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Abstract  

Organic metal halide hybrids (OMHHs) have attracted great research attention owing to their 

exceptional structure and property tunability. Using appropriate organic and inorganic metal 

halide components, OMHHs with controlled dimensionalities at the molecular level, from 

three- (3D) to two- (2D), one- (1D), and zero-dimensional (0D) structures, can be obtained. In 

0D OMHHs, anionic metal halide polyhedrons are surrounded and completely isolated by 

organic cations to form single crystalline “host-guest” structures. These ionically bonded 

organic-inorganic hybrid systems often exhibit the intrinsic properties of individual metal 

halide species, for instance, highly efficient Stokes-shifted broadband emissions. In this 

progress report, we discuss the recent advances in the development and study of luminescent 

0D OMHHs, from synthetic structural control to fundamental understanding of the structure-

property relationship and device integration. 

 
1. Introduction 

Metal halide perovskites and perovskite-related hybrid materials have attracted tremendous 

interests for their various applications in photovoltaic cells (PVs)[1, 2], light emitting diodes 

(LEDs)[3-5], photodetectors[6, 7], lasers[8-10], scintillators[11, 12], etc. The rich functionality of 

these materials benefits from their tunable structures, chemical compositions, and 
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morphologies.[13] The first metal halide perovskites were discovered in 1958 by Moller with a 

three-dimensional (3D) structure, [14] which have a general formula of ABX3, where A is a 

monovalent cation, such as methylammonium (MA), formamidinium (FA), or Cs; B is a 

divalent cation, such as Pb and Sn; and X is a halide ion.[15] Derived from 3D metal halide 

perovskites, low dimensionality can be obtained by means of morphological control or 

dimensionality control at the molecular level.[16] By using appropriate combinations of 

organic and metal halides, the dimensionality of OMHHs can be synthetically controlled, 

ranging from 3D to 2D, 1D, and 0D (Figure 1). [13] In 3D structure with the general formula of 

ABX3, BX6 octahedra connect with each other via corner-sharing in three dimensions. By 

slicing along (100) or (110) crystallographic planes, 2D layered structures with corner sharing 

metal halide octahedra can be derived from 3D structures. [17] [18] 1D and 0D structures based 

on metal halide octahedra can be obtained by further slicing 2D layers into metal halide wires 

and individual octahedra.[19-22] In addition to corner-sharing, metal halide building blocks 

could also be connected via edge-sharing and face-sharing. Moreover, metal halide 

polyhedrons other than octahedra could serve as building blocks for the formation of organic-

inorganic hybrids, which significantly expands the family of OMHHs beyond perovskites. 

 

Figure 1. Metal halides from corner-sharing 3D to 2D, 1D, and 0D structures based on 

octahedra, as well as other 0D metal halide polyhedrons and clusters.  
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0D metal halide hybrids are featured with isolated anionic metal halide polyhedrons 

surrounded by organic or inorganic cations. Some earliest reports of 0D metal halide hybrids 

are on inorganic Cs4PbBr6, in which PbBr64- octahedra are surrounded and separated by Cs+ 

cations.[14, 23-25] However, no excitonic emission in the visible range was observed in pure 

Cs4PbBr6.[26] By replacing Cs+ with large organic cations and expanding PbBr64- to other 

metal halide polyhedrons, a large number of 0D OMHHs have been developed and studied 

during the last few years. It should be pointed out that before the concept of 0D OMHHs was 

well-defined, several hybrid materials have been reported with a 0D structure [27, 28] [29-31] and 

shown interesting luminescent properties.[29, 32-34]  

