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ABSTRACT 

The self-assembly phenomenon plays a significant role in atomic, molecular, and biological 

self-assemblies. This phenomenon has also been found in colloidal nanocrystals (NCs). Self-

assembly of colloidal NCs into superlattices (SLs) is a promising approach for manipulating 

nanometre-sized particles and exploiting physical and chemical properties that are distinct from 

both individual NCs and bulk assemblies. The development of SLs of colloidal perovskite NCs 

through self-assembly has recently attracted remarkable attention; it is quickly developing as a 

new frontier in nanotechnology. This review presents the different driving forces, crucial 

factors for self-assembly of perovskite NCs, recent developments in the synthesis, and 

properties of self-assembled colloidal perovskite NCs. We also discuss the formation of various 

SLs from perovskite NCs with different morphologies. Finally, we shed light on multiple 

challenges in developing numerous perovskite SLs for optoelectronic devices.  

 

1. Introduction 

Self-assembly is a process by which individual units, such as colloidal nanoparticles and 

protein molecules, are arranged spontaneously into a highly ordered structure [1]. In 1959, 

Richard Feynman coined the concept of self-assembly in his famous talk titled, “There’s Plenty 



4 
 

of Room at the Bottom” [2]. He envisioned a world in which atoms can be arranged one by 

one, exactly as per our needs. It was found later that this process plays a significant role in 

biology and materials science. The higher-order structures of various nanoparticles have been 

developed through this self-assembly process. After the discovery of perovskite NCs, several 

groups have explored the self-assembly of such NCs [3,4]. Halide perovskite NCs are 

potentially applicable in diverse fields such as solar cells, photodetectors, light-emitting diodes, 

X-ray scintillator and direct detectors, lasers, and catalysis [5,6,15,7–14]. Their self-assembly 

at the nanoscale can create materials imparting excellent device performance [16,17]. All-

inorganic perovskites have been reported to have various size units, such as nanocubes 

[18,19,28,20–27], nanoplates [18,23,29–33], nanosheets [34,35], nanorods [36–41], nanowires 

[36,42], quantum dots [43], and nanoribbons [36,42]. The smallest units are responsible for 

developing superlattices through the self-assembly phenomenon. The smallest units are 

passivated by different types of surfactants, such as long-alkyl chain amines [33,44–46], acids 

[47], and zwitterions [48]. CsPbX3 perovskite NCs, unlike normal semiconductor NCs, have 

fragile ionic bonding with dynamic capping ligands, resulting in intriguing surface 

characteristics. Different types of cooperative interactions, such as dipole-dipole, hydrophobic, 

and van der Waals between these capping ligands play a critical role in creating SLs [49,50]. 

The interaction between these surfactants provides a great opportunity for developing various 

SLs. The extent of the self-assembly phenomenon largely depends on the shape and size of 

NCs and ligand interactions with solvents. The self-assembly of perovskite NCs can be 

achieved by several methods: (1) a template substrate with controlled solvent evaporation, (2) 

using air/liquid or liquid/liquid interfaces, and (3) the solvent-dependent interaction of surface 

passivating ligands. The electronic structure of individual CsPbX3 NCs (X = Cl, Br, and I) 

allow for defect tolerance, rapid radiative decays, and extended exciton dephasing. These 

characteristics make them promising building blocks for NCs solids for investigating collective 

quantum phenomena that are difficult to obtain with conventional semiconductor NCs. The 

SLs of CsPbBr3 NCs show various quantum phenomena, such as electronic coupling with the 

formation of minibands and superfluorescence [3]. 

Various synthetic methods have been reported for synthesizing halide perovskite NCs. 

The shape of the single unit has been changed by varying the precursors, temperature, ligands, 

and solvent medium. However, controlling the self-assembly of these single units has been 

rarely investigated. Mostly, all-inorganic perovskites are found to be SLs of nanocubes. Why 

does it form the SLs and not a single nanocube unit? There are also few reports on SLs of 
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nanoplatelets [51], nanodisks [52], and nanosheets [53] as building blocks. What are the driving 

forces for the growth of these intriguing SLs? How can we vary the structure of halide 

perovskite SLs? Why do all inorganic perovskites form long-order SLs? How can we control 

the size of SLs? How does facet chemistry control the self-assembly process? The questions 

mentioned above needs to be investigated properly concerning these emerging energy materials. 

 

2. Driving forces for self-assembly  

The self-assembly process drives the arrangement of identical or distinct types of randomly 

arranged particles into an ordered structure using different types of driving forces (Scheme 1) 

[54]. It is critical to have an analytical understanding of how diverse interparticle forces drive 

the self-assembly of building blocks into customised SL structures. Various key forces play an 

essential role in self-assembly, including the Brownian force, steric force, dipole-dipole 

interaction, van der Waals (vdW) force, capillary force, and hydrogen bonding interactions. 

 

Scheme 1: Various attractive, directional, and repulsive forces for self-assembly. 

2.1. van der Waals force  

vdW forces are the attractive forces acting between molecules and atoms separated by 

some distance that are primarily electromagnetic in origin and have a long-range order. They 

are the result of fluctuations or dislocations of partial charges within the individual components 
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in the form of permanent-permanent dipole interactions (Keesom forces), instantaneous 

(fluctuating) dipole-induced dipole interactions (London dispersion forces), and permanent-

induced dipole interactions (Debye forces) [49,55–58] (Scheme 2). All of these forces and their 

corresponding equations are shown in Table 1. 

    Table 1: vdW forces and associated equations [59]  

Serial 

No 

van der Waals 

forces 

Origin of interactions Interaction energy 

 

1 

 

Keesom force 

 

Permanent dipole-dipole 
𝑉(𝑟) =

−2𝜇!"𝜇""

3(4𝜋𝜀#)"𝑘$𝑇
×
1
𝑟% 

 

2 

 

Debye force 

 

Permanent dipole-

induced dipole 

 

𝑉(𝑟) =
−𝜇!"𝛼"′

(4𝜋𝜀#)
×
1
𝑟% 

 

3 

 

London 

dispersion force 

 

Instantaneous dipole-

induced dipole 

 

𝑉(𝑟) = −
3
2 × 𝛼!

′ 𝛼"′ ×
𝐼!𝐼"

(𝐼! + 𝐼")
×
1
𝑟% 

V(r) = Interaction energy,  µ = permanent dipole moment, ε0 = vacuum permittivity, T = 

temperature, α = polarizability, I = Ionization potential, r = the distance between the two 

molecules  

 

Permanent dipole-dipole interactions comprise either intermolecular attractions or 

repulsive interactions between two polarised molecules due to the inherent difference in their 

charge distributions (Scheme 2a). They can play an important role in driving the self-assembly 

of nanoparticles [60–63]. Talapin et al. explored the role of  dipole-dipole interactions between 

non-local dipoles of individual nanoparticles towards the formation of self-assembled SLs of 

monodisperse nanoparticles (PbS, PbSe, and Fe2O3) [61]. Dipole-dipole interactions between 

NCs have also been observed during the self-assembly of CsPbBr3 NCs due to the inherent 

dipole moment of cubic CsPbBr3 [64]. A dipole-induced dipole attraction (London dispersion 

forces) involves a charged or polar molecule that induces a charge redistribution in non-polar 

species (Scheme 2b)[49,57,65]. As a result of this redistribution, the non-polar species acquires 

partial positive and negative charges and therefore becoming polar. Hence, the two molecules 

attract. London dispersion forces are short-range forces between molecules; their strength 
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depends on geometry, shape, interparticle distances, and the chemical composition of 

interacting molecules. Induced dipole–induced dipole interaction is the weakest intermolecular 

interaction arising in molecules without permanent dipoles (Scheme 2c). It is a temporary 

interaction resulting from transient dipoles related to the non-spherical instantaneous 

distribution of electrons in a molecule or atom inducing a dipole in an adjacent molecule or 

atom resulting in a weak attractive force.  

  

 

 

 

 

 

 

 

Scheme 2. A schematic diagram of the various vdW forces: (a) Keesom force, (b) London 

dispersion force. (c) Debye force. 

 

Ohara et al. showed that vdW-type dispersion attractions between NCs result in ordered gold 

NCs [65]. In an organic solvent, polydisperse mixtures of alkylthiol-capped gold NCs 

crystallise into ordered, size-segregated opals on a TEM grid. They concluded that the resulting 

structures are formed due to the size dependence of the dispersion interactions. The biggest 

particles at the centre in this assembly process are surrounded by successively smaller ones 

because of the unique and intermediate-range of the interactions. Wu et al. demonstrated the 

transformation of copper nanoclusters (Cu NCs) into ultrathin ribbons by self-assembly process. 

The dipolar attraction between Cu NCs and the vdW attraction between 1-dodecanethiol (DDT) 

ligands play an important role in such kind of self-assembly process [60]. The vdW forces 
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between the hydrophobic ligands and the perovskite NCs core also regulate the self-assembly 

process that results in the formation of perovskite SLs [66,67].  

2.2. Brownian force 

In 1827, biologist Robert Brown discovered the phenomenon of random and continuous motion 

of colloidal particles suspended in a medium. This phenomenon is triggered by momentum 

transfer due to the thermal activities of the particles in the suspending medium. Brownian 

motion is the driving factor for the diffusion and collision of particles, and thus, it intrinsically 

influences the ordering process during particle self-assembly [68] (Scheme 3). The thermal 

motion provided by the thermal energy is an arbitrary process that can prevent self-assembly 

if the kinetics due to the thermal energy become equivalent to, or surpass, these assembly forces. 

The diffusion and collision of particles through Brownian motion are the driving factors that 

intrinsically affect the ordering process during molecular self-assembly [69,70].  

 

 

 

 

Scheme 3. A schematic diagram of the Brownian motion of colloidal NCs and formation of 

SLs via self-assembly colloidal NCs.  

Many approaches for using spontaneous nanoscale self-assembly have been devised with great 

success thanks to the considerable influence of Brownian motion. When the size of the 

components in a system increases, gravity becomes more powerful and can override Brownian 

forces, resulting in partial self-assembly and the generation of non-organized materials [51]. 

Dang et al. reported the conversion of ordered CsPbBr3 nanoplatelets into disordered nanotiles. 

Initially, they synthesized an ordered structure of self-assembled CsPbBr3 nanoplatelets. 
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However, after few months, their size increased due to self-assembly, and then the free 

Brownian motion of the larger particles became restricted and eventually, disordered mosaic-

like nanotiles appeared [71]. Since, larger non-Brownian particles are less likely to form 

crystalline arrays on their own, an external driver should be used as a "thermalizing force", 

thereby, inducing particle motion and crystallization. 

2.3. Steric force  

Steric effects occur because each atom in a molecule inhabits a specific amount of space. 

Overlapping of electrons clouds occur when atoms are brought significantly close, affecting 

the preferred assembly and reactivity of the molecule. When atoms in a molecule get too close 

together due to molecular vibration or rotation, electric repulsion between their electrons can 

hinder certain conformations and favour others. This phenomenon is known as the steric effect. 

This effect can lead to conformations in which repelling forces are minimized, and thus, the 

molecule becomes stable by reducing its potential energy. Attractive interactions in particles 

may accumulate strongly, preventing ordered self-assembled structure. Therefore, resisting 

attractive interactions with softer repulsive forces can empower controlled self-assembly 

[72,73]. One common approach to control the self-assembly of particles using electrostatic 

repulsions between like-charged elements can be modified by changing the ionic strength of 

the solvent molecule. Miszta et al. showed how monodisperse colloidal octapod-shaped self-

assembly of NCs (CdSe core and CdS arms) occurs in an appropriate solution environment 

[74]. They demonstrated that octapod-shaped colloids have steric hindrance that limits the 

assembly of particles into intercalated chains that self-assemble into three-dimensional 

superstructures. Furthermore, Grzelczak et al. showed that the combination of attraction and 

steric hindrance transform gold nanodumbbell building unit into cross-like dimers, with 

appropriate relative orientation and interparticle distance [75]. The directional interactions 

between particles can be improved by steric hindrance leading to well-defined self-assemblies 

[75,76]. 

