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                    Abstract
Halide perovskite is attracting significant attention in optoelectronic because of its unique properties. Lead-free halide perovskites, in particular, have been studied intensively for their nontoxicity. In addition to the attention given to lead-free halide perovskites, the manufacture of these materials on a quantum scale has also received considerable attention due to the quantum confinement effect. This review discusses the current status of lead-free, all-inorganic halide perovskite quantum dots (LFAIHP QDs). First, synthetic methods for producing quantum dots are introduced; then materials are discussed with a focus on tin, bismuth, antimony, copper-based and double perovskite quantum dots. The properties of these materials-such as their physical structure, optical properties, electrical properties, and stability-are discussed. The application of these materials for solar cells, light-emitting diodes, photodetectors, photocatalysts, and memory devices are also examined. Finally, the limitations of LFAIHP QDs, possible methods to overcome them and prospects for these materials in the future are provided.
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Fig. 15[image: ]


Fig. 16[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Lead-Free Halide Double Perovskite Materials: A New Superstar Toward Green and Stable Optoelectronic Applications
                                        
                                    

                                    
                                        Article
                                         Open access
                                         27 February 2019
                                    

                                

                                Liang Chu, Waqar Ahmad, … Xing’ao Li

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Progress on lead-free metal halide perovskites for photovoltaic applications: a review
                                        
                                    

                                    
                                        Article
                                         Open access
                                         08 March 2017
                                    

                                

                                Sebastian F. Hoefler, Gregor Trimmel & Thomas Rath

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Metal cation substitution of halide perovskite nanocrystals
                                        
                                    

                                    
                                        Article
                                        
                                         23 April 2022
                                    

                                

                                Yujun Xie, Anqi Zhou, … Shuyu Zhang

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	X. Ren, H.S. Jung, Recent progress in flexible perovskite solar cell development. J. Korean Ceram. Soc. 55(4), 325–336 (2018)
CAS 
    
                    Google Scholar 
                

	D. Liang, Y. Peng, Y. Fu, M.J. Shearer, J. Zhang, J. Zhai, Y. Zhang, R.J. Hamers, T.L. Andrew, S. Jin, Color-pure violet-light-emitting diodes based on layered lead halide perovskite nanoplates. ACS Nano 10(7), 6897–6904 (2016)
CAS 
    
                    Google Scholar 
                

	H. Kim, J.S. Han, J. Choi, S.Y. Kim, H.W. Jang, Halide perovskites for applications beyond photovoltaics. Small Methods 2(3), 1700310 (2018)

                    Google Scholar 
                

	H. Kim, J.S. Han, S.G. Kim, S.Y. Kim, H.W. Jang, Halide perovskites for resistive random-access memories. J. Mater. Chem. C 7(18), 5226–5234 (2019)
CAS 
    
                    Google Scholar 
                

	S.G. Kim, J.S. Han, H. Kim, S.Y. Kim, H.W. Jang, Recent advances in memristive materials for artificial synapses. Adv. Mater. Technol. 3(12), 1800457 (2018)

                    Google Scholar 
                

	J. Choi, S. Park, J. Lee, K. Hong, D.-H. Kim, C.W. Moon, G.D. Park, J. Suh, J. Hwang, S.Y. Kim, H.S. Jung, N.-G. Park, S. Han, K.T. Nam, H.W. Jang, Organolead halide perovskites for low operating voltage multilevel resistive switching. Adv. Mater. 28(31), 6562–6567 (2016)
CAS 
    
                    Google Scholar 
                

	J. Lu, X. Sheng, G. Tong, Z. Yu, X. Sun, L. Yu, X. Xu, J. Wang, J. Xu, Y. Shi, K. Chen, Ultrafast solar-blind ultraviolet detection by inorganic perovskite CsPbX3 quantum dots radial junction architecture. Adv. Mater. 29(23), 1700400 (2017)

                    Google Scholar 
                

	S. Ghosh, B. Pradhan, Lead-free metal halide perovskite nanocrystals: challenges, applications, and future aspects. Chem. Nano Mat. 5(3), 300–312 (2019)
CAS 
    
                    Google Scholar 
                

	J. Choi, J.S. Han, K. Hong, S.Y. Kim, H.W. Jang, Organic-inorganic hybrid halide perovskites for memories, transistors, and artificial synapses. Adv. Mater. 30(42), 1704002 (2018)

                    Google Scholar 
                

	Y. Dong, D. Parobek, D.H. Son, Controlling quantum confinement and magnetic doping of cesium lead halide perovskite nanocrystals. J. Korean Ceram. Soc. 55(6), 515–526 (2018)
CAS 
    
                    Google Scholar 
                

	S.M. Lee, J. Choi, J.B. Jeon, B.J. Kim, J.S. Han, T.L. Kim, H.S. Jung, H.W. Jang, Conducting bridge resistive switching behaviors in cubic MAPbI3, orthorhombic RbPbI3, and their mixtures. Adv. Electron. Mater. 5(2), 1800586 (2019)

                    Google Scholar 
                

	J. Choi, Q.V. Le, K. Hong, C.W. Moon, J.S. Han, K.C. Kwon, P.-R. Cha, Y. Kwon, S.Y. Kim, H.W. Jang, Enhanced endurance organolead halide perovskite resistive switching memories operable under an extremely low bending radius. ACS Appl. Mater. Interfaces 9(36), 30764–30771 (2017)
CAS 
    
                    Google Scholar 
                

	J.S. Han, Q.V. Le, J. Choi, H. Kim, S.G. Kim, K. Hong, C.W. Moon, T.L. Kim, S.Y. Kim, H.W. Jang, Lead-free all-inorganic cesium tin iodide perovskite for filamentary and interface-type resistive switching toward environment-friendly and temperature-tolerant nonvolatile memories. ACS Appl. Mater. Interfaces 11(8), 8155–8163 (2019)
CAS 
    
