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excitons, slow exciton dephasing, and minimal spectral inhomogeneity, constitute an
ideal platform for investigating collective coupling. This review provides a concise
overview of MHP NCs and SLs, ranging from assembly-unit design to functional
supermaterials. Starting from individual MHP NCs, this review summarizes recent
advances in SL formation and structural diversity, highlights key collective
optoelectronic phenomena, and discusses representative device applications.
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1. Introduction

Metal halide perovskites (MHPs) constitute a versatile class of optoelectronic materials whose exceptional
properties, including high absorption coefficients, long carrier diffusion lengths, and defect-tolerant electronic
structures [1,2], have driven rapid advances in photovoltaics [3—14], light-emitting diodes (LEDs) [15-31],
photodetectors [32,33], and related technologies [32,34-38]. At the nanoscale, perovskites exhibit characteristics
distinct from both their bulk counterparts and conventional semiconductor quantum dots (QDs) [39-41]. The
reduction in dimensionality imposes quantum confinement [42—-44], discretizing electronic states and enabling
size-dependent bandgap modulation that affords broad spectral tunability [45—48]. Beyond these quantum size
effects, their most distinctive attribute lies in their intrinsic defect tolerance [49,50]. Unlike conventional CdSe or
InP QDs, which require sophisticated core-shell architectures to suppress deep trap states arising from surface
defects [40], perovskite nanocrystals (PNCs) inherently suppress deep-level defect formation and preserve near-
unity photoluminescence quantum yields (PLQY's) even without post-synthetic passivation [49,51-53], rendering
them highly attractive for LED applications.

Beyond these intrinsic features, PNCs exhibit controllable aggregation and self-organization, making them
ideal “artificial atoms” with multidimensional adjustability. As building blocks for self-assembled structures, NCs
introduce design principles distinct from conventional atomic crystals: they come in varied sizes and morphologies
and assemble through weak interactions instead of strong chemical bonds, facilitating the creation of novel
architectures like moiré [54-56] and kagome [57] superlattices (SLs). Furthermore, owing to their intrinsically
tunable characteristics, NCs can give rise to assemblies that display emergent properties unattainable in isolated
NCs. For instance, PNCs support bright triplet excitons characterized by high oscillator strength [58], long
coherence times, and minimal inhomogeneous broadening [2,59], rendering their ordered SLs a promising
platform for exploring collective optical effects, such as superfluorescence (SF). These phenomena hold great
promise for advanced optoelectronic devices, potentially enabling higher-efficiency light emission, ultrafast
energy transport, and novel quantum light sources [60].
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Despite the rapid growth of the field, a disconnect persists in the literature. Existing reviews on PNCs largely
focus on structure-property-application relationships at the single-particle level, with limited consideration of
ordered collective states [20,40,49,61-67]. Conversely, studies on SLs often emphasize assembly behavior and
resulting optical fingerprints, centering on structure-coupling-collective responses while downplaying the
materials-specific origins of the building blocks [68—72]. This fragmented perspective hinders the rational design
of functional SL materials from the bottom up, creating a knowledge gap between NC engineering and supermaterials.

To bridge this gap, this review aims to establish a unified framework. We systematically discuss: (i) the
design principles of PNC building blocks, (ii) the formation mechanisms and structural diversity of MHP SLs,
(iii) their collective optoelectronic properties and underlying physics, and (iv) emerging applications. Finally, we
conclude with an outlook on key challenges and future opportunities.

2. MHP NCs

PNCs can be regarded as “artificial atoms” for constructing supermaterials, as their intrinsic single-particle
properties dictate the emergent macroscopic behaviors and functionalities of the assembled structures. A rigorous
understanding of these fundamental characteristics is therefore indispensable for interpreting and engineering
collective phenomena in PNC SLs. In this chapter, we provide an overview of the essential properties of PNCs,
laying the foundation for subsequent discussions on their self-assembly and collective optoelectronic behavior.

2.1. Crystal Structure and Intrinsic Lattice Properties

MHPs typically adopt the ABX; stoichiometry (where A = Cs*, CH;NH;* (MA®), HC(NH,),* (FA*); B = Pb*;
X =CI, Br, I, or their mixtures). Their three-dimensional (3D) crystal framework is constructed from corner-sharing
[PbXs]* octahedra, with A-site cations occupying the twelve-coordinated cavities between adjacent octahedra. At the
nanoscale, these structures commonly exhibit cubic or orthorhombic symmetry (Figure 1a). A representative high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of a single cube-shaped CsPbBr3
NC further illustrates the well-defined crystalline lattice at the single-particle level (Figure 1¢) [40]. Owing to their large,
polarizable A- and B-site cations and relatively low-charged X-site anions, the internal Coulomb interactions are weak,
giving rise to a pronounced soft lattice characteristic [39]. This structural softness enables low-temperature, solution-
phase synthesis, which is difficult to achieve in conventional covalent semiconductor NCs. At the same time, the flexible
lattice facilitates dynamic surface reconstruction, which plays a crucial role in surface functionalization, ligand binding,
and post-synthetic treatments of PNCs [40,63,73,74]. Another defining feature of MHPs is their remarkable defect
tolerance: although numerous defects are present, they rarely form deep-level trap states within the bandgap
(Figure 1b) [63,67]. As a result, nonradiative recombination is effectively suppressed even in the presence of a
relatively high defect density. Such tolerance allows the fabrication of PNCs under mild conditions compared with
other semiconductor NCs and accounts for their highly efficient photoluminescence (Figure 1d) [46,51,52].
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Figure 1. Basic Properties of MHP NCs. (a) 3D cubic and orthorhombic perovskite lattices. (b) Defect tolerance
in lead halide PNCs. Reprinted with permission from Ref. [67]. Copyright 2017, American Association for the
Advancement of Science. (¢) HAADF-STEM image of a single, cube-shaped CsPbBr3 NC. Reprinted with
permission from Ref. [40]. Copyright 2018, Springer Nature. (d) Photograph of CsPbX3 NC dispersions under
ultraviolet illumination. Reprinted with permission from Ref. [46]. Copyright 2015, American Chemical Society.
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2.2. Synthesis