The recent emergence of 0D OMHHs started with highly luminescent SnX64- based organic-

inorganic hybrids discovered by our group in 2017, [20, 22, 35]  when the characterized features 

of these hybrids, i.e. strongly Stokes-shifted broadband emissions with long decay lifetimes 

and high photoluminescence quantum efficiencies (PLQEs) of up to unity, were revealed and 

systematically investigated. Due to the complete isolation of metal halide anions by bulky 

organic cations, these 0D OMHHs could exhibit the photophysical properties of individual 

metal halides, with certain similarity to metal halide ions in solution phase.[36] Therefore, 

these materials can be considered as solid state “host-guest” hybrid systems with the 

photoactive metal halide species as “guest” periodically embedded in the organic “host” 

matrix. Beyond metal halide octahedra, many other types of metal halide polyhedrons, 

including pyramidal, tetrahedral, and seesaw metal halides, have been utilized for the 

assembly of 0D OMHHs, which significantly increase the structural diversity and property 

tunability.[37, 38] For instance, 0D (C9NH20)2SnBr4 with deep red emission has one of the 

largest Stokes shifts, as a result of strong structural distortion in the excited state, [37] while 0D 

(C13H19N4)2PbBr4 exhibits blue emission with a relatively small Stokes shift due to the low 

chemical reactivity of Pb 6s2 lone pairs and the rigid organic cationic matrix.[39] In addition to 

mononuclear metal halide anions, multinuclear metal halide clusters could serve as building 
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blocks in 0D OMHHs.[29] Two distinct bulk assemblies of metal halide clusters, 0D 

(C9NH20)7(PbCl4)Pb3Cl11 and (C9NH20)9(ZnCl4)2Pb3Cl11, have been reported recently to 

exhibit highly efficient blue and green emissions, respectively.[21, 40] More recently, 

multicomponent 0D OMHHs containing more than one emitting center have been developed. 

For example, 0D (bmpy)9[SbCl5]2[Pb3Cl11] was reported to exhibit tunable warm white 

emissions by combining green emission from Pb3Cl115– and orange emission from SbCl52–.[41] 

In another case, three distinct metal halide ions, i.e. PbBr42−, MnBr42−, and SnBr42−,  are 

incorporated into a single crystalline 0D hybrid ((HMTA)4PbMn0.69Sn0.31Br8) to display high-

quality white emissions.[42] The major milestones of the research progress in 0D OMHHs are 

highlighted in Figure 2. 
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Figure 2. The development of 0D OMHHs with representative work over the years. Reprinted 

with permission. [13] [22] [32, 33] [36] [37, 38] [39] [24] [41] [42] [43]  Copyright 1992, American Chemical 

Society; Copyright 2015, Royal Society of Chemistry; Copyright 2017, Wiley-VCH; 

Copyright 2018, the Royal Society of Chemistry; Copyright 2018, American Chemical 

Society; Copyright 2018, American Chemical Society; Copyright 2018, Wiley-VCH; 

Copyright 2019, American Chemical Society; Copyright 2019, American Chemical Society; 

Copyright 2019, American Chemical Society; Copyright 2020, American Chemical Society; 

Copyright 2020, Wiley-VCH 

 

In this progress report, we first introduce the definition of 0D OMHHs with various metal 

halide anions as an emitting center, followed by the discussions on how metal halide ions can 

be tuned from individual mononuclear metal halide species to multinuclear clusters, and from 

single component systems to multicomponent systems. In addition to material development, 

our understanding of the mechanisms of characteristic broadband emissions in 0D OMHHs 

will be discussed. The progress on the applications of 0D OMHHs in various technological 

areas, including optically pumped LED, scintillators, thermometers, will also be covered. In 

the end, issues, challenges, as well as our prospects on the field, will be presented. The 

historical overviews, photoluminescence mechanisms of some relevant low dimensional metal 

halide perovskites and hybrids have been reviewed in several recent publications.[13, 16, 44-46]  

 

