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For over 80 years, tailored molecular assemblies (e.g., H- and J-aggregates) have been of interest for the 

emergence of collective phenomena in their optical spectra1, coherent long-range energy transport2,3 and their 

conceptual similarity with natural light-harvesting complexes4,5. Another highly versatile platform for creating 

controlled, aggregated states exhibiting collective phenomena arises from the organization of colloidal 

semiconductor nanocrystals (NCs) into long-range ordered superlattices (SLs)6. Cesium lead halide perovskite 

NCs7-9 have recently emerged as highly appealing building blocks, owing to their high oscillator strength10, slow 

dephasing (long coherence times of up to 80 ps)11,12, minimal inhomogeneous broadening of emission lines, and 

a bright triplet exciton character with orthogonal dipole orientation10, potentially enabling an efficient 

omnidirectional coupling. Here we present perovskite-type (ABO3) binary and ternary NC SLs by a shape-

directed co-assembly of steric-stabilized, highly luminescent cuboid-shaped CsPbBr3 NCs (occupying B- and/or 

O-sites) with spherical Fe3O4 or NaGdF4 NCs (A-sites) and truncated-cuboid PbS NCs (B-site). Such ABO3 SLs, 

as well as other newly obtained SL structures (binary NaCl- and AlB2-types), exhibit a high degree of 

orientational ordering of CsPbBr3 nanocubes. These novel perovskite mesostructures exhibit superfluorescence 

(SF) – a collective emission resulting in a burst of photons. SF is characterized, at high excitation density, by 

emission pulses with ultrafast (22 ps) radiative decay and Burnham-Chiao ringing behaviour with a strongly 

accelerated build-up time. 
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SF, unlike fluorescence, is a collective emission of several, incoherently photo-excited dipoles mediated by their 

common photon field, and is characterized by faster radiative lifetimes and the appearance of Burnham-Chiao ringing 

behaviour13. Previously, these features could be realized either in the gaseous state (HF gas)14 or in a limited number 

of solid-state systems (CuCl-doped NaCl, peroxide-ion-doped KCl, and epitaxial InGaAs quantum wells)15-17. SF in 

lead halide perovskite NC SLs was recently demonstrated with the simplest packing geometry – simple cubic packing 

(scp) of cubic NCs into a 3D-supercrystal13. Far broader structural engineerability of SLs, required for programmable 

tuning of the collective emission and for building a theoretical framework, can be envisioned from the recent 

advancements in colloidal science6,18,19. 

The formation of NC SLs is generally governed by the balance between the enthalpic contributions and entropic 

interactions6. Enthalpy prevails when, for instance, specific pair-wise interactions between NCs are designed, such as 

in the aqueous-based co-assembly of DNA-coated noble metal NCs with DNA linkers20,21, which is not an applicable 

strategy to water-degradable perovskite NCs. However, entropy can become a prevailing factor for steric-stabilized 

apolar NC colloids; that is, when the strong short-range repulsion of hydrocarbon ligand chains is the principle 

component of the interparticle potential, causing a hard-sphere-like behaviour of NCs. Such colloids often undergo a 

transition into the densest possible periodic arrays upon solvent evaporation, hexagonal close packing (hcp) or face-

centred cubic (fcc) for spheres22 or scp for cubes (see Ref.23 and, for perovskite NCs, also Ref.13,24-27), maximizing the 

free-volume entropy of the system6. Furthermore, mixtures of spherical NCs were shown to form at least twenty 

different binary SL structures, usually those with higher packing density for a given ratio of their effective hard-sphere 

diameters. Typically, SLs that are isostructural with NaCl, NaZn13, AlB2, MgZn2 and CaCu5 are observed6,18,19,28,29. 

Rather surprisingly, there have been no reports on the formation of multicomponent SLs comprising steric-stabilized 

cubic NCs. For instance, in the case of a NaCl-type SL, a mixture of larger spheres (A) and smaller cubes (B) will yield 

greater packing density (η) than that of two (A + B) spheres at any B/A size ratio (γ = dB/dA < 1, Fig. 1k and 

Supplementary Note 1). 

In this work, we not only show that co-assembly of cubic and spherical steric-stabilized NCs is experimentally possible, 

but also that the cubic shape of perovskite NCs leads to a vastly different outcome of such assembly, as compared to 

all-spherical systems. Specifically, we present perovskite-type (ABO3) binary and ternary NC SLs (Figs. 1, 2, 4, 5, 

Extended Data Figs. 1, 2, 4-7 and Supplementary Figs. 7-12). In binary SLs, larger spherical Fe3O4 or NaGdF4 NCs 

occupy the A-sites and smaller cubic CsPbBr3 NCs reside on both B- and O-sites, whereas in ternary SLs the B-sites 
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are occupied by truncated-cuboid PbS NCs. We have also obtained NaCl-type SLs (combining 5.3 nm CsPbBr3 with 

14.7-19.8 nm Fe3O4 NCs, and 8.6 nm CsPbBr3 with 10.2-25.1 nm Fe3O4 and 18.6 nm NaGdF4 NCs, see Fig. 3 and 

Supplementary Figs. 13, 14) and AlB2-type SLs (in mixtures of 5.3 nm CsPbBr3 with 12.5 nm Fe3O4 NCs, and 8.6 nm 

CsPbBr3 with 19.8 nm Fe3O4 NCs, Extended Data Fig. 3). Importantly, cubic perovskite NCs exhibit a high degree of 

orientational order within all observed binary SLs. We then demonstrate that these novel perovskite-based 

mesostructures exhibit SF. 

