of nanowire 

formation under visible-light irradiation, we investigated the ligand interactions among 
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NCs via experimental characterizations and theoretical calculations. It is known that 

ligands are intrinsically mobile and susceptible to detachment from NC surfaces.49, 269 

Illumination can generate excitons (electron-hole pairs), which play an important role 

in the selective destabilization of surface stabilizers.270-271 After photoexcitation, 

dissociated excitons, which are charged, diffuse to the perovskite NC surfaces, and are 

easily captured by surface ligands (i.e., OAm and OA). The proposed light-induced 

ligand removal mechanism in CsPbBr3 NCs is illustrated in Figure 4.13a. Fourier 

transform infrared spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) 

were used to elucidate ligand detachment and variation during the assembly process; 

the results are shown in Figure 4.13b,c. In the FTIR spectra, the absorption features at 

1535 cm-1 and 1710 cm-1 are ascribed to the oleate anions (-COO-) and C=O stretching 

vibrations,145 respectively. In nanowires samples, the former feature vanishes while the 

latter feature appears miniscule, indicating that the deprotonated -COO- disappears and 

that small amounts of OA are still present. Unlike the NCs, the nanowires exhibit 

relatively weak peaks at 3310 cm-1 (corresponding to -NH2) and 1635 cm-1 

(corresponding to -NH3+), which indicates the desorption of OAm (-NH2) and 

protonated amine groups (-NH3+) during the self-assembly process. The N 1s core level 

in the XPS survey also confirms that protonated amine groups (-NH3+, 401.8 eV) are 

reduced to oleylamine (-NH2, 399.9 eV) due to light-induced reduction. Therefore, light 

illumination efficiently detached the surface ligands, and then NCs ultimately fused via 

bare-surface contact. However, based on the relative peak values in Figure 4.13b, it 

could be surmised that despite the desorption of both ligands, OAm was not as severely 

affected by the light-induced desorption as OA. 
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Figure 4.14 TEM image of the CsPbBr3 NCs obtained via post-synthesis method 

introducing a small amount of (a) OAm and (b) OA under an irradiance of 1.7 suns. 

The different types of ligands attached to the surface of NCs often determines the 

anisotropic interactions that dominate their shape evolution as they grow. To further 

confirm the nanowires’ formation mechanism, we investigated the effect of OAm and 

OA surface ligands on the shape evolution of perovskite NCs. We found that a small 

amount of OAm benefits the self-assembly of nanowires (Figure 4.14a), while an 

excess OA leads to large 3D crystals (Figure 4.14b). Such phenomena indicate that 

OAm tends to promote the formation of anisotropic structures.272 D. Roo et al. reported 

that perovskite NCs surfaces are dynamically stabilized with oleylammonium bromide 

and oleylammonium oleate (OA-OAm).49 Specifically, when the system contains 

excess OAm, the OA adhered to the CsPbBr3 NCs can bind to the surrounding OAm to 

form an ion pair. Consequently, the formed OA-OAm pairs can be easily removed 

under visible-light irradiation. Hence, the excess OAm is consumed by OA, which 

reduces the steric repulsion and eventually benefits assembly. Indeed, we confirmed 

this mechanism by changing the reaction solvent from octadecene (ODE) to OAm, 

resulting in the formation of nanowires (Figure 4.15), which implies that OAm plays 

an essential role in the anisotropic growth of the structure along a certain direction.17 
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Consequently, the growth direction can be ascribed to the existence of OAm: OAm 

facilitates the growth of orthorhombic NCs intermediates along the [110]o direction 

while preventing their growth along the [001]o direction. Ultimately, OAm leads to the 

formation of 1D nanowires. 

 

Figure 4.15 CsPbBr3 nanowires were synthesized via one-pot method with surrounding 

OAm after 16 hours at 150 ˚C. 
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Figure 4.16 Most plausible adsorption structures for the ligands on CsPbBr3 surfaces. 

(a) OA and (b) OAm on CsBr-terminated surfaces and (c) OA and (d) OAm on PbBr2-

terminated surfaces. 