2.4. Capillary force 

Capillary force is an interaction phenomenon occurring at the interfaces of solid, liquid, and 

air phases (Scheme 4); it depends on the interaction between liquids and particle surfaces. The 

capillary bridge between two particles is formed by the liquid phase. It results in capillary 

forces, which can be repulsive or attractive, depending on the property of the capillary bridge: 
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convex or concave. This attractive force causes the three-dimensional self-assembly of 

particles. Attractive force may arise from the overlap of perturbations (menisci) formed around 

the two separate particles, resulting in a lateral capillary force between them. The lateral 

capillary forces can be attractive or repulsive, depending on the similarity or dissimilarity of 

the overlapping menisci formed around the two particles. The attractive lateral capillary forces 

are significant driving force of two-dimensional self-assembly (aggregation) and ordering of 

particles on a relatively broad length scale [77,78]. Self-assembly driven capillary forces have 

emerged as an efficient approach for large-scale manufacturing of various advanced materials 

with novel electrical, mechanical, optical, adhesion, and wetting properties. Capillary force is 

often negligible on macroscopic structures. However, surface capillary forces are the prevalent 

force that induces deformation in structures at small scales [79]. Gracias et al. developed a new 

self-assembling process of self-folding based on surface tension to fabricate patterned 3D 

components from 2D precursors [80]. Furthermore, Zhou et al. showed the capillary force-

based single-crystalline colloidal gold nanoprisms and concave nanocubes through templated 

self-assembly process [81]. Ciszek et al. suggested that the combination of templating and 

capillary forces is virtually scale-independent and is effective for inter-rod spacing [37]. They 

demonstrated that the two-segment gold-polypyrrole nanorods are assembled into kinetically 

controlled superstructures. 

 

Scheme 4. A schematic diagram of the self-assembly of NCs through capillary forces. Transfer 

of the NCs from solution to the surface of the substrate via convection (step 1) and then self-

assembly of the NCs in an ordered arrangement under the influence of lateral capillary forces 

(step 2). 
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2.5. Hydrogen bonding interactions  

Hydrogen bonding interactions commonly arise when a hydrogen atom is located between a 

pair of other atoms with high electron affinity. Such interactions are weaker than an ionic or 

covalent bond but slightly more effective than vdW forces. Average hydrogen bonds have 

energies in the range of - 0.2 to - 40 kcal mol-1 based on the solvent nature [82]. The density 

of surface anchoring groups (–OH, –COOH, or –NH2) determines the strength of hydrogen 

bonding interactions between nanoparticles. The best example of hydrogen bonding 

interactions is the self-assembly of DNA, where hydrogen-bonded base pairs of DNA double 

helix combine to provide excellent stability to the structure [83,84]. Brown et al. showed robust 

self-assembly of CsPbBr3 NCs using extensive inter-ligand hydrogen bonding forces of 

octylphosphonates (OPA) (Scheme 5)[85]. OPA binds with unsaturated Pb2+ ions through P-

O- whereas P=O and P-OH groups remain free to form inter-ligand H-bonding which can help 

in building a robust hydrogen-bonded octylphosphonate network through self-assembly 

process.  

 

 

 

 

 

 

 

 

 

 

Scheme 5. Schematic diagram of octylphosphonic acid ligands bonding to CsPbBr3 NCs (R = 

octyl, R’ = oleyl). The Pb–Br–Pb linkages are corner sharing [PbBr6]4− octahedra of the 

perovskite lattice. Reprinted with permission from Ref [85]. 
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The polymer with a large number of hydroxyl group, such as poly(vinyl alcohol) (PVA), can 

form directional hydrogen-bonds through the polar hydrogen and electronegative ion groups. 

Xiangyue et al. fabricated a highly stable and efficient FASnI3-based solar cells by adding PVA 

to the FASnI3 precursor solution [86]. PVA introduces hydrogen bonding with FASnI3, 

affecting the crystalline rate, reducing the trap states, and suppressing the migration of iodide 

ions. Li et al. improved the performance and stability of CH3NH3PbI3 perovskite by modifying 

the surface by spin-coating its precursor solution in the presence of butylphosphonic acid 4-

ammonium chloride [87]. The additive acts as a crosslink between neighbouring grains in the 

CH3NH3PbI3 perovskite structure through robust hydrogen bonding between –PO(OH)2 and –

NH3+ terminal groups of the perovskite surface. Additionally, Li et al. showed strong hydrogen 

bonding interaction of fluoride ions with triple-cation perovskite 

(Cs0.05FA0.54MA0.41)Pb(I0.98Br0.02)3 for stable solar cells [88]. They reported a certified power 

conversion efficiency of 21.3% in a device based on triple-cation perovskites. Molecular proton 

donors such as chloroform and dichloromethane also play an important role in tuning the 

optical properties of self-assembled perovskite microcrystals.  Rogach et al. reported the 2D 

Dion–Jacobson (DJ) phase of ODASnBr4 (ODA = 1,8-octanediammonium) perovskite 

microcrystals that showed improved crystallinity and photoluminescence quantum yield (PL 

QY) in chloroform (CHCl3) and dichloromethane (CH2Cl2). This is attributed to the formation 

of hydrogen bonds between the perovskite lattice and the C-H protons of CHCl3 and CH2Cl2 

[89].  

2.6 Hydrophobic interaction 

Hydrophobic interaction plays an important role in biological systems, especially in the 

formation of lipid bilayers. It has also been observed in colloidal NCs. Mixing surfactant-

capped hydrophobic NCs and oil droplets can lead to the formation of self-assembled 3D 

colloidal crystals during the emulsification process, which is attributed to the hydrophobic 

effect of surfactant. Polystyrene coated-Au nanorods can also undergo solvent-mediated self-

assembly phenomenon due to the hydrophobic effect of the polymer. Recently, León et al. 

explored the breath figure (BF) approach, involving self-assembling CsPbBr3 NCs distributed 

evenly within a hydrophobic polymer matrix but preferably enclosed within pore spaces (Fig. 

1). BF is a well-known technique for producing well-ordered honeycomb-patterned surfaces 

with regulated topography and composition in a single step [90]. The majority of surfaces 

patterned by using BF approach comprise  polymers, copolymers, or blends. However, 
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nanoparticles or metal ions can be embedded in high molecular weight polymers to produce 

hybrid materials [74,91]. León et al. used amino-terminated polystyrene (PS-NH2) to create 

well-ordered pores. The surface of the CsPbBr3 NCs was passivated by using oleylamine 

(OAm), which has a hydrophobic moiety comparable to PS-NH2, but also a  hydrophobic chain 

that prevents the formation of well-ordered porous structures. During the formation of thin 

films, PS-NH2 is driven towards the interface of pores created by its large hydrophobic block 

(PS), and the hydrophobic interactions allow the creation of honeycomb-like porous structures 

through BF. 

 

Fig. 1. The self-assembly of CsPbBr3 NCs in a micro-patterned polymeric surface via 

hydrophobic interactions. (a) Formation of micron-sized water at the air-liquid surface due to 

the fast evaporation of CHCl3. (b) Migration of PS-NH2 and CsPbBr3 NCs towards the 

CHCl3−water interface, thereby stabilizing the condensing water droplets in a well-ordered 

honeycomb pattern. (c) Formation of a porous surface after completely evaporating off of 

CHCl3 and water. (d) A pincushion-like surface after peeling with Scotch tape. SEM images 

(e) before and (f) after peeling. Reprinted with permission from [92].  

 

There have also been several reports concerning the formation of well-ordered CsPbBr3 NCs 

passivated by a large amount of long-chain alkyl ligands such as oleylamine (OAm) and oleic 

acid (OA). Hydrophobic interactions between the tail parts of the alkyl ligands play a critical 

role in the self-assembly of the NCs by keeping the NCs at a specific distance. Interestingly, 

the interparticle spacing among these NCs was revealed to be 2 nm, which matches the lengths 

of  both OAm and OA [92,93]. 
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3. Self-assembly on different scales 

A natural mechanism, either thermodynamic or kinetic, can expand self-assembly further. 

Atomic, molecular, and interfacial self-assemblies are included in the first category, whereas 

colloidal and certain interfacial self-assemblies are included in the second one. Molecular, 

colloidal, and interfacial self-assemblies are examples of random self-assembly processes. 

Others, such as atomic and biological self-assemblies, have some degree of directionality 

[54,94–96]. Colloidal self-assembly process can be modulated by external stimuli such as 

electric field, magnetic field, gravity, flow, and so on. The spontaneous self-assembly  occurs 

in a wide range of length scales, from angstrom to millimetre (Scheme 6). Repulsive forces 

have been seen in the interactions of different colloidal particles. The interaction of molecules 

or colloids with different charges, or with the same charge but separated by a small distance, 

or between zwitterionic molecules and colloids can cause an attractive attraction. The 

coordination bond is a strong chemical connection in comparison to the other forces, yet it can 

act as an attractive force in supramolecular self-assembly. 

  

 

 

 

 

 

 

 

 

Scheme 6. A schematic diagram of atomic, molecular, colloidal, biological, and interfacial 

self-assemblies at different scales. The scale also applies to the building units.  
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Scheme 7. Schematic representation of different units for perovskite self-assembly. 

Monocomponent self-assembly of (a) nanocubes, (b) quantum dots, (c) nanoplates, (d) 

nanodisks, (e) nanorods. Multicomponent self-assembly of (f) nanocubes and quantum dots, 

(g) nanocubes and nanodisks. 

4. Different units for perovskite self-assembly 

Self-assembly of NCs has been observed for various morphologies e.g., nanocubes, quantum 

dots, nanoplates, nanodisks, nanorods, and so on. Based on the self-assembly of NCs, we can 
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classify the self-assembly as (a) monocomponent (one type of NCs) self-assembly, and (b) 

multicomponent (various types of NCs) self-assembly (Scheme 7). Most of the self-assemblies 

of perovskite NCs are reported with monocomponent perovskite NCs. For generating 

multicomponent self-assembly, Kovalenko et al. applied a variety of multi-nanocrystals ABO3, 

NaCl, and AlB2-type SLs, including spherical Fe2O3, spherical NaGdF4 NCs, and truncated-

cuboid PbS NCs, and cubic CsPbBr3 NCs. Cubic NCs, unlike spherical NCs, adopt many 

orientations within the unit cell, making the production of multicomponent SLs difficult [97]. 

Cherniukh et al. recently reported the formation of binary SLs from steric-stabilized CsPbBr3 

nanocubes and disk-shaped LaF3 NCs via self-assembly, yielding six columnar SLs [98]. 

5. Different parameters and approaches for self-assembly of perovskite nanocrystals  

The formation of well-ordered self-assembled perovskite nanostructure crystal from colloidal 

nanoparticles has attracted a good deal of attention. However, different essential parameters, 

such as solvent, temperature, pressure, light, and template, need to be considered whilst 

fabricating various ordered architectures of perovskites; they are summarised in the following 

section (Scheme 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 8. Different parameters and approaches for self-assembly of perovskite NCs.  
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5.1. Solvent-assisted self-assembly  

The solvent and its polarity play a crucial role in forming a well-organised crystalline 

nanostructure due to its ligand-solvent and ligand-ligand interactions. The monodispersity of 

NCs also plays an important role in organising the three dimensional (3D) superlattices (SLs). 