The non-truncated (sharp) cuboid shape of CsPbX3 NCs – their decisive property for obtaining ABO3 SLs – arises 

from the pseudo-cubic faceting of the underlying orthorhombic perovskite lattice as well as various specifics of surface 

termination and ligand binding (see Ref.30 and Supplementary Note 2). In order to prevent a sphere-like behaviour in 

the NC assembly caused by the softening of the cubic NC shape by long-chain ligands typically used for the NC 

synthesis31, the shortest-chain capping ligand that is still capable of both the efficient colloidal stabilization and 

retention of high photoluminescence (PL) quantum yield, namely didodecyldimethylammonium bromide (DDAB)30, 

was used. The softness (λ) of a NC can be defined by the ratio of the doubled capping ligand length to the NC diameter 

(dcore), or the edge length for cubic NCs (lcore) (i.e., λ = 2L/dcore and λ = 2L/lcore, respectively). Monodisperse CsPbBr3 

NCs of two sizes, 5.3 nm (λ = 0.63) and 8.6 nm (λ = 0.39), were synthesized as reported previously30,32 [see 

transmission electron microscopy (TEM) images and optical characterization in Supplementary Figs. 5 and 6, 

respectively]. Trials of colloidal crystallization were conducted by controlled solvent evaporation from the mixture of 

NCs in toluene on various substrates. The structure of the observed SL was characterized with high-angle annular dark-

field scanning TEM (HAADF-STEM) at various tilt angles, electron tomography, elemental mapping with energy-

dispersive X-ray spectroscopy (EDX-STEM), grazing-incidence small-angle X-ray scattering (GISAXS), scanning 

electron microscopy (SEM), as well as electron diffraction (ED, wide-angle) and small-angle ED. 

Binary SLs 

ABO3-type SLs (isostructural with cubic CaTiO3 perovskite, Pm3�m space group) had thus far not been observed in the 

colloidal crystallization of steric-stabilized NCs. In this lattice, CsPbBr3 NCs occupy two different Wyckoff positions: 

1b (i.e., B-site, with the <100> crystallographic directions of the nanocubes aligned with <100>SL; the subscript "SL" 

denotes the Miller indices of the SL) and 3c (i.e., O-site, two <110> aligned with <100>SL). Firstly, 8.6 nm CsPbBr3 

NCs were combined with oleate-capped Fe3O4 NCs (9.6-25.1 nm, Supplementary Fig. 5). Experiments with 9.6-14 nm 

Fe3O4 NCs yielded separate phases of single-component SLs or disordered mixtures, except for small NaCl-type 
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domains. With 14.5-20.7 nm Fe3O4 NCs, however, large domains of ABO3-type SLs were observed (up to ~100 μm2; 

Fig. 1 and Supplementary Fig. 7). ABO3-type SLs were also obtained by combining 8.6 nm CsPbBr3 nanocubes with 

15.2-19.5 nm NaGdF4 NCs (Fig. 5, Extended Data Fig. 2).  

Columns of CsPbBr3 nanocubes are readily resolved in HAADF-STEM and TEM images as well as from EDX-STEM 

maps of [001]SL-oriented domains (e.g., Fig. 1 and Extended Data Fig. 1). In particular, Z-contrast makes the heavy-

element containing CsPbBr3 NCs brighter in HAADF-STEM images. EDX-STEM maps also assist in the visualization 

of the frame of perovskite NCs, showing occupancy of every SL unit cell facet by the O-site nanocube. HAADF-STEM 

images taken at different tilting angles and compared with simulated projections readily differentiate the binary ABO3 

lattice from CsCl- and Li3Bi-types (Fig. 2e, f and Supplementary Figs. 8, 9), but do not unambiguously exclude the 

Cu3Au-type packing. Full clarity as to occupancy and orientation of the nanocubes was then obtained with ED patterns 

and respective dark-field TEM images for specific diffraction spots (Fig. 2a-d). The Fe3O4 NCs exhibit random 

orientations, apparent from a broad diffraction ring corresponding to the (311) lattice planes. On the contrary, a high 

degree of orientational order of the CsPbBr3 NCs is readily seen as intense arcs corresponding to diffraction on (100), 

(110), and (200) planes, which are normal to <100>SL and <110>SL. Additionally, the (111) reflections are split into 

eight maxima with a splitting angle of ~19.5° (reflections "9" and "10" in Fig. 2b). This angle corresponds to the 

theoretical value for a pair of CsPbBr3 cubes located on two orthogonal facets and oriented such that their faces are in 

contact with the spheres (blue and yellow cubes in Fig. 2c). The centre cubes (B-sites) are rotated 45° with respect to 

those on the O-sites and hence exhibit distinct reflections (labelled "2" and "4", Fig. 2b). These site occupancies are 

also confirmed by the dark-field TEM images (Fig. 2d), constructed from the diffraction spots originating from B- or 

O- positioned cubes ("2,4" and "1,3,6,8,9,10", respectively) or from both ("5,7"). Electron tomography of a small 

isolated domain further confirms the ABO3 structure and visualizes the orientation of B- and O-site cubes 

(Supplementary Fig. 10 and Supplementary Video 1). Domains exhibiting [102]SL, [111]SL and [112]SL orientations 

were also observed (Supplementary Fig. 11). GISAXS measurements show strong, periodic reflections (Fig. 1c), 

evidencing a high degree of both in-plane and out-of-plane order. The 2D diffraction pattern corresponds to a simple-

cubic symmetry (Pm3�m) with a 24.2 nm unit cell (Supplementary Note 3). The in-plane coherent scattering volume, 

corresponding to the ordered domain size, is > 360 nm (inset in Supplementary Fig. 4a). No structural phase transitions 

were observed by TEM and ED upon cooling to liquid nitrogen temperature (Supplementary Fig. 12). 
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With smaller 5.3 nm CsPbBr3 NCs, which can be considered as "rounded" cubes in the view of their higher softness 

parameter λ, no ABO3-type lattice was observed; rather, lattices that are commonly known for binary mixtures of hard 

spheres (NaCl- and AlB2-types, Supplementary Fig. 13 and Extended Data Fig. 3b-d, respectively). For 8.6 nm 

CsPbBr3 combined with 15.6-19.8 nm Fe3O4 NCs, the three ABO3-, AlB2- (Extended Data Fig. 3e, f) and NaCl-type 

(Fig. 3) SLs compete. The proportion of AlB2- and NaCl-type SLs increases with decreasing perovskite NC particle 

fraction in the mixture. When the size of A-site spheres is further increased to 25.1 nm, the NaCl-type SL is favoured 

(Supplementary Fig. 14). 