It is clear that both OA and OAm bind to the NCs surfaces; however, the molecular 

form in which the ligands bind to the surfaces (either in the neutral form or in the 

protonated or deprotonated form) is unclear. In addition, the ligands distribution and 

coverage on perovskite NCs surfaces are extremely difficult to characterize. Therefore, 

DFT calculations were used to investigate the ligand binding energy on CsPbBr3 NCs 

surfaces. We considered all possible configurations, including the binding of electron-

donating groups to surface cations, the formation of interfacial hydrogen bonds, and a 

combination of the two (Figure 4.16). On CsBr-terminated surfaces, OA adsorption by 

forming a hydrogen bond with surface Br, with the carbonyl oxygen interacting 

electrostatically with the surface Cs, was found to be the most plausible mechanism. 

On this configuration, the H-Br distance is only 2.50 Å, while the O-Cs distance is 2.89 

Å. The adsorption energy (Ead) decreases from -0.54 to -0.35 eV without the O-Cs 

interaction; thus, the hydrogen bond contributes mainly to the OA adsorption. The 

combination of both hydrogen bonds and electrostatic interaction was also observed for 

the OAm adsorption. In the most plausible configuration, OAm sits on top of a Cs atom 

at a Cs-N distance of 3.09 Å, with the two amino-hydrogen groups pointing toward two 

adjacent surface Br atoms, while the Br-H distances are 2.89 and 2.93 Å. These two 

effects make the OAm adsorption as stable as -0.49 eV. A similar scenario was 

observed on the PbBr2-terminated surface. The largest Ead for OA is -0.75 eV. In this 

structure, the OA interacts with both the surface Pb and Br, and the O-Pb and H-Br 

distances are 2.60 and 2.25 Å, respectively. OAm adsorption is most plausible with the 

amino-N pointing toward a surface Pb atom at a Pb-N distance of 2.65 Å, and the 
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calculated Ead is -0.86 eV. These results clearly show that the binding energy of OAm 

on surface Pb-ions (-0.86 eV) is much stronger than that of OA (-0.75 eV). Although 

the binding energies of these two surface-ligands are quite similar for the CsBr-

terminated surfaces, however, the relatively smaller binding energy of CsBr-terminated 

surfaces usually drives the ligands on these surfaces to detach sooner. Therefore, the 

later desorbed OAm ligands play a paramount role in effecting the NCs’ shape and 

growth direction. In other words, the OA ligand detaches relatively more easily from 

the surface than the OAm ligand does, yielding anisotropic growth due to the existance 

of OAm. Illumination ultimately drives the ligands to detach from the NCs, mainly 

because the binding energies of the surface ligands are not sufficiently large to avoid 

desorption. After the removal of the surface ligands, the surfaces of CsPbBr3 NCs are 

exposed. Consequently, CsPbBr3 NCs can fuse and eventually evolve into 1D 

nanowires or nanobelts. 

4.5 Photophysical Properties of CsPbBr3 NCs and Self-Assembled 

Nanowires 

The optical properties of the CsPbBr3 NCs and nanowires were characterized by 

UV-Vis absorption and photoluminescence (PL) spectroscopies. The 1D nanowires 

showed a clear spectral red shift (0.14 eV) in their absorption and PL spectra compared 

with the original NCs (see Figure 4.17a). To further probe the charge carrier dynamics 

in CsPbBr3 nanowires, PL lifetimes were measured using streak-camera system (400-

nm excitation at room temperature). The initial NCs show PL carrier lifetime of ~2 ns 

(Figure 4.17b), whereas the assembled nanowires display PL lifetimes of ~125 ns 

(Figure 4.17c). These two orders of magnitude longer carrier lifetime of nanowires 

compared with NCs could be attributed to a long carrier diffusion length in the highly 
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crystalline of CsPbBr3 nanowires and, potentially, appreciable photon recycling within 

the nanowires as previously reported.273-274 

 

Figure 4.17 (a) Absorption (solid line) and PL (dash line) spectra of CsPbBr3 NCs 

(blue) and nanowires (red). (b,c) PL lifetime measurements on CsPbBr3 NCs and the 

obtained nanowires via light-induced self-assembly. 2D-color transient emission map 

of CsPbBr3 NCs (b) and nanowires (c). The inset shows the corresponding time-

resolved PL decays curves. 