                    Google Scholar 
                

	W. Xiang, W. Tress, Review on recent progress of all-inorganic metal halide perovskites and solar cells. Adv. Mater. 31(44), 1902851 (2019)
CAS 
    
                    Google Scholar 
                

	M.A.A. Wadi, T.H. Chowdhury, I.M. Bedja, J.-J. Lee, N. Amin, Md Aktharuzzaman, A. Islam, Evolution of Pb-free and partially Pb-substituted perovskite absorbers for efficient perovskite solar cells. Electron. Mater. Lett. 15, 525–546 (2019). https://doi.org/10.1007/s13391-019-00149-4
Article 
    CAS 
    
                    Google Scholar 
                

	Q.V. Le, K.T. Hong, H.W. Jang, S.Y. Kim, Halide perovskite quantum dots for light-emitting diodes: properties, synthesis, applications, and outlooks. Adv. Electron. Mater. 4(12), 1800335 (2018)

                    Google Scholar 
                

	S.E. Ju, J. Kim, Quantum dot light-emitting diodes employing phosphorescent organic molecules as double emission layers. Electron. Mater. Lett. 15, 363–367 (2019)
CAS 
    
                    Google Scholar 
                

	Y. Wei, Z.Y. Cheng, J. Lin, An overview on enhancing the stability of lead halide perovskite quantum dots and their applications in phosphor-converted LEDs. Chem. Soc. Rev. 48(1), 310–350 (2019)
CAS 
    
                    Google Scholar 
                

	S.S. Khanlfin, Y. Bekenstein, Advances in lead-free double perovskite nanocrystals, engineering band-gaps and enhancing stability through composition tunability. Nanoscale 11(18), 8665–8679 (2019)

                    Google Scholar 
                

	W. Lv, L. Li, M. Xu, J. Hong, X. Tang, L. Xu, Y. Wu, R. Zhu, R. Chen, W. Huang, Improving the stability of metal halide perovskite quantum dots by encapsulation. Adv. Mater. 31(28), 1900682 (2019)

                    Google Scholar 
                

	L. Zhou, Y.F. Xu, B.-X. Chen, D.-B. Kuang, C.-Y. Su, Synthesis and photocatalytic application of stable lead-free Cs2AgBiBr6 perovskite nanocrystals. Small 14(11), 1703762 (2018)

                    Google Scholar 
                

	Y. Bekenstein, J.C. Dahl, J. Huang, W.T. Osowiecki, J.K. Swabeck, E.M. Chan, P.D. Yang, A.P. Alivisatos, The making and breaking of lead-free double perovskite nanocrystals of cesium silver−bismuth halide compositions. Nano Lett. 18(6), 3502–3508 (2018)
CAS 
    
                    Google Scholar 
                

	T.C. Jellicoe, J.M. Richter, H.F.J. Glass, M. Tabachnyk, R. Brady, S.E. Dutton, A. Rao, R.H. Friend, D. Credgington, N.C. Greenham, M.L. Bohm, Synthesis and optical properties of lead-free cesium tin halide perovskite nanocrystals. J. Am. Chem. Soc. 138(9), 2941–2944 (2016)
CAS 
    
                    Google Scholar 
                

	L. Protesescu, S. Yakunin, O. Nazarenko, D.N. Dirin, M.V. Kovalenko, Low-cost synthesis of highly luminescent colloidal lead halide perovskite nanocrystals by wet ball milling. ACS Appl. Nano Mater. 1(3), 1300–1308 (2018)
CAS 
    
                    Google Scholar 
                

	D.N. Dirin, L. Protesescu, D. Trummer, I.V. Kochetygov, S. Yakunin, F. Krumeich, N.P. Stadie, M.V. Kovalenko, Harnessing defect-tolerance at the nanoscale: highly luminescent lead halide perovskite nanocrystals in mesoporous silica matrixes. Nano Lett. 16(9), 5866–5894 (2016)
CAS 
    
                    Google Scholar 
                

	A. Kojima, M. Ikegami, K. Teshima, T. Miyasaka, Highly luminescent lead bromide perovskite nanoparticles synthesized with porous alumina media. Chem. Lett. 41(4), 397–399 (2012)
CAS 
    
                    Google Scholar 
                

	Y. Tong, E. Bladt, M. F. Ayg¨uler, A. Manzi, K. Milowska, V. A. Hintermayr, P. Docampo, S. Bals, A. Urban, P. Lakshminarayana and J. Feldmann, Highly Luminescent Cesium Lead Halide Perovskite Nanocrystals with Tunable Composition and Thickness by Ultrasonication, Angew. Chem. Int. Ed. 55(44), 13887–13892 (2016)

	D.M. Jang, D.H. Kim, K. Park, J. Park, J.W. Lee, J.K. Song, Ultrasound synthesis of lead halide perovskite nanocrystals. J. Mater. Chem. C 4(45), 10625–10629 (2016)
CAS 
    
                    Google Scholar 
                

	Y. Tong, B.J. Bohn, E. Bladt, K. Wang, P. Muller-Buschbaum, S. Bals, A.S. Urban, L. Polavarapu, J. Feldmann, From precursor powders to CsPbX3 perovskite nanowires: one-pot synthesis, growth mechanism, and oriented self-assembly. Angew. Chem. Int. Ed. 56(44), 13887–13892 (2017)
CAS 
    
                    Google Scholar 
                

	H. Huang, Q. Xue, B. Chen, Y. Xiong, J. Schneider, C. Zhi, H. Zhong, A.L. Rogach, Top-down fabrication of stable methylammonium lead halide perovskite nanocrystals by employing a mixture of ligands as coordinating solvents. Angew. Chem. Int. Ed. Engl. 129(32), 9699–9704 (2017)

                    Google Scholar 
                

	J. Shamsi, A.S. Urban, M. Imran, L.D. Trizio, L. Manna, Metal halide perovskite nanocrystals: synthesis, post-synthesis modifications, and their optical properties. Chem. Rev. 119(5), 3296–3348 (2019)
CAS 
    