Kovalenko et al. synthesised 3D SLs of cubic-shaped CsPbX3 (X = Cl, Br) NCs by solvent 

evaporation technique [3] (Fig. 2). Monodispersed cubic-shaped 9.5 nm-sized CsPbBr3 NCs in 

toluene were spread onto the silicon substrate kept in a Teflon well.  

 

Fig. 2. (a) Solvent drying-mediated self-assembly phenomenon of CsPbBr3 NCs. (b) High-

angle annular dark-field scanning transmission electron microscopy (HAADF–STEM) image 

of a single CsPbBr3 NC. (c) Optical microscopy image and (d) Green fluorescence image of 

3D SL ((illuminated UV light). (e) HAADF–STEM image of a SL of CsPbBr3 NCs. Inset: 

enlarged view of the marked area, exhibiting the individual NCs. Reprinted with permission 

from Ref. [3]. 

 

A glass slide was placed over the well, and the toluene was to gently evaporated. Micrometre-

sized 3D SLs of CsPbBr3 NCs formed after the toluene had completely evaporated. Individual 

cuboidal SL domains contain up to a million NCs. Soetan et al. reported the formation of 1D 

CsPbBr3 NCs using non-polar solvent (hexane), in which solvent-ligand interactions play an 

important role [66]. However, the formation of 2D assemblies of NCs was observed when they 

were purified using low-polar solvents, such as toluene and ethyl acetate. The synthesised 1D 

CsPbBr3 NCs get redshifted in absorbance and photoluminescence. This indicates that some 
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additional aliphatic ligands are leftover during purification of the NCs due to the hydrophobic 

effect, and other alkyl ligands are interconnected through the vdW force. The depreciation of 

repulsive forces between the solvent and ligands take place in short-range 2D assemblies in 

low-polar solvents, such as toluene and ethyl acetate, compared to non-polar solvent [99]. 

Previously, Pt nanocubes also show a solvent-assisted self-assembly (SA) phenomenon. Quan 

et al. reported Pt nanocubes that self-assemble into a simple cubic superstructure in toluene and 

a body-centred tetragonal superstructure in hexane [100]. These solvent-ligand interactions 

present innovative information to further understand the systematic fabrication and 

characterisation of the mechanisms involved the self-assembly of various nanoparticles [100]. 

Theoretically, the coupling energy between cubic NCs is three times larger than that between 

spherical ones [101]. The investigation of colloidal NCs SLs does not only reveal the role of 

organic ligands in directing self-assembly processes, but it may also lead to the discovery of 

novel, controllable collective features from nanocube ensembles. Pradhan et al. reported the 

formation of long ~12 µm and 1.2 nm thinnest self-assembly of CsPbBr3 plates using Cs 

precursor reacting with oleic acid at room temperature [102]. Moreover, they studied the 

influence of oleic acid-amine on the fabrication of CsPbBr3 plates. Successive formation of 

long-range self-assembly by tunning the oleic acid concentration with reaction time and the 

live ongoing reaction was monitored using optical microscopy and electron microscopy. 

Additionally, the uniqueness of this self-assembly was preserved in solution. This provided a 

new avenue for room temperature nanostructure formation, leading to the self-assembly of 

nanoplatelets. Recently, all-inorganic halide perovskite NCs film has been used directly in 

optoelectronics applications due to their inexpensiveness, direct band gaps, photoluminescence 

yield, and colour emission. However, unavoidable solvent-surfactant interactions during the 

fabrication of the films damage their properties, making device fabrication challenging. Hence, 

the first priority is to find a suitable solvent to fabricate self-assembled perovskite NCs for 

optoelectronic applications. Various solvents with different polarities were used to fabricate 

CsPbBr3 NCs film for light-emitting diode (LED) applications. The influence of solvent-

assisted surface engineering techniques on morphology and their optoelectronic properties 

were examined. The thin film fabricated with processed solvent is uniform, smooth, and 

favourable for charge transport. Moreover, photostability, external quantum efficiency (EQE), 

luminance, and power efficiency of the fabricated film were improved compared to 

unassembled CsPbBr3 nanoparticles [103]. Babu et al. proposed a new method for tuning the 

self-assembly of CsPbBr3 from nano to micro size using various simple antisolvents at room 
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temperature and normal atmosphere [104]. They explored the influence of antisolvents on the 

reprecipitation of CsPbBr3 perovskite nanocubes to microcubes. They used approximately ten 

anti-solvents to reprecipitate the CsPbBr3 NCs; Perfect cubic-dimensional microcrystals could 

be produced from tetrahydrofuran (THF) solution. Additionally, the physical properties and 

size of these microcubes are superior to others reported previously in the literature. Moreover, 

unusual self-assembly of CsPbBr3 nanocubes morphology was observed in DCM solvent. 

Additionally, various cubes and self-assembled cube morphologies show excellent stability at 

room temperature. This simple method provides an innovative platform to fabricate various 

shapes and sizes of nanocrystal and is highly useful for different applications, such as LEDs, 

photodetectors, and biosensing [104]. 

In a similar manner to Pt NCs, gold nanoparticles (Au) functionalised with hexalkoxy-

substituted triphenylene (TP) as a discotic molecule (Au-TP) also exhibit solvent-mediated 

self-assembly phenomena. The structure of Au-TP can easily be controlled using solvent 

polarity (methanol-toluene). The gold nanoparticles surrounded by organic ligands experience 

increasing π–π interactions between the neighbouring TP ligands on a particle surface when 

solvent polarity is increased by adding methanol quantity. This leads to the formation of self-

assembled, 1D, or hexagonal closed packed (hcp) structures of Au-TP [105]. Nie et al. 

investigated self-assembly of inorganic nanoparticles using hydrophobic polymer chains and 

amphiphilic ABA triblock copolymers [106]. Solvent-based side-by-side self-assembly can 

also modify the hydrogen bonding interactions between Au-tipped CdSe nanorods [107]. The 

samples were dispersed in DCM to observe the influence of the interaction between the 

thymine group on the carbon nanotubes. The non-competitive solvent cannot generate H-

bonding interactions. However, H-bonding interactions were observed when similar 

experiments were performed in dipolar aprotic solvent dimethylformamide (DMF) [108]. The 

shape property can also be utilised in combination with solvent. Gold nanorods have been self-

assembled in DMF/THF water mixtures via hydrophobic interaction initiated by modifying 

water volume portion, leading to the formation of a dimer, chainlike structures or spherical 

aggregates formed from gold nano dumbbells by adding water to the THF/DMF mixture [109]. 

5.2. Light-induced self-assembly 

Light can alter the physical and optical properties of materials. Even, it can initiate physical 

and chemical reactions [110]. Similarly, halide perovskites are sensitive to light that can change 

their structure and properties. The photo-induced structural variation of halide perovskites 
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represents an important issue from both fundamental and practical perspectives. However, the 

fabrication of perovskite NCs using light remains largely unexplored due to their poor stability 

under UV-light illumination [111].  

 

Fig. 3. (a–d) Formation of 1D CsPbBr3 NWs under visible light. Time: (a) NCs (2 h), nanorods 

(5 h), (c) NWs (20 h), and (d) NWs (24 h). (e) HRTEM images of intermediate CsPbBr3 NCs 

(after 5 h of illumination) merging along the [110]o plane. Inset: FFT patterns. (f) HAADF-

STEM image of nanorods along the [11̅0]o plane, (g) enlarged selected area of (f). (h) 

Schematic diagram of transformation of CsPbBr3 NCs to nanorods to NWs. (i) Diagram for 

fusion of CsBr- and PbBr2-terminated (001)o  planes. Reprinted with permission from Ref [112].  

Recently, Liu et al. investigated the growth of CsPbBr3 NWs from cubic NCs in the presence 

of visible light [112]. A solar simulator with an intensity of 1.7 suns (170 mW/cm2) was 

employed for driving the self-assembly of CsPbBr3 NCs. Defect-free NWs were spontaneously 

produced by assembling and fusing individual cubic CsPbBr3 NCs under visible light (Fig. 3). 

They systematically investigated the shape evolution of CsPbBr3 NCs with illumination time. 
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The self-assembly of CsPbBr3 NCs was occurred via the light-induced removal of surface 

ligands, i.e., oleic acid (OA) and oleylamine (OAm). The removal of surface ligands releases 

steric repulsion between adjacent NCs. An anisotropic environment resulting from the 

carboxylate-rich ligand shell aids in the development of NWs. These NWs showed higher 

lifetime (∼125 ns) than the initial precursor NCs (∼2 ns). Surprisingly, the initial cubic NCs 

do not grow via isotropic coalescence. An anisotropic linear growth mechanism through direct 

attachment was followed and the cubic phase transformed to orthorhombic phase during the 

conversion. The NWs grow along the [110]0 plane. Wang et al. reported photon-driven 

conversion (PDC) of CsPbBr3 nanoplatelets to bulk analogue. A few-monolayer CsPbBr3 

nanoplatelets were transformed into bulk analogue under laser irradiation within few minutes 

[113]. The lamellar self-assembly can be done using low laser intensity of 20 mW cm−2.  

Krahne et al. reported a heat-up and large-scale synthesis method of blue-emitting CsPbBr3 

nanoplatelets (NPLs) that converted into stacked lamellar structures through self-assembly 

process [114]. The morphology and the optoelectronic properties of such films can be tuned by 

UV-light, transforming the self-assembled stacks of NPLs into SLs, such as square-shaped 

disks and nanobelts. Perovskite NCs with weaker interparticle interactions assembled by 

visible light can provide insights into the growth kinetics, assembly mechanisms, and surface 

ligand chemistry of highly ionic perovskite NCs.   

 

5.3. Templated self-assembly 

Liarte et al. reported the colloidal CsPbBr3 nanocubes prepared by ligand-assisted 

ultrasonication. These nanocubes were used for the fabrication of 2D photonic crystals (Fig. 4) 

[115]. A pre-patterned polydimethylsiloxane(PDMS) template was used for growing CsPbBr3 

NCs (10 nm) into 2D photonic crystals of large area (1 cm2) following template-induced self-

assembly. The dimension of the PDMS template controls the lattice parameters of these crystals. 

Crystals with lattice parameters ranging from 1700-400 nm have been successfully fabricated. 

In addition to template dimension, concentration and viscosity of the CsPbBr3 NCs play a vital 

role for developing 2D photonic crystals. Pan et al. reported a templated self-assembly process 

for achieving 1D SLs of CsPbX3 NCs arrays inside a pod-shaped lead sulphate scaffold, in 

which NCs are uniformly distributed with interparticle spacing of 2.2 nm (Scheme 9).  This is 

attributed to the host-guest like supramolecular interactions between lead sulphate and CsPbX3 

NCs. The stability of these SLs are strongly solvent-dependent. When dispersed in highly polar  
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Fig. 4. a) Schematic diagram of PDMS template-assisted growth of 2D photonic perovskite 

supercrystals. b) SEM images of supercrystals made of CsPbBr3 arrays. The inset in (b) 

CsPbBr3 SC arrays on glass substrates (under white light). Reprinted with permission from 

[115]. 

