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(c) 1D Organic—inorganic hybrid Cu-based halide structures

Polyhedral connection method
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(b) Some common anion structures of 0D Organic—inorganic

hybrid Cu-based halides
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(d) 2D Organic—inorganic hybrid Cu-based halide structures
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Fig. 2 Schematic diagrams of organic—inorganic hybrid Cu-based halide structures of different dimensions and several common
anion structures in 0D organic—inorganic hybrid Cu-based halides
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Table 1 Corresponding performance of white LED device based on organic—inorganic hybrid cuprous halides

Organic—inorganic hybrid Cu-based halide Color coordinates Color temperature/K References
(18-crown-6),Na,(H>0)3Cusls (0.3245, 0.3411) 5859 [20]
MA,CuCls (0.35, 0.37) 5000 [31]
[(C3H7)aN]:Culy (0.33, 0.35) 5648 [40]
(CgH14Nz)CuBr;3 (0.28, 0.27) 10 031 [50]
(Cy3H30N)>CusBry (0.36, 0.32) 4502 [48]
(C¢HsN)Cul, (0.329, 0.334) 5645 [35]
[(AMTA)(18C6)]2Cuals (0.31, 0.36) 6339 [60]
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Table 2 Performance of X-ray Application based on organic—inorganic hybrid cuprous halides

Organic—inorganic hybrid Cu-based halide Light yield/(photons-MeV ™) Detection limit/(nGyair s ') References
(TBA)CuCl, 23373 [38]
(TBA)CuBr, 24134 [38]
CoH;oNCuBrl 25000 404 [32]
(CgHoN),Cu,Bry 91300 52.1 [19]
(Bmpip),Cu,Bry 16000 710 [24]
PPh4CuBr, 5000 630 [24]
Cuglg(Li)2 32600 96.4 [61]

(L; = 1-propyl-1,4-diazabicyclo[2.2.2]octan-1-ium)
Cuylg(Lz)2 30500 102.1 [61]
(L, = 4-dimethylamino-1-ethylpyridinium)
C12HpgNCuCl, 36506 [62]
TPA,Cuyl4 40124 126 [63]
B-(MePh;P),Culs 16193 47.97 [18]
(CsH;sN),Cul; 79770 £ 1200 401.4 [48]
(C6H;sN),CuBr3 55700 = 900 50.8 [48]
(C12H30N2)2CusClio 42300 +700 72.1 [48]
(AMP),Cu,Br;4 92400 121 [36]
(TEA),Cul4 115000 167 [64]
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(a) A typical photo of the working device of (b) WLED coordinates according to the (c) Electroluminescence spectrum of WLED
WLED (prepared using a powder sample International Commission on Illumination prepared from [(C,H,),N],Cu,l,; and inset
of Cs;Cu,l5 and (DTA),Cu,l, with a (inset shows a photo of a WLED prepared shows a photo of the WLED
molar ratio of 1:2.8) by mixing (C¢H,,N,)CuBr; with other samples)
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a 3.5 cm diameter circuit board infrared camera when the near-infrared LED is and dualanti-counterfeiting
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Fig. 8 Applications of organic—inorganic hybrid Cu-based halides in white leds, X-ray imaging, near-infrared night vision imaging,
and anti-counterfeiting(!® 28 40, 50, 59, 67]
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Extended Abstract

As an emerging luminescent material, organic-inorganic hybrid metal halides have some advantages such as simple preparation
methods, good solution processability, and tunable structures. They exhibit excellent optoelectronic properties and show a promising
potential in cutting-edge applications such as solid-state lighting, anti-counterfeiting, scintillators, and detectors. Conventional
high-efficiency organic-inorganic hybrid metal halides are mainly lead-based, but they have limited performance in terms of humidity
and thermal stability, and the high toxicity of lead seriously restricts practical applications, necessitating a search for alternative
metals. Metals that can replace Pb include those with a ns? configuration (i.e., mainly Ge?*, Sn?*, Sb3*, Bi3", and Te*', etc.) transition
metals (i.e., Cu’, Zn?**, Ag", etc.) and rare-earth metals. Among them, organic-inorganic hybrid Cu-based halides have some
advantages such as low cost, simple synthesis methods, rich structures and luminescent properties, and high stability, making them
effective materials to replace conventional high-efficiency organic—inorganic Pb-based halides, gradually attracting much attention.