4.6 Summary 

In summary, we demonstrated that light can induce the self-assembly of CsPbBr3 

NCs into 1D nanowires and nanobelts; such light-induced synthesis is an alternative 

method for synthesizing CsPbBr3 nanowires and potentially other perovskite supra-

structures. Light-induced synthesis serves as an efficient green-chemistry approach as 
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well as a rational method for designing perovskites. The light-induced self-assembly 

mechanism of the perovskite NCs was clearly elucidated by monitoring the shape 

evolution and verifying the atomic structure at different stages via (S)TEM and DFT 

simulation. We found that the contribution of illumination mainly lies in the selective 

destabilization of surface ligands of NCs. During the desorption process, the ligand OA 

detaches much more easily from NC surfaces than does the ligand OAm, giving rise to 

anisotropic growth and leading to the formation of nanowires. The self-assembly of the 

CsPbBr3 NCs occurs via anisotropic fusion along the [110]o crystallographic direction 

of the orthorhombic NCs. Furthermore, for the first time, the coexistence of both CsBr 

or PbBr2 surface terminations were observed by HAADF-STEM, which was 

systematically investigated via DFT simulation. Interestingly, the obtained low-defect 

and high uniformity of nanowires, exhibit long PL lifetimes in comparison to the NCs. 

Overall, we conclude that light is crucial to the self-assembly process of CsPbBr3 NCs, 

and, more generally, to the reaction trajectory of perovskite materials. Our study 

represents the first example of the use of visible light to direct the assembly and 

subsequent growth of perovskite NCs, providing important insight into the mechanisms 

underlying the observed light-induced assembly behavior. The use of light to induce 

the self-organization of perovskite NCs in solution provides a new degree of flexibility 

in the construction of colloid-based perovskite structures and devices. 
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Chapter 5 Self-Assembly of CsPbBr3 NCs into 

Superstructures for Filling the Green Gap and Improving 

Thermal Stability 

The color gamut offered by a display, which is defined as the coverage in the 

Commission Internationale de l’Eclairage (CIE) color space, is determined by the 

emission properties of the pure red (R), green (G), and blue (B) light sources. Due to 

the fact that the our eye is more sensitive for the green spectrum and enable to identify 

a large number of green tones, accordingly, the North American National Television 

Standard Committee (NTSC) standard was proposed and re-defined International 

Telecommunication Union Rec. 2020 (Rec 2020) standard, in particular, sets a 

significant challenge for the green emitters (Figure 5.1a). However, to the best of our 

knowledge, the current potential candidates for Rec. 2020 green color coordinates, such 

as CdSe/CdS,275 InP,276 and OLEDs277-278 (organic LEDs) are insufficient to achieve 

the ultrapure green emitters (Figure 5.1b). This is mainly due to the following 

important limitations. At first, the less color purity results from a relatively broad 

emission bandwidth. For example, the currently commercialized InP-based NCs with 

wide emission line widths of 40 nm, far behind those of their Cd-containing 

counterparts.276 Moreover, environmental friendliness is another pivotal issue. For 

instance, the toxic of Cd-based NCs employed in display equipment should not beyond 

the limit of 100 ppm.32 Furthermore, OLEDs, as the most attractive candidate, remain 

challenging to maintain high efficiency at high current densities because of their low 

charge mobilities and excitonic nature. Therefore, exploring an environmentally friend 

material with ultranarrow FWHM remains underexploration. 
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Figure 5.1 The color coordinates the CIE 1931 color space, together with the NTSC, 

and the Rec. 2020 standards. (b-d) The comparison of PeLED, CdS, and OLEDs. 

In contrast, the recently developed colloidal LHP NCs emerge as one of the most 

promising next-generation candidates and attract great attention because of their sizable 

bandgap, extremely narrow emission, pretty high color purity, high luminescence, and 

potential to be fabricated energy-efficient and cost-effective in lighting and display 

applications. LHP NCs achieve blue, green, and red primary colors with an impressive 

gamut, reaching up to ~140% of the NTSC specification and even up to 100% of the 

Rec. 2020 standard (Figure 5.1b). Importantly, the low-temperature and solution-

process fabricated PeLEDs demonstrate distinguished high efficiency at high current 

densities, manifesting potentially to achieve large size planar PeLEDs with high 

efficiency at high brightness. However, to our knowledge, the ultrapure green 

luminescence based on LHP NCs that close to the Rec. 2020 standard has been very 

little reported by far.56, 148, 279-283 The major group to fulfill the emission requirement is 