The stability of the binary SLs follows from the analysis of η as a function of γ. The effective sizes of the NCs used for 

computing γ are calculated by taking into account both the dimension of the inorganic NC core and the ligand shell 

thickness33. η is then calculated following the hard particle formalism, assuming that the ligand shell is space-filling 

only along the axis connecting two NCs (Optimal Packing Model, OPM) and, in addition, considering the deformability 

of the ligand shell, namely the bending of ligands away from the axis of contact between NCs (Orbifold Topological 

Model, OTM)34,35. For low coordination numbers, OTM predicts higher η and smaller lattice parameters, in good 

agreement with experimental values29. All-sphere binary SL structures with OPM packing densities above 0.65, 

sometimes even exceeding the fcc/hcp (η = 0.74), are commonly observed6,29. The corresponding range of γ-values is 

~0.3-0.65. Very few reports demonstrate SLs at higher γ-values (mainly CaCu5- or MgZn2-types at γ = 0.65-0.86)28,36,37. 

Interestingly, the OPM packing densities of NaCl-type SLs with cubes on the B-site are > 0.705 across the entire γ-

range, unlike all-sphere NaCl-type SLs that are stable and usually observed only at γ ˂ 0.5 (Fig. 1k). Indeed, grains of 

NaCl-type SLs were observed for CsPbBr3 NCs co-assembled with Fe3O4 NCs for γ = 0.27-0.73 (Fig. 3 and 

Supplementary Figs. 13, 14). Analysis of ED and small-angle ED again reveals the high degree of orientational order 

of perovskite NCs in a NaCl-type binary SL; for instance, the CsPbBr3 <100> directions coincide with <100>SL. 

Although the formation of an ABO3-like SL had not been reported and not expected for hard spheres (Fig. 1k), it 

readily forms with CsPbBr3 nanocubes at γ = 0.399, 0.420, 0.477, 0.486, 0.509 and 0.541. OPM calculations (Fig. 1k) 

can only explain the first two examples. At γ ≤ γc,1 = 0.414, the assembly comprises an scp lattice of A spheres; cubes 

can partially rattle in-between, but cannot freely rotate. At γ > γc,1, the shape of the cubes becomes a stronger factor. 

The cubes are in contact with the spheres (via their facets) and with each other (via sharp vertices) and, according to 

OTM, ligand vortices form (Supplementary Fig. 2). The overall effect of the cubic shape and ligand deformability is 

the locking of the cube orientations for both the B- and O-sites as well as much higher packing densities. The OTM 
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thus explains the formation of ABO3-type SLs in a broader γ-range (see the OTM-branch at γ ˃ 0.414 in Fig. 1k). The 

validity of the OTM results is also evident from the better correspondence of the OTM-predicted lattice parameters 

with the experimental values (Supplementary Table 2 and Supplementary Note 1). 

Ternary ABO3-type SL 

The obtained binary ABO3 SLs should not be confused with a perovskite-derived Ni4N-type due to the non-equivalent 

orientation of the B- and O-positioned cubes. Furthermore, the centre cube (B-site) also differs in terms of coordination 

environment. In the case of large spherical A-site NCs, especially at γ = γc,1, the space available for B- and O-cubes is 

different because O-cubes are in contact with A-spheres, while B-cubes are still rattlers (have freedom to displace 

themselves around their equilibrium position). This intuition motivated us to explore the possibility of a targeted 

occupation of the B-site by a larger NC (compared to the O-site), thus yielding a ternary ABO3-type SL. For example, 

the case of a truncated B-site cube with the degree of truncation τ = 0.835 at γO/A = γc,1 = 0.414 and γB/A = 0.586 

corresponds to a simultaneous appearance of A-O, A-B, and B-O contacts and a high OPM-packing density of 

η = 0.918, greatly exceeding the density of a binary lattice at γ = 0.414 (η = 0.808). Experimentally, this was realized 

herein by combining 10.7 nm truncated cubic PbS NCs with 8.6 nm cubic CsPbBr3 and 19.8 nm spherical Fe3O4 NCs 

(γO/A = 0.414, γB/A = 0.533; Fig. 4, Extended Data Figs. 4, 5). The appearance of B-site PbS NCs is evident from their 

higher contrast in TEM and HAADF-STEM images in the [001]SL, [111]SL, [101]SL and [112]SL orientations. EDX-

STEM maps further confirm the incorporation of PbS NCs onto B-sites. Combined ED and small-angle ED analysis 

indicates that the orientation of the O-site cubes in the ternary SL is the same as in binary SLs. The degree of B-site 

substitution, as evidenced by ED, is adjustable by increasing the PbS:CsPbBr3 NC mixing ratio (Fig. 4 and Extended 

Data Fig. 6).  

Atomic perovskite lattices exhibit remarkable structural and compositional engineerability and a close analogy to the 

presented NC SL system is that of CaTi(1-x)MnxO3 – a B-site solid solution preserving the perovskite Pnma symmetry. 

Larger A-site cations such as Ba2+, however, cause phase segregation even at x = 0.01, driven by the instability of the 

perovskite phase BaMnO3
38,39

 as the Goldschmidt tolerance factor exceeds the stability range of 0.8-140. Within this 

understanding, we set to increase the size of the A-site Fe3O4 NCs to emulate this Ca-to-Ba transition. In cases of larger 

Fe3O4 NC sizes of 21.5 nm (γB,O/A = 0.387, η = 0.755) and 25.1 nm (γB,O/A = 0.337, η = 0.677) combined with 8.6 nm 

CsPbBr3 NCs, the OPM packing densities of binary ABO3 SLs were found to be reduced; seen as a reduced propensity 

to form SLs (small domains of ˂ 0.25 μm2, ca. 1% of SL yield). The addition of 11.7 nm PbS NCs (γB/A = 0.537 and 
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γB/A = 0.469, respectively) led to ternary ABO3-type SLs in high yield and with complete substitution on the B-site (see 

Extended Data Figs. 6e, f and 7). Thus far, very fewer examples of ternary SLs had been serendipitously observed for 

spherical sterically-stabilized NCs (AlMgB4-type41 and bilayered ABC2-type42). An overarching challenge is to 

outcompete crystallization into unary and binary SLs. While the formation of multinary solid-state compounds is 

governed by chemical bonding, NC self-assembly relies on vastly different interactions, wherein shape-anisotropy 

plays an increasingly important role for obtaining diverse structures, exemplified by the observed strong formability 

of ABO3-type SLs as well as ABC-type columnar SLs formed by the mixture of disk- and rod-shaped NCs43. 