The controlled synthesis of high-quality MHP NCs is a prerequisite for exploring their self-assembly and
collective optical behavior, for which precise control over size, morphology, and luminescent properties plays a
decisive role. Several reliable liquid-phase synthetic routes have been accordingly developed [42,45-48,62,75,76].
Herein, we highlight two of the most prevalent methods: hot-injection (HI) [45,46] and ligand-assisted
reprecipitation (LARP) [47,48]. After outlining their basic approaches, we discuss the key parameters that regulate
NC size and shape. The resulting well-defined NCs act as ideal modular units, providing a solid material platform
for the design and construction of SLs.

2.2.1.HI

The HI method is currently the most widely employed approach due to its ability to produce high-quality
NCs with excellent reproducibility [46,77]. In this approach, one precursor is rapidly injected into a hot solution
containing the remaining precursors, ligands, and a high-boiling-point solvent. This instantaneous mixing
generates a transient high supersaturation, triggering rapid nucleation, which is subsequently followed by crystal
growth [45,78]. The reaction is then quenched in an ice bath to halt further growth, resulting in NCs with a narrow
size distribution (Figure 2a) [64]. In 2015, Protesescu et al. first applied this approach to synthesize CsPbX3 NCs,
which displayed well-defined cubic morphology and crystal structure alongside outstanding optical properties [46].
This seminal work drew significant attention from the research community and spurred rapid advances in the field.

Building on this foundation, numerous studies have focused on exploring the morphology control of halide
PNCs [44,46,75-77,79-85]. Through careful adjustment of key parameters, such as reaction temperature [46,77],
precursor [80,84,86], ligands [78,80], and solvents [83], a variety of colloidal NCs with finely tuned sizes and
shapes have been realized, including nanocubes, nanoplatelets (NPLs), nanowires (NWs), and rhombic
dodecahedra, among others (Figure 2d) [46,76,79,82—84,87,88]. It is well established that high temperatures and
prolonged reaction times generally lead to the formation of large cubic NCs, often accompanied by broad size
distributions [46], whereas lower temperatures favor the formation of anisotropic NCs [77,80,83,89]. Another
representative work was reported by Pan et al., who systematically varied the length of the hydrocarbon chains of
carboxylic acids and amines to elucidate their independent effects on NC size and morphology. The study
demonstrates that, despite weaker surface binding compared to carboxylates, ammonium ions are more efficient
in shaping anisotropic NPLs, whereas stronger carboxylate ligands effectively regulate the size of more isotropic
nanocubes. Under identical temperature conditions, shorter carbon chain carboxylic acids produce nanocubes with
increasing edge dimensions (Figure 2e) [80]. These established synthetic protocols thus provide a robust and
versatile materials platform for further exploration of their intrinsic properties and programmable assembly.

2.2.2. LARP

The LARP method is another widely used approach for synthesizing PNCs. In this method, precursors are
dissolved in a polar solvent (e.g., N,N-dimethylformamide (DMF) or dimethyl sulfoxide (DMSO)) and
subsequently introduced into a poor solvent (e.g., toluene or hexane) in the presence of ligands, generating
instantaneous supersaturation that induces NC nucleation and growth (Figure 2b) [48,64,90]. Compared with HI,
the LARP approach is simpler, can be performed under ambient conditions, and typically proceeds at room
temperature [64,91]. Zhang et al. first applied this simple strategy in 2015 to prepare CH3;NH3PbX3 QDs [48].
Later, Sun et al. showed that the morphology of CsPbX3 NCs could be controlled by selecting appropriate organic
acid and amine ligands, producing spherical QDs, nanocubes, nanorods (NRs), and few-unit-cell-thick NPLs
(Figure 2c¢) [47].

Owing to its ability to suppress vertical growth while promoting lateral extension via rapid supersaturation,
low temperatures, and selective ligand adsorption, the LARP method is widely employed to fabricate two-
dimensional (2D) NPLs [47,62,90,91]. For instance, varying the ratio of monovalent to divalent cations and the
amount of acetone can effectively control lateral growth [90], while the addition of extra HBr allows protonated
oleylamine (OLA) to compete with Cs* ions on the NPL surface, slowing vertical growth and enabling fine
adjustment of the final thickness [91]. These mature synthesis and precise control techniques provide a cornerstone
for further investigations into the properties and assembly of these materials.
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Figure 2. Synthesis of PNCs and Control of Their Morphology. Sketches of the (a) HI and (b) LARP methods used
for the synthesis of colloidal MHP NCs. Reprinted with permission from Ref. [64]. Copyright 2019, American
Chemical Society. (¢) Room-temperature ligand-mediated synthesis of CsPbX3 (X = Cl, Br, I) NCs with controlled
morphologies: QDs, nanocubes, NRs, and ultrathin NPLs via different acid-amine ligand pairs. Reprinted with

permission from Ref. [47]. Copyright 2016, American Chemical Society. (d) PNCs with different morphologies

prepared by the HI method, including nanocubes, NPLs,

NWs, and rhombic dodecahedra. Reprinted with

permission from Refs. [46,79,83,84], respectively. Copyright 2015, 2019, 2015, and 2020, American Chemical
Society. (e) Effect of carboxylic acid and amine chain length on NC shape and size. Reprinted with permission

from Ref. [80]. Copyright 2016, American Chemical Society.

