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            Abstract
An ensemble of emitters can behave very differently from its individual constituents when they interact coherently via a common light field. After excitation of such an ensemble, collective coupling can give rise to a many-body quantum phenomenon that results in short, intense bursts of light—so-called superfluorescence1. Because this phenomenon requires a fine balance of interactions between the emitters and their decoupling from the environment, together with close identity of the individual emitters, superfluorescence has thus far been observed only in a limited number of systems, such as certain atomic and molecular gases and a few solid-state systems2,3,4,5,6,7. The generation of superfluorescent light in colloidal nanocrystals (which are bright photonic sources practically suited for optoelectronics8,9) has been precluded by inhomogeneous emission broadening, low oscillator strength, and fast exciton dephasing. Here we show that caesium lead halide (CsPbX3, X = Cl, Br) perovskite nanocrystals10,11,12,13 that are self-organized into highly ordered three-dimensional superlattices exhibit key signatures of superfluorescence. These are dynamically red-shifted emission with more than 20-fold accelerated radiative decay, extension of the first-order coherence time by more than a factor of four, photon bunching, and delayed emission pulses with Burnham–Chiao ringing behaviour14 at high excitation density. These mesoscopically extended coherent states could be used to boost the performance of opto-electronic devices15 and enable entangled multi-photon quantum light sources16,17.
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                    Fig. 1: Schematic of the build-up process of SF.[image: ]


Fig. 2: Formation of CsPbX3 (X = Cl, Br) NC superlattices by drying-mediated self-assembly.[image: ]


Fig. 3: Optical properties of CsPbBr3 QD superlattices.[image: ]


Fig. 4: First- and second-order coherence properties of CsPbBr3 QD superlattices.[image: ]


Fig. 5: Burnham–Chiao ringing behaviour of CsPbBr3 QD superlattices.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Quantitative analysis of CsPbBr3 NC size distribution.
a, Low-resolution TEM image of the NC material used to prepare the superlattices. b, Histogram of NC sizes (of >100 NCs) as obtained from TEM image analysis. The solid line is a fit with a normal distribution, and the given mean size (9.45 nm) and standard deviation (0.41 nm) are obtained from this fit.


Extended Data Fig. 2 HAADF-STEM image of a single superlattice of CsPbBr3 NCs.
Individual NCs (bright spots in the image) are well-resolved.


Extended Data Fig. 3 PL excitation measurement of CsPbBr3 QD superlattices.
Using a weak, tunable excitation source, we plot the PL intensity (black circles) obtained at 2.30 eV photon energy as a function of excitation photon energy. The shaded areas are Gaussian peak fits. This PL excitation measurement shows that the coupled QD feature (red) is also present in absorption, in addition to the peak from uncoupled QDs (blue) and energetically higher states.


Extended Data Fig. 4 Power-dependent PL properties of CsPbBr3 QD superlattices.
a, Colour-coded PL emission in the low-power excitation regime, shown for increasing excitation fluence (in nJ cm−2) of 10 (light green), 60 (light blue), 150 (yellow) 310 (dark green) and 600 (dark blue). b, PL intensity integrated over the spectral emission range of the uncoupled QDs (‘QD intensity’, blue circles) and coupled QDs (‘SF intensity’, dark-red circles) in a log–log plot and the total emitted intensity (yellow circles). Fits to the data reveal linear behaviour, as represented by fitted power-law exponents m of approximately 1. c, Colour-coded PL emission in the high-power excitation regime, shown for increasing excitation fluence (in μJ cm−2) of 330 (light green), 1,270 (light blue), 2,130 (yellow), 3,470 (dark green) and 6,330 (dark blue). d, As b, but for the high-power excitation regime. Fits to the data reveal a power-law behaviour with a linear increase for the SF emission, a slightly sublinear increase for the uncoupled QDs and a less sublinear increase for the total emitted intensity.


Extended Data Fig. 5 Gaussian first-order coherence decay and photon bunching in pulsed excitation of CsPbBr3 QD superlattices.
a, First-order coherence of the coupled QD emission extracted from the fringe visibility of the interferograms as a function of delay time between the arms of a Michelson interferometer, revealing a mixture of Gaussian (Kubo) and exponential decay (for some of the superlattices). The red solid line is a fit with a mixed Gaussian/exponential model function. b, Second-order photon correlation measurement of the coupled QD emission from a single superlattice showing photon bunching at zero delay under pulsed excitation with a 40 MHz repetition rate.