                    Google Scholar 
                

	S. Ghosh, S. Paul, and S. Kumar De, Control Synthesis of Air‐Stable Morphology Tunable Pb‐Free Cs2SnI6 Perovskite Nanoparticles and Their Photodetection Properties, Part. Part. Syst. Charact. 35(9), 1800199 (2018)

	Y. Xu, S. Li, Z. Zhang, Y. Hu, L. Yuan, W. Chen, Z.H. Chen, R. Patterson, S.J. Huang, Ligand-mediated synthesis of colloidal Cs2SnI6 three-dimensional nanocrystals and two-dimensional nanoplatelets. Nanotechnology 30(29), 295601 (2019)
CAS 
    
                    Google Scholar 
                

	A. Wang, X. Yan, M. Zhang, S. Sun, M. Yang, W. Shen, X. Pan, P. Wang, Z. Deng, Controlled synthesis of lead-free and stable perovskite derivative Cs2SnI6 nanocrystals via a facile hot-injection process. Chem. Mater. 28(22), 8132–8140 (2016)
CAS 
    
                    Google Scholar 
                

	D.S. Dolzhnikov, C. Wang, Y. Xu, M.G. Kanatzidis, E.A. Weiss, Ligand-free, quantum-confined Cs2SnI6 perovskite nanocrystals. Chem. Mater. 29(18), 7901–7907 (2017)
CAS 
    
                    Google Scholar 
                

	E. Yassitepe, Z.Y. Yang, O. Voznyy, Y.H. Kim, G. Walters, J.A. Castañeda, P. Kanjanaboos, M. Yuan, X. Gong, F. Fan, J. Pan, S. Hoogland, R. Comin, O.M. Bakr, L.A. Padilha, A.F. Nogueira, E.H. Sargent, Amine-free synthesis of cesium lead halide perovskite quantum dots for efficient light-emitting diodes. Adv. Funct. Mater. 26(47), 8757–8763 (2016)
CAS 
    
                    Google Scholar 
                

	S.E. Creutz, E.N. Crites, M.C.D. Siena, D.R. Gamelin, Colloidal nanocrystals of lead-free double-perovskite (elpasolite) semiconductors: synthesis and anion exchange to access new materials. Nano Lett. 18(2), 1118–1123 (2018)
CAS 
    
                    Google Scholar 
                

	K. Hong, Q.V. Le, S.Y. Kim, H.W. Jang, Low-dimensional halide perovskites: review and issues. J. Mater. Chem. C 6(9), 2189–2209 (2018)
CAS 
    
                    Google Scholar 
                

	J.V. Embden, A.S.R. Chesman, J.J. Jasieniak, The heat-up synthesis of colloidal nanocrystals. Chem. Mater. 27(7), 2246–2285 (2015)

                    Google Scholar 
                

	S. Wei, Y.C. Yang, X.J. Kang, L. Wang, L.J. Huang, D.C. Pan, Room-temperature and gram-scale synthesis of CsPbX3 (X = Cl, Br, I) perovskite nanocrystals with 50–85% photoluminescence quantum yields. Chem. Commun. 52(45), 7265–7268 (2016)
CAS 
    
                    Google Scholar 
                

	M. Leng, Y. Yang, K. Zeng, Z. Chen, Z. F. Tan, S. Li, J. Li, B. Xu, D. B. Li, M. P. Hautzinger, YP. Fu, T. Zhai, L. Xu, G. D. Niu, S. Jin and J. Tang, All‐inorganic bismuth‐based perovskite quantum dots with bright blue photoluminescence and excellent stability, Adv. Funct. Mater. 28(1), 1704446 (2018)

	J. Zhang, Y. Yang, H. Deng, U. Farooq, X.K. Yang, J. Khan, J. Tang, H. Song, High quantum yield blue emission from lead-free inorganic antimony halide perovskite colloidal quantum dots. ACS Nano 11(9), 9294–9302 (2017)
CAS 
    
                    Google Scholar 
                

	B. Yang, J.S. Chen, F. Hong, X. Mao, K. Zheng, S.Q. Yang, Y. Li, T. Pullerits, W. Deng, K. Han, Lead-free, air-stable all-inorganic cesium bismuth halide perovskite nanocrystals. Angew. Chem. Int. Ed. 56(41), 12471–12475 (2017)
CAS 
    
                    Google Scholar 
                

	P. Yang, G. Liu, B. Liu, X. Liu, Y. Lou, J. Chen, Y. Zhao, All-inorganic Cs2CuX4 (X = Cl, Br, and Br/I) perovskite quantum dots with blue-green luminescence. Chem. Commun. 54(82), 11638–11641 (2018)
CAS 
    
                    Google Scholar 
                

	I. Lignos, S. Stavrakis, G. Nedelcu, L. Protesescu, A.J. Mello, M.V. Kovalenko, Synthesis of cesium lead halide perovskite nanocrystals in a droplet-based microfluidic platform: fast parametric space mapping. Nano Lett. 16(3), 1869–1877 (2016)
CAS 
    
                    Google Scholar 
                

	F. Zhang, H. Zhong, C. Chen, X.-G. Wu, X. Hu, H. Huang, J. Han, B. Zou, Y. Dong, Brightly luminescent and color-tunable colloidal CH3NH3PbX3 (X = Br, I, Cl) quantum dots: potential alternatives for display technology. ACS Nano 9(4), 4533–4542 (2015)
CAS 
    
                    Google Scholar 
                

	F. Zhang, S. Huang, P. Wang, X. Chen, S. Zhao, Y. Dong, H. Zhong, Colloidal synthesis of air-stable CH3NH3PbI3 quantum dots by gaining chemical insight into the solvent effects. Chem. Mater. 29(8), 3793–3799 (2017)
CAS 
    