the FAPbBr3 (Figure 5.2), however, their applications are not preferable due to more 

sensitive to light, oxygen, moisture, and the less thermal stability.284-286 Of particular 

interest is the all-inorganic Cs-based mixed halide hybrid perovskite, CsPb(I1-xBrx)3. 
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Despite the fact that their emission can be effectively tuned to 530 nm via doping iodine 

into bromide-based perovskites, the irreversible degradation originated from halide 

separation daunts its application.287 The unavoidable phase separation would occur 

when exposed to high light or under electric excitation, thereby resulting in various 

halide ion domains and further inducing peak shift or multipeak. Nevertheless, the rapid 

advances of all kinds of perovskite NCs, achieving pure green emission demand. 

 

Figure 5.2 (a-c) The comparison of major halide perovskites, CsPbBr3, MAPbBr3 and 

FAPbBr3. UV-vis absorption (a) and PL (b) spectra of CsPbBr3, MAPbBr3 and 

FAPbBr3 NCs solution, respectively. (c) The photo of the CsPbBr3, MAPbBr3 and 

FAPbBr3 NCs solution under the UV lamp with 365 nm excitation. (d) The color 

coordinates the CIE 1931 color space, together with the NTSC, and the Rec. 2020 

standards. 

Bromide-based perovskites NCs, due to weak quantum confinement, the emission 

energy can be shifted further away from their desired region, from the green region of 



 

 

152 

bulk phase to the blue region via size control (Figure 5.3). Thus, the pure inorganic 

bromide perovskite, CsPbBr3 is regarded as the most likely to break this dilemma. One 

possible routine to address this problem is to start with high luminescence CsPbBr3 

NCs (510-515 nm) and redshift their emission towards the true green (530-535 nm) for 

closing the “green gap”. The redshifted emission can be achieved via the size increase 

of NCs. While the nature of ionic salts contributes so quickly to their growth kinetics 

(within seconds) that it is difficult to stop at the desired size. Consequently, the shape 

transition is severely changed when elevating the reaction temperatures, time, and 

ligands modulation. On the contrary, the self-assembly of LHP NCs can easily occur in 

a much gentle and controlled manner to generate nanowires, nanoplates, superlattices, 

and even bulk structures. Herein, we employ the self-assembly strategy, starting from 

a blue-green emission (508 nm) CsPbBr3 NCs, regrowth to CsPbBr3 superstructures, 

exhibiting a highly luminescent and red-shifted emission (526 nm and PLQY=69%). 

Importantly, the assembled CsPbBr3 superstructures exhibit excellent resistance to the 

thermal-degradation. 
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Figure 5.3 The normalized emission spectra of CsPbBr3 NCs varying from blue to 

green gamut region can be achieved by size engineering. 

5.1 Experimental Details 

Chemicals: All chemicals were used as procured without further purification: cesium 

carbonate (Cs2CO3, 99.995%, Sigma-Aldrich), oleic acid (OA, technical grade 90%, 

Alpha Aesar), n-oleylamine (OAm, 70%, Sigma-Aldrich), PbBr2 (98%, Alfa Aesar), 

Cyanamide (H2NCN, 99%, Sigma-Aldrich), 1-octadecene (ODE, technical grade 90%, 

Sigma-Aldrich), and toluene (Honeywell Burdick & Jackson).  

Synthesis of PbBr2-terminated CsPbBr3 NCs: CsPbBr3 NCs were synthesized via 

the method reported by Kovalenko et. al.9 Cs2CO3 (0.814 g) was loaded into a 100 mL 

3-neck flask with ODE (40 mL) and OA (2.5 mL), dried for 1 hour at 120 ˚C, and then 

heated under N2 to 150 ˚C until all Cs2CO3 reacted with OA. The solution was kept at 

150 ˚C to avoid solidification. Into a flask, 125 mL of ODE, OAm (12.5 mL), OA (12.5 

ml), and PbBr2 (1.725 g) were loaded, degassed at 110 ˚C for 30 min and heated to 180 

˚C under nitrogen flow. Into the lead precursor solution, 4 mL of Cs-oleate solution was 

quickly injected. After 5 s, the reaction was quenched by an ice-water bath. The crude 

solution was directly centrifuged at 8000 rpm for 5 min. Then, the supernatant was 

removed, and the precipitate was collected and dispersed in 10 mL toluene. One more 

centrifugation was required to purify the final NCs. 