Extended Data Fig. 6 SF in CsPbBr2Cl QD superlattices.
a, Band-pass filtered PL spectra of uncoupled QD emission (blue) and coupled QD emission (red) from CsPbBr2Cl perovskite superlattices. b, Second-order photon correlation measurements of uncoupled QD emission (top panel, g(2)(τ) = 1), showing a flat correlation function, and of coupled QD emission (lower panel, g(2)(0) = 1.15), showing photon bunching.


Extended Data Fig. 7 SF decay and dynamic red-shift of CsPbBr3 QD superlattices.
a, PL spectra (integrated over a 2 ps time window) at different time delays on a semi-log scale. b, The PL spectra are fitted to a single Gaussian peak function, and the fitted peak amplitude as a function of the emission energy is plotted for various excitation densities (see key). Green arrows indicate the time evolution of the emission peak. The black dashed line denotes the mean energy at the lowest excitation density, and the grey shaded area is the peak’s FWHM. c, Fitted peak centre energy as a function of time for various excitation densities (see key). d, Fast and slow PL decay time components τ1 and τ2 of the SF bi-exponential fit model as a function of excitation density on a semi-log plot. The error bars represent the parameters’ fit uncertainty.


Extended Data Fig. 8 Burnham–Chiao ringing behaviour in CsPbBr2Cl QD superlattices.
a, Streak camera image of SF dynamics obtained with a high excitation density of 1,600 μJ cm−2. b, Extracted time-resolved emission intensity traces for three different excitation powers (see key). Solid lines are best-fits to a model that employs a bi-exponential decay function with damped oscillations. c, Top, effective SF decay time (blue circles) as a function of the excitation fluence fitted according to the SF model (solid blue line). Middle, dark-red circles represent the peak SF emission intensity that increases superlinearly with excitation power, corresponding to a power-law dependence with an exponent α = 1.3 ± 0.1 (solid dark-red line). Bottom, the extracted delay time τD (green circles) decreases at high excitation power due to the increased interaction among the emitters. The green solid line is the best fit according the model described in the Methods section. The error bars represent the parameters’ fit uncertainty.


Extended Data Fig. 9 SF decay and dynamic red-shift of CsPbBr2Cl QD superlattices.
a, PL spectra (integrated over a 2 ps time window) at different time delays on a semi-log scale. b, The PL spectra are fitted to a single Gaussian peak function, and the fitted peak amplitude as a function of the emission energy is plotted for various excitation densities (see key). Green arrows indicate the time evolution of the emission peak. The black dashed line denotes the mean energy at the lowest excitation density, and the grey shaded area is the peak’s FWHM. c, Fitted peak centre energy as a function of time for various excitation densities (see key). d, Fast and slow PL decay time components τ1 and τ2 of the SF bi-exponential fit model as a function of excitation density. The error bars represent the parameters’ fit uncertainty.


Extended Data Fig. 10 PL decay from a control sample of diluted CsPbBr3 QDs.
a, Streak camera measurement of a control sample prepared by spin-coating a low concentration of CsPbBr3 QDs dispersed in polystyrene such that no QD coupling is realized. The excitation conditions were comparable to those used in Fig. 5 (an excitation density of 1,600 µJ cm−2 was used here). However, the relatively long decay time requires that a longer time range with a lower temporal resolution compared to the measurement in Fig. 5 has to be used on the streak camera. The absence of dynamic red-shift, accelerated decay and ringing proves that the observed SF features cannot be explained by single QD physics but are due to a multi-particle effect. b, Time-resolved PL trace (blue) obtained from these streak data. For direct comparison, the equivalent data from a superlattice sample exhibiting SF (Fig. 5b, 1,200 µJ cm−2) is shown (dark red). Inset, instrument response function of the streak camera. Using the same instrument settings as for the measurement on superlattices, the temporal response of the streak camera using scattered light from a 100-fs laser pulse at 400 nm gives a Gaussian-shaped instrument response with a FWHM of 4.3 ps (black circles); a Gaussian fit is shown as the red solid line.
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