2. The emergence of 0D OMHHs  

0D OMHHs or bulk assemblies of quantum confined metal halides with 0D structure at the 

molecular level feature individual metal halide polyhedrons completely surrounded and 

isolated by organic cations. While ionically bonded organic-inorganic hybrids have been 

studied for decades, most of them do not possess 0D structure at the molecular level with 

functional units (either organic or inorganic species) completely isolated from each other 
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without electronic couplings. In 2017, our group reported a series of 0D OMHHs, 

(C4N2H14X)4SnX6 (X = Br or I), in which individual metal halide building blocks SnX64- are 

completely surrounded and isolated by large organic cations C4N2H14X+ with the distance 

between two metal centers of > 1 nm (Figure 3a). [22] The complete site isolation of individual 

metal halide species is achieved due to the large size of the organic cations, as well as the high 

molar ratio between organic cations and metal halide anions (4:1), which inhibits the 

electronic band formation. Therefore, these 0D OMHHs can be considered to possess a 

perfect “host-guest” structure with photoactive metal halide species periodically embedded in 

an inert host matrix. This allows 0D OMHHs to exhibit the intrinsic properties of the 

individual metal halide species.[47] Unlike morphological 0D perovskite quantum dots with 

narrow direct band emissions, 0D OMHHs exhibit highly efficient Stokes-shifted broadband 

emissions with PLQEs of up to near-unity (Figure 3b). Color tuning of this class of materials 

has also been demonstrated via halide substitutions.[48] Taking advantage of their efficient 

broadband emissions with high PLQEs, 0D OMHHs show great promise as down conversion 

phosphors for optically pumped LEDs.[49-51] Following our seminal work in 2017, 0D 

OMHHs containing a variety of metal halide octahedra have been developed. Zhou et al. 

reported a lead-free indium based 0D (C4H14N2)2In2Br10 single crystal, containing octahedral 

[InBr6]3- and tetrahedral [InBr4]-,[52] which shows a largely Stokes shifted (> 300 nm) 

broadband orangish-red emission. Chen et al. synthesized 0D (PMA)3InBr6 [PMA+: 

(C6H5CH2NH3)+] via cooling crystallization,[53] which exhibits a broadband orange emission 

peaked at 610 nm with a high PLQE of ~35 %. Two other isostructural 0D (PMA)3SbBr6 and 

(PMA)3BiBr6 were recently reported,[54] which have good stability under ambient conditions 

as well as high decomposition temperatures under N2 gas flow. Lin et al. prepared 0D 

H3SbBr6(L)6 [L=2-(3-methyl-1H-imidazol-3-ium-1-yl)acetate] by solvothermal reaction, 

which exhibits a greenish-yellow broadband emission with a PLQE of 53 %.[55] Considering 

the environmentally friendly and high stability features of tin(IV) [56, 57], 0D tin(IV)-based 
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OMHHs have been developed and studied. For instance, 0D (C6N2H16Cl)2SnCl6 with a blue 

emission peaked at 450 nm was found to exhibit remarkable stability in air and at high 

temperature.[58] Very recently, our group reported 0D [(PEA)4SnBr6][(PEA)Br]2[CCl2H2]2 

with a strong emission peaked at 566 nm with a high PLQE of ~90 %,[59] which is almost 

identical to that of the previously reported 0D (C4N2H14Br)4SnBr6.[22] However, 0D 

[(PEA)4SnBr6][(PEA)Br]2[CCl2H2]2 is not stable, as it can undergo solvent-induced structural 

transformation upon drying dichloromethane to form 2D (PEA)2SnBr4 (Figure 3c). 

 

Figure 3. a) Views of two [SnBr6]4- octahedra surrounded by (C4N2H14Br)+ organic cations. 

b) (left) Images of 0D metal halide hybrids under ambient light (top) and 365 nm UV 

irradiation (bottom). (right) Stokes-shifted emission and excitation spectra of 0D metal halide 

hybrids at room temperature. c) (i) Images of phase transformation between 0D and 2D under 

UV irradiation. (ii) Absorption and emission changes of each state. (iii) PXRD patterns based 

on each state. d) View of the structure of (Ph4P)2SbCl5 and an individual [SbCl5]2- pyramidal 

structure surrounded by Ph4P+ cations and schematic synthetic approaches for growing 

(Ph4P)2SbCl5 single crystals. e) Crystal structure of (C9NH20)2SnBr4 and the configuration 

coordinate diagram for the excited-state structural-deformation-induced large Stokes shift. 