Synthesis of CsPbBr3 superstructures: 84 mg cyanamide powders were dissolved 

into 20 mL toluene and then heated 80 ˚C with stirring for 30 mins. To prepare the self-

assembled CsPbBr3 superstructures, 2 mL as-prepared CsPbBr3 NCs colloidal solution 

was dispersed into a vial, mixed with 1 ml NH2CN toluene solution. After 5 days, 
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remove the precipitate and pick up the top solution. Standby the top solution for several 

days. Dilute could assistant its assembly. 

5.2 Computations 

DFT calculation. To understand the ligand exchange on the aggregation of CsPbBr3 

NCs and formation of superstructures, we performed DFT calculations on the CsBr-

rich slabs with different ligand passivation. We excluded another possible PbBr2-rich 

surface in our calculations since OAm and similar amine-ligands incline to get 

protonated in the presence of the acid and thus generate the weak binding between NH3+ 

of oleylammonium and Br atoms in the surface PbBr6 octahedra of the nanocrystals. 

Table 5.1 DFT-simulated surface energies for orthorhombic phase CsPbBr3 with 

CsBr- and PbBr2-terminated (110)o and (001)o surfaces. 

 Orthorhombic (110)o (001)o 

CsBr Termination 0.32 J/m2 0.07 J/m2 

PbBr2 Termination 0.40 J/m2 0.11 J/m2 

5.3 Mechanism of the Self-assembly of CsPbBr3 NCs to 

Superstructures 

The quantum confinement size of CsPbBr3 NCs was reported up to 16 nm,288 while 

the direct synthetic manner remains trouble in reaching appropriated sizes to fulfill the 

pure green emission.289 In contrast, gentle self-assembly is a strategy of precisely size-

controlling to overcome the green gap. To manipulate the self-assembly process, the 

surface structure and terminations were analyzed by density functional theory (DFT) 

simulations and surface chemistry characterizations. At first, the DFT is employed to 
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systematically study the surface energies of CsPbBr3 NCs with all possible surface 

terminations, as shown in Table 5.1. DFT calculations reveal that CsPbBr3 NCs are 

terminated by the CsBr surface, judging from the surface energy of both (001)o and 

(110)o surfaces. However, the surface Cs+ ions incline to replace by surfactants,219, 222 

together with the abundant distribution of surface Br- vacancies,229 thereby the exposure 

of PbBr2 termination being no longer less possibility. Inevitably, both CsBr- and PbBr2-

terminated surfaces are coexisted to guarantee continuous self-assembly.54 However, 

ceaseless growth is not expected, which would form bulk structures to sacrifice high 

luminescence. To prevent the overgrowth during the self-assembly process, the PbBr2-

termination dominated CsPbBr3 NCs seems the only choice to achieve the size-

controlled self-assembly. Via the modification of reported methods, with controlled Cs 

chemical potential (concentration), the mainly PbBr2-terminated CsPbBr3 NCs were 

obtained as shown in Figure 5.4a with a cubic shape (± 8 nm). To determine the surface 

terminations, the EDS and ICP were employed to investigate the surface chemical 

composition of as-synthesized CsPbBr3 NCs. As displayed in Table 5.2, the evidence 

of EDS here were supported the PbBr2-terminated CsPbBr3 structure. 

Table 5.2. EDS results of the as-synthesized CsPbBr3 sample. 
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Figure 5.4 TEM images of the as-synthesized CsPbBr3 NCs (a) and self-assembled 

CsPbBr3 superstructures (b). (c) XRD patterns of NCs (blue) and superstructures (red). 

(d) Emission spectra of CsPbBr3 NCs (blue) and superstructures (red). 

The as-prepared CsPbBr3 NCs colloidal solution was dispersed into a vial, mixed 

with NH2CN toluene solution. The top solution was picked up after five days later and 

further stood by. Finally, the formed CsPbBr3 superstructures (Figure 5.4b) would 

gradually settle at the bottom of the containing vials. The PXRD in Figure 5.4c reveals 

that during the self-assembly process, the initial cubic CsPbBr3 NCs transformed into 

a new compound, not only the phase and shape evolution. One possibility is the 

introduced ligand could incorporate into CsPbBr3 unit cell, as combined a new type 

series of halide perovskites (Figure 5.5). The difference in emission wavelength can be 
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clearly shown in PL from the NCs and superstructures (Figure 5.4d), with a red-shifted 

emission peak from 508 nm to 526 nm for superstructures. 