2.3. Surface Chemistry and Ligands

At the nanoscale, the extremely high surface-to-volume ratio renders surface properties the dominant factor
governing the performance of PNCs [39,63,92-94]. For a more detailed account of the peculiarities of the surface
chemistry of MHPs, we direct the reader to this review article [39]. This section focuses on elucidating how surface
states and ligands serve as critical mediators of NC self-assembly, functioning not only to orchestrate inter-NC
interactions and guide assembly pathways toward specific SL architectures but also to directly modulate
optoelectronic coupling, collectively determining the macroscopic properties of the resulting SLs [68,95].

Specifically, regarding ligands, their binding to MHP NC surfaces is inherently dynamic (Figure 3a) [73],
with coordination mode (monodentate [96], bidentate [27,30,97—100], or multidentate) fundamentally dictating
binding strength and kinetic stability (Figure 3c) [101,102]. Bidentate or multidentate ligands typically induce
strong chelation, leading to robust ionic bonding and efficient defect passivation. In contrast, traditional long-chain
monodentate ligands such as OLA exhibit weaker, more dynamic binding, high mobility, and a propensity to
desorb during purification or post-processing, often resulting in the re-emergence of surface trap states [103].

Beyond coordination strength, ligands maintain colloidal stability through steric or electrostatic effects. Steric
stabilization originates from osmotic pressure generated by solvent exclusion within the ligand corona as NCs
approach, which, combined with steric repulsion, prevents aggregation. Electrostatic stabilization allows ligands,
acting as electron donors or acceptors, to tune surface potential and charge distribution; functionalization of alkyl
chain termini can further introduce charge, enhancing electrostatic repulsion. These two mechanisms underpin

stable colloidal dispersion [63,98].
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Under controlled conditions, these stable colloidal dispersions can guide the transition from disordered NCs to
ordered SLs. The assembly process relies predominantly on weak, ligand-mediated interactions, such as electrostatic
forces, hydrogen bonding, and n-x stacking, rather than on the NC cores alone [104,105]. Ligand length, rigidity, and
functionalization jointly tune the enthalpy-entropy balance of assembly: while shorter ligands [33,106] reduce
interparticle spacing and enhance optoelectronic coupling, they may compromise colloidal stability. Branched
ligands [29,78,107—111], such as the widely used didodecyldimethylammonium bromide (DDAB) [112], balance
this trade-off by providing sufficient steric repulsion to maintain stability while shortening interparticle distance
(Figure 3b) [112]. As a result, DDAB has been widely employed in the self-assembly of MHP NCs [60].
Meanwhile, more rigid ligands, including those with aromatic moieties [113—115], can impose defined
orientational constraints and stronger directional interactions via n-wt stacking, thereby promoting the formation of
highly ordered SL architectures [116].
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Figure 3. Surface Ligands in PNCs. (a) Highly dynamic ligand binding on PNC surfaces. Reprinted with permission
from Ref. [73]. Copyright 2016, American Chemical Society. (b) Representative DDAB ligands used for self-assembly.
Reprinted with permission from Ref. [112]. Copyright 2020, Royal Society of Chemistry. (¢) Classification of ligands,
including monodentate, bidentate, branched, and zwitterionic ligands. Reprinted with permission from Ref. [101].
Copyright 2021, Royal Society of Chemistry.

2.4. Post-Synthetic Treatment

PNCs obtained directly from synthesis usually require further refinement to achieve highly uniform size,
well-defined surface chemistry, and desired functional properties. Implementing a controlled post-synthetic
workflow [117] is therefore crucial. First, separation and purification steps are indispensable. These steps remove
unreacted precursors, excess ligands, and aggregates, and through careful adjustment of centrifugation parameters

https://doi.org/10.53941/sen.2026.100007 5 of 22



Dong et al. Sustain. Eng. Novit 2026, 2(2), 2

and solvent polarity [74,118], produce NCs with uniform size and morphology. A representative method involves
stepwise antisolvent purification using ethyl acetate, whose moderate polarity selectively precipitates ligand-
capped nanocrystals, enabling the isolation of specific nanostructures such as ultrathin NWs and increasing their
purity from a few percent to over 90% [119]. Such strategies effectively narrow morphology and size distributions,
providing a necessary foundation for the formation of long-range ordered SLs. Moreover, a cornerstone of post-
synthetic treatment is ligand exchange, wherein native surface ligands are replaced with functional alternatives.
By judiciously selecting ligands based on their functional groups, chain lengths, or synergistic combinations,
researchers can effectively passivate surface defects [117], precisely fine-tune interparticle spacing and
interactions during self-assembly, and therefore adjust the structure and the collective properties of the result SLs.

2.5. Optical Properties

MHP NCs serve as an ideal platform for investigating supermaterials, a role mainly attributable to their
exceptional optical characteristics, in which collective behavior arises from the coupling of individual nanoscale
units [118]. Understanding optical properties at the NC level is therefore essential for rationalizing the emergence
of collective phenomena in SLs [35,67].