Reproduced with permission. [22, 37, 38, 59] Copyright 2017, Royal Society of Chemistry; 

Copyright 2020, American Chemical Society; Copyright 2018, American Chemical Society; 

Copyright 2018, Wiley-VCH 
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Besides metal halide octahedra, 0D OMHHs containing other types of metal halide 

polyhedrons, such as pyramidal, tetrahedral, and seesaw structured metal halides, have been 

discovered. In 2017, highly luminescent 0D (Ph4P)2SbCl5 containing pyramidal [SbCl5]2- was 

first studied in detail by our group [38]. Interestingly, (Ph4P)2SbCl5 could be prepared by two 

facile synthetic approaches as shown in Figure 3d. One is slow solvent interdiffusion method, 

which could produce a thermodynamically stable material with red emission. The other is 

rapid crystal growth method via antisolvent injection precipitation, which yields a highly 

emissive metastable product with yellow emission followed by spontaneous transformation. 

In the last couple of years, a number of 0D organic antimony halide hybrids based on SbX52- 

have been developed [32, 38, 60]. Wang et al. reported 0D [Bzmim]2SbCl5 and [Bzmim]3SbCl6 

[Bzmim=1-benzyl-3-methylimidazolium], which were prepared via unprecedented cooling-

method-dependent crystal processes.[61] Upon UV irradiation, [Bzmim]2SbCl5 exhibits tunable 

dual-emissions at different excitation wavelengths with combined emissions from both 

[Bzmim]+ and [SbCl5]2-, while [Bzmim]3SbCl6 exhibited a single broadband green emission 

peaked at 525 nm from [SbCl6]3-. An interesting transformation between [SbCl5]2- and 

[SbCl6]3- was observed in these 0D hybrids, resulting in thermal and moisture-induced triple-

mode reversible PL switching (Figure 3e). More recently, Morad et al. reported their efforts in 

controlling the geometry of antimony halide building blocks SbX52- and SbX63-, by adopting 

host-guest complexation of alkali and alkaline metal cations (Cs+, Rb+, Ba2+, etc.) with crown 

ethers to foster the formation of 0D hybrids.[62] OMHHs containing tetrahedral metal halides 

have been investigated extensively. Xu et al. reported an efficient phosphorescent green 

emitting 0D (Ph4P)2[MnBr4] containing a tetrahedral MnBr42- surrounded by Ph4P+ cations 

[33]. The intense green emission of this material originates from the metal-centered d-d 4T1-6A1 

transition in d5 configuration with a tetrahedral coordination geometry. Recently, systematic 

studies of MnX42- based 0D hybrids have been conducted by a few research groups.[43, 63, 64] It 

was found that longer Mn-Mn average distances afford higher PLQEs due to the reduction of 
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energy transfer between Mn2+ emitting centers. Other metal halide tetrahedra have also been 

used for the construction of 0D OMHHs. Yangui et al. reported 0D (C5H7N2)2HgBr4·H2O and 

(C5H7N2)2ZnBr4, which exhibit dual-band emissions with high CRI of 87 and 96, respectively. 