 

 

 

 

 

 

 

 

 

Scheme 9. a) Schematic diagram of 1D pea-pod like arrays of CsPbBr3 NCs embedded in 

PbSO4 shell. Reprinted with permission from [116]. 

solvents like CHCl3 and THF, the 1D superlattices dissociate into random combinations of 

perovskite NCs and PbSO4 clusters due to higher solubility of perovskite precursors, whereas 

the reverse phenomenon was observed by adding hexane due to poor solubility of those 

precursors. Adjusting the size and shape of the NCs using a variety of halide compositions can 
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further alter the geometric configurations of these SLs. The wide utility of this innovative self-

assembly technique would allow 1D self-assembled SLs to be used as a platform for both basic 

and applied research. In order to analyse the self-assembly of CsPbX3 NCs, a halide-free 

solvent must be used [116]. 

5.4. Pressure-driven self-assembly 

Pressure provides a powerful way to study the structural, physical, and electronic behaviour of 

metal halide perovskite (MHP) materials. 2D perovskite nanosheets (PNSs) have received 

significant interest due to the advantage of the perovskites and the 2D structural properties. The 

self-assembly of many metal halide perovskite nanostructures with potential optoelectronic 

properties has not yet been demonstrated  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The pressure-induced formation of CsPbBr3 SLs from CsPbBr3 nanocubes. (a) A TEM 

image of SLs and inset: the lamellar structure before disassembly. (b) A TEM image and  
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associated FFTs of compressed CsPbBr3 nanoplates. (c) A schematic representation of the 

different stages in the formation of CsPbBr3 SLs under pressure. Reprinted with permission 

from [117].   

 

Significant progress and growth in the pressure response of methylammonium-based lead 

halide perovskites have been achieved by various groups [118,119]. Recent attempts at the 

pressure-sintering procedure and band gap modification of CsPbBr3 NCs have highlighted the 

importance of all inorganic MHP NCs [117,120–127]. Nagoka et al. developed a pressure-

induced transformation method for fabricating CsPbBr3 SLs from CsPbBr3 nanocubes (Fig. 5.) 

Up to 5.1 GPa, the nanocubes were shrunk isotropically and reversibly, above this pressure, 

surface passivating ligands detached from the surface of nanocubes, which were eventually, 

irreversibly transformed into 2D nanoplatelets by fusing facet-to-facet; this is attributed to the 

minimization of the surface area in the single cubic phase. In general, CsPbBr3 nanocubes show 

a d-spacing of approximately 5.8 Å whereas the synthesized SLs show a lattice constant of 12.5 

nm (confirming their cubic superstructure) and have better optical properties. 

  

 

 

 

 

 

 

 

 

 

 

Fig. 6. (a) A schematic of self-assembly of CsPbBrI2 NPs into NPSs under high pressure. (b–

i) TEM and SEM images of NPs and PNSs formed under a pressure range of 10 MPa with 
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variable lengths of time. (b and h) Initial NPs, (c) 2D array (10 min), (d) PNS prototypes (20 

min), (e) PNSs (30 min), and (f and i) PNSs (60 min). (g) HRTEM image of initially formed 

NPs. Reprinted with permission from Ref [128].  

 

Using this method, one can integrate NCs into self-assembled SLs, thereby developing new 

materials with improved crystallinity, structural stability, and characteristics that can be used 

in a variety of technologies, including light emitting diodes and solar cells. Ji et al. 

demonstrated that pressure can produce self-assembled CsPbBrI2 perovskite nanoparticles 

(NPs) to form 2D PNSs (Fig. 6) [128]. Removal of the grain boundaries between single-crystal 

PNSs and enhanced crystallinity induce the creation of PNSs. In addition, self-assembled PNSs 

exhibit enhanced PL intensity and excellent chemical stability [128].  

 

5.5. Polymer-assisted self-assembly 

Polymeric materials are utilized for fabrication of self-assembled NCs [129]. The assembly of 

either all-inorganic or hybrid perovskite NCs into superlattices via surface modification is 

important to understand the intrinsic electronic interaction of these highly ionic NCs. Sardar et 

al. showed a template-free chemical strategy, in which polymer-passivated CsPbBr3 NCs self-

assembled into one-dimensional, individual, and bundled pearl necklaces. They synthesised 

poly (ethylene glycol) (PEG6-Y, Y = −COOH, and NH2)-passivated CsPbBr3 NCs (3 nm 

diameter). These NCs were transformed into individual pearl necklaces, bundled pearl 

necklaces (∼550 nm in length), close-packed, lamellar, and nanorice assemblies through self-

assembly process [130]. Long alkyl chain amines and acids are well-known surfactants for 

binding with lead and bromide, respectively offering excellent colloidal stability. Interestingly, 

both amine and acid derivatives of PEG6 were introduced in synthetic condition and it 

improved the colloidal stability of perovskite NCs. Three key structural features of these 

flexible polymers, such as concentration, chain length, and head and tail part, regulate 

cooperative interactions between individual polymer-capped NCs, allowing for higher-ordered 

self-assembly. In addition, being a hydrophilic polymer, PEG could better interact NCs in 

hydrophobic solvents leading intriguing nanostructures via self-assembly process.  Post-

synthetic ligand treatment was employed to turn individual pearl necklace formations into 
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lamellar and nanorice structures. This is attributed to dipole-dipole interactions between 

CsPbBr3 NCs and vdW attraction between surfactants. Generally, long alkyl chain oleyl group 

forms the most stable inorganic perovskite CsPbBr3 NCs [131]. However, polar solvents are 

detrimental for their self-assembly as these passivating ligands are highly soluble in a polar 

solvent due to their ionic nature. In a non-polar solvent, they form clusters due to strong vdW 

interactions [131]. Therefore, preventing colloidal aggregation from allowing for close-packed 

monolayer thin films is a difficult task. Garnett et al. developed a method to prevent the 

colloidal aggregation of CsPbBr3 nanocubes allowing them to form a large-area self-assembly 

of these NCs. Long-chain alkyl groups (18 carbon chain) attached to the surface of these NCs 

have been replaced by short-chain thiocyanate (SCN−)[20]. Short-chain thiocyanate ligands 

dramatically improve self-assembly by reducing cube-cube interactions. This approach can be 

used to make ultrasmooth monolayer thin films of perovskite NCs with different morphology. 

Furthermore, these monolayer films can also be used as a seed layers for fabricating high 

quality single-crystalline thin films for high-performing optoelectronic devices.  

 

5.6. Temperature-driven self-assembly 

Temperature plays a critical role in the self-assembly process of small organic molecules, 

peptides, and organogels [132]. However, the role of temperature in controlling the perovskite 

SLs has not been studied extensively. Recently, Arciniegas investigated the transformation of 

self-assembled CsPbBr3 NPLs into nanobelts into nanoplates, and then nanotiles in bulk 

solution over a few months at room temperature (Fig. 7) [71]. The transformation occurred via 

a three step mechanism: (1) removal of passivating ligands from the surface of CsPbBr3 NPLs 

to form nanobelts, (ii) consolidation of nearby nanobelts by oriented attachment for growing 

more extended nanoplates, (iii) finally, merging of nanobelts and nanoplates, developing 

mosaic-like broken nanotiles. The aged nanobelts and nanoplates possess less CsBr-rich 

surface when compared to fresh ones. Oleylammonium ions can replace these Cs+ ions forming 

a strong attachment with NCs surface and finally, these large particles self-assembled via 

oriented attachment. When the temperature is raised, ligand desorption should rise, and when 

the temperature is lowered, it should decrease. As a result, heating or cooling can be employed 

to speed up or preserve the qualities of the original NPLs solution. Interestingly, the full 

transformation from CsPbBr3 NPLs to nanotiles was also observed after heating the solution at 

110 °C for 30 min as the desorption occurred at a much faster rate at higher temperature. This 
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observation indicates that this type of transformation can be expedited by controlling the 

temperature.  

 

Fig. 7. TEM images revealing the growth of CsPbBr3 NPLs over time. (a) Fresh NPL stacks, 

(b) nanobelts, (c) different sized nanoplates, and (d) nanotiles. Scale bars: 100 nm. (e) Diagram 

for the conversion of CsPbBr3 NPL stacks in solution over time. Reprinted with permission 

from Ref [71]. 

This process provides critical information for the design and fabrication of perovskite material, 

in which type and density of defects are essential. It will encourage the development of 

perovskite NCs with intriguing optoelectronic properties. 

5.7. Defect-driven self-assembly 

Halide perovskites for photovoltaics have recently attracted attention due to their low cost, 

solution-processable synthesis, and promising optoelectronic properties [133–137]. Solar 

power conversion efficiencies of more than 20% have been achieved in recent years for 

perovskite photovoltaics [138–141]. However, many important issues related to the stability of 

perovskite halides need to be considered prior to their commercial application despite such 

promising achievements. Moisture, high temperature, oxygen, and UV irradiation cause faster 

degradation of perovskite solar cells than polymer and dye-sensitised photovoltaics [142–144]. 
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Solution-processing film fabrication can result in significant structural disorder and 

crystallographic defects [145,146]. Several studies regarding vacancies and interstitial defects 

in perovskite photovoltaics have been conducted [147,148]. Defects, especially surface 

vacancies that can act as surface traps, are often produced during perovskite synthesis. Vacancy 

defects provide a route for ion movement, which is unfavourable for charge collection with 

current-voltage hysteresis [149,150]. The surface vacancies play a key role in the stability of 

perovskite NCs by restricting the ligand binding dynamics on the perovskite NC surfaces 

[151,152]. Halogen vacancies are the leading source of defects in all-inorganic caesium lead 

halide perovskite (CsPbX3, where X = Cl, Br or I). Various methods have been adopted to 

passivate surface traps and reduce defects to enhance device efficiency [153]. Pan et al. 

reported surface halide-vacancy-rich CsPbBr3 QDs  for studying the role of surface vacancies 

on self-assembly behaviour [154]. These QDs self-assembled into several millimetre-thick 

NWs in the presence of oleic acid and didodecyldimethylammonium (DDA) sulphide. Sulfur 

facilitates self-assembly by filling the halide vacancies while DDA passivates the surface of 

the NWs. Raisa-Ioana et al. suggested that halogen vacancy migration is one of the most 

important parameters for phase segregation and perovskite material degradation [155]. 

Halogen defects degrade a device by facilitating rapid ion migration under atmospheric 

conditions [156,157]. Therefore, it is essential to control halide vacancies to achieve efficient 

and chemically stable perovskite LEDs. The efficiency and stability of blue MHP LEDs can be 

significantly improved after suppression or passivation of Cl vacancies in mixed halide (Br/Cl) 

perovskites (MHPs) by using a non-polar organic pseudohalide (e.g.,(n-dodecyl 

ammoniumthiocyanate (DAT)] [158]. 

5.8. Electric field-driven self-assembly 

Electrophoretic deposition (EPD) is a promising technique for assembling charged colloidal 

particles on an electrode's surface by using AC electric field. The advantages of using an 

external field include simplicity, cost-effectiveness, and a combination of speed, ease of control, 

and accuracy that is not readily offered through particle-particle colloidal interactions [159–

162]. With minor adjustment to electrode design and positioning, deposition can be performed 

on different surfaces such as flat, cylindrical or any other shape for producing high-quality 

films with excellent homogeneity. In general, EPD is a two-step process in which the 

suspended particles are first charged by an electric field, and then attracted to an electrode with 

the opposite charge, thereby forming the deposited layer through particle coagulation. 
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Positively and negatively charged colloidal particles preferably deposit on the negative 

electrode (cathode) and positive electrode (anode), respectively. For high-quality NC films, the 

suspension's stability, particle size, ζ-potential, conductivity and viscosity, as well as the 

solvent's dielectric constant, should be considered and optimized.  

