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            Abstract
Organicâ€“inorganic lead halide quasi-two-dimensional (2D) perovskites are promising gain media for lasing applications because of their low cost, tunable colour, excellent stability and solution processability1,2,3. Optically pumped continuous-wave (CW) lasing is highly desired for practical applications in high-density integrated optoelectronics devices and constitutes a key step towards electrically pumped lasers4,5,6. However, CW lasing has not yet been realized at room temperature because of the â€˜lasing deathâ€™ phenomenon (the abrupt termination of lasing under CW optical pumping), the cause of which remains unknown. Here we study lead halide-based quasi-2D perovskite films with different organic cations and observe that long-lived triplet excitons considerably impede population inversion during amplified spontaneous emission and optically pumped pulsed and CW lasing. Our results indicate that singletâ€“triplet exciton annihilation is a possible intrinsic mechanism causing lasing death. By using a distributed-feedback cavity with a high quality factor and applying triplet management strategies, we achieve stable green quasi-2D perovskite lasers under CW optical pumping in air at room temperature. We expect that our findings will pave the way to the realization of future current-injection perovskite lasers.
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                    Fig. 1: Chemical structures and ASE properties of P2F8 and N2F8 films on fused silica.[image: ]


Fig. 2: DFB cavity and pulsed lasing properties of P2F8 and N2F8 films.[image: ]


Fig. 3: CW lasing characteristics of P2F8 and N2F8 films.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Proposed energy-transfer mechanisms in a quasi-2D perovskite system under photoexcitation.
All components of the quasi-2D perovskite can be excited by ultraviolet light. The excitons are formed in the inorganic layer [PbBr6]4âˆ’, with 2D (nÂ =Â 1) and quasi-2D (nÂ =Â 2â€“8) perovskites producing both singlet (S1) and triplet (T1) states. The singlets are rapidly transferred to high-dimensionality perovskite emitters (nÂ =Â 8). In the case of N2F8, the triplets efficiently transfer to the NMA because of its lower triplet energy, and become confined because of the short distance of Dexter energy transfer. Transfer of triplet excitons to the PEA is negligible because of its high triplet energy, so the triplets can transfer to higher-dimensionality grains and remain in the P2F8 emitter. Î“1 and Î“2 are the triplet energy levels of the inorganic layer [PbBr6]4âˆ’; Î“5 is the singlet energy level of the inorganic layer [PbBr6]4âˆ’; VB, valence band.


Extended Data Fig. 2 Photoluminescence (PL) decay curves of N2F8 and P2F8 films.
Data taken at room temperature under vacuum.


Extended Data Fig. 3 X-ray diffraction patterns of N2F8 and P2F8 films.
a.u., arbitrary units.


Extended Data Fig. 4 Temperature dependence of ASE spectra for P2F8 and N2F8 films with amplified ASE peak region.
The data shown were obtained at temperatures from 20 to 300Â K in 20-K steps.


Extended Data Fig. 5 DFB cavity for N2F8- and P2F8-based laser devices and lasing spectra.
a, Gratings with grating pitches of 240â€“260Â nm in 5-nm steps. b, c, Atomic force microscopy images of the P2F8 film on a grating (b) and a bare area (c). d, e, Lasing spectra of N2F8 (d) and P2F8 (e) on different gratings using film thicknesses of 70âˆ’110Â nm. We note that the lasing of some DFB gratings is absent owing to a high threshold or bad perovskite morphology.


Extended Data Fig. 6 Refractive index curves of N2F8 and P2F8.
Measured by spectroscopic ellipsometry.


Extended Data Fig. 7 P2F8 lasing under pulse pumping.
a, Operational stability of the P2F8 laser under continuous pulse pumping with an intensity of 10Â Î¼JÂ cmâˆ’2. b, Lasing behaviour of P2F8 in oxygen and nitrogen.


Extended Data Fig. 8 CW operation of the P2F8 laser.
a, Operational stability of the P2F8 laser under CW excitation with an intensity of 2Â kWÂ cmâˆ’2. b, Lasing spectra before (black) and after (red) continuous pumping.


Extended Data Fig. 9 Lasing stability under CW operation in alternating air and nitrogen atmospheres with an excitation intensity over the threshold at room temperature.
a, P2F8; b, N2F8.
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