[65] In these materials, emissions are from excitons localized in both organic cations and 

isolated metal halide tetrahedra. Seesaw-shaped metal halides are another type of metal halide 

polyhedrons. Our group reported the first 0D OMHH containing seesaw-shaped metal halides, 

(C9NH20)2SnBr4, which exhibits a strongly Stokes-shifted broadband deep-red emission 

peaked at 695 nm with a PLQE of 46 % (Figure 3e).[37] Computational studies suggested that 

SnBr42- could undergo deformation from a seesaw structure to a flattened tetrahedron 

structure in the excited state, resulting in the extremely large Stokes shift. Recently, Morad et 

al. reported isostructural halide complexes of Ge(II), Sn(II), and Pb(II) with a large organic 

cation 1-butyl-1-methylpiperidinium (Bmpip), which exhibit bright emissions in blue to red 

and near-infrared spectral regions.[43] Meanwhile, our group reported a blue emitting 0D 

(C13H19N4)2PbBr4 with a peak emission of 460 nm and a higher PLQE of ~ 40 %.[39] The 

much smaller Stokes shift, as compared to those of other 0D hybrids, is due to the low 

chemical reactivity of Pb 6s2 lone pairs and the rigid organic cationic matrix.  

 

3. From individual polyhedrons to metal halide clusters 

In addition to mononuclear metal halide species, multinuclear metal halide clusters can also 

be used to assemble 0D OMHHs. Back in 1996, (CH3NH3)3Bi2I9 containing dioctahedral 

(Bi2I9)3- clusters were reported with strong exciton-phonon interaction.[66] After that, a few 

hybrid materials based on bismuth iodide clusters have emerged as light absorber for PVs.[67, 

68] In 2018, our group reported a single crystalline assembly of metal halide clusters, 

(C9NH20)7(PbCl4)Pb3Cl11, which exhibits blue light emission peaked at 470 nm with a high 

PLQE of around 83 %.[21] The lead chloride tetrahedrons (PbCl42-) and face-sharing lead 

chloride trimer clusters (Pb3Cl115-) co-crystallize with organic cation (C9NH20+) to form a 0D 
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structure at the molecular level, as shown in Figure 4a. The Pb3Cl115- clusters are completely 

isolated by wide-bandgap PbCl42- and C9NH20+, which allow single crystals to exhibit the 

photophysical properties of individual lead chloride clusters. Upon UV irradiation, Pb3Cl115- 

trimer clusters are excited to the higher energy excited state and then undergo ultrafast 

structural reorganization and intersystem crossing from the singlet state to the triplet states 

due to the heavy atom effect (Figure 4b). Also containing Pb3Cl115- trimer clusters, another 0D 

OMHH (C9NH20)9[ZnCl4]2[Pb3Cl11] was recently developed by our group.[40] Unlike 0D 

(C9NH20)7(PbCl4)Pb3Cl11 with blue emission, (C9NH20)9[ZnCl4]2[Pb3Cl11] exhibits green 

emission peaked at 512 nm with a remarkable near-unity PLQE at room temperature. It was 

found that 0D (C9NH20)9[ZnCl4]2[Pb3Cl11] has a much less compact crystal structure than that 

of 0D (C9NH20)7(PbCl4)Pb3Cl11. Detailed structural and photophysical studies suggested two 

emitting excited-state structures of Pb3Cl115- clusters. Following these discoveries, Li et al. 

reported a series of 0D metal halide clusters, (C9NH20)9[Pb3X11](MX4)2 (X=Br, Cl; M= Mn, 

Fe, Co, Ni, Cu, Zn) featuring two distinct anionic building blocks of [Pb3X11]5- and 

[MX4]2-.[69, 70] The different absorption of [MX4]2- leads to the distinct colors of each single 

crystals, while [Pb3X11]5- clusters lead to the halogen dependent yellow/ green broadband 

emission (Figure 4c).[70] Besides triangular trimer clusters, linear trimer clusters could also be 

formed in 0D hybrids. In 2019, topologic control of metal halide trimer clusters in two 0D 

hybrids, (C9NH20)6[Pb3Br12] and (C9NH20)9[ZnBr4]2[Pb3Br11], was realized by finely 

controlling the synthetic conditions.[71] As shown in Figure 4d, Pb3Br115- clusters in 