Fig. 8. (a) A schematic diagram of the surface of an MAPbBr3 QD. (b) The EPD-mediated self-

assembly of QDs on the anode surface (left) covered with PEDOT:PSS. (c) Images of the anode 

and cathode surfaces after 5 minutes of EPD. (d) An SEM image of a deposited QD thin film. 

(e) An AFM image of a QD surface with an RMSS of 5.8 nm. Reprinted with permission from 

[163].  

The EPD method is commonly used for depositing graphene [164], Cu, and Au sheets [165], 

along with producing compact thin films of MHP NCs. The surfaces of MHP NCs are 

negatively charged due to the presence of halide ions, and thus they can be deposited on the 

anode surface by applying a certain voltage. In 2018, Zhang et al. fabricated high-quality 

compact MAPbBr3 QD thin films by using EPD[163] (Fig. 8); the positive electrode comprised 

indium tin oxide (ITO) coated with poly(ethylenedioxythiophene):polystyrene sulphonate 

(PEDOT:PSS) while the negative electrode was bare. Both  were dipped in toluene containing 

0.1 mg/mL QDs and placed at a distance of 0.4 cm apart. As expected, the negatively charged 
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MAPbBr3 QDs were deposited on the positive electrode under a bias voltage of 20V; they 

showed a high PL QY of 80-90% and excellent optoelectronic performance with a current 

efficiency of 12.7 cd A−1, power efficiency of 9.7 lm W−1, and an EQE of 3.2%. The surface 

of all-inorganic MHP NCs also possesses negative charges as that of organic-inorganic MHP 

NCs. Kamat et al. exploited the advantage of depositing hierarchical arrays of all-inorganic 

MHP NCs via EPD to produce self-assembledPbSO4-oleate-capped CsPbX3 (X = Cl/Br/I) 

peapods on mesoscopic TiO2 films orderly aligned arrays[166] (Scheme 10). PbSO4-oleate-

capped CsPbX3 NCs were self-assembled in a linear fashion whereas bundled secondary arrays 

of nanorods were observed on the positive FTO/TiO2 electrode in hexane. This was due to the 

charge neutralization of the nanorods near the electrode surface, which facilitated their 

aggregation into larger rods.  

 

Scheme 10. A schematic diagram of linear alignment of PbSO4-oleate-capped CsPbX3 NCs in 

hexane and large bundled arrays on the anode surface via EPD. Reprinted with permission from 

[166]. 

Recently, our group fabricated a high-quality compact film of polyvinylpyrrolidone capped 

CsPbBr3 NCs via EPD [167]. The surface of the synthesized NCs were negatively charged with 

a mean zeta potential of −2.50 mV in toluene, thereby making their deposition on the anode 

surface advantageous. A disadvantage of EPD is that water cannot be used as the solvent 

because water-splitting reaction will occur on the electrodes under the applied voltage, thereby 

deteriorating the quality of the produced films. 

 

6. Synthetic routes for perovskite superlattices through self-assembly  

(a) Synthesis of colloidal NCs followed by solvent evaporation 
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Self-assembled 3D SLs were developed via solvent-drying methods  [3,168] (Fig. 11).  In a 

typical procedure, monodispersed CsPbBr3 NCs are first synthesized via a hot-injection method, 

in which a Cs-oleate precursor is inserted promptly into a hot solution of PbBr2 dissolved in a 

high boiling point solvent such as 1-octadecene along with surfactants (i.e., OA and OAm). A 

rapid nucleation burst occurs within seconds of injection, accompanied by the formation of 

small nuclei, and following the rapid depletion of the monomers, the nuclei continue to 

grow.  This process leads to narrow size distribution of the NC population.  High-quality NCs 

can be synthesized by controlling (i) the precursor to surfactant ratio, (ii) the injection 

temperature, (iii) the reaction time, and (iv) the precursor concentration. After synthesizing the 

NCs via a hot-injection method, the perovskite NCs are dissolved in toluene and dispersed onto 

a silicon substrate in a Teflon well. The toluene is gently evaporated by placing a glass slide 

over the well. Entirely evaporating off the toluene leaves, micrometre-sized 3D SLs of CsPbBr3 

NCs form. Kovalenko et al. synthesized 3D CsPbBr3 SLs showing superfluorescence by using 

this procedure [3]. 

 

 

 

 

 

 

 

 

 

Scheme 11. (a) The hot injection, and (b) solvent-drying methods.  
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(b) Single-step tip sonication 

Perovskite SLs can be synthesized via single-step tip sonication of a highly concentrated 

solution, a method that is easy to follow and highly cost-effective for synthesizing perovskite 

SLs. Polavarapu et al. synthesized highly emissive CsPbBr3 SLs by following this method [67] 

(Fig. 9). In a typical synthesis, a large amount of Cs2CO3 (1 mmol) and PbBr2 (3 mmol) are 

added to in 1-octadecene (10 ml), oleic acid (1.5 ml), and oleylamine (1.5 ml) followed by tip 

sonication. Gradually, the reaction mixture turns yellow, indicating the formation of colloidal 

perovskite NCs and after that quick precipitation occurs, indicating the formation of perovskite 

SLs.  Interestingly, the formation of NCs and self-assembly occur simultaneously in one pot. 

A high concentration of colloids in a dispersing medium appears to facilitate the self-assembly 

of the SCs via the vdW attraction between the hydrophobic ligands and perovskite NC 

cores. Only the 2D assembly of CsPbBr3 NCs occurs in the case of low concentrations of 

Cs2CO3 (0.1 mmol) and PbBr2 (0.3 mmol) dissolved in 1-octadecene (10 ml), oleic acid (0.5 

ml), and oleylamine (0.5 ml). 

Fig. 9. (a) A schematic diagram of the synthesis of CsPbBr3 NCs and SLs. (b-d) HAADF-

STEM images of SLs at different magnifications. (the inset of (b): SLs under UV light, and the 

inset of (d): FFT of the HAADF-STEM image. Reprinted with permission from [67].  
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7. Self-assembly of different morphological perovskite nanocrystals  

Different methods for synthesising perovskite NCs have been developed to control the 

composition, size, shape, and connectivity of multiple parts of a multicomponent composition 

at an extremely high level (Table 1). One-, two-, and three-dimensional ordered self-

assemblies of particles forming perovskite SLs are of great importance to developing advanced 

materials for electronic, optoelectronic, thermoelectric, catalytic, and various other 

applications. In particular, self-assembly mostly relies on the Brownian force, steric force, vdW 

forces, capillary force, and hydrogen bonding interactions, which are progressively crucial in 

obtaining diverse structures, such as nanocubes nanoplates, nanorods, nanowires, and 

polyhedral systems. There has been immense development in perovskite colloidal self-

assembly; however, most of the work has been performed at the interface of polar and non-

polar solvents with charged colloids [169,170]. 

7.1. Nanocubes 

The use of self-assembly to form complex nanostructures in several optoelectronic devices has 

been a great challenge. Loredana et al. exploited an inexpensive commercial precursor for 

synthesising monodisperse self-assembled colloidal nanocubes of fully inorganic CsPbX3 NCs 

( X = Cl, Br, and I) and mixed halide derivatives [171]. The ionic nature of the chemical 

bonding in monodispersed CsPbX3 in solution phases provides several benefits. The reaction 

of Cs-oleate with a Pb(II)-halide in a high boiling octadecene solvent within 140–200 °C results 

in controlled arrested precipitation of Cs+, Pb2+, and X– ions into CsPbX3 nanocubes. They also 

noticed that the contributions from the surface energy and high temperature would result in the 

crystallisation of self-assembled CsPbX3 NCs in the cubic phase. At the same time, they found 

that the size of CsPbX3 nanocubes could be altered via the synthesis temperature (140–200 °C) 

rather than via the growth time. Furthermore, Bekenstein et al. explored the role of the synthesis 

temperature in controlling the shape and size of CsPbBr3 NCs [31]. The fast nucleation and 

growth kinetics of the resultant NCs are attributed to the ionic character of the metathesis 

reaction. Self-assembled symmetrical nanocubes appeared at 150 °C whereas self-assembled 

nanoplates appeared at 130 °C. Very thin nanoplates (NPLs) were formed at 90 and 100 °C, 

accompanied with self-assembled lamellar structures of 200-300 nm length. Organic ligands, 
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oleates and oleylammonium, act as soft growth templates, which break the inherent cubic 

symmetry of these NCs, forming the self-assembled two dimensional structure. 

The impact of surfactant ligands on the shape, size, and surface properties of perovskite 

NCs was also investigated by various groups in detail. The surface passivating ligands play an 

important role during the self-assembly of the perovskite NCs. Pan et al. systematically altered 

the hydrocarbon chain configuration of carboxylic acids and amines to study their impact on 

the shape and size of self-assembled perovskite NCs (CsPbBr3 NCs) [172]. They concluded 

that carboxylate ligands are more efficient in modifying the size of the nanocubes and 

ammonium ions are more efficient in modifying the growth of platelet structures. They 

discovered that the shape and size of CsPbBr3 NCs at 170 °C is dependent on the chain length 

variation of carboxylic acids and amines. The short-chain carboxylic acids ligand results in the 

larger sized CsPbBr3 nanocubes; however, shorter chain amines result in thinner CsPbBr3 

nanoplatelets. Shibin et al. also demonstrated room temperature synthesis of different 

morphologies of self-assembled CsPbX3 (X = Cl, Br, I, or combinations thereof) perovskites, 

such as nanocubes, nanorods, quantum dots, and nanoplatelets, can be achieved by different 

organic acid and amine ligands based reprecipitation process [173]. Dodecylamine with oleic 

and acetate acid tailor the NCs into nanocubes and nanorods, respectively. Octylamine with 

hexanoic and oleic acid shapes NCs into spherical QDs and few-unit-cell-thick nanoplatelets, 

respectively [173,174]. The formation of the various morphologies of CsPbX3 perovskites with 

different organic acid and amine ligands may be due to the classic micellar transition 

mechanism, depending on the solvent interaction and electrostatic and hydrophobic 

interactions with the ions and the ligands. Arkajyoti et al. also synthesised different 

morphologies (nanorods, nanocubes, and nanoplatelets) of self-assembled CsPbBr3 perovskite 

NCs using an inexpensive steroidal Cs precursor, caesium cholate [175]. Biplap et al. 

synthesised surface-modified CsPbBr3 perovskite nanocubes by partially replacing long-chain 

oleyl groups ligands with a short-chain thiocyanate moiety [20], allowing the self-assembly of 

close-packed monolayer thin films of nanocubes. It is essential to obtain close-packed 

monolayer thin films to prevent colloidal aggregation because nanocubes of CsPbBr3 mostly 

fuse into single crystals [117,176,177]. CsPbBr3 perovskite with a short-chain thiocyanate 

group provides better self-assembly than a long-chain oleyl group because of the reduced free 

energy for the cubes. Muhammad et al. developed a new synthesis method to prepare 

monodispersed and shape pure CsPbBr3 nanocubes using secondary amines [22]. The 

comparative advantage of this method is that it produces pure nanocubes irrespective of the 
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alkyl chain lengths and the reaction temperature. The superb phase and shape purity of CsPbBr3 

NCs was obtained because of the lack of ability of secondary amines to obtain the appropriate 

steric conditions at the surface of the NCs, consequently limiting the formation of other 

nanostructures. Yu et al. reported a one-pot synthesis of CsPbBr3 perovskite SLs in a colloidal 

dispersion by ultrasonication (Fig. 10) [178]. They demonstrated the spontaneous self-

assembly of CsPbBr3 NCs into highly emissive perovskite SCs from precursor powders in a 

highly concentrated solution. Sumanta et al. developed a general methodology to synthesis lead 

halide-based perovskite nanocubes of APbX3, where A = Cs+, CH3NH3+ (MA), or CH(NH2)2+ 

(FA) and X = Cl, Br, or I. They used a unique precursor of N-bromosuccinimide as the bromide 

source in the hot injection method to synthesise APbX3 nanocubes [179]. The nanocubes show 

uniform size distribution and remarkable stability in ambient conditions, in the presence of 

water and under UV irradiation. Roberto et al. developed a synthesis method to obtain near 

unity PL QY of self-assembled CsPbBr3 perovskite nanocubes, with a size-dependent, near 

unity QY and long-term stable emission. The size control of nanocubes was achieved by 

varying the synthesis temperature and the appropriate mixture of the perovskite forming 

elements [180]. 