Preliminary studies combining disks (oleate-capped LaF3) and CsPbBr3 nanocubes yielded six columnar binary SLs, 

not observed in the disks-spheres mixtures (Extended Data Fig. 8). 

Superfluorescence from ABO3-type SLs 

In molecular aggregates, the weak and broad spectral features of the individual molecules evolve into intense and 

narrow lines, which are shifted in energy and exhibit enhanced (or suppressed) radiative rates for J-aggregates (or H-

aggregates, respectively)44,45. Perovskite NCs emerge as an attractive mesoscale alternative for attaining collective 

behaviour. In particular, 8.6 nm CsPbBr3 NCs, co-assembled with spherical NaGdF4 NCs into an ABO3-type SL (on 

Si3N4-membranes), exhibit coherent collective emission at low temperatures, upon pulsed excitation (Fig. 5). The 

emission spectrum comprises two bands (Fig. 5d), of which a narrower and redshifted (by ~30 meV) band arises from 

coupled NCs. Fluence-dependent experiments (inset of Fig. 5d) evidence a linear dependence of the integrated PL 

intensity, confirming the absence of competing, power-dependent non-radiative processes (e.g., the Auger process) as 

well as the absence of a threshold that would be commonly associated with amplified spontaneous emission. Drastic 

shortening of the exciton radiative lifetime and appearance of intensity oscillations with increasing excitation fluence 

(Fig. 5e, f) attest to the observed emission as being SF. The long exciton coherence, high transition oscillator strength, 

and low energetic disorder of individual perovskite NCs10-12 enable coherent coupling of multiple transition dipole 

moments via a common radiation field, resulting in a single giant dipole, which leads to short and intense bursts of 

light13,46.  

The choice of dielectric (non-absorbing) A-site NCs (NaGdF4) and a dielectric Si3N4 substrate was found to be crucial 

for the appearance of SF, since the presence of absorbing materials alter the exciton dynamics at high fluences, 

presumably by introducing non-radiative channels which quench the PL (see data with the carbon membrane as a 

substrate in Extended Data Fig. 9). The radiative lifetime is inversely proportional to the number of coherently coupled 
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NCs, N, which increases with excitation fluence. Correspondingly, the peak intensity at zero-delay time increases 

superlinearly over more than two orders of magnitude (Fig. 5h, middle panel). Radiative lifetimes as short as 22 ps can 

be obtained from spectrally-integrated time-resolved PL (Fig. 5g, h) based on a phenomenological decay model13. 

Furthermore, a shortening of the SF build-up time, after which the photon burst is emitted, is observed (Fig. 5h). This 

build-up time indicates the time it takes for individual dipoles to phase-lock by interacting via the common photon 

field; it scales with N according to τbuild-up ∝ (lnN)/N. A good fit to experimental data can be obtained by using this 

theoretical expression and assuming N to be proportional to the excitation fluence. Interestingly, the characteristic SF 

speed-up and oscillations could be retained up to 105 K (Fig. 5i), albeit with a higher fluence required for their 

emergence. This is likely the result of exciton-phonon interactions, which accelerate the exciton dephasing time, 

rendering the collective coupling less efficient. For example, a much slower SF build-up time is found at 105 K 

(Fig. 5i), which eventually becomes longer than the exciton dephasing time such that SF vanishes entirely at higher 

temperatures. ABO3-type SLs exhibit superior collective emission when compared to NaCl-type SLs (Supplementary 

Note 4, Extended Data Fig. 10), which we attribute to higher perovskite NC-to-dielectric NC ratio (4:1 vs. 1:1) and 

much reduced perovskite NC-to-NC distance (higher perovskite NC density), which facilitate the occurrence of 

coherent coupling. In addition, SF from ABO3-type SLs can be qualitatively altered, namely shifted from lower to 

higher energies compared to excitonic PL, simply by increasing the size of NaGdF4 NCs (Supplementary Note 4; 

Extended Data Fig. 10). We expect that further atomistic and morphological engineering of individual perovskite NC 

emitters (impacting the phonon spectrum, optical coherence, and exciton fine-structure) and exploitation of the vast 

engineerability of SLs at the mesoscale (diverse SL structures) and at microscale (SL dimensions, positioning, and 

device-integration) will foster important studies on many-body light-matter interactions in complex lattices such as the 

Dicke quantum phase transitions47,48. Such investigations may yield brighter perovskite NC assemblies or, more 

intriguingly, may boost the development of massively-entangled multi-photon quantum light sources49, which could 

find applications in optical quantum computing or quantum imaging applications50,51. 
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Fig. 1 | Characterization of a binary ABO3-type SL assembled from 8.6 nm CsPbBr3 and 19.5 nm Fe3O4 NCs 
(γ = 0.420). a, Optical microscope image under ultraviolet light. b, TEM images of a single [001]SL-oriented SL 
domain. c, 2D GISAXS pattern (on a Si3N4-membrane), showing long-range in- and out-of-plane order in binary SL 
domains. d, ABO3 unit cell, with Fe3O4 shown as grey spheres and CsPbBr3 – blue cubes. e, Crystallographic model 
of a [001]SL-oriented ABO3 lattice. f, HAADF-STEM image of a [001]SL-oriented domain. g, EDX-STEM maps for 
Fe (grey, K-line) and Pb (blue, L-line) and (h) respective EDX line scans taken along the line shown in g. i, j, High- 
and low-magnification SEM images of [001]SL-oriented SL domains. k, Calculated space-filling diagrams for ABO3- 
and NaCl-type binary SLs predicted by packing density analysis (OPM, except for indicated OTM-branch); the solid 
lines mark binary mixtures of larger spheres and smaller cubes (s|c), the dashed lines mark binary mixtures of different 
spheres (s|s). Experimentally observed ABO3- and NaCl-type lattices of this work are represented as dots at the 
respective γ-values (circles and rectangles denote SLs containing 5.3 and 8.6 nm CsPbBr3 NCs, respectively). The SL 
thickness is several hundred nm. 
 