                    Google Scholar 
                

	H. Huang, F. Zhao, L. Liu, F. Zhang, X.-G. Wu, L. Shi, B. Zou, Q. Pei, H. Zhong, Emulsion synthesis of size-tunable CH3NH3PbBr3 quantum dots: an alternative route toward efficient light-emitting diodes. ACS Appl. Mater. Interfaces 7(51), 28128–28133 (2015)
CAS 
    
                    Google Scholar 
                

	M.A. Malik, M.Y. Wani, M.A. Hashim, Microemulsion method: a novel route to synthesize organic and inorganic nanomaterials. Arab. J. Chem. 5(4), 397–417 (2012)
CAS 
    
                    Google Scholar 
                

	J.N. Lalena, D.A. Cleary, E.E. Carpenter, and N.F. Dean, Inorganic materials synthesis and fabrication. (Wiley, 2007), pp. 211–231

	S.B. Sun, D. Yuan, Y. Xu, A. Wang, Z. Deng, Ligand-mediated synthesis of shape-controlled cesium lead halide perovskite nanocrystals via reprecipitation process at room temperature. ACS Nano 10(3), 3648–3657 (2016)
CAS 
    
                    Google Scholar 
                

	R.F. Ali, I. Andreu, B.D. Gates, Green solvent assisted synthesis of cesium bismuth halide perovskite nanocrystals and the influences of slow and fast anion exchange rates. Nanoscale Adv. 1(11), 4442–4449 (2019)
CAS 
    
                    Google Scholar 
                

	J.S. Bechtel, A. Van der Ven, Octahedral tilting instabilities in inorganic halide perovskites. Phys. Rev. Mater. 2(2), 025401 (2018)
CAS 
    
                    Google Scholar 
                

	R.X. Yang, J.M. Skelton, E.L.D. Silva, J.M. Frost, A. Walsh, Spontaneous octahedral tilting in the cubic inorganic cesium halide perovskites CsSnX3 and CsPbX3 (X = F, Cl, Br, I). J. Phys. Chem. Lett. 8(19), 4720–4726 (2017)
CAS 
    
                    Google Scholar 
                

	F. Deschler, M. Price, S. Pathak, L. E. Klintberg, D. -D. Jarausch, R. Higler, S. Hüttner, T. Leijtens, S. D. Stranks, H. J. Snaith, M. Atature, R. T. Phillips, and R. H. Friend, High photoluminescence efficiency and optically pumped lasing in solution-processed mixed halide perovskite semiconductors, J. Phys. Chem. Lett. 5(8), 1421–1426 (2014)

	Chung, J.-H. Song, J. Im, J. Androulakis, C. D. Malliakas, H. Li, A. J. Freeman, J. T. Kenney, and M. G. Kanatzidis, CsSnI3: Semiconductor or metal? High electrical conductivity and strong near-infrared photoluminescence from a single material. high hole mobility and phase-transitions, J. Am. Chem. Soc. 134(20), 8579–8587 (2012)

	J.J. Luo, M.C. Hu, G.D. Niu, J.A. Tang, Lead-free halide perovskites and perovskite variants as phosphors toward light-emitting applications. ACS Appl. Mater. Interfaces 11(35), 31575–31584 (2019)
CAS 
    
                    Google Scholar 
                

	W.M. Timmermans, S.O. Cholakh, G. Blasse, The luminescence of Cs3Bi2Cl9 and Cs3Sb2Cl9. J. Solid State Chem. 46(2), 222–233 (1983)
CAS 
    
                    Google Scholar 
                

	W.M. Timmermans, G. Blasse, The luminescence and photoconductivity of Cs3Bi2Br9 single crystals. J. Lumin. 24–25(1), 75–78 (1981)

                    Google Scholar 
                

	K.M. McCall, C.C. Stoumpos, S.S. Kostina, M.G. Kanatzidis, B.W. Wessels, Strong electron–phonon coupling and self-trapped excitons in the defect halide perovskites A3M2I9 (A = Cs, Rb; M = Bi, Sb). Chem. Mater. 29(9), 4129–4145 (2017)
CAS 
    
                    Google Scholar 
                

	Wang, Y. Guo, Z. Zhou, X. Niu, Y. Wang, F. Muhammad, H. Li, T. Zhang, J. Wang, S. Nie, and Z. Deng, Aqueous acid-based synthesis of lead-free tin halide perovskites with near-unity photoluminescence quantum efficiency, Chem. Sci. 10(17), 4573−4579 (2019)

	V. Kovalenko, L. Manna, A. Cabot, Z. Hens, D.V. Talapin, C.R. Kagan, V.I. Klimov, A.L. Rogach, P. Reiss, D.J. Milliron, P. Guyot-Sionnnest, G. Konstantatos, W.J. Parak, T. Hyeon, B.A. Korgel, C.B. Murray, W. Heiss, Prospects of nanoscience with nanocrystals. ACS Nano 9(2), 1012–1057 (2015)
CAS 
    
                    Google Scholar 
                

	M.A. Boles, D. Ling, T. Hyeon, D.V. Talapin, The surface science of nanocrystals. Nat. Mater. 15, 141–153 (2016)
CAS 
    
                    Google Scholar 
                

	Y. Lou, M. Fang, J.X. Chen, Y.X. Zhao, Formation of highly luminescent cesium bismuth halide perovskite quantum dots tuned by anion exchange. Chem. Commun. 54(30), 3779–3782 (2018)
CAS 
    
                    Google Scholar 
                

	J. Pal, A. Bhunia, S.D. Chakraborty, S. Manna, S. Das, A. Dewan, S. Datta, A. Nag, Synthesis and optical properties of colloidal M3Bi2I9 (M = Cs, Rb) perovskite nanocrystals. J. Phys. Chem. C 122(19), 10643–10649 (2018)
CAS 
    