First, they exhibit benchmark performance metrics, including the extremely high PLQYs and narrow full
widths at half-maximum (FWHMs) even without passivation, resulting from their direct bandgap, high carrier
mobility, and defect tolerance [51-53,117]. In particular, PNCs display pronounced size- and composition-
dependent bandgap and absorption characteristics. As the NC size decreases, quantum confinement [42—44]
becomes increasingly significant, leading to a widening of the bandgap and a concomitant blue shift of the
absorption edge. As a representative case of strong 2D confinement, NPLs exhibit a progressive blue shift of the
optical bandgap with decreasing thickness (Figure 4a) [91]. Similarly, Protesescu et al. showed that adjusting the
halide composition allows for continuous tuning of absorption and emission across the visible and near-infrared
regions (Figure 4b) [46].
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Figure 4. Optical Tunability and Triplet Excitons in PNCs. (a) Absorption and PL spectra of CsPbBr3 thin films,
nanocubes, and NPLs of varying thickness. Reprinted with permission from Ref. [91]. Copyright 2016, American
Chemical Society. (b) PL spectra of CsPbX3 NCs with different halide compositions. Reprinted with permission
from Ref. [46]. Copyright 2015, American Chemical Society. (¢) Band-edge exciton fine structure in CsPbBrs:
three bright states and one dark state shaped by exchange, Rashba effect, and lattice distortion. Reprinted with
permission from Ref. [58]. Copyright 2018, Springer Nature.

The deep-rooted origin of these optical characteristics lies in their exceptional excitonic physics. PNCs
possess excitons with high exciton binding energies and long coherence times. This was decisively confirmed by
https://doi.org/10.53941/sen.2026.100007 6 of 22
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Becker et al. in 2018, who observed bright triplet excitons in cesium lead halide perovskites exhibiting long
lifetimes and suppressed dephasing-conditions enabling macroscopic coherent states (Figure 4c) [58]. These high-
quality excitons thus constitute a versatile platform for exploring many-body quantum physics at the mesoscale.
When NCs self-assemble into close-packed SLs, excitonic wavefunctions or electromagnetic fields from
neighboring units can overlap, producing coherent coupling that manifests as collective quantum phenomena,
including SF and coherent energy transport.

3. Formation of Perovskite SLs

The discussion of MHPs follows a research progression from the properties of the “building blocks” to the
assembly process. Having clarified the key physicochemical attributes of PNCs as fundamental units, this chapter
focuses on their self-assembly process and introduces the preparation methods as well as the structural diversity
of the resulting SLs.

3.1. NC Self-Assembly

Self-assembly refers to the process in which dispersed particles spontaneously aggregate via weak
interactions, ultimately forming an ordered packing structure (Figure 5a) [71,120—123]. Approximately three
decades ago, the first 3D semiconductor QD SLs were realized through the solvent-evaporation-induced self-
assembly of monodisperse CdSe NCs, marking the inception of colloidal semiconductor SL research [124]. In
general, the self-assembly process evolves through sequential stages: initial steric repulsion maintains the
dispersed state; by modulating ligands or solvent environments, the repulsion can be attenuated, allowing
aggregation; eventually, a thermodynamically stable SL structure forms in the dried state [95]. If the process
destabilizes too rapidly, disordered aggregates result, whereas under near-equilibrium conditions with sufficiently
slow progression, NCs can undergo adequate structural adjustments to form ordered polyhedral SLs (Figure 5a,b) [95].

Assembly is thermodynamically governed by free energy (F) minimization. The driving force for ordering is
encapsulated in AF = AU — TAS, with AU arising from interparticle interactions [70,71] and AS encompassing
entropy contributions from particle degrees of freedom and ligand-mediated effects [125]. A grasp of these factors
is essential for controlling assembly and achieving target supermaterials.

Therefore, this section is structured to first present a systematic discussion of key NC interactions, then
address the principle of entropy maximization and representative packing models, thereby constructing an
integrated foundation for the thermodynamics and structural ordering in self-assembly.

3.1.1. NC Interactions

van der Waals (vdW) Interactions

vdW interactions are fundamental forces between NCs, characterized as short-range interactions whose
strength increases markedly with decreasing interparticle distance (Figure 5c) [72]. vdW interactions can be
quantitatively described by the classical formula

CvdW
T6

Upaw (1) = — o

where 7 is the interparticle spacing, and C,s» is a material-dependent constant related to composition and
polarizability [72]. Based on molecular polarity, vdW forces are categorized into three types: orientation forces
(permanent dipole-dipole interactions between polar molecules), induction forces (resulting from polarization
induced by permanent dipoles in neighboring molecules), and dispersion forces (arising from instantaneous dipole
fluctuations) [70,71].

In MHP NCs, dipole-dipole interactions are widely regarded as one of the key drivers of self-assembly [126—128].
They offer clear directionality and can be flexibly adjusted by modifying NC composition, shape, surface ligands,
and solvent environment. Their synergistic role in multi-body interactions further makes them a key mechanism
for regulating SL symmetry, optical properties, and functional characteristics [ 127]. For instance, the one-dimensional
(1D) CsPbBr; SL chains reported by Ji et al. were primarily driven by dipole-dipole interactions, with their ordered
alignment facilitated by directionally interactive, anisotropically structured templates formed synchronously in
solution [126].
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Figure 5. NC Self-Assembly. (a) Visualizing self-assembly: from dispersed NCs to ordered structures. Adapted
with permission from Ref. [71]. Copyright 2024, Elsevier B.V. (b) Evolution of the effective pair interaction
potential (U) with interparticle distance (r) during NC self-assembly, from the dispersed (darkest line) to the close-
packed state (lightest line). Reprinted with permission from Ref. [95]. Copyright 2016, American Chemical Society.
Key interactions in self-assembly: (¢) vdW interactions, (d) electrostatic interactions, and (e) hydrogen bonding.
Reprinted with permission from Ref. [72]. Copyright 2025, Elsevier B.V.