This review summarizes the different synthesis methods, structures, optical properties, and practical applications of
organic-inorganic hybrid copper-based halides in fields such as white LED lighting, X-ray imaging, near-infrared night vision
imaging, and anti-counterfeiting. Organic-inorganic hybrid Cu-based halides are simple to be synthesized by some methods such as
solvent evaporation, hydrothermal synthesis, cooling crystallization, anti-solvent diffusion, as well as more convenient methods like
grinding and ultrasonication. Different structures can be obtained via simply changing the reaction conditions during synthesis, giving
organic—inorganic hybrid Cu-based halides a significant advantage in synthesis. Organic—inorganic hybrid Cu-based halides are
composed of independent organic cations and metal halide anions, with Cu exhibiting multiple coordination configurations and
capable of forming various anionic structures with halide ions (i.e., Cl", Br", and I"). Common low-dimensional (0D, 1D, and 2D)
organic—inorganic hybrid Cu-based halides feature Cu in the inorganic part coordinated with halide ions in two-, three-, or
four-coordination numbers. After halide coordination, various units are formed, such as linear (CuXz), triangular (CuX3)>", and
tetrahedral (CuX4)®~ units. These units are further connected via sharing vertices, edges, or faces, and are periodically embedded into
the organic matrix. They can combine with different types of organic cations to form diverse structures, resulting in richer and more
tunable luminescent properties.

Organic—inorganic hybrid Cu-based halides possess a variety of luminescence mechanisms, such as self-trapped state emission,
cluster emission, metal or halogen to organic ligand charge transfer, halogen to metal charge transfer, and d°s'—d'? transitions of the
metal center (MC). The complex luminescence mechanisms endow organic-inorganic hybrid Cu-based halides with fascinating
optical properties, characterized by broad-band emission, large Stokes shifts, long lifetimes, and emission colors ranging from blue
light to near-infrared. This review discusses the characteristics of different luminescence mechanisms and provides a detailed analysis
of the effects of dimensional structures, types and sizes of organic cations, types of inorganic anions, types of halogens, crystal
orientations, and solvent responses on the luminescent properties of organic-inorganic hybrid Cu-based halide single crystals.
Subsequently, the applications of organic—inorganic hybrid Cu-based halides are studied. Organic-inorganic hybrid Cu-based halides
can be applied in numerous fields like WLEDs, X-ray imaging, near-infrared night vision imaging, and anti-counterfeiting due to their
low-cost synthesis, processability via solution methods, diverse structures, and tunable optical properties.

Summary and prospects Although a significant progress is made in the research on material design and luminescent properties of
organic—inorganic hybrid Cu-based halides, there are still some issues with organic—inorganic hybrid Cu-based halides that need to be
addressed. This review proposes some directions for future in-depth research. First, in future explorations of organic—inorganic hybrid
Cu-based halides, it is recommended for high-performance and widely applicable organic-inorganic hybrid Cu-based halides to design
structures and synthesize the related materials with specific performance targets. Second, a deeper exploration of the luminescence
mechanisms of organic-inorganic hybrid Cu-based halides is needed. Currently, the luminescence mechanisms of organic-inorganic
hybrid Cu-based halides are complex and diverse. Previous reports have not clearly clarified the mechanisms of metal-to-organic
ligand charge transfer and halogen-to-organic ligand charge transfer luminescence. Future studies can conduct more in-depth
discussions in this area. Then, a research on organic—inorganic hybrid Cu-based halide glasses should be increased. These glasses
have rich luminescent properties, but the existing research is limited. A future work can enrich studies in the field of
organic—inorganic hybrid Cu-based halide glasses. In addition, conventional films of organic—inorganic hybrid Cu-based halides used
for X-ray imaging face some problems such as particle aggregation and low transparency, restricting their practical application to
some extent. Glass materials with high optical transparency and processability can be made into transparent scintillator materials,
which are crucial for achieving high-resolution X-ray imaging. Finally, the applications of organic—inorganic hybrid Cu-based halides
should be expanded. Their practical applications should be enriched in fields such as WLEDs, X-ray imaging, near-infrared night
vision imaging, and anti-counterfeiting. For white WLEDs and X-ray imaging, exploring the value of practical applications requires
the development of novel systems. For near-infrared night vision imaging, there are currently few reports of organic-inorganic hybrid
Cu-based halides with near-infrared luminescence. In the future, more near-infrared luminescent materials can be explored to obtain
near-infrared night vision imaging materials with the excellent performance.
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