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            Abstract
Light-emitting diodes (LEDs) based on perovskite quantum dots have shown external quantum efficiencies (EQEs) of over 23% and narrowband emission, but suffer from limited operating stability1. Reduced-dimensional perovskites (RDPs) consisting of quantum wells (QWs) separated by organic intercalating cations show high exciton binding energies and have the potential to increase the stability and the photoluminescence quantum yield2,3. However, until now, RDP-based LEDs have exhibited lower EQEs and inferior colour purities4,5,6. We posit that the presence of variably confined QWs may contribute to non-radiative recombination losses and broadened emission. Here we report bright RDPs with a more monodispersed QW thickness distribution, achieved through the use of a bifunctional molecular additive that simultaneously controls the RDP polydispersity while passivating the perovskite QW surfaces. We synthesize a fluorinated triphenylphosphine oxide additive that hydrogen bonds with the organic cations, controlling their diffusion during RDP film deposition and suppressing the formation of low-thickness QWs. The phosphine oxide moiety passivates the perovskite grain boundaries via coordination bonding with unsaturated sites, which suppresses defect formation. This results in compact, smooth and uniform RDP thin films with narrowband emission and high photoluminescence quantum yield. This enables LEDs with an EQE of 25.6% with an average of 22.1â€‰Â±1.2% over 40 devices, and an operating half-life of two hours at an initial luminance of 7,200â€‰candela per metre squared, indicating tenfold-enhanced operating stability relative to the best-known perovskite LEDs with an EQE exceeding 20%1,4,5,6.
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                    Fig. 1: Distribution control strategy.[image: ]


Fig. 2: Optical characteristics.[image: ]


Fig. 3: NMR, XPS and FTIR studies.[image: ]


Fig. 4: LED performance.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Characteristics of control, TPPO-treated and TFPPO-treated RDPs.
aâ€“c, GIWAXS profiles. dâ€“f, Excitation power-dependent PLQY of control, TPPO-treated and TFPPO-treated RDPs with and without PMMA additives. g, Time-resolved PL decay curves. h, Photostability under continuous excitation using a laser diode (365 nm, aboutÂ 180 mW cm-2) in a nitrogen-filled glovebox. The half-lives are 6Â nm, 13Â nm and 65â€‰min, respectively. i, XRD profiles. The crystallite sizes calculated using theÂ Scherrer equation are 11.4Â nm, 7.5Â nm and 6.5 nm, respectively.


Extended Data Fig. 2 Optical characteristics of TPP-treated and TFPP-treated RDPs.
a, TA spectra at a delay time ranging from 0 psÂ to 50 ps. b, TA spectra at delay times of 1Â ps, 2Â ps, 5Â ps, 10Â ps and 50 ps. c, PL spectra. The inset shows the chemical structure of TPP and TFPP, respectively.


Extended Data Fig. 3 Film morphology.
Top-view SEM and AFM images of control, TPPO-treated and TFPPO-treated RDP thin films with and without PMMA additives.


Extended Data Fig. 4 Density functional theory simulations.
a, TFPPO binding with the unsaturated lead dangling bonds at the perovskite edge through P=O:Pb and forming hydrogen bonds with the ammonium tails of the PEA organic cations (N-Hâ€¦F) shows a binding energy of 1.88 eV. b, TFPPO with only P=O:Pb (no N-Hâ€¦F) shows a binding energy of 1.23 eV.


Extended Data Fig. 5 Ultraviolet photoelectron spectroscopy characteristics.
a, Second electron cut-off. b, Valence band spectra of control, TPPO-treated and TFPPO-treated RDPs (from left to right).


Extended Data Fig. 6 Supplementary LED characteristics.
a, Luminance versus current density curves; b, EL spectra of LEDs based on control, TPPO-treated and TFPPO-treated RDPs. c, Box plot of 40 devices based on TFPPO-treated RDPs (made across four batches). d, e, Angle-dependent EL intensity and spectra of LEDs based on TFPPO-treated RDPs. f, EQE versus current density curves of commercial OLEDs measured in our lab at Huaqiao University (HQU) and at the National Institute of Metrology (NIM) of China.


Extended Data Fig. 7 Optical modelling.
a, TEM image of LEDs based on TFPPO-treated RDPs, top-view SEM and AFM images of the PEDOT:PSS:PFI layer on ITO substrates. b, Refractive indices of the HTL, RDP and ETL layers for numerical simulations. c, Power dissipation channels for planar LEDs (left), outcoupling efficiency of planar LEDs as a functional of ERCL (middle) and power dissipation channels for LEDs with a randomly-nanostructured interface between HTL and RDPs (right).


Extended Data Table 1 Performance of reported green perovskite LEDs having EQE exceeding 20%Full size table
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