15 
 
 

 
 
Fig. 2 | Structural characterization of binary ABO3-type SLs. a, TEM image of [001]SL-oriented domain assembled 
from 8.6 nm CsPbBr3 and 19.5 nm Fe3O4 NCs, along with the corresponding small-angle ED (inset) and (b) ED 
patterns. Owing to the small wavelength of electrons in TEM only lattice planes which are nearly parallel to the incident 
electron beam contribute to the diffraction pattern. Labelled diffraction arcs in b correspond to coloured CsPbBr3 
nanocubes in c. c, Modeled ED pattern of [001]SL-oriented ABO3-type binary SL (Fe3O4 reflections are omitted for 
clarity). The colour of the reflections match the CsPbBr3 cubes they originate from. The red cube is located in the 
centre of the lattice and is rotated 45° with respect to the six other cubes, which reside on faces having two CsPbBr3 
<110> directions parallel to <100>SL. d, Dark-field TEM images for the individual kinds of ED reflections numbered 
in b. Coloured cubes in the insets are those observed in the image. e, f, HAADF-STEM tilting series of the same binary 
SL domain comprising 14.5 nm Fe3O4 NCs, obtained upon rotation around the [010] and [110] axes, respectively. g, 
Stereograph showing in blue the crystallographic projections of the ABO3 lattice accessed by tilting. 
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Fig. 3 | Characterization of NaCl-type binary SL formed from 8.6 nm CsPbBr3 and 19.8 nm Fe3O4 NCs 
(γ = 0.414). a, TEM image of [001]SL-oriented NaCl-type SL domain. Top inset is higher magnification image, bottom 
inset shows NaCl unit cell with the preferable orientation of perovskite cubes. b, HAADF-STEM image of [001]SL-
oriented domain. c, Crystallographic model of [001]SL-oriented NaCl lattice (opacity of spheres is reduced for clarity). 
d, ED and (inset) small-angle ED pattern of a single domain shown in a. 
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Fig. 4 | Characterization of ternary ABO3-type SL assembled from 8.6 nm CsPbBr3, 10.7 nm PbS and 19.8 nm 
Fe3O4 NCs. a, Large-area HAADF-STEM and (b) TEM images of single [001]SL-oriented SL domains. c, small-angle 
ED and (d) ED patterns measured from the domain shown in b. Simultaneous absence of an (110) arc expected from 
B-site CsPbBr3 cubes (marked as "2*", see Fig. 2b for binary SL) and high intensity of the (220) arc ("11*") point to 
exclusive occupation of the B-site by PbS NCs. e, ABO3 unit cell, with PbS shown as red bevelled cubes. f, HAADF-
STEM image and corresponding EDX-STEM maps for Fe (grey, K-line), S (red, K-line), Pb (blue, L-line), Cs (green, 
L-line) and Br (yellow, K-line). g, j, TEM images, along with the corresponding (h, k) small-angle ED and (i, l) ED 
patterns of single domains in [111]SL and [101]SL projections, respectively. The origin of CsPbBr3 and PbS ED 
reflections in d, i and l is colour-coded to match the models shown as insets. The appearance of (200) or (220) reflection 
accompanying the absence of (100) or (110) reflections in the relative directions indicates their origin from PbS NCs 
and the absence of identically oriented CsPbBr3 NCs. 
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Fig. 5 | Superfluorescence from ABO3-type binary SLs from 8.6 nm CsPbBr3 and 16.5 nm NaGdF4. a, TEM and 
(b, c) HAADF-STEM images. d, Emission spectrum, comprising a higher-energy (uncoupled NCs) and a lower-energy 
band (coupled NCs). The shaded areas are fits to the data using Lorentzian functions, along with (as inset) 
corresponding integrated PL intensity (red and blue circles) plotted versus excitation fluence, where solid lines 
represent power-law fits with exponents m of ca. 1. e, f, Streak camera images obtained with excitation fluences of 
10 μJ/cm2 and 100 μJ/cm2, respectively. g, Spectrally-integrated time-resolved emission intensity traces for the two 
excitation fluences presented in e and f. Red lines are weighted best-fits to a model that employs an exponential decay 
function and damped oscillations. h, Top, Decay time as a function of the excitation fluence (Fex), fitted according to 
the SF model (red line): 𝜏𝜏(𝐹𝐹𝑒𝑒𝑒𝑒) = 𝜏𝜏𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑁𝑁𝑁𝑁

𝜁𝜁𝐹𝐹𝑢𝑢𝑒𝑒+1
+ 𝑦𝑦0. Here, a fixed value of τuncoupled NC = 350 ps was used, as found for 