                    Google Scholar 
                

	F. Jiang, D. Yang, Y. Jiang, T. Liu, X. Zhao, Y. Ming, B. Luo, F. Qin, J. Fan, H. Han, L. Zhang, Y. Zhou, Chlorine-incorporation-induced formation of the layered phase for antimony-based lead-free perovskite solar cells. J. Am. Chem. Soc. 140(3), 1019–1027 (2018)
CAS 
    
                    Google Scholar 
                

	E.P. Booker, J.T. Griffiths, L. Eyre, C. Ducati, N.C. Greenham, N.J.L.K. Davis, Synthesis, characterization, and morphological control of Cs2CuCl4 nanocrystals. J. Phys. Chem. C 123(27), 16951–16956 (2019)
CAS 
    
                    Google Scholar 
                

	M. Zhang, H. Yu, M. Lyu, Q. Wang, J.H. Yun, L. Wang, Composition-dependent photoluminescence intensity and prolonged recombination lifetime of perovskite CH3NH3PbBr(3–x)Cl(x) films. Chem. Commun. 50(79), 11727–11730 (2014)
CAS 
    
                    Google Scholar 
                

	C. Brink, N.F. Binnendijk, J.V.D. Linde, The crystal structures of CsCu2Cl3 and CsAg2I3. Acta. Crystallogr. 7(2), 176–180 (1954)
CAS 
    
                    Google Scholar 
                

	V. Kumar Ravi, N. Singhal, and A. Nag, Initiation and future prospects of colloidal metal halide double-perovskite nanocrystals: Cs2AgBiX6 (X = Cl, Br, I), J. Mater. Chem. A 6(44), 21666–21675 (2018)

	H. Slavney, T. Hu, A.M. Lindenberg, H.I. Karunadasa, A bismuth-halide double perovskite with long carrier recombination lifetime for photovoltaic applications. J. Am. Chem. Soc. 138(7), 2138–2141 (2016)
CAS 
    
                    Google Scholar 
                

	F. Locardi, M. Cirignano, D. Baranov, Z. Dang, M. Prato, F. Drago, M. Ferretti, V. Pinchetti, M. Fanciulli, S. Brovelli, L. De Trizio, L. Manna, Colloidal synthesis of double perovskite Cs2AgInCl6 and Mn-doped Cs2AgInCl6 nanocrystals. J. Am. Chem. Soc. 140(40), 12989–12995 (2018)
CAS 
    
                    Google Scholar 
                

	B. Yang, J. Chen, S. Yang, F. Hong, L. Sun, P. Han, T. Pullerits, W. Deng, K. Han, Lead-free silver-bismuth halide double perovskite nanocrystals. Angew. Chem. Int. Ed. 57(19), 5359–5363 (2018)

                    Google Scholar 
                

	E. M. Sanehira, A. R. Marshall, J. A. Christians, S. P. Harvey, P. N. Ciesielski, L. M. Wheeler, P. Schulz, L. Y. Lin, M. C. Beard, and J. M. Luther, Enhanced mobility CsPbI3 quantum dot arrays for record-efficiency, high-voltage photovoltaic cells, Sci. Adv. 3(10), eaao4204 (2017)

	A. Swarnkar, A.R. Marshall, E.M. Sanehira, B.D. Chernomordik, D.T. Moore, J.A. Christians, T. Chakrabarti, J.M. Luther, Quantum dot–induced phase stabilization of α-CsPbI3 perovskite for high-efficiency photovoltaics. Science 354(6308), 92–95 (2016)
CAS 
    
                    Google Scholar 
                

	F. Liu, C. Ding, Y. Zhang, T.S. Ripolles, T. Kamisaka, T. Toyoda, S. Hayase, T. Minemoto, K. Yoshino, S. Dai, M. Yanagida, H. Noguchi, Q. Shen, Colloidal synthesis of air-stable alloyed CsSn1–xPbxI3 perovskite nanocrystals for use in solar cells. J. Am. Chem. Soc. 139(46), 16708–16719 (2017)
CAS 
    
                    Google Scholar 
                

	K.P. Marshall, R.I. Walton, R.A. Hatton, Tin perovskite/fullerene planar layer photovoltaics: improving the efficiency and stability of lead-free devices. J. Mater. Chem. A 3(21), 11631–11640 (2015)
CAS 
    
                    Google Scholar 
                

	M. Chen, M.G. Ju, H.F. Garces, A.D. Carl, L.K. Ono, Z. Hawash, Y. Zhang, T. Shen, Y. Qi, R.L. Grimm, D. Pacifici, X.C. Zeng, Y. Zhou, N.P. Padture, Highly stable and efficient all-inorganic lead-free perovskite solar cells with native-oxide passivation. Nat. Commun. 10, 16 (2019)
CAS 
    
                    Google Scholar 
                

	F. Giustino, H.J. Snaith, Toward lead-free perovskite solar cells. ACS Energy Lett. 1(6), 1233–1240 (2016)
CAS 
    
                    Google Scholar 
                

	M. -G. Ju, M. Chen, Y. Zhou, H. F. Garces, J. Dai, L. Ma, N. P. Padture, and X. C. Zeng, earth-abundant nontoxic titanium(IV)-based vacancy-ordered double perovskite halides with tunable 1.0 to 1.8 eV bandgaps for photovoltaic applications, ACS Energy Lett. 3(2), 297–304 (2018)

	X. Qiu, Y. Jiang, H. Zhang, Z. Qiu, S. Yuan, P. Wang, B. Cao, Lead-free mesoscopic Cs2SnI6 perovskite solar cells using different nanostructured ZnO nanorods as electron transport layers. Phys. Status Solidi RRL 10(8), 587–591 (2016)
CAS 
    
                    Google Scholar 
                

	X. Qiu, B. Cao, S. Yuan, X. Chen, Z. Qiu, Y. Jiang, Q. Ye, H. Wang, H. Zeng, J. Liu, and M. G. Kanatzidis, From unstable CsSnI3 to air-stable Cs2SnI6: A lead-free perovskite solar cell light absorber with bandgap of 1.48 eV and high absorption coefficient, Sol. Energy Mater. Sol. Cells 159, 227–234 (2017)