Fig. 10. (a) Absorbance of CsPbBr3 NCs over time and (b–g) the respective TEM images. (h) 

HAAD-STEM image of NCs (20 min). The arrow indicates the oriented attachment of 

nanocubes that transformed into NWs. Reprinted with permission from Ref [178]. 
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Fig. 11. (a) Lithographic patterning using CsPbBr3 NCs. Insets: μ-PL images of the CsPbBr3 

micro-ring patterns. Scale bars: 2 μm. (b) TEM image of the CsPbBr3 NCs (left) and illustration 

of ligand engineering and self-assembly process for self-healing process. Reprinted with 

permission from Ref [181]. 

 

Xing et al. suggested a breakthrough self-healing lithographic patterning approach to fabricate 

large-area laser arrays of CsPbBr3 NCs (Fig. 11) [181]. This self-healing lithographic 

patterning technology, incorporating ligand engineering and perovskite NC self-assembly, is 

compatible with traditional top-down lithography processes. It allows the construction of high-

quality, crystallinity-controlled optical cavities.  
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Table 1: Various building units and surfactants for self-assembly of perovskite NCs  

Perovskite 

NCs 

Building unit Surface-passivating ligand Self-assembled 

structures 

Reference 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CsPbBr3 

  

 

 

 

 

nanocube oleic acid, oleylamine nanocubes [182] 

nanoplatelet oleic acid, oleylamine nanobelts [114] 

nanocube oleic acid, hexanoic acid 

oleylamine, 

tetrabutylammonium 

hydrogen sulfate 

1D assembly of 

nanocubes 

[116] 

nanodisk oleic acid, oleylamine, 

octylamine, dodecylamine, 

octanoic acid 

nanoribbons [52] 

nanocube oleic acid, oleylamine 1D SL chain [99] 

nanosheet oleic acid, oleylamine nanocubes, 1D SL 

chain 

[53] 

nanoplate, nanocube oleic acid, octylamine, 

cetylamine   

nanoplates  [44] 

nanocube oleic acid, oleylamine, 

octylphosphonic acid 

nanocubes [85] 

nanocube oleic acid, oleylamine  nanowire [178] 

quantum dot phenylalanine+HBr,           

3-(decyldimethylammonio) 

propane-1-sulfonate 

core-shell structured 

quantum dots 

[183] 

nanocube oleic acid, oleylamine cubes [67] 

nanocube tetrabutylammonium 

bromide, oleic acid, 

oleylamine 

cubes [184] 

nanocube oleic acid, oleylamine cuboidal supraparticles [185] 

nanocube oleic acid, oleylamine,  

tertiary butyl hydrogen sulfate 

hierarchical arrays of 

nanorods 

[166] 

nanocube oleic acid, oleylamine, 

dihexylamine, dioctylamine, 

cubes [22] 
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CsPbBr3 

  

 

 

 

 

 

 

 

didecylamine, 

dioctdecylamine, 

didodecylamine, 

benzoyl bromide 

nanoplate oleic acid, octanoic acid,  

oleylamine, octylamine  

cuboids  [186] 

nanocube tetraethyl orthosilicate, (3- 

aminopropyl)-triethoxysilane, 

trimethoxy(octadecyl)silane, 

oleic acid, oleylamine  

serpentine nanowires [42] 

nanosheet octanoic acid, oleic acid, 

oleylamine, octylamine 

2D-layered 

Ruddlesden−Popper 

phase 

[187] 

nanoplatelet oleic acid, oleylamine, 

octanoic acid 

layered nanoplatelets [102] 

rhombic 

dodecahedron 

phenacyl bromide, oleic acid, 

oleylamine   ,   

hexagonal close 

packing, square close 

packing 

[188] 

rhombicuboctahedron phenacyl bromide, oleic acid, 

oleylamine   

square pattern assembly [188] 

nanoplatelet oleic acid, oleylamine  nanobelts, nanoplates, 

nanotiles 

[71] 

nanocube cholic acid, oleic acid, 

oleylamine 

nanorods [175] 

nanocube oleic acid, oleylamine nanowires [112] 

nanorod oleic acid, oleylamine 2D arrays of nanorods [189] 

quasi-spherical  

nanocrystals 

poly(ethylene glycols) amine, 

poly(ethylene glycols) acid 

pearl necklaces,  

lamellar, and nanorice 

assemblies 

[64] 

hexapod oleic acid, oleylamine-HBr  hexapods [190] 
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quantum dot oleic acid, oleylamine, 

didodecyldimethylammonium 

bromide  

nanowires [154] 

nanoplatelet, 

nanocube 

oleic acid, oleylamine polyhedron shaped NCs [18] 

quantum dot 10-undecynoic acid, 5-

hexynoic acid, oleic acid, 

oleylamine  

cuboids, spindles [191] 

nanocube oleic acid, oleylamine, 

octadecene, ammonium 

thiocyanate 

monolayer thin films of 

nanocubes 

[20] 

nanocube oleic acid, oleylamine  2D photonic 

supercrystals 

[192] 

 

 

 

 

CsPbCl3 

hexapod oleic acid, oleylamine-HBr  hexapods [190] 

nanocube oleic acid, oleylamine,  

tertiary butyl hydrogen sulfate 

hierarchical arrays of 

nanorods 

[166] 

nanocube oleic acid, oleylamine, 

dihexylamine, dioctylamine, 

didecylamine, 

dioctdecylamine, 

didodecylamine, 

benzoyl bromide 

nanocube arrays [22] 

 

 

 

CsPbI3 

nanocube oleic acid, oleylamine,  

tertiary butyl hydrogen sulfate 

hierarchical arrays of 

nanorods 

[166] 

nanocube oleic acid, oleylamine, 

dihexylamine, dioctylamine, 

didecylamine, 

dioctdecylamine, 

benzoyl iodide 

nanocubes [22] 

 

MAPbBr3 

quasi-spherical  

nanocrystals 

L-cysteine, L-alanine cubic supercrystals [193] 
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 spherical nanocrystal oleic acid, oleylamine, 

tetrafluoroborate salts 

(NaBF4, NH4BF4) 

strip-shaped nanoplates [194] 

nanocube PbBr(OH) rods [195] 

 

 

 

FAPbBr3 

 

nanocube oleic acid, oleylammonium 

bromide,  

nanocubes [196] 

nanoplate oleic acid, oleylamine nanoplates [197] 

nanoplate oleic acid, oleylamine nanoplates [48] 

quasi-spherical 

shaped nanocrystals 

phenacyl bromide, oleic acid, 

oleylamine 

nanocubes, 

nanoplatelets, 

nanosheets 

[198] 

 

7.2. Nanoplates  

Yehonadav et al. synthesised CsPbBr3 perovskite nanoplates (NPLs) and demonstrated their 

stacked columnar and crystallographic oriented thin-sheet structures obtained through self-

assembly process [31]. The self-assembly occurs in a concentrated NPL solution, in which 

strong interaction between ligands results into stacked columnar phases. Lateral 

crystallographic oriented attachment of single plates results in crystallographic oriented large 

thin-sheet structures. Quinten et al. developed a colloidal synthesis method to fabricate 

CsPbBr3 nanoplatelets (NPLs) with precise thickness tunability at room temperature [199]. 

They developed a method in which acetone was injected to stimulate the fusion and growth of 

platelets in a mixture of chemical precursors that would otherwise remain inactive until acetone 

was introduced. The shape and plate thickness up to 3 to 5 monolayers can be controlled by 

this synthetic method. Javad et al. synthesised single crystal CsPbBr3 PNSs with a thickness of 

less than 5 nm and lateral sizes control of up to a few micrometres [35]. The control of lateral 

size of CsPbBr3 PNSs was achieved by changing the ratio of short (octanoic acid and 

octylamine) to long (oleic acid and oleylamine) ligands in the synthesis; however, the thickness 

remained primarily constant, unaffected by this parameter. Bernhard et al. obtained thickness-

controlled CsPbBr3 nanoplatelets monolayer and high PL QY [200]. The CsPbBr3 

nanoplatelets synthesis using the reprecipitation method and controlled over thickness were 

achieved by varying the molar ratio of the precursors (Cs/Pb). Yasutaka et al. developed a new 

pressure processing of CsPbBr3 perovskite nanocube SLs into lateral 2D nanoplatelets [117]. 
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They studied in detail the behaviour of self-assembled CsPbBr3 perovskite under high pressure; 

they noticed that periodically ordered NCs converted lateral 2D nanoplatelets with uniform 

thicknesses, high crystallinity, and improved optical properties. Xuexi et al. developed a 

general strategy to synthesise all inorganic CsPbX3 perovskite nanoplates by introducing 

additional metal halides, MX'2 or MX'3 (M = Cu, Zn, Al or Pb; X' = Cl, Br, or I). The thickness 

and size of the CsPbX3 perovskite nanoplates can be modified by the metal halides and ligands 

ratio, temperature, and reaction time [29]. Uddin et al. transformed CsPbCl3 nanocubes into 

CsPbX3 (X= Cl, Br, and I) nanoplates from ligand-mediated anion exchange reaction by adding 

a mixture of dodecanethiol (DDT) and AlX3 to a solution of CsPbX3 NCs (Fig. 12). They 

observed that the self-assembly followed by perovskite NCs fusion plays a significant role in 

converting the parent nanocubes into nanoplates [23]. The XRD pattern of synthesized CsPbCl3 

nanocubes showed high intensity peaks corresponding to the (100), (200), and (100) planes. 

However, the intensity of (100) plane get reduce after DDT-AlX3 treatment. This is due to the 

exfoliation of these NCs along the (001) plane and fusing along the (010) and (100) planes 

during anion exchange processes. 
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Fig. 12. Schematic diagram of self-assembly and fusion of CsPbX3 (X = Cl, Br, I) nanocubes. 

(b) TEM images of self-assembled larger nanoplates after treatment of nanocubes with DDT-

AlX3. (c) HRTEM images of larger fused CsPbBr3 nanoplates showing lattice fringes. 

Reprinted with permission from Ref. [23]. 