Electrostatic Interactions

Electrostatic interactions are prevalent among charged NCs. By modulating the composition of the MHPs
and the ligands, the surface potential of the NCs can be altered, leading to either electrostatic repulsion or attraction
between them (Figure 5d) [72]. The solvent environment plays a pivotal role in this regulation. Through dielectric
screening, ion solvation, and the restructuring of the electrical double layer, it fine-tunes the strength, range, and
direction of the electrostatic interactions, thereby governing colloidal stability and self-assembly pathways. To
date, only a limited number of studies in the perovskite field have addressed this topic [120,129]. We contend that
this is largely due to the ionic crystal nature of the material, the highly dynamic binding of ligands, and the facile
migration of halide ions. These factors collectively make it challenging to establish a stable and controllable
surface charge distribution, thus preventing electrostatic interactions from serving as an independent, stable, and
precise dominant driving force within this system.

Hydrogen Bonding

Hydrogen bonding is a directional interaction formed between a hydrogen-bond donor (an X-H group bonded
to a highly electronegative atom) and a hydrogen-bond acceptor (an electronegative atom with lone-pair electrons,
such as N, O, or F) (Figure 5e¢) [72]. This type of interaction has been extensively studied in DNA-mediated self-
assembly [130-132]. In MHP NCs, hydrogen bonds are typically introduced via surface ligands or polymeric
functional groups, enabling the formation of inter-NC hydrogen-bonding networks that regulate orientational
ordering, self-assembly pathways, and the formation of superstructures [88,133].

3.1.2. Entropy Maximization and Dense Packings

NC self-assembly involves a complex combination of factors such as interaction potentials, ligand
configurations, and solvent effects. To isolate and understand the contribution of entropy, a hard-sphere model is
commonly employed. In a good solvent, ligands are treated as fully extended, and NCs are primarily subject to
steric repulsion that prevents overlap, with other energy contributions neglected (Figure 6a) [95]. Within this
model, the free energy is purely entropy-driven. This leads to a counterintuitive insight: although crystalline
structures appear highly ordered, their total entropy can exceed that of a disordered fluid. While collective ordering
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of particle positions reduces configurational entropy, the additional free volume available for local vibrations and
rotational motions near lattice positions increases translational and rotational entropy, which more than compensates
for the configurational loss (Figure 6b—d) [95,134], making the crystalline phase thermodynamically favorable.

In predicting NC self-assembly, dense packing is generally considered the most likely configuration, most
commonly realized as face-centered cubic (fcc) or hexagonal close-packed (hcp) arrangements. By contrast,
alternative candidate structures such as body-centered cubic (bcc), simple hexagonal, and simple cubic packings
exhibit lower packing densities of 68%, 60%, and 52%, respectively (Figure 6e) [95], resulting in larger voids
within the lattice and correspondingly reduced thermodynamic stability. For NCs with a cubic shape, the most common
morphology in MHP NCs, 3D dense packings typically result in so-called “supercubes” (Figure 6f,g) [67,135]. In these
structures, the individual cubic NCs align face-to-face, forming ordered SLs with minimal void space.

3.1.3. Packing Models

Based on the hard-sphere assumption, the optimal packing model (OPM) was first proposed to predict the
packing motifs of NC SLs. In this model, NCs are idealized as rigid units, while ligand shells are assumed to fill
space solely along the interparticle center-to-center direction (Figure 6h) [136]. Such assumptions allow OPM to
successfully describe simple SLs, particularly in short-ligand systems.
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Figure 6. Packing Principles in NC Self-Assembly. (a) Hard-sphere interaction potential. (b) Phase diagram of
noninteracting spheres, showing fluid, crystalline, and coexistence regions. (¢,d) Compared with jammed disordered
states, the transition to an ordered colloidal crystal increases the accessible free volume per particle, leading to a
significant increase in configurational entropy. (e) Representative dense and less-dense sphere packings, including fcc,
hep, bec, simple hexagonal, and simple cubic structures. Reprinted with permission from Ref. [95]. Copyright 2016,
American Chemical Society. (f) Self-assembly of CsPbBr3 NCs into a supercube. (g) Optical microscopy image of
large supercubes. Reprinted with permission from Ref. [67]. Copyright 2017, American Association for the
Advancement of Science. (h) Schematics of the OPM and the OTM. Reprinted with permission from Ref. [136].
Copyright 2017, Royal Society of Chemistry. (i) Packing-density-predicted binary ABOs-type (blue) and NaCl-type
(green) SLs, with solid and dashed lines denoting s|c and s|s binary mixtures, respectively; symbols indicate
experimentally observed CsPbBr3; SLs. Reprinted with permission from Ref. [60]. Copyright 2021, Springer Nature.
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In practice, however, NCs exhibit pronounced softness arising from a combination of interparticle and ligand-
mediated interactions, leading to systematic deviations from OPM predictions. To address these limitations, the
orbifold topological model (OTM) was introduced to explicitly incorporate ligand deformability and topological
constraints on ligand conformations (Figure 6h) [136-138]. As demonstrated by Cherniukh et al., in binary
perovskite SLs assembled from lead halide perovskite nanocubes, OPM is valid only at small size ratios (y < 0.414),
whereas at larger size ratios, OTM captures shape-induced orientation locking and ligand-mediated topological
effects, enabling packing densities far exceeding those predicted by hard-sphere models and stabilizing complex
SL architectures (Figure 61) [60].