	M. Chen, M.-G. Ju, A.D. Carl, Y. Zong, R.L. Grimm, J. Gu, X.C. Zeng, Y. Zhou, N.P. Padture, Cesium titanium(IV) bromide thin films based stable lead-free perovskite solar cells. Joule 2(3), 558–570 (2018)
CAS 
    
                    Google Scholar 
                

	E. Greul, M.L. Petrus, A. Binek, P. Docampo, T. Bein, Highly stable, phase pure Cs2AgBiBr6 double perovskite thin films for optoelectronic applications. J. Mater. Chem. A 5(37), 19972–19981 (2017)
CAS 
    
                    Google Scholar 
                

	Q. Zhang, Y. Yin, All-inorganic metal halide perovskite nanocrystals: opportunities and challenges. ACS Cent. Sci. 4(6), 668–679 (2018)
CAS 
    
                    Google Scholar 
                

	R.L.Z. Hoye, L. Eyre, F. Wei, F. Brivio, A. Sadhanala, S. Sun, W. Li, K.H.L. Zhang, J.L. MacManus-Driscoll, P.D. Bristowe, R.H. Friend, A.K. Cheetham, F. Deschler, Fundamental carrier lifetime exceeding 1 µs in Cs2AgBiBr6 double perovskite. Adv. Mater. Interfaces 5(15), 1800464 (2018)

                    Google Scholar 
                

	C.C. Wu, Q.H. Zhang, Y. Liu, W. Luo, X. Guo, Z.R. Huang, H. Ting, W.H. Sun, S.Y. Wei, S.F. Wang, Z.J. Chen, L.X. Xiao, The dawn of lead-free perovskite solar cell: highly stable double perovskite Cs2AgBiBr6 film. Adv. Sci. (Weinh) 5(3), 1700759 (2018)

                    Google Scholar 
                

	D. Liang, Y.L. Peng, Y.P. Fu, M.J. Shearer, J.J. Zhang, J.Y. Zhai, Y. Zhang, R.J. Hamers, T.L. Andrew, S. Jin, High-performance CsPbX3 perovskite quantum-dot light-emitting devices via solid-state ligand exchange. ACS Appl. Nano Mater. 1(2), 488–496 (2018)

                    Google Scholar 
                

	H.C. Cho, S.-H. Jeong, M.H. Park, Y.H. Kim, C. Wolf, C.-L. Lee, J.H. Heo, A. Sadhanala, N.S. Myoung, S. Yoo, S.H. Im, R.H. Friend, T.-W. Lee, Overcoming the electroluminescence efficiency limitations of perovskite light-emitting diodes. Science 350(6265), 1222–1225 (2015)
CAS 
    
                    Google Scholar 
                

	Z.-K. Tan, R.S. Moghaddam, M.L. Lai, P. Docampo, R. Higler, F. Deschler, M. Price, A. Sadhanala, L.M. Pazos, D. Credgington, F. Hanusch, T. Bein, H.J. Snaith, R.H. Friend, Bright light-emitting diodes based on organometal halide perovskite. Nat. Nanotech. 9(9), 687–692 (2014)
CAS 
    
                    Google Scholar 
                

	L.C. Schmidt, A. Pertegas, S. Gonzalez-Carrero, O. Malinkiewicz, S. Agouram, G.M. Espallargas, H.J. Bolink, R.E. Galian, J. Perez-Prieto, Nontemplate synthesis of CH3NH3PbBr3 perovskite nanoparticles. J. Am. Chem. Soc. 136(3), 850–853 (2014)
CAS 
    
                    Google Scholar 
                

	S. Gonzalez-Carrero, R.E. Galian, J. Pérez-Prieto, Maximizing the emissive properties of CH3NH3PbBr3 perovskite nanoparticles. J. Mater. Chem. A 3(17), 9187–9193 (2015)
CAS 
    
                    Google Scholar 
                

	B. Pradhan, G.S. Kumar, S. Sain, A. Dalui, U.K. Ghorai, S.K. Pradhan, S. Acharya, Size tunable cesium antimony chloride perovskite nanowires and nanorods. Chem. Mater. 30(6), 2135–2142 (2018)
CAS 
    
                    Google Scholar 
                

	H. Huang, A.S. Susha, S.V. Kershaw, T.F. Hung, A.L. Rogach, Control of emission color of high quantum yield CH3NH3PbBr3 perovskite quantum dots by precipitation temperature. Adv. Sci. (Weinh) 2(9), 1500194 (2015)

                    Google Scholar 
                

	H.S. Moon, C.M. Lee, W.S. Lee, J.W. Kim, H.Y. Chae, Stability of quantum dots, quantum dot films, and quantum dot light-emitting diodes for display applications. Adv. Mater. 31(34), 1804294 (2019)

                    Google Scholar 
                

	H. Sun, Z. Yang, M. Wei, W. Sun, X. Li, S. Ye, Y. Zhao, H. Tan, E.L. Kynaston, T.B. Schon, H. Yan, Z. Lu, G. Ozin, E.H. Sargent, D.S. Seferos, Chemically addressable perovskite nanocrystals for light-emitting applications. Adv. Mater. 29(34), 1701153 (2017)

                    Google Scholar 
                

	F. Krieg, S. T. Ochsenbein, S. Yakunin, S. ten Brinck, P. Aellen, A. Suess, B. Clerc, D. Guggisberg, O. Nazarenko, Y. Shynkarenko, S. Kumar, C. J. Shih, I. Infante, and M. V. Kovalenko, Colloidal CsPbX3 (X = Cl, Br, I) Nanocrystals 2.0: zwitterionic capping ligands for improved durability and stability, ACS Energy Lett. 3(3), 641–646 (2018)