uncoupled CsPbBr3 NCs as well as for single NCs. Middle, PL peak intensity at a zero delay time, that increases 
superlinearly with excitation power, best fitted by a power-law with exponent 1.3 (red line). Bottom, the build-up time 
(in ps) decreases at high excitation fluences due to the increased interaction among the emitters. The red line is the best 
fit according the model described in the main text. i, Streak camera image obtained with excitation fluence of 
500 μJ/cm2 at 105 K. 
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Methods.  
Synthesis of CsPbBr3 NCs. 8.6 nm were synthesized using oleylamine/oleic acid (OLA/OA) ligand system and then 
DDAB-treated as described in Ref.30.The OLA/OA-synthesis of 5.3 nm CsPbBr3 NCs was adopted from Ref.32. The 
purified solution of 5.3 nm CsPbBr3 NCs in toluene/hexane (2 ml, 50%:50% ratio, containing 9 mg NCs) was stirred 
with DDAB (0.1 ml 0.01 M in toluene) for two hours and used without further purification. 
Synthesis of Fe3O4 NCs. Oleate-capped iron oxide NCs were synthesized by thermal decomposition of iron oleate 
complex in octadecene (ODE) according to Ref.52. The size of NCs was tuned from 9.6 to 25.1 nm by the OA 
concentration (from 0.12 to 0.95 M) and reaction temperature (from 308 to 319 °C). After three rounds of purification 
with hexane and acetone as a solvent/antisolvent pair, the NCs were dispersed in hexane. 
Synthesis of NaGdF4 NCs. Hexagonal phase NaGdF4 NCs were synthesized by thermal decomposition of gadolinium 
trifluoroacetate in the presence of sodium fluoride in OA/ODE (1 to 1 by volume) mixture at 312 °C for 1 h, adopting 
reported procedure53. Larger NCs were obtained with lower Na-to-Gd ratios. After four washing steps with hexane and 
ethanol, the NCs were dispersed in hexane. 
Synthesis of truncated cubic PbS NCs. 10.7 and 11.7 nm PbS NCs were synthesized by the reaction of lead oleate 
and sulfur at 200 and 205 °C, respectively, following reported procedure54. The NCs were washed four times with 
hexane and ethanol and dispersed in hexane. 
Synthesis of LaF3 NCs. 9.2-26.5 nm (diameter) LaF3 nanodisks were synthesized by thermal decomposition of 
lanthanum trifluoroacetate in the presence of lithium fluoride in OA/ODE mixture (1:1 by volume) at 300 °C by the 
varying reaction time, similar to Ref.43. After three washing cycles with hexane and ethanol, the NCs were dispersed 
in hexane. 
Preparation of multicomponent SLs. Self-assembly of NCs was carried out using a drying-mediated method on three 
kinds of substrates: carbon-coated TEM grids (carbon type B, Ted Pella, Formvar protective layer was removed by 
immerging the grid in toluene for 10 s), silicon nitride membranes (TEMwindows) and HF-treated silicon. A mixture 
of NCs in anhydrous toluene had an overall particle concentration of 0.5-2 μM and NC number ratios in the range of 
0.5-20. 28-35 μl of NC mixture was transferred into a tilted 1.5 ml glass vial with a substrate inside. The solvent was 
evaporated under 0.45 atm pressure at room temperature. For example, binary ABO3-, AlB2- and NaCl-type SLs with 
high yields were formed on TEM grids upon slow drying of a solutions prepared by mixing 19.8 nm Fe3O4 NCs 
(40 mg/ml, 3.5 μl) and 8.6 nm CsPbBr3 NCs (3.0 μM; 4.5 μl, 2.4 μl and 1.6 μl, respectively) with anhydrous toluene 
(25 μl). 
Electron microscopy characterization. TEM and HAADF-STEM images as well as ED and small-angle ED patterns 
were collected with the use of JEOL JEM2200FS microscope operating at 200 kV accelerating voltage. Owing to the 
small wavelength of electrons (2.51 pm at 200 keV) the Bragg angles in ED are also small and, as a consequence, only 
lattice planes which are nearly parallel to the incident electron beam contribute to the diffraction pattern (electron beam 
is normal to the plane of the ED pattern). EDX-STEM maps and HAADF-STEM images at different tilt angle were 
recorded using an FEI Titan Themis microscope operated at 300 kV equipped with a SuperEDX detector, with the aid 
of a motorized dual-axis tomography holder. Electron tomography was carried out in HAADF-STEM mode at 300 kV 
using a small beam semi-convergence angle of 2.5 mrad, in order to increase the depth of field. Images were recorded 
over a tilt angle range from -74° to +74° in intervals of 2°. Reconstruction was done using the SIRT algorithm. The 
tomogram was recorded on a SL slightly inclined in respect to the electron beam, self-assembled on holey carbon 
coated TEM grid (Agar Scientific). TEM and electron diffraction images were compared with the ones simulated in 
Crystal Maker 10.4.5 and Single Crystal 3.1.5 software, purchased from CrystalMaker Software Ltd. SEM images 
were obtained on a FEI Helios 660 operated at 3 kV using immersion mode. 
GISAXS characterization. GISAXS measurements were performed at the Austrian SAXS beamline of the electron 
storage ring ELETTRA using a photon energy of 8 keV55. The beamline setup was adjusted to a sample-to-detector 
distance of 1824 mm to result in an accessible horizontal q-range of -1.2 < qH < 1.8 nm–1 and vertical q-range of -
0.1 < qV < 2.9 nm–1. The X-ray beam was collimated to a spot-size at sample of approx. 200 × 200 μm. All images 
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were recorded using the Pilatus 1M detector (Dectris, Switzerland) with an exposure time of 10 s per image. Reference 
patterns to calibrate the q-scale were collected of silver-behenate (d-spacings of 5.838 nm). Samples were mounted on 
a 2-axis goniometer stage with 0.001° angular precision, allowing us to ensure an incidence angle of 0.04° for all 
measurements (determined by alignment of the specular reflection on the detector). All presented data was corrected 
for fluctuations of the primary intensity. Data treatment was done using the NIKA2D56 (geometry correction and 
calibration) as well as GIXSGUI57 (lattice indexing) software packages. 
Optical properties of CsPbBr3 NCs. Optical absorption spectra were measured with Jasco V770 spectrometer in 
transmission mode. PL spectra were measured in a 90-degree configuration using Horiba Fluoromax-4P+ equipped 
with a photomultiplier tube and a monochromatized 150 W Xenon lamp as an excitation source. The PL quantum yield 
of the samples was measured in Hamamtsu Quantaurus-QY Plus UV-NIR absolute PL spectrometer (C13534-11) 
equipped with an integrating sphere. The SLs for PL quantum yield measurements were assembled on the square 
5 mm × 5 mm sapphire substrates. 
Optical spectroscopy of SLs. For PL and time-resolved PL (Fig. 5 and Extended Data Figs. 9, 10), the sample was 
mounted in a Helium exchange-gas cryostat at 5 K (or higher temperature by using a heater when otherwise specified). 
A frequency-doubled regenerative amplifier seeded with a mode-locked Ti:sapphire laser with a pulse duration of 100–
200 fs and a repetition rate of 1 kHz at 3.1 eV photon energy was used as excitation source after passing through short-
pass filters (442 nm cut-off wavelength). For both excitation and detection, we used the same focusing lens with 
100 mm focal length, resulting in an excitation spot radius of about 60 μm. The recorded PL was long-pass filtered 
(480 nm cut-off wavelength) and then dispersed by a grating with 150 lines per mm in a 0.3 m-long monochromator 
and detected with a streak camera with nominal time resolution of 2 ps and instrument response function FWHM of 
4 ps. The time-integrated PL spectra were recorded by a 0.5 m-long spectrograph with a grating with 300 lines per mm 
and a nitrogen-cooled CCD camera. 
 