Complementary insights were provided by Boles and Talapin, who showed that in 2D assemblies, OPM
accurately predicts experimental structures only at sufficiently high coordination numbers [139]. For low-
coordination motifs, the overlap cone model (OCM) [139,140] was proposed, in which ligand shells are allowed
to overlap, resulting in reduced equilibrium interparticle separations. OCM has proven effective in describing low-
coordination SLs, including CsCl- and CaBe-type structures [139,140].

3.2. Controllable Formation and Structural Diversity of Perovskite SLs
3.2.1. Assembly Pathways toward Ordered SLs

Ordered colloidal NC SLs [141] are typically constructed by solvent evaporation or colloidal
destabilization [142—145], which brings NCs into close proximity and drives self-assembly. For MHP NCs, various
assembly strategies have been developed [143], among which solvent evaporation is the most widely used due to
its simplicity and broad applicability. A typical protocol involves drop-casting a small volume of dilute NC
solution onto a substrate and allowing natural drying (Figure 7a) [95]. For instance, Raino and colleagues deposited
10 uL of a CsPbBr3; NC dispersion in toluene onto a substrate and allowed the solvent to evaporate slowly, resulting
in the formation of micron-sized 3D SLs (Figure 7c) [118] and the observation of SF. Another controllable strategy
is to perform evaporation in a small vial with the substrate placed at a tilt, enabling regulation of meniscus
movement (Figure 7a) [95]. Cherniukh et al. employed 28-35 pL of a NC mixture in a tilted vial containing a
substrate and carried out evaporation at 0.45 atm and room temperature, producing slowly evaporated,
thermodynamically stable complex SL phases in multicomponent systems (Figure 7d,e) [60]. In these methods,
solvent properties, external pressure, and temperature are critical parameters, as they govern evaporation and
assembly kinetics, profoundly affecting the structural order. Typically, low temperature and ambient or low-
vacuum conditions favor slow, well-ordered assembly, whereas rapid evaporation can lead to disorder.

Beyond evaporation, alternative strategies such as ultrasonication, template-assisted assembly, and liquid-air
interface assembly have also been explored. Tong et al. showed that probe-tip ultrasonication of CsPbBr; NCs
produces individual dispersed NCs at low precursor concentration and spontaneously forms self-assembled
superstructures at higher concentrations (Figure 7b) [146].

3.2.2. Structural Diversity in Perovskite SLs

Building upon a deep understanding of the controllable synthesis and self-assembly principles of PNCs,
researchers have successfully created a diverse range of PNC SLs. This section aims to systematically introduce
the structural diversity [126,128,147,148] of these SLs based on their composition and dimensionality.

Within single-component SLs, in addition to the classic 3D cubic packing (Figure 7c) [118], Pan and
colleagues reported a 1D chain-like structure formed by NCs inside semi-cylindrical PbSO4 “pods”, illustrating
the balance between component solvophilicity and solvophobicity [149]. By further reducing NC size, studies
have advanced from achieving single-string “pearl necklace” type 1D assemblies to developing 2D CsPbBr; NC
SLs featuring two or three rows of close-packed structures [149]. For 2D architectures, NPLs serve as essential
building blocks [150,151]. Ye and coworkers selected solvents with different boiling points and vapor pressures
to regulate the evaporation kinetics, resulting in thin films with distinct NPL orientations on the substrate
(Figure 7f) [152]. Slow-evaporating heptane induced a face-down arrangement, whereas fast-evaporating hexane
led to an edge-up arrangement, demonstrating controlled orientation in 2D NPL SLs [152]. Another noteworthy
2D structure is the moiré SL [153—159], exemplified by the renowned magic-angle graphene [160]. Zhang et al.,
utilizing ultrathin, ligand-free halide perovskites and modulating ionic interactions, constructed square moiré
patterns with tunable periods (Figure 7g) [154]. High-resolution transmission electron microscopy (HRTEM)
directly visualized moiré structures with different periodicities (Figure 7h,i) and revealed the emergence of
localized bright excitons and trapped charge carriers at a twist angle of approximately 10° [154].
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Figure 7. Formation Strategies and Structural Diversity of Perovskite SLs. (a) SL assembly via solvent evaporation.
Reprinted with permission from Ref. [95]. Copyright 2016, American Chemical Society. (b) Single-step tip-
sonication synthesis of CsPbBr3 NCs: supercrystal formation at high concentration. Reprinted with permission from
Ref. [146]. Copyright 2018, Wiley-VCH. (¢) HAADF-STEM image of a CsPbBr; NC SL with simple cubic
packing. Reprinted with permission from Ref. [118]. Copyright 2018, Springer Nature. (d) Binary ABOs-type SLs
assembled from CsPbBr;3 (8.6 nm) and Fe304 (19.5 nm) NCs, viewed along [001]. (e) Binary NaCl-type SLs formed
from CsPbBr; (8.6 nm) and Fe3O4 (19.8 nm) NCs. Reprinted with permission from Ref. [60]. Copyright 2021,
Springer Nature. (f) Orientation control of self-assembled CsPbls NPLs. Reprinted with permission from Ref. [152].
Copyright 2024, Springer Nature. (g) Conversion of few-layer Ruddlesden-Popper (RP) perovskites to ultrathin
APDX3 in equilibrium solution. (h) Square moiré patterns in twisted MAPbX; bilayers (15.0°). (i) HRTEM image
of 15.0°-twisted MAPbBr3 bilayer NPLs. Reprinted with permission from Ref. [154]. Copyright 2024, Springer Nature.