(C9NH20)9[ZnBr4]2[Pb3Br11] are triangular, while Pb3Br126- trimer clusters in 

(C9NH20)6[Pb3Br12] are linear. Detailed structural and photophysical studies found that their 

optical properties are highly dependent on the geometry of metal halide clusters. Meanwhile, 

by systematically varying templating N-alkylpyridinium cations, Febrainsyah and coworkers 

have developed distinct trimeric bromoplumbate architectures (Figure 4e).[72] Detail studies of 

the optical properties were performed on (benzyl)6[Pb3Br12] and it was found that 
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(benzyl)6[Pb3Br12] exhibits a large Stokes shifted broadband emission, which is more efficient 

than those of its 1D analogs. Despite these recent achievements on 0D organic-inorganic 

hybrids containing metal halide clusters, fundamental understanding of the structural-property 

relationships for this class of materials is still limited, and rational synthetic control of the size 

and geometry of metal halide clusters has not yet been well established.  

 

Figure 4. a) View of metal halide clusters (Pb3Cl115-) completely separated from each other by 

PbCl42- and C9NH20+. b) Schematic mechanism of the photophysical processes in metal halide 

clusters. c) (top) Images of single crystals of (C9NH20)9[Pb3X11](MX4)2 (X=Br, Cl; M=Mn, 

Fe, Co, Ni, Cu, Zn) under ambient light. (bottom) Emission and excitation of 

(C9NH20)9[Pb3X11](MX4)2 (X=Br, Cl; M=Mn, Fe, Co, Ni, Cu, Zn) at room temperature. d) 

(top) View of single crystal structures of (C9NH20)[Pb3Br12] and the individual chain-shaped 

metal halide clusters [Pb3Br12]6-. (bottom) View of single crystal structures of 

(C9NH20)9[ZnBr4]2[Pb3Br11] and the individual triangle-shaped metal halide clusters 

[Pb3Br11]5-. e) (top) A series of N-alkylpyridinium salts. (bottom) View of single crystal 

structure of (benzyl)6[Pb3Br12] and their room temperature UV-vis DRS and PL spectra. 
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Reproduced with permission. [21] [70] [71] [72] Copyright 2018, American Chemical Society; 

Copyright 2020, Wiley-VCH; Copyright 2019, American Chemical Society; Copyright 2020, 

American Chemical Society.  

4. From single component systems to multicomponent systems 

0D OMHHs provide an excellent platform for metal halide molecular species or clusters to 

exhibit their intrinsic properties. By reacting various organic and metal halides, 0D OMHHs 

containing one type of photoactive metal halide species, or single component 0D OMHHs, 

have been developed extensively to exhibit tunable emissions covering the whole visible 

spectrum.[13, 16, 22, 33, 37-39, 58, 59, 65, 71, 73] On the other hand, the photophysical properties of 0D 

OMHHs could be tuned by achieving multicomponent systems via doping metal ions, 

integrating multiple metal halides into a single-phase system, and compositional mixing of 

halogens. 

Doping photoactive metal ions, such as Mn2+, has been demonstrated as an effective way to 

modulate the photophysical properties of hosts without changing their crystal structures in 

many perovskite nanocrystals. This approach has been adopted to tune the photoluminescence 

and enhance the PLQEs of 0D OMHHs.[64, 74, 75] Xia et al reported a trivalent antimony doped 

0D (C9NH20)9[Pb3Cl11](ZnCl4)2:Sb3+, which exhibit dual emission from Pb3Cl115- clusters and 

Sb3+. By controlling the concentration of Sb3+, the emission colors of those 0D hybrids could 

be well-tuned from green to yellow and orange as shown in Figure 5a-c.[74]   

Integrating distinct metal halides into one single crystal provides another avenue to realize 

multi-functionalities in a single-phase material as individual metal halides could exhibit their 

properties simultaneously. Our group reported a series of binary 0D OMHHs containing 