52. Park, J. et al. Ultra-large-scale syntheses of monodisperse nanocrystals. Nat. Mater. 3, 891-895 

(2004). 
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Extended Data Fig. 1 | Structural characterization of a binary ABO3-type SL comprising 8.6 nm CsPbBr3 and 
14.5 nm Fe3O4 NCs (γ = 0.541). a, Low magnification TEM image showing large size of SL domains and 
homogeneous coverage over carbon-coated TEM grid. b, Zoomed-in TEM image from the area indicated by the box 
in a; upper inset presents higher-magnification TEM image; bottom inset is a small-angle ED pattern from a single SL 
domain in [001]SL projection. c, HAADF-STEM image of a [001]SL-oriented domain. d, EDX elemental maps of a 
[001]SL-oriented domain for Fe (grey, K-line) and Pb (blue, L-line). e, EDX line scans taken along the line shown in 
d. f, 2D GISAXS pattern showing long-range order. The SL reflections can be indexed using a tetragonal (P4/mmm) 
lattice: white markers correspond to the theoretical diffraction peak positions of an a = b = 20.5 nm and c = 19.0 nm 
unit cell (red markers show the corresponding Laue-type diffraction pattern). 
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Extended Data Fig. 2 | Binary ABO3-type SL assembled from 8.6 nm CsPbBr3 and 16.5 nm NaGdF4 NCs 
(γ = 0.486). a, b, TEM images at different magnification of a SL domain deposited on carbon-coated TEM grid, inset 
in b is HAADF-STEM image. c, ED pattern from an area displayed in b. ED reflections from CsPbBr3 confirm ABO3 
structure of the SL. d, e SEM images at different magnification showing large-area coverage of the silicon substrate 
by binary SL domains. f, Tilted SEM image revealing thickness of the SL domain. PL quantum yield of ABO3-type 
binary SL assembled from 8.6 nm CsPbBr3 and 16.5 nm NaGdF4 NCs on sapphire substrates is ~50% and rises above 
70% upon cooling with liquid nitrogen. 
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Extended Data Fig. 3 | AlB2-type binary SLs from (b-d) 5.3 nm CsPbBr3 NCs combined with 12.5 nm Fe3O4 NCs 
(γ = 0.353) and (e, f) 8.6 nm CsPbBr3 NCs combined with 19.8 nm Fe3O4 NCs (γ = 0.414). a, AlB2 unit cell, along 
with crystallographic models of [001]- and [120]-oriented AlB2 lattices. Fe3O4 shown as grey spheres and CsPbBr3 – 
blue cubes. b, TEM image of a SL domain in [001]SL orientation. c, e, TEM images of SL domains in [120]SL 
orientation, along with the corresponding (d, f) ED patterns; inset in c shows HAADF-STEM image. The presence of 
orthogonal reflections from (110) and (111) lattice planes of CsPbBr3 indicates alignment of nanocubes within the SL 
such that [111] and [110] crystallographic directions of CsPbBr3 orient along [001]SL and [100]SL, respectively. 
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Extended Data Fig. 4 | Ternary ABO3-type SL domains with (a-d) [112]SL, (e, f) [111]SL and (g, h) [110]SL 
crystallographic orientations assembled from 8.6 nm CsPbBr3, 10.7 nm PbS NCs and 19.8 nm Fe3O4 NCs. a, e, 
g, HAADF-STEM images; insets show higher magnification images. b, TEM image of the [112]SL-oriented domain, 
along with the corresponding (c) small-angle ED and (d) ED patterns; colour of diffraction arcs matches the NC 
orientations sketched as an inset (electron beam is normal to the plane of view). f, h, HAADF-STEM images and 
corresponding EDX-STEM maps for Fe (grey, K-line), S (red, K-line), Pb (blue, L-line), Cs (green, L-line) and Br 
(yellow, K-line). 
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Extended Data Fig. 5 | HAADF-STEM tilting series around (a) [010]SL and (b) [110]SL axes of a ternary ABO3-
type SL comprising 8.6 nm CsPbBr3, 10.7 nm PbS and 19.8 nm Fe3O4 NCs. HAADF-STEM images of a SL domain 
at different tilting angles match well the corresponding projections of the CaTiO3 structure. 
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Extended Data Fig. 6 | Transition from binary ABO3 SL comprising 8.6 nm CsPbBr3 NCs and 19.8 nm Fe3O4 
NCs to ternary ABO3 SL comprising 8.6 nm CsPbBr3 NCs and 25.1 nm Fe3O4 upon incorporation of 10.7-
11.7 nm truncated cubic PbS NCs. a, TEM image and corresponding (b) ED pattern of a single binary [001]SL-
oriented domain assembled from 8.6 nm CsPbBr3 and 19.8 nm Fe3O4 NCs; inset in a: model of binary ABO3 lattice. c, 
TEM image and corresponding (d) ED pattern of a single ternary [001]SL-oriented domain assembled from 8.6 nm 
CsPbBr3 NCs, 10.7 nm PbS NCs and 19.8 nm Fe3O4 NCs; inset in c: model of ternary ABO3 structure showing the 
formation of solid solution by substitution of CsPbBr3 NCs on the B-site of the lattice by PbS NCs. The number ratio 
of PbS to CsPbBr3 NCs in the mixture is too small to form exclusively ternary SL, as a result, both CsPbBr3 and PbS 
NCs are present on B-sites as is evident from ED patterns. In the ED of partially ternary lattice the intensity of (110) 
reflection "1d", which originates only from centre CsPbBr3, is weakened, compared to reflection "1b" in ED of binary 
SL, since the number of perovskite NCs on B-sites is reduced. Whereas the intensity of (220) reflection "2d" which 