	F. Liu, Y.H. Zhang, C. Ding, S. Kobayashi, T. Izuishi, N. Nakazawa, T. Toyoda, T. Ohta, S. Hayase, T. Minemoto, K. Yoshino, S.Y. Dai, Q. Shen, Highly luminescent phase-stable CsPbI3 perovskite quantum dots achieving near 100% absolute photoluminescence quantum yield. ACS Nano 11(10), 10373 (2017)
CAS 
    
                    Google Scholar 
                

	Z. Li, L. Kong, S. Huang, and L. Li, Highly luminescent and ultrastable CsPbBr3 perovskite quantum dots incorporated into a silica/alumina monolith, Angew. Chem., Int. Ed. 56(28), 8134–8138 (2017)

	P. Wang, S. Liu, W. Luo, H. Fang, F. Gong, N. Guo, Z.-G. Chen, J. Zou, Y. Huang, X. Zhou, J. Wang, X. Chen, W. Lu, F. Xiu, W. Hu, Arrayed van der waals broadband detectors for dual-band detection. Adv. Mater. 29(16), 1604439 (2017)

                    Google Scholar 
                

	Y. Li, Z.-F. Shi, X.-J. Li, C.-X. Shan, Photodetectors based on inorganic halide perovskites: materials and devices. Chin. Phys. B 28(1), 017803 (2019)
CAS 
    
                    Google Scholar 
                

	L.-Z. Lei, Z.F. Shi, Y. Li, Z.Z. Ma, F. Zhang, T.-T. Xu, Y.-T. Tian, D. Wu, X.-J. Lia, G.-T. Du, High-efficiency and air-stable photodetectors based on lead-free double perovskite Cs2AgBiBr6 thin films. J. Mater. Chem. C 6(30), 7982–7988 (2018)
CAS 
    
                    Google Scholar 
                

	C. Wu, B. Du, W. Luo, Y. Liu, T. Li, D. Wang, X. Guo, H. Ting, Z. Fang, S. Wang, Z. Chen, Y. Chen, L. Xiao, Highly efficient and stable self-powered ultraviolet and deep-blue photodetector based on Cs2AgBiBr6/SnO2 heterojunction. Adv. Opt. Mater. 6(22), 1800811 (2018)

                    Google Scholar 
                

	Y.-F. Xu, M.-Z. Yang, B.-X. Chen, X.-D. Wang, H.-Y. Chen, D.-B. Kuang, C.Y. Su, A CsPbBr3 perovskite quantum dot/graphene oxide composite for photocatalytic CO2 reduction. J. Am. Chem. Soc. 139(16), 5660–5663 (2017)
CAS 
    
                    Google Scholar 
                

	Y. Wang, Z. Lv, Q. Liao, H. Shan, J. Chen, Y. Zhou, L. Zhou, X. Chen, V. A. L. Roy, Z. Wang, Z. Xu, Y. -J. Zeng, and S. -T. Han, Synergies of electrochemical metallization and valance change in all‐inorganic perovskite quantum dots for resistive switching, Adv. Mater. 30(28), 1800327(2018)

	J.S. Han, Q.V. Le, J. Choi, K. Hong, C.W. Moon, T.L. Kim, H. Kim, S.Y. Kim, H.W. Jang, Air-stable cesium lead iodide perovskite for ultra-low operating voltage resistive switching. Adv. Fuct. Mater. 28(5), 1705783 (2018)

                    Google Scholar 
                

	S.G. Kim, Q.V. Le, J.S. Han, H. Kim, M.-J. Choi, S.A. Lee, T.L. Kim, S.B. Kim, S.Y. Kim, H.W. Jang, Dual-phase all-inorganic cesium halide perovskites for conducting-bridge memory-based artificial synapses. Adv. Fuct. Mater. 29(49), 1906686 (2019)
CAS 
    
                    Google Scholar 
                

	B. Vargas, E. Ramos, E. Pérez-Gutiérrez, J.C. Alonso, D. Solis-Ibarra, A direct bandgap copper-antimony halide perovskite. J. Am. Chem. Soc. 139(27), 9116–9119 (2017)
CAS 
    
                    Google Scholar 
                

	B. Yang, X. Mao, F. Hong, W. Meng, Y. Tang, X. Xia, S. Yang, W. Deng, K. Han, Lead-free direct band gap double-perovskite nanocrystals with bright dual-color emission. J. Am. Chem. Soc. 140(49), 17001–17006 (2018)
CAS 
    
                    Google Scholar 
                

	K. Zheng, Q. Zhu, M. Abdellah, M.E. Messing, W. Zhang, A. Generalov, Y. Niu, L. Ribaud, S.E. Canton, T. Pullerits, Exciton binding energy and the nature of emissive states in organometal halide perovskites. J. Phys. Chem. Lett. 6(15), 2969–2975 (2015)
CAS 
    
                    Google Scholar 
                

	Z. Liu, Y. Zhang, Y. Fan, Z. Chen, Z. Tang, J. Zhao, Y. lv, J. Lin, X. Guo, J. Zhang, and X. Liu, Toward highly luminescent and stabilized silica-coated perovskite quantum dots through simply mixing and stirring under room temperature in air, ACS Appl. Mater. Interfaces 10(15), 13053–13061 (2018)

	M. Liu, A. Matuhina, H. Zhang, P. Vivo, Advances in the stability of halide perovskite nanocrystals. Materials 12(22), 3733 (2019)
CAS 
    
                    Google Scholar 
                

	J. Morris-Cohen, M.D. Donakowski, K.E. Knowles, E.A. Weiss, The Effect of a common purification procedure on the chemical composition of the surfaces of CdSe quantum dots synthesized with trioctylphosphine oxide. J. Phys. Chem. C 114(2), 897–906 (2010)
CAS 
    