Pb3Cl115- clusters and MClx2- (M = Pb, Zn or Sb, and x = 4 or 5) by diffusing anti-solvent into 

mixture of C9NH20Cl, zinc chloride (ZnCl2)/antimony chloride (SbCl3) and lead chloride 

(PbCl2) dissolved in DMF.[21, 40, 41] In 0D (C9NH20)9[SbCl5]2[Pb3Cl11], the combination of 

green and orange emissions from Pb3Cl115- and SbCl52- results in excitation dependent dual 
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emissions with PLQEs of >70%, correlated color temperatures (CCTs) varying from 3599 to 

1272 K, and color rendering indexes (CRIs) of up to 90 (Figure 5d, e). This is a result of 

complete site isolation of metal halide species by organic moieties and no spectral overlaps 

between the emission of Pb3Cl115- and absorption of SbCl52-. Xia group reported a similar 

binary 0D OMHH containing Pb3Br15- with emission peaked at 565 nm and MnBr42- with 

emission peaked at 528 nm (Figure 5f).[69] Interestingly, the photoluminescence was governed 

by not only the excitation wavelength but also the environment temperature (Figure 5g). The 

back energy transfer (BET) process between two emitting center [Pb3Br11] and [MnBr4] was 

found to be dependent on the temperature. At low temperature, Mn intra-atomic transitions is 

dominated as the BET from [MnBr4] to [Pb3Br11] is not activated. At high temperature, the 

Mn 4D excitation band disappear while Pb3Br11 excitation/emission band appears due to the 

activation of the BET from [MnBr4] to [Pb3Br11]. Synthesizing ternary or higher component 

OMHHs is more challenging, as single component or binary single crystals, instead of 

multicomponent single crystals, would form preferentially, when several components are 

involved in the crystallization process. Therefore, delicately choosing appropriate organic and 

metal halides that could co-crystalize is of great importance. Recently our group reported for 

the first time a ternary 0D OMHH, (HMTA)4PbMn0.69Sn0.31Br8, in which a rigid organic 

cation HMTA+ (HMTA+: N-benzyl hexamethylenetetramium, C13H19N4+) cocrystallized with 

blue emitting PbBr42-, green emitting MnBr42-, and red emitting SnBr42- (Figure 5h). The wide 

bandgap of the organic cation and distinct optical properties of the three metal bromide anions 

enabled the single crystalline system to exhibit emissions from multiple metal halide species 

simultaneously with different decay lifetimes (Figure 5i). The combination of these emissions 

led to near-perfect white emission with a PLQE of around 73 %. Because three metal halides 

have different excitations, warm to cool white emissions could be generated by controlling the 

excitation wavelength.[42]  
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Halogen substitution has been well established for bandgap control and color tuning of metal 

halide perovskites, as well as low dimensional OMHHs.[48, 75, 76] In 2017, our group reported a 

highly efficient broadband yellow light emitter based on 0D (C4N2H14Br)4SnBrxI6−x (x = 3). 

The emission band of this mixed-halide 0D hybrid is broader than those of its pure halide 

counterparts, due to the multi-excited-states created by the structural reorganization of the 

metal mixed-halide octahedrons.[22, 48] Xia’s group developed a series of mixed halide 0D 

(C9NH20)9Pb3Zn2Br19(1-x)Cl19x (x = 0–1),[76] which exhibit tunable emissions by controlling the 

halogen contents. It was found that increasing Cl content from x = 0 to 1 would result in a 

significant blue shift of emission peaks from 565 nm to 516 nm, accompanied by strikingly 

increasing PLQEs from 8% to 91%, as shown in Figure 5j-l. Major photophysical properties 

of representative 0D OMHHs have been summarized in Table 1. 
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Figure 5. (a) Diagram of structural model and doping mechanism of 

(C9NH20)9[Pb3Cl11](ZnCl4)2:Sb3+. (b) Schematic diagram of luminescence process for Sb3+ in 