Li et al. described a two-step procedure for fabricating 2D CsPbX3 (X = Cl, Br, I) 

NCs with thicknesses ranging from 3-6 nm and lateral dimensions ranging from 100 nm to 1 

µm without the use of anion exchange (Fig. 13) [201]. First, they synthesized 1D CsPbX3 (X 

= Cl, Br, I) nanorods by reacting Cs-oleate with PbX2 (X = Cl, Br, I) at 80-120 °C in a mixture 

of long-chain (OA and OAm), shorter-chain (octanoic acid and octylamine) ligands, and 

octadecene as solvent. Subsequently, they fabricated 2D CsPbX3 NPLs and NSs via self-

assembling the corresponding NRs at 160 °C for 15 hours under solvothermal condition.  
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Fig. 13. (a) Illustration of the growth of 2D CsPbX3 NPLs and NSs through oriented attachment 

of NRs. TEM images of (b) CsPbCl3 and (f) CsPbBr3 NRs. TEM image of 2D CsPbCl3 NCs 

synthesized at 160 °C for (c) 2.0 h (NPLs), (d) 2.5 h (large NPLs), and (e) 3.0 h (NSs). TEM 

images of CsPbBr3 NCs synthesized at 160 °C for (g) 3.0 h (NPLs), (h) 4.0 h (large NPLs), and 

(i) 5.0 h (NSs). Reprinted with permission from Ref [201]. 

 

7.3. Nanorods  

Perovskite nanorods (NRs) have many useful properties, including fast charge transfer, reduced 

lasing threshold, and linearly polarised light emission, which makes them stand out in various 

applications, such as photocatalysis, liquid crystal displays, lasers, and solar cells. Organic 

surfactants are important in controlling the anisotropic growth of perovskite NRs; OAm and 

OA are currently highly utilised surfactants in NRs fabrication. Wenna et al. synthesised 

CsPbBr3 perovskite NCs with tuneable morphologies within a few minutes using microwave 

technique [202]. The size of nanoparticles was tuned by controlling the microwave powers and 

irradiation times; the molar ratio of OA to OAm play a key role in changing the dimensionality 

of the products from 0D nanocubes to 1D NRs and then to 2D nanoplates. Furthermore, other 

amines, such as octylamine and hexadecylamine, were also used to facilitate the growth of 

perovskite NRs [38,173]. Yanxiu et al. developed a colloidal synthesis method using tip 

sonication to fabricate CsPbBr3 NRs with a width of approximately 5 nm and average lengths 

of 10.8 and 23.2 nm, respectively, in two samples, which show a high PL QY of 60–76% [38]. 

From CsPbBr3 NRs they also drive the synthesis of CsPbCl3 and CsPbI3 NRs with similar shape 

and size by using anion exchange reaction. They synthesised NRs in moderately polar solvents, 

a class of solvents that are generally not considered to be useful solvents in conventional 

perovskite nanoparticle synthesis, expanding their processing possibilities when assembling 

optoelectronic devices. Bapi et al. synthesised size tuneable uniform colloidal Cs3Sb2Cl9 

perovskite NWs and NRs of several microns length [36]. Jaya et al. reported the colloidal 

synthesis method for tuning the morphology of Cs3Sb2Cl9 NCs into nanoplates and NRs by 

varying reaction temperature while adopting octanoic acid and OLA as surfactants. These 

Cs3Sb2I9 NCs show sharp band-edge emissions in the red-yellow region [203]. Sigalit et al. 

used a facile, low temperature synthesis of (C8H17NH3)2(CH3NH3)2Pb3(IxBr1–x)10 (0 > x > 1) 

perovskite NRs [39]. These NRs show tuneable optical properties and high PL with very good 

size distribution. Modifying the halide composition enables tunability of the optical properties 
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of NRs. They provided the formation mechanism of these novel perovskite NRs by changing 

the ratio of octylammonium iodide (OAI) and oleic acid (OAc). The surface of the NRs was 

stabilised using OAI as a strong ligand; however, OAc was accountable for balancing the 

binding capacity of OAI in the growth of NRs. Therefore, there should be sufficient OAI to 

stabilise the NRs perovskite surface; however, there is sufficient OAc to balance the growth 

into NRs morphology. Shen et al. developed an intermediate monomer reservoir synthetic 

method to achieve the controllable growth of uniform, highly emissive, stable, and low defect 

CsPbBr3 perovskite NRs using ris(diethylamino)phosphine (TDP) as the surfactant. Jer et al. 

synthesised a lead-free caesium tin halide perovskite quantum rods (CsSnX3, where X = Cl, Br, 

and I) by a simple solvothermal method for solar cell applications [204]. 

 

Fig. 14. (a, b) Bright-field TEM and (c, d) HAADF-STEM images of parent CsPbBr3 NWs and 

the CsPbI3 NRs. Inset: The diffractograms of orthorhombic (a) CsPbBr3 NWs (b) CsPbI3 NRs. 

(e) Absorbance and corresponding PL spectra of CsPbBr3 NWs, CsPbI3 NWs, and CsPbI3 NRs. 

f) Time-resolved PL decay curves of CsPbI3 NWs and NRs. Reprinted with permission from 

Ref [205]. 
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Tong et al. reported a ligand-induced fragmentation of CsPbBr3 NWs into low aspect-ratio 

CsPbX3 (X=Cl, Br, and I) self-assembled NRs during halide ion exchange reaction with PbX2 

(X = Cl or I) ligands solution (Fig. 14). Interestingly, the orthorhombic crystal structure of 

single NCs is retained during shape transformation into CsPbI3 NRs, as shown by high-angle 

annular dark-field scanning TEM (HAADF-STEM) and related diffractograms. This 

fragmentation of perovskites NWs to NRs resulted in an improved PL QY due to a decrease in 

nonradiative decay rates. They used oleylamine and oleic acid ligands to dissolve the PbX2 

precursors in organic solvent and concluded that the excess ligands in the precursor solution 

drive the process of perovskites NWs fragmentation [205].  

7.4. Nanowires 

NWs have emerged as a promising candidate in various types of applications, such as sensing, 

photovoltaics, optoelectronics, and thermoelectricity. Zhang et al. developed the solution-

phase synthesis of CsPbX3 nanowires for optoelectronic applications (Fig. 15) [206]. The 

formation of CsPbBr3 NWs was achieved through the hot injection method using OA and OAm 

in octadecene at 150°C most. The NWs were formed through a surfactant guided dimensional 

growth mode. These NWs were grown along the (100) plane in orthorhombic phase. 

 

Fig. 15. Change in morphology of CsPbBr3 NCs at different reaction times (Scale bar: 100 nm). 

The NWs disappeared at longer time (180 min), leaving only the large crystals. Reprinted with 

permission from Ref [206].  
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Zhang et al. also successfully synthesized brightly emitting compositional integrated CsPbX3 

(X = Cl, Br, I) NWs perovskite with uniform diameters and tuneable compositions [207]. The 

NWs showed bright photoluminescence tuned over the entire visible spectrum, with PL QY 

ranging from 20% to 80%. They used monodisperse CsPbBr3 NWs as templates; the NWs’ 

composition can be independently controlled through anion-exchange reactions by reacting it 

with other halide precursors. Meghan et al. reported self-assembled MAPbBr3 (MA = CH3NH3) 

quantum wires by controlling their surface ligand chemistry to achieve different superstructures 

[208]. The formation of quantum wire proceeded through dipolar interactions, resulting in a 

pearl-like assembly of spherical MAPbBr3. The vdW interactions of surface passivating ligands 

drive the mesoscale growth and assembly into MAPbBr3 quantum wires. Imran et al. reported 

a hot injection technique to synthesise CsPbBr3 nanowires with a tuneable width down to the 

quantum confinement regime (a few unit cells thick) using a short alkyl carboxylic acid as a 

growth medium and a mixture of alkylamines [209] (Fig. 16).  

 

Fig. 16. Change in aspect-ratio of CsPbBr3 NWs. (a–d) 10 nm, (e–h) 5.1 nm and (i–l) 3.4 nm-

wide NWs. (a, e, i) wide field of view HRTEM images of NWs and their corresponding (b, f, 
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g) fast Fourier transform FFTs, (c, g, k) enlarged view, (d, h, l) schematic crystallographic 

models of the NWs. Reprinted with permission from Ref [209]. 

The width of the CsPbBr3 nanowires was tuned from the nonconfined regime (10 ± 1) to the 

strong quantum confinement regime (3.4 ± 0.5 nm) by increasing the ratios of short aliphatic 

carboxylic acids (octanoic acid or hexanoic acid) to the amine ligands (octylamine and OAm). 

All of the NWs were limited along the (110) direction by facets (110), (1-10), and (001). The 

thinner NWs (5.11 and 3.4 nm) were oriented in the (001) direction and extended along the (1-

10) axis, while NWs 10 nm thick were oriented in the (1-10) axis and extended in the (001) 

axis. This is attributed to the preferable binding of short chain acids along the (001) direction. 

Thus, the self-assembled NWs favour to grow along (1-10) axis confining along (001) direction. 

The temperature and reaction time are also essential parameters for controlling the width of the 

NWs. Daniel et al. reported (CsPbBr3) NWs having quantum-confined dimensions of up to five 

unit cells exhibiting a significant quantum size effect in the absorption and emission spectra 

[210]. The length, composition, and optical properties of NW can be tuned by adding 

hydrohalic acids (HX, X = Cl, Br, I). They found that HX modifies the NWs in two aspects: 

(1) increasing the concentration of acid results in shortening of nanowires and (2) halide 

exchange reactions in nonidentical ions of the acid and crystal-induced alteration of 

compositional structure and optical properties. Structural analysis also suggests that the wire 

arrays follow the symmetry of mica substrate through incommensurate epitaxy, providing a 

possible mechanism for epitaxially growing mixed halide perovskite wires.  

 

8. Facet chemistry for developing superlattices of various-shaped perovskite nanocrystals 

Controlling the single building block unit of perovskite SLs is crucial for developing 

SLs with the desired morphology and optoelectronic properties. Facets of perovskite NCs play 

an important role in determining the morphology of NCs. A cube resembles an isotropic 

nanocrystal with identical facets and a centre of symmetry with regard to all facets or vertices. 

For tuning the shape architecture and directional expansion, different facets with varying 

energies are essential and thereby NCs with varied atom configurations on their facets would 

provide a new platform for facet-dependent ligand binding and anisotropic growth. The 

hexahedron cubic or platelet shape was found to be the most common shape for CsPbX3 (X = 

Cl, Br, I) NCs. Therefore, it is urgently required to develop a method for synthesizing different 
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multifaceted NCs shape perovskite NCs in a controlled way. Cube-shaped CsPbX3 NCs have 

six equivalent {100} facets in the cubic phase whereas orthorhombic CsPbBr3 NCs possess 

four side {100}o facets, two bottom {001}o facets, 12 edge facets (four {100}o and eight {112}o 

facets. Different anisotropic structures of perovskite NCs can be synthesized by stabilizing the 

facets of these NCs e.g., Manna et al. synthesized truncated octahedron CsPbBr3 NCs in the 

orthorhombic phase by stabilizing the new facets {110} and {111} by alkylphosphonates [211]. 

In the orthorhombic phase of CsPbBr3 NCs, {001}o and {110}o facets are terminated with a 

CsBr surface, which can be replaced with surfactants for fabricating multifaceted NCs. 