 

Figure 5.5 Microphotographs of shell protected CsPbBr3 NCs sample with cyanamide: 

CsPbBr3 ratio of 1ml:1ml, under daylight (a) and UV-light (b), (c), respectively. 

The achieved self-assembled CsPbBr3 NCs are with an average CsPbBr3 NCs size 

of 13.6 nm, less than the quantum confinement size of CsPbBr3 NCs with 16 nm. 

Hence, the assembled CsPbBr3 NCs in our experiments remain quantum confinement 

effect. In addition, the staggered layers could be detected among the assembled 

CsPbBr3 superstructures as the revealing of HRTEM in Figure 5.6. These staggered-

layered structures are supposed to induce significant quantum confinement in the fused 

CsPbBr3 NCs, resulting in strongly bound excitons. The fact that these fused CsPbBr3 

NCs have staggered-layers can be ascribed to the much better PL stability and 

brightness observed experimentally. It has to be noted that the self-assembled 

superstructures powder could reach a pretty high PLQY with 69%. The assembled 

CsPbBr3 superstructures consist of the fused CsPbBr3 NCs but basically remain well-

separated individual CsPbBr3 NC. The existence of demeans retain strong quantum 

confinement and result in strongly bounded excitons in the large superstructures. 



 

 

158 

 

Figure 5.6 High-resolution TEM (HRTEM) images of the self-assembled CsPbBr3 

superstructures. 

The assembled CsPbBr3 superstructures not only remain the high PL efficiency of 

their CsPbBr3 NCs units, but also displayed a red-shifted emission wavelength 

compared to that of their individual CsPbBr3 NCs. However, the red-shift of PL resulted 

from size is limited, which could lead to certain red-shift but cannot support these huge 

emission shift of 0.8 eV. The observed red-shift of PL stems from an electronic 

coupling between the individual NCs not only their physical coupling.290 The electronic 

wavefunctions of the individual CsPbBr3 NCs can strongly interact in the assembled 

CsPbBr3 superstructures, provided a small enough spacing, which in turn can lead to 

the formation of minibands in both valence and conduction bands.291 Such miniband 

formation in superstructures results in a lowering of the lowest-energy optical 

transition, specifically in the redshift of the PL as compared with individual NCs. 

5.4 Enhanced Thermal Stability of the Self-Assembled CsPbBr3 

Superstructures 

The assembled CsPbBr3 superstructures exhibited an excellent resistance to thermal-

degradation. As shown in Figure 5.7a, only 50% drop in PL intensity at 100 ˚C, as 
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compared to a drop of 95% in the as-synthesized NCs. After three cycles on heating 

and cooling tests, the CsPbBr3 superstructures could remain 85% of their initial PL 

intensity (Figure 5.7b). One of the reasons for the enhanced thermal-stability lies in 

the protection from capped ligand, which could be detected via the TEM in Figure 5.6. 

Another possibility is the ensembled CsPbBr3 superstructures indeed bring collective 

properties to further improve the thermostability. 

 

Figure 5.7 (a) Normalized PL intensity of as-synthesized CsPbBr3 NCs (green) and 

assembled CsPbBr3 superstructures (red) as the temperature variation. (b) The heating 

and cooling test on assembled CsPbBr3 superstructures. Raw data of PL decay are given 

for the assembly superstructures (c) and the as-synthesized NCs (d), from top to bottom 

being at 20 ˚C, 60 ˚C, 90 ˚C,  and 100 ˚C. 