https://doi.org/10.53941/sen.2026.100007 11 of 22



Dong et al. Sustain. Eng. Novit 2026, 2(2), 2

In the realm of multi-component systems, Cherniukh and collaborators fabricated ABOs-type binary and
ternary perovskite SLs through shape-directed co-assembly [60]. This involves highly luminescent cubic CsPbBr;
NCs occupying B/O lattice sites, spherical Fe;O4 or NaGdF4 NCs occupying A sites, and truncated-cuboid PbS
NCs occupying B sites (Figure 7d) [60]. Additionally, binary SL structures such as NaCl-type, AlB,-type, and
CuAu-type have been the subject of substantial research [60,161-163].

These SLs, built from NCs of varying types and sizes, essentially form functional metamaterials based on
“artificial atoms”. Their structural designs show potential to transcend the confines of traditional crystallographic
systems, expanding the conceptual framework for material construction [57,142,164]. Furthermore, this rich
structural diversity opens up a broad research landscape for delving into the novel characteristics of SLs, spanning
properties [143,165,166], quantum behaviors [167—169], and collective physicochemical phenomena.

4. Collective Optoelectronic Effects in PNC SLs

Collective emission in a coherently coupled ensemble can differ drastically from single-emitter
behavior [118,127,170,171]. MHP NC SLs are particularly suited for studying such collective optical phenomena
because their bright triplet excitons possess high oscillator strength [58], slow dephasing, and minimal spectral
inhomogeneity [2,59]. These characteristics render individual NCs strong optical dipoles, thereby enhancing
coherent exciton-photon and exciton-exciton coupling, lowering the threshold for the onset of collective emission,
and supporting long-lived collective coherence with negligible inhomogeneous broadening [2,58,59].

SF [170,171] is a collective quantum phenomenon, where an ensemble of initially uncorrelated excited
emitters spontaneously synchronize through a shared optical field and evolve into a coherent quantum state
(Figure 8a) [118]. This state gives rise to powerful cooperative emission, causing the emitters to radiate nearly
simultaneously in an intense, ultrafast burst of light, followed by rapid decay [118,170,172]. In 2018, Raino et al.
reported SF in CsPbBr; SLs, with PL spectra showing a high-energy peak from uncoupled NCs and a narrow,
red-shifted peak from coupled NCs (Figure 8b) [118]. At high excitation, radiative decay accelerates significantly
(Figure 8c) [118], depending on excitation power, and the first-order coherence time increases over fourfold
(Figure 8d) [118], confirming strong coherence [118].

SF is characterized by accelerated decay with increasing coupled emitter number N, a build-up time 7D for
achieving phase synchronization, and Burnham-Chiao ringing, where the emitted intensity oscillates due to
emitter-light interactions (Figure 8e,f) [118]. These phenomena not only reveal the unique quantum cooperative
behavior in NC SLs but also offer promising avenues for ultrafast light sources, high-brightness LEDs, and
quantum photonic devices.

In contrast to the well-established collective optical behavior of PNC SLs, the mechanisms governing exciton
and energy transport [173,174] remain poorly understood. Several hypotheses [69,175] persist regarding transport
modes within such SLs. Research indicates that when the inter-NC distance is sufficiently small and the electronic
coupling energy equals or exceeds the exciton binding energy, carrier transport may proceed primarily through
tunneling. Conversely, when the coupling energy is lower, Forster resonance energy transfer (FRET) [41,94,121,176]
dominates exciton energy transfer (Figure 8g) [177]. Notably, energy-transfer efficiency decreases significantly
as the inter-NC spacing increases. Penzo et al. demonstrated that in highly ordered, closely packed CsPbBr; NC
SLs, FRET serves as the primary energy-transfer mechanism and substantially enhances exciton diffusion between
adjacent NCs (Figure 8h), leading to an exciton diffusion length of up to 200 nm. In contrast, in monodisperse yet
disordered NC systems, the larger inter-NC spacing (=20 nm) significantly suppresses FRET (Figure 8i) [177].
Similarly, using an ABOg-type SL as a model system, Sekh et al. observed efficient inter-NC coupling and Forster-
like energy transfer from strongly confined 5.3 nm CsPbBr; NCs to weakly confined 17.6 nm CsPbBr; NCs,
accompanied by characteristic SF at low temperatures [161].
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Figure 8. Collective Emission and FRET in Perovskite SLs. (a) Schematic of the SF build-up process. (b) PL
spectrum of a single CsPbBr3 SL. (¢) TRPL decays of the two emission bands at 500 nJ cm™2, with faster decay
observed for coupled QDs. (d) First-order correlation functions of the two emission bands measured by a Michelson
interferometer. (e) Streak-camera image of SF dynamics at 600 uJ cm 2. (f) Time-resolved emission traces at
different excitation powers with biexponential fits including damped oscillations. Reprinted with permission from
Ref. [118]. Copyright 2018, Springer Nature. (g) Schematic of FRET-mediated exciton diffusion in close-packed
and sparse PNC monolayers. (h,i) Normalized PL intensity profiles of close-packed (h) and sparse (i) PNC
monolayers under 450 nm excitation. Reprinted with permission from Ref. [177]. Copyright 2024, American
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5. Applications