Multifaceted NCs have several advantages, including the ability to generate anisotropic growth, 

self-assembly, oriented attachment, and the potential to create more efficient catalytic 

adsorption sites. Alkyl amines and acids are the most common ligands for cubes. There is also 

a report of a truncated cuboctahedron [211] stabilized by alkyl phosphonic acids. These 

findings further suggest that surface-passivating ligands can tune the stability of facets and 

control the growth of the NCs. In a typical synthesis of cubic CsPbBr3 NCs, CsBr gradually 

changes into cube-shaped CsPbBr3 through indirect production of nanocubes from seed CsBr 

NCs. Manna et al. showed that the Cs(I) atoms in the sublattice may have remained unaltered 

during the transformation [212]. This result that CsPbBr3 may form cubes also suggests that 

the material is susceptible to cube formation despite the synthetic process used. This further 

complicates the question of whether ligands control facet stabilization or if it is a dominating 

perovskite feature at the nanoscale. More research and examination in this area is required to 

establish the underlying notion of perovskite NCs production. CsPbBr3 has various facets 

(Scheme 12), which can be stabilised by various functional groups creating different units for 

the self-assembly process [21]. Cations and anions are commonly present in all six facets of 

conventional cubes of orthorhombic CsPbBr3 NCs. Facets, such as {200} and {112} alternately 

organise halide anions and metal cations. Therefore, stabilizing these facets can necessitate the 

use of polar solvents other than 1-octadecene or the use of polar chemicals that would limit the 

growth of these directions. At the surface of NCs, ligands stabilising numerous halides or 

replacing them with suitable functional groups may aid in the stabilization of these new facets 

while retaining high emission. Ligands that terminate in di- or trihalides, e.g., would 

immediately coordinate with surface Pb (II). These ligands may be considered better for 

stabilizing {200} facets rather than {110} facets due to their strong affinity because they have 

different halide ions at the binding sites. Appropriate ligands with correct functional locations 
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to coordinate distinct halide ions on different facets, on the other hand, would aid in saturating 

the halide ions of [PbX6]4- octahedra. 

 

Scheme 12. Representation of polyhedrons with various facets: (a) tetrahedron (4-facet) (b) 

hexahedron (6-facet), (c) rhombic dodecahedron (12-facet), (d) cuboctahedron (14-facet) (e) 

polyhedron (18-facet) and (f) rhombicuboctahedron (26-facet). Bottom panels represent planes 

passing through terminated sites. Reprinted with permission from Ref [21]. 

 

Perovskite NCs and supercrystals have already been shown to self-assemble into cubes. 

However, NCs with different shapes that are believed to have an anisotropic structure can cause 

wide-area self-assembly and orientated attachments, resulting in new nanostructures. Using a 

halide precursor of α-bromo ketone, Pradhan et al. produced various shaped NCs without 

affecting PL QY [188]. The resulting NCs are stabilized by 12 facets ({200}, {020}, {112}) 

and result in 12 faceted rhombic dodecahedrons. In most of the reactions, these 12 faceted NCs 

self-assembled over a large region. Primary ammonium ions produced six faceted NCs, while 

tertiary ammonium ions stabilized a separate group of facets. 
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9. Properties and application of perovskite superlattices 

A variety of optoelectronic devices have been constructed using perovskite NCs and their SLs, 

and their cooperative effects have proven invaluable in adjusting optoelectronic properties in 

ways that chemical engineering efforts at individual quantum dots can't. When emitters interact 

coherently via a common light field, they can behave significantly differently than their 

separate constituents. Collective coupling can result in a many-body quantum phenomenon that 

results in short, intense bursts of light known as superfluorescence—after such an ensemble is 

excited e.g., Rainò et al developed self-assembled 3D CsPbX3 (X = Cl, Br) NCs SLs which 

exhibited signatures of superfluorescence [3]. Miniaturized photonic sources made of 

semiconducting two-dimensional (2D) materials hold promise for technological improvements 

beyond current III-V platforms. The transition dipole moment (TDM) of bright excitons in 

quantum-confined two-dimensional (2D) materials is orientated parallel to the surface plane, 

which is required for high-efficiency quantum optics and electroluminescent devices. 

Decoupled multi-quantum well (MQW) superlattices can be made by putting atomically thin 

quantum barriers (QBs) between individual 2D material layers. Following the path of III–V 

semiconductors, one of the key motivations for developing 2D material-based MQW SLs is to 

achieve high spontaneous emission without activating multiexciton quenching mechanisms 

like the Auger process, which diminish the PL QY significantly. Jagielski et al. demonstrated 

the lead halide perovskites SLs as ultrathin 2D material-based excellent quantum emitters [213].  

The capacity of redox species to adsorb on the surface of perovskite NCs determines 

their rate of catalytic activity. While perovskite NCs have already demonstrated a high level of 

light absorption, fine-tuning their facets may aid to improve their adsorption capacity and hence 

catalytic effectiveness. Furthermore, creating polar surfaces could improve their solubility in 

polar solvents, affecting catalysis rate. It has previously been shown that non-cubic perovskite 

NCs are more catalytically active than nanocubes in the reduction of CO2 [214]. Different 

facets possess different atomic terminations, which play an important role in the anisotropic 

growth and self-assembly process [215]. Anisotropic NC assemblies typically have strong 

plasmonic, electronic and excitonic interactions which makes them suitable for sensing, 

catalysis, energy harvesting, and other technological applications.  
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10. Outlook and challenges  

10.1. New design strategies 

CsPbBr3 nanocubes have a proclivity for fusing together to form single crystals, making them 

ideal for self-assembling thin films and luminous nanopatterned devices. However, they 

quickly dissolve in a polar solvent due to their ionic nature; they cluster due to high vdW 

interactions between the lengthy capping ligands in a non-polar solvent. Hence, preventing 

colloidal aggregation from achieving close-packed monolayer thin films is still a work in 

progress. Improved radiative characteristics and superfluorescence result from QDs self-

assembling into SL structures. The large organic ligands that passivate the surface of these QDs, 

on the other hand, generate significant spatial confinement, resulting in high Auger 

recombination rates. When temporally long excitation pulses are used, the long-chain organic 

ligands also inhibit heat dissipation, causing significant thermal loads with acute impacts. 

Furthermore, the lengthy ligands result in reduced packing factors (volume of QDs per unit 

volume), lowering the laser active layer's total refractive index. As a result, modal confinement 

is reduced, and the threshold lasing fluence is increased even further. The packing factor can 

be increased and Auger recombination can be reduced by substituting inorganic compounds 

for long-chain organic ligands. 

10.2. Self-assembled structure of chiral perovskites 

Chiral perovskites have gained significant scientific attention owing to their novel 

optoelectronic characteristics. Theoretically, chiral organic-inorganic hybrid perovskites with 

considerable optical activity were anticipated and fabricated with chirality due to the included 

chiral organic molecules. The creation of optically chiral perovskite NCs relies primarily on 

symmetry breaking through chiral defects or chiral assembly structures of the inorganic 

perovskite NCs, unlike electronic interactions with chiral molecules. The high-temperature 

cubic phase and the low-temperature tetragonal and orthorhombic phases of CsPbBr3 are 

achiral. All-inorganic perovskite NCs with intrinsic chiral characteristics are rarely 

documented because it is challenging to have exact control over the enantiomeric synthesis of 

chiral NCs. Furthermore, questions about effective characterisation methods, incisive 

simulations, and theoretical support remain unresolved. 
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10.3. Multicomponent perovskite nanocrystals self-assembly   

The emergence of collective phenomena, such as enhanced optical properties, coherent long-

range energy transport, and their potential use as light sources and in photovoltaics have piqued 

interest in atomically defined assemblies of dye molecules. The organisation of colloidal 

CsPbBr3-LaF3 has already been reported (Scheme 13) [97,98,216]. These kinds of 

metamaterials will be beneficial to achieve better collective phenomena. 

 

Scheme 13. (a) Schematic diagram of self-assembly of binary and ternary SLs. Self-assembly 

of CsPbBr3 nanocubes (5.3 and 8.6 nm) with spherical Fe3O4 (11.2–25.1 nm), spherical 
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NaGdF4 NCs (10.7–11.7 nm), truncated cuboid PbS NCs (10.7–11.7 nm), NaGdF4 disks (31.5 

nm in diameter and 18.5 nm thick), and disk-shaped LaF3 NCs (6.5–28.4 nm). Reprinted with 

permission from Ref [217].  

 

semiconductor NCs into long-range-ordered SLs is another method to construct adaptable and 

controlled aggregates that show collective phenomena. Due to the strong oscillator power of 

brilliant triplet excitons, gradual dephasing (coherence periods of up to 80 picoseconds), and 

minimum inhomogeneous broadening of emission lines, caesium lead halide perovskite NCs 

are attractive building blocks for such SLs. The self-assembly of two or three different NCs of 

separate materials into their corresponding binary or ternary SL can produce a wide range of 

metamaterials with controlled chemical compositions and well-packed components [218]. To 

form these self-assembled SLs, the NC packing density must be maximized. Various 

multicomponent hetero SLs, such as CsPbBr3-Fe3O4, CsPbBr3-PbS, CsPbBr3-NaGdF4, and  

10.4. Self-assembly of perovskite heterostructure  

Colloidal synthesis techniques produce colloidal NCs with progressively large numbers of 

elements and nanoheterostructures with increasingly sophisticated sizes, shapes, and 

compositions (Scheme 14). This shift toward more complex NCs is in response to an increasing 

desire for chemical compositions that are both earth-friendly and non-toxic, as well as optimal 

optoelectronic properties. Dou et al. used two 2D halide perovskites based on bulky and rigid 

thiophene-based conjugated organic cations to create atomically flat vertical heterostructures 

[219,220]. In comparison to short aliphatic chains, these ligands were found to be substantially 

more effective stabilizers and inhibitors of halide interdiffusion. These findings offer fresh 

insights into molecular engineering options for inhibiting intrinsic interdiffusion in halide 

perovskites and reducing the instability of perovskite devices. Yuan et al. reported self-

assembled core−shell structured perovskite quantum dots with PL QY of 85%, which is highly 

beneficial for perovskite LEDs [183]. However, there is no report on self-assembly of core-

shell perovskite nanorods to date. These kinds of materials would show better charge transfer 

properties with excellent stability under humid conditions. 
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Scheme 14. Self-assembly of different types of core-shell nanoparticles. (a) 2D halide 

perovskite lateral heterostructures, (b) core-shell structured quantum dots, and (c) core-shell 

nanorods. 

 

10.5. Liquid-cell TEM technique  

Ex-situ characterisation of perovskite SLs has traditionally been done on dry materials stored 

in a vacuum chamber of a TEM apparatus. The arrangement of perovskites SLs after 

evaporation can be determined using this method; however, it does not reveal the self-assembly 

mechanism. Liquid-cell TEM techniques have been developed in recent years, allowing wet 

materials to be delivered into the vacuum chamber of an instrument [221,222]. This method 

visualises NCs in solution by encapsulating small amounts of NCs solution between silicon 

nitride or graphene layers. Liquid-cell TEM has recently revealed vital information on 

interparticle interactions and crystallite atomic structure NCs in solution. The development of 

NCs SLs may also be observed in situ. With the advancement of imaging tools [223], it will 

promising to compare the dynamics of the ordering transition to those known for micrometre-

sized colloidal perovskite SLs, where direct imaging is already well-established. 
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10.6. Solving the stability issue for superlattices 

Self-assembled CsPbBr3 NCs aged in vacuum or air produce optical fingerprints that resemble 

cooperative emission at cryogenic temperatures: narrow, low-energy PL peaks with rapid, 

oscillating emission decays. The bulk-like CsPbBr3 NCs developed in the SLs are responsible 

for these optical characteristics. The labile caesium oleate ligands appear insufficient to 

construct long-lasting assemblies despite the size uniformity and shape purity of the initial 

CsPbBr3 NCs. Surface-enhanced CsPbX3 NCs capped with ZnX2, phosphonate, or zwitterions 

and improved ligand exchanges with quaternary ammonium halides, thiocyanates, and other 

Lewis bases are likely to enable the manufacture of ageing and air-resistant assemblies in the 

future. A shape-pure CsPbX3 NCs SLs with a near-unity PL QY and stability against 

coalescence and reactivity in the air is a viable contender for future collective phenomena study 

and applications. 
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