                    Google Scholar 
                

	Q.A. Akkerman, G. Raino, M.V. Kovalenko, L. Manna, Genesis, challenges and opportunities for colloidal lead halide perovskite nanocrystals. Nat. Mater. 17, 394–405 (2018)
CAS 
    
                    Google Scholar 
                

	M.H. Kumar, S. Dharani, W.L. Leong, P.P. Boix, R.R. Prabhakar, T. Baikie, C. Shi, H. Ding, R. Ramesh, M. Asta, M. Gratzel, S.G. Mhaisalkar, N. Mathews, Lead-free halide perovskite solar cells with high photocurrents realized through vacancy modulation. Adv. Mater. 26(41), 7122–7127 (2014)
CAS 
    
                    Google Scholar 
                

	L.Z. Wu, Q.X. Zhong, D. Yang, M. Chen, H.C. Hu, Q. Pan, H.Y. Liu, M.H. Cao, Y. Xu, B.Q. Sun, Q. Zhang, Improving the stability and size tunability of cesium lead halide perovskite nanocrystals using trioctylphosphine oxide as the capping ligand. Langmuir 33(44), 12689–12696 (2017)
CAS 
    
                    Google Scholar 
                

	N. Singhal, R. Chakraborty, P. Ghosh, A. Nag, Low-bandgap Cs4CuSb2Cl12 layered double perovskite: synthesis, reversible thermal changes, and magnetic interaction. Chem. Asian J. 13(16), 2085–2092 (2018)
CAS 
    
                    Google Scholar 
                

	X. Li, Y. Wu, S. Zhang, B. Cai, Y. Gu, J. Song, H. Zeng, CsPbX3 Quantum dots for lighting and displays: room-temperature synthesis, photoluminescence superiorities, underlying origins and white light-emitting diodes. Adv. Funct. Mater 26(15), 2435–2445 (2016)
CAS 
    
                    Google Scholar 
                

	J. Kwak, W.K. Bae, M. Zorn, H. Woo, H. Yoon, J. Lim, S.W. Kang, S. Weber, H.J. Butt, R. Zentel, S. Lee, K. Char, C. Lee, Characterization of quantum dot/conducting polymer hybrid films and their application to light-emitting diodes. Adv. Mater. 21(48), 5022 (2009)
CAS 
    
                    Google Scholar 
                

	T.T. Xuan, X.F. Yang, S.Q. Lou, J.J. Huang, Y. Liu, J.B. Yu, H.L. Li, K.L. Wong, C.X. Wang, J. Wang, Highly stable CsPbBr3 quantum dots coated with alkyl phosphate for white light-emitting diodes. Nanoscale 9(40), 15286–15290 (2017)
CAS 
    
                    Google Scholar 
                

	J. Xu, J.-B. Liu, J. Wang, B.-X. Liu, B. Huang, Prediction of novel p-type transparent conductors in layered double perovskites: a first-principles study. Adv. Funct. Mater. 28(26), 1800332 (2018)

                    Google Scholar 
                

	Z.K. Liu, Y. Bekenstein, X.C. Ye, S.C. Nguyen, J. Swabeck, D.D. Zhang, S.T. Lee, P.D. Yang, W.L. Ma, A.P. Alivisatos, Ligand mediated transformation of cesium lead bromide perovskite nanocrystals to lead depleted Cs4PbBr6 nanocrystals. J. Am. Chem. Soc. 139(15), 5309–5312 (2017)
CAS 
    
                    Google Scholar 
                

	Q. Sun, Y. Xu, H. Zhang, B. Xiao, X. Liu, J. Dong, Y. Cheng, B. Zhang, W. Jie, M.G. Kanatzidis, Optical and electronic anisotropies in perovskitoid crystals of Cs3Bi2I9 studies of nuclear radiation detection. J. Mater. Chem. A 6(46), 23388–23395 (2018)
CAS 
    
                    Google Scholar 
                

	H. Bian, D. Bai, Z. Jin, K. Wang, L. Liang, H. Wang, J. Zhang, Q. Wang, and S. Liu, Graded bandgap CsPbI2+xBr1−x perovskite solar cells with a stabilized efficiency of 14.4%, Joule 2(8), 1500–1510 (2018)

	T. Chiba, Y. Hayashi, H. Ebe, K. Hoshi, J. Sato, S. Sato, Y.-J. Pu, S. Ohisa, J. Kido, Anion-exchange red perovskite quantum dots with ammonium iodine salts for highly efficient light-emitting devices. Nature Photon 12, 681–687 (2018)
CAS 
    
                    Google Scholar 
                

	J. Song, T. Fang, J. Li, L. Xu, F. Zhang, B. Han, Q. Shan, and H. Zeng, Organic–inorganic hybrid passivation enables perovskite QLEDs with an EQE of 16.48%, Adv. Mater. 30(50), 1805409 (2018)


Download references




Acknowledgements
This research was financially supported by the Future Material Discovery Program. (NRF-2016M3D1A1027666).


Author information
Authors and Affiliations
	Department of Materials Science and Engineering, Seoul National University, Seoul, 08826, Korea
Da Eun Lee & Ho Won Jang

	Department of Materials Science and Engineering, Korea University, Seoul, 028410, Korea
Soo Young Kim


Authors	Da Eun LeeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Soo Young KimView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ho Won JangView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding authors
Correspondence to
                Soo Young Kim or Ho Won Jang.


Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Lee, D., Kim, S. & Jang, H. Lead-free all-inorganic halide perovskite quantum dots: review and outlook.
                    J. Korean Ceram. Soc. 57, 455–479 (2020). https://doi.org/10.1007/s43207-020-00058-5
Download citation
	Received: 29 February 2020

	Revised: 27 April 2020

	Accepted: 12 May 2020

	Published: 18 June 2020

	Issue Date: September 2020

	DOI: https://doi.org/10.1007/s43207-020-00058-5


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Lead-free
	Halide perovskite
	Quantum dots
	Synthesis
	Application








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					3.92.44.249
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    