originates from both CsPbBr3 and PbS NCs located on B-sites is enhanced compared to reflection "2b" in ED of binary 
SL, as the scattering from PbS NCs, which contribute to this peak, is stronger than from CsPbBr3 lattice. As the degree 
of substitution increases, (111), (200), and (220) ED reflections for CsPbBr3 and PbS NCs add up (because of similar 
lattice parameters) and give rise to higher intensity, while the (100) and (110) reflections, to which PbS NCs do not 
contribute due to their Fm3�m symmetry, eventually vanish (see also Fig. 4d and Supplementary Figs. 5q, t). e, TEM 
and HAADF-STEM (bottom inset) images of a single ternary [001]SL-oriented ABO3 domain assembled from 8.6 nm 
CsPbBr3, 11.7 nm PbS and 25.1 nm Fe3O4 NCs, along with the respective (f) ED and (inset) small-angle ED patterns; 
upper inset in e: model of ternary ABO3 lattice. 25.1 nm Fe3O4 NCs are too large to form binary ABO3-type SL, 
however the addition of 11.7 nm truncated cubic PbS NCs makes stable ternary ABO3-type SL. 
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Extended Data Fig. 7 | Ternary ABO3-type SL domains assembled from 8.6 nm CsPbBr3, 11.7 nm PbS NCs and 
21.5 nm Fe3O4 NCs. a, TEM image of a single SL domain in [001]SL orientation, together with the corresponding 
(inset) small-angle ED and (b) ED patterns. c, Low and high magnification HAADF-STEM images of [001]SL-oriented 
domains. d, e, HAADF-STEM images of [101]SL- and [112]SL-oriented domains, respectively. 
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Extended Data Fig. 8 | TEM images and structural models of columnar binary SLs assembled from 5.3 nm 
CsPbBr3 cubes and LaF3 nanodisks. a, AB(I)-type SL comprising 16.6 nm LaF3 NCs. b, AB2(I)-type SL comprising 
26.5 nm LaF3 NCs. c, ABx-type SL comprising 12.5 nm LaF3 NCs. d, AB(II)-type SL comprising 9.2 nm LaF3 NCs. 
e, AB2(II)-type SL comprising 12.5 nm LaF3 NCs. f, AB6-type SL comprising 21.0 nm LaF3 NCs. Six different 
columnar structures have been observed, as a result of adjusting the cube-to-disk size- and number-ratios. Interestingly, 
none of these structures had been reported for disks + spheres systems and also not observed by us, highlighting the 
crucial role that cubic shape plays for the formability of these structures (due to much higher resulting packing density 
compared to disks + spheres). The yield and the lateral extent of the SL grains are, however, considerably smaller than 
those of ABO3- and NaCl-type SLs and require further optimization. 
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Extended Data Fig. 9 | Luminescence spectroscopy of ABO3-type binary SLs, made from 8.6 nm CsPbBr3 and 
16.5 nm NaGdF4 NCs, on a carbon-coated Cu grid. a, PL spectrum where similarly to Fig. 5 of the Main Text, the 
PL spectrum is composed of two bands (coupled and uncoupled NCs). b, PL intensity for the uncoupled NCs (blue 
circles) and coupled NCs (red circles) bands, in a log-log plot. Fits to the data (red solid lines) reveal a sub-linear 
behaviour, with fitted power-law exponents m of approximately 0.4-0.5, unlike to Si3N4 as a substrate, attesting the 
occurrence of non-radiative processes at higher fluences, pointing to much enhanced SL-substrate interaction in the 
case of a conductive carbon film. c, Streak camera images obtained with an excitation fluence of 175 µJ/cm2. Contrary 
to the results reported in the Main Text for ABO3-type SLs on Si3N4-membranes, no evidence of drastic shortening or 
time oscillations could be found. Furthermore, a pronounced dynamic redshift characterizes the initial decay which 
could be related to thermal effects (rapid cooling after heating through the excitation pulse). This is in stark contrast 
with typical SF spectral dynamic, reported in Fig. 5 of the Main Text and in Ref.13, which exhibits a dynamic blueshift 
versus time13. d, Spectrally-integrated time-resolved emission intensity traces for two excitation fluences, 8 μJ/cm2 and 
175 μJ/cm2 respectively. Although a slight shortening of the decay is clearly observed, this is probably due to a non-
radiative process, presumably energy transfer to the substrate, given the sublinear fluence-dependence observed in b 
and reduction of fluorescence lifetime of uncoupled NCs from 350 ps to about 100 ps even at low fluences. Carbon-
coated grids might introduce absorbing states, which strongly influence the exciton dynamics and the onset of SF 
emission. This pronounced substrate effect is unsurprising given that SLs are morphologically two-dimensional, being 
≤ 10 unit cells in thickness. 
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Extended Data Fig. 10 | Emission properties of different binary SLs comprising 8.6 nm perovskite NCs. Fluence-
dependent PL and time-resolved PL traces for (a, b) NaCl-type SLs employing 18.6 nm NaGdF4 NCs, (d, e) ABO3-
type SLs employing 15.2 nm NaGdF4 NCs and (g, h) ABO3-type SLs employing 19.5 nm NaGdF4 NCs. Typical streak 
camera images obtained at high fluences are reported in c, f, i for NaCl- and ABO3-type SLs, respectively. See 
Supplementary Note 4 for the discussion of results. 
 