5.5 Summary 

In summary, this study that ensemble supra-structures to bring novel collective 

properties while yet remaining the quantum confinement. The assembled CsPbBr3 

superstructures retain the high PLQY of their NC subunits, however, they also display 
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a red-shifted emission wavelength compared to that of the individual NC because of 

interparticle electronic coupling. This  redshift will benefit the design of pure green 

emission (530 nm) and high-performance perovskites by providing researchers a new 

direction. And our success is of tremendous practical significance for industrial display 

application. Importantly, the assembled CsPbBr3 superstructures exhibit an excellent 

resistance to thermal-degradation, of tremendous practical significance for industrial 

display applications. 
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Chapter 6 Conclusion 

This dissertation describes the explorative work of LHPs NCs mainly from two 

aspects: one is the tailing of sizes, shapes, and compositions of LHPs NCs, including 

colloidal synthesis of spherical QDs, 2D nanoplates, and 3D nanocubes. Another is the 

self-assembly of LHPs NCs. Starting from the CsPbBr3 NCs, the CsPbBr3 nanowires, 

nanoplates, and superstructures were successfully achieved via various self-assembly 

strategies. (Figure 6.1). 

 

Figure 6.1 The summary of the synthesized LPHs NCs including nanospheres, 

nanowires, nanoplates, and nanocubes as well as the self-assembled LHPs NCs into 

nanowires, nanoplates, and superstructures.  

Based on the soft characterization of LHPs, their relatively weak ionic bonding 

features make them easily re-grown or post-synthesized. Therefore, the LHPs have 

emerged as a promising candidate for self-assembly technique. Even with the great 

success of self-assembly, reaching large sheets or plates via the colloidal method 
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remains challenging and fundamentally difficult, as a result of large sheets tend to either 

crack or aggregate in the colloidal suspension. In chapter 3, we presented liquid-air 

interfaces-assisted self-assembly techniques to obtain micro-scale CsPbBr3 nanoplates 

from as-synthesized nanoscale NCs. By monitoring the self-assembly process, the 

growth progress from CsPbBr3 NCs to nanoplates was determined. The AC-HRTEM 

offered an atomic-level observation during the structural evolution and revealed an 

oriented attachment-mediated assembly mechanism, which is triggered by cyanamide 

molecular modulating the surface termination of original CsPbBr3 NCs and endowing 

the assembled CsPbBr3 nanoplates with interface-fused and monocrystalline features. 

The cyanamide appears as shells via passivating on CsPbBr3 nanoplates surfaces and 

thus account for their ultrahigh stability. Additionally, the exploration of driving forces 

that governed the assembly process was deeply carried on. Understanding of the 

mechanism on the adopted self-assembly strategy offers a more designable and 

controllable technique for the synthesis of inorganic LHPs, which also would lead to 

the development of more robust films in the future. Finally, on the basis of the extreme 

stability of assembled CsPbBr3 nanoplates exposed to electron beam, the first atomic-

resolution EDS elemental mapping data of LHPs was acquired and allowed to further 

explore the merging and interface elimination mechanisms that occurred CsPbBr3 NCs 

self-assembly by the atomic-scale resolution STEM and EDS. 

In chapter 4, we demonstrated an efficient green-chemistry approach for the self-

assembly of CsPbBr3 NCs into 1D nanowires and nanobelts via the light induction. 

Using atomic-resolution electron microscopy, we visualized the cubic-to-orthorhombic 

phase transition in NCs and the interface between coalesced NCs. Our results shed light 

on the mechanism underlying the observed anisotropic assembly of halide perovskites 

and elucidate the vital role of light illumination during this process. It is proposed that 
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the contribution of illumination lies in the selective destabilization of the surface 

ligands of NCs, which leads to the growth of anisotropy and the formation of nanowires. 

More importantly, as an elegant and promising green-chemistry approach, light-

induced self-assembly represents a rational method for designing perovskites.  

Achieving a pure green emission with high PLQY essentially for realizing next-

generation vivid displays remain challenging. This is because the CsPbBr3 NCs can 

only exhibit the sky-blue limitation. The ‘green gap’ can be achieved through the self-

assembly of NCs into superstructures, and forming a miniband formation in the valence 

and conduction bands. In chapter 5, we explored the self-assembly of CsPbBr3 NCs 

into superstructures. The assembled CsPbBr3 superstructures retain the high PLQY of 

their NC subunits, but due to the interparticle electronic coupling, exhibit a red-shifted 

emission wavelength compared to an individual NC. This redshift will benefit the 

design of ultrapure green emission (530 nm) with high-performance LHPs. Importantly, 

the assembled CsPbBr3 superstructures exhibit an excellent resistance to thermal-

degradation, of tremendous practical significance for industrial display applications. 
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