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            Abstract
The stability of solution-processed semiconductors remains an important area for improvement on their path to wider deployment. Inorganic caesium lead halide perovskites have a bandgap well suited to tandem solar cells1 but suffer from an undesired phase transition near room temperature2. Colloidal quantum dots (CQDs) are structurally robust materials prized for their size-tunable bandgap3; however, they also require further advances in stability because they are prone to aggregation and surface oxidization at high temperatures as a consequence of incomplete surface passivation4,5. Here we report ‘lattice-anchored’ hybrid materials that combine caesium lead halide perovskites with lead chalcogenide CQDs, in which lattice matching between the two materials contributes to a stability exceeding that of the constituents. We find that CQDs keep the perovskite in its desired cubic phase, suppressing the transition to the undesired lattice-mismatched phases. The stability of the CQD-anchored perovskite in air is enhanced by an order of magnitude compared with pristine perovskite, and the material remains stable for more than six months at ambient conditions (25 degrees Celsius and about 30 per cent humidity) and more than five hours at 200 degrees Celsius. The perovskite prevents oxidation of the CQD surfaces and reduces the agglomeration of the nanoparticles at 100 degrees Celsius by a factor of five compared with CQD controls. The matrix-protected CQDs show a photoluminescence quantum efficiency of 30 per cent for a CQD solid emitting at infrared wavelengths. The lattice-anchored CQD:perovskite solid exhibits a doubling in charge carrier mobility as a result of a reduced energy barrier for carrier hopping compared with the pure CQD solid. These benefits have potential uses in solution-processed optoelectronic devices.
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                    Fig. 1: Epitaxial alignment between caesium lead halide perovskite and CQDs.[image: ]


Fig. 2: Stability of CQD-anchored caesium lead halide perovskites.[image: ]


Fig. 3: Changes in CQD packing density and uniformity at elevated temperatures.[image: ]


Fig. 4: Carrier transfer and energetics within lattice-anchored CQD-in-perovskite hybrid solids.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Morphology of CQD:perovskite hybrid films.
a, Photographs of as-prepared CsPbBr2I films with 0, 10 and 20 vol% of CQDs (from left to right). b, Photographs of as-prepared CsPbBrI2 films with 0, 10 and 20 vol% of CQDs (from left to right). c–f, SEM images of the pure CsPbBr2I film (c) and CQD:CsPbBr2I hybrid films with 10 vol% (d), 20 vol% (e) and 33 vol% (f) CQD. At low CQD loading (10 vol%), no significant changes were observed in grain size. This argues against a main role for grain size on stability. When CQD loading is higher than 20 vol%, a smaller grain size is observed, which is consistent with the XRD peak broadening shown in Fig. 1c.


Extended Data Fig. 2 EDX mapping and elemental analysis of CQD:CsPbBr2I hybrid films.
a–c, EDX mapping of CsPbBr2I films with 10 vol% (a), 20 vol% (b) and 33 vol% (c) CQDs. d–f, Elemental analysis of films in a–c, respectively. An aluminium specimen holder was used for the measurement, resulting in a strong Al signal in the EDX analysis. The energy peak of AlKα (1.486 keV) overlaps with BrLα (1.480 keV) in the EDX spectra. To avoid sample damage, an accelerating voltage of 10 keV was used, which is unable to detect the signal from BrKα (11.922 keV). As a result, we cannot ascertain the elemental ratio of Br in the film. The values from the experiments and calculations are presented in the inset tables. The elemental ratios are normalized to Pb.


Extended Data Fig. 3 X-ray diffraction of the CQD:CsPbBr2I films.
a, Two-dimensional GIWAXS patterns of CQD:CsPbBr2I films. b, Azimuthal integrated line profile along the qz axis.


Extended Data Fig. 4 Morphological and structural characterization of CQD:perovskite hybrid structures.
a, b, HRTEM (a) and fast Fourier transform (b) images of PbS quantum dots with a thin CsPbBrI2 perovskite shell. The shell has a lower contrast than the CQDs, as CsPbX3 has a lower density than PbS. c, d, Scanning TEM images and EELS elemental mapping of a CQD/CsPbBrI2 core–shell structure (c) and a CQD-in-CsPbBrI2-matrix structure (d).


Extended Data Fig. 5 Stability studies of lattice-anchored and control materials system.
a, Stability of the lattice-anchored perovskite with mixed halides. The film stability is improved from a couple of days to several months. For Br content higher than 33%, the perovskite film could be stabilized in room ambient conditions for more than 6 months without any degradation. b, Stability of the lattice-anchored α-phase CsPbI3. The fabrication of CsPbI3 films follows a reported method (ref. 2), which exhibits 1,000-h air stability for the pure perovskite matrix. CQDs further enhanced the stability to greater than 6 months, showing the compatibility of this strategy with previous methods. c, d, Thermal stability studies of methylammonium lead iodide (MAPbI3) films with and without CQDs, as a control material. Absorption spectra of pure MAPbI3 (c) and MAPbI3 with 10 vol% CQDs (d) before and after annealing in ambient air. The degradation of MAPbI3 perovskite arises from the volatility of organic components. The CQD:MAPbI3 film does not show any improvement in thermal stability compared with pure MAPbI3. The reduced and broadened excitonic peak of PbS shows an increase in CQD aggregation.


Extended Data Fig. 6 GISAXS 2D pattern of the matrix-protected CQD films and pristine films measured at room temperature.
a, Matrix-protected CQD film. b, Pristine film.


Extended Data Fig. 7 Photophysical studies of CQD-in-matrix hybrid films.
a, Absorption spectra of CsPbBrI2 film with and without CQDs embedded. b, PL quenching at perovskite emission range. When CQDs are embedded, the PL signal from perovskite is completely quenched, showing an efficient carrier transfer from the matrix to the CQDs. c, PL quantum yield of CQD-in-matrix films at different CQD ratios.


Extended Data Fig. 8 Mobility studies of matrix-protected CQD films and pristine CQDs from the dependence of the carrier lifetime on trap percentage.
a, c, Time traces at the exciton bleach peak of 960-nm-bandgap CQD donor films with a range of acceptor CQD concentrations, increasing from top (0%) to bottom (5%). b, d, Data with fits after subtracting Auger dynamics from the pure donor film, with fitted values for lifetime and offset. A, absorption.


Extended Data Fig. 9 CQD solar cell devices.
a, Device architecture. b–d, Solar cell performance. Dark blue curves represent the matrix-infiltrated CQD samples, and the light blue curves represent the pure CQD samples. b, Current density versus voltage (J–V) curves. c, EQE. d, Stability test with continuous AM1.5G illumination unencapsulated. oc, open circuit; sc, short circuit; FF, fill factor; MPP, maximum power point.


Extended Data Table 1 Photophysical parameters of lattice-anchored hybrid materialFull size table
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