Despite the excellent optoelectronic properties of MHP SLs, their practical applications remain in the early
stages, with most studies focusing on LEDs [71,72,152,178—180]. Kumar et al. demonstrated that anisotropic
PNCs can be directed to self-assemble into SLs with the same orientation, effectively promoting horizontal
transition dipole orientation and enhancing light outcoupling efficiency in LEDs (Figure 9a) [178]. Another
significant advancement comes from the work of Ye et al., who developed LEDs from CsPbl; perovskite NPL SLs
that emit highly linearly polarized light (74.4% polarization degree). This was achieved by controlling the self-
assembly orientation to align transition dipoles, coupled with strong quantum/dielectric confinement and uniform
NPL alignment inducing large excitonic fine-structure splitting (Figure 9b,c) [152]. This approach offers a tunable,
solution-processable platform for advanced 3D displays and optical communication without complex optics.

Moving forward, intentionally designing diverse SL structures and controlling their macroscopic patterning
for integration will allow researchers to venture beyond conventional optoelectronics. This paves the way for
exploring complex many-body light-matter interactions in artificial quantum lattices, potentially leading to
breakthroughs such as ultra-bright coherent assemblies or practical, scalable sources of entangled photons for
optical quantum computing and quantum imaging. MHP SLs thus stand at the threshold of evolving from high-
performance materials into functional quantum architectures [60].
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Figure 9. Applications of MHP SLs. (a) Calculated far-field emission patterns (FEPs) of the emitting layers (EMLs) in
the optimized LED stack at different ®u values, showing enhanced radiation power outcoupled to air with increasing Ou.
Reprinted with permission from Ref. [178]. Copyright 2020, Springer Nature. (b) Current density versus external quantum
efficiency (EQE) for pristine and passivated edge-up and face-down NC plate LEDs. Inset: optimized LED device
structure. (¢) Comparison of the degree of polarization (DOP) for different materials at the single-particle, thin-film, and
device levels. Reprinted with permission from Ref. [152]. Copyright 2024, Springer Nature.

6. Outlook

In recent years, following the discovery of collective emission in MHP NC SLs [118], increasing attention
has been devoted to MHP NCs and SLs [118,147,152]. The field has expanded rapidly, driven by the synthetic
accessibility of PNCs, advances in self-assembly engineering, and progressively deeper mechanistic insights into
their photophysical behavior. Despite this remarkable progress, several critical challenges remain unresolved. In
the following discussion, we delineate these open questions and discuss their broader implications.

As the fundamental building blocks of self-assembled SLs, PNCs face significant stability challenges, as they
are prone to degradation under light, moisture, and heat [49,63]. This inherent instability not only promotes
undesirable aggregation during self-assembly, limiting structural reproducibility, but also hinders practical
applications. Besides, in multicomponent systems, ion migration further complicates the landscape by disrupting
local composition and lattice integrity, thereby compromising structural diversity and optical performance.
Strategies such as surface ligand modification, doping, and the integration of low-dimensional NCs have shown
promise in addressing these issues. However, achieving durable, high-performance SLs remains an ongoing pursuit.
Beyond these challenges, the capability for multidimensional modulation at the nanoscale facilitates the creation
of new SL architectures [57,181-187] and the emergence of properties [188—194] absent in conventional atomic
crystals, thereby opening broader possibilities for multifunctional SLs [130-132,195-197]. For example, the
concept of patchy surface NCs provides an innovative design strategy for NCs as building blocks [198]. By
enabling directional interparticle interactions and customizable surface functionalities, patchy PNCs greatly
expand the possibilities for constructing SLs with precisely controlled architectures and novel properties.

The prevailing design of SLs has largely focused on studying, imitating, and extending conventional atomic
crystals [199-202]. Research on MHP NC SLs remains at an early stage, with initial control over composition and
simple crystalline symmetries [60,153,154,161-163,203]. However, exploration of more complex lattice types,
such as non-close-packed or open-framework structures, remains limited. For instance, in other colloidal
nanocrystal systems, strategies such as incorporating liquid crystal molecules to form colloidal interstitial solid
solutions with ultralarge thermal expansion [164] or using DNA strands to achieve directional non-close-packed
architectures have been demonstrated [130]. These studies inspire new design concepts for PNC SLs, offering the
potential to construct more diverse and multifunctional SL architectures.

Beyond structural diversity, another key frontier lies in harnessing the unique collective optical phenomena
that can emerge from ordered NC assemblies. SF is among the most fascinating properties of MHP NCs, yet its
signature becomes increasingly elusive at elevated temperatures. Even at cryogenic temperatures (e.g., 6 K), where
SF intensity is relatively high, experimental signals still fall short of theoretical predictions by six orders of
magnitude [204]. This discrepancy underscores a central challenge: suppressing the thermal disruption of coherent
coupling to enable efficient SF at higher temperatures, a crucial hurdle that must be overcome for further progress in
this field. Despite these challenges, efforts in material optimization, fabrication, and theory, together with surface
passivation, precise self-assembly, cavity enhancement, and simulations, offer promise for overcoming them.
Achieving efficient, stable SF would enable new applications in optoelectronics and quantum information processing.
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