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Neutron detection materials are indispensable in nuclear security, radioactive waste management, and fundamental research in particle physics. They play a vital role in ensuring safety, enabling precise measurements, and advancing scientific discovery. While solid-state multimodal scintillators have emerged as promising alternatives to traditional 3He gas detectors, the development of scintillators that are free from intrinsic radioactive background while simultaneously offering high light yield, excellent energy resolution, and effective particle discrimination remains a significant challenge. In this work, we propose a novel strategy to address this issue by introducing lithium—an element with a high neutron capture cross-section and significant reaction energy—into highly radiative self-trapped exciton (STE) scintillators. Specifically, high-quality Cs3Cu2I5:Tl,Li single crystals grown by the Bridgman method exhibit an ultrahigh light yield of 81,000 ph/MeV under 137Cs excitation and approximately 200,000 ph/n under 252Cf irradiation—the highest value reported to date for multimodal scintillators—together with an energy resolution of 4.2% at 662 keV and a neutron–gamma discrimination figure of merit (FoM) up to 2.8. Positron annihilation spectroscopy and thermoluminescence analyses reveal how lithium codoping influences the defect landscape, establishing a clear relationship between lithium concentration and scintillation efficiency. A performance benchmark comparison shows that Cs3Cu2I5:Tl,Li significantly outperforms Cs2LiYCl6:Ce (CLYC) and NaI:Tl,Li, with Cs3Cu2I5:Tl,Li exhibiting superior performance in several key metrics. This work successfully achieves high-performance neutron detection and discrimination by integrating neutron-absorbing elements into zero-dimensional halide scintillators, offering a promising pathway for the design of next-generation neutron detection materials.
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