(C9NH20)9[Pb3Cl11](ZnCl4)2:Sb3+. (c) Room-temperature PL and PLE spectra of 

(C9NH20)9[Pb3Cl11](ZnCl4)2:Sb3 under different Sb3+concentrations excited at 365 nm and 330 

nm. (d) A Pb chloride cluster [Pb3Cl11]5−, a Sb chloride pyramid [Pb3Cl11]5−, and an organic 

cation bmpy+ in the ball-and-stick model. (e) Excitation dependent photoluminescence spectra 

at room temperature (excitation wavelength = from 320 to 380 nm with a step of 10nm). (f) 

Luminescence model diagram of different illuminating centres at room temperature (g) 

Diagram of luminescence processes in (C9NH20)9[Pb3Br11](MnBr4)2 at room temperature. (h) 

View of the single crystal structure of (HMTA)4PbMn0.69Sn0.31Br8. (i) Absorption, excitation 

and emission spectra of (HMTA)4PbMn0.69Sn0.31Br8. (j) The schematic diagram of the 

evolution process from (C9NH20)9[Pb3Br11](ZnBr4)2 to (C9NH20)9[Pb3Cl11](ZnCl4)2 (k) Room-

temperature photoluminescence (PL; solid line) and photoluminescence excitation (PLE) 

spectra (dotted line) of (C9NH20)9Pb3Zn2Br19(1−x)Cl19x monitored at corresponding optimum 

wavelengths. (l) Variations of the PLQY of (C9NH20)9Pb3Zn2Br19(1−x)Cl19x crystals with 

different excitation wavelength (365, 359, 355, 343, 333, and 327 nm, respectively). 

Reprinted with permission. [74] [41] [69] [42] [70] Copyright 2020, the Royal Society of Chemistry; 

Copyright 2020, American Chemical Society; Copyright 2019,Wiley-VCH; Copyright 2020, 

Wiley-VCH; Copyright 2020, Wiley-VCH. 

 

Table 1. Photophysical properties of representative 0D OMHHs. 

Single crystal 0D specie λ
emission 

(nm) 
Stokes 

shift (nm) 
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 620 210 75±4 [22] 
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(C
4
H

14
N

2
)
2
In

2
Br

10
  

[InBr
6
]
3-

, 

[InBr
4
]
-
 

670 > 300 ~ 3 [52, 58] 

(C
6
H

5
CH

2
NH

3
)
3
InBr

6
 [InBr

6
]
3-

 610 245 ~35 [53] 

(C
6
H

5
CH

2
NH

3
)
3
SbBr

6
 [SbBr

6
]
3-

 640 200 < 1 [54] 

(C
6
H

5
CH

2
NH

3
)
3
BiBr

6
 [BiBr

6
]
3-

 510 160 < 1 [54] 

(C
6
H

8
N

2
O

2
)
3
SbBr

6
 [SbBr

6
]
3-

 530 170 55 [55] 

(C
6
N

2
H

16
Cl)

2
SnCl

6
  [SnCl

6
]
4-

 450 75 8.1 [58] 

[(C
8
H

12
N)

4
SnBr

6
][(C

8
H

12
N)Br]

2 

[CCl
2
H

2
]
2
 

[SnBr
6
]
4-

 566 262 ~90 [59] 

(C
24

H
20

P)
2
SbCl

5
  [SbCl

5
]
2-

  648 273 87 [38] 

(C
24

H
20

P)
2
MnBr

4
  [MnBr

4
]
2-

 516 52 97 [33] 

(C
11

H
13

N
2
)
2
SbCl

5
 [SbCl

5
]
2-

  600 225 22.3 [61] 

(C
11

H
13

N
2
)
3
SbCl

6
 [SbCl

6
]
3-

  525 160 87.5 [61] 

(C
5
H

7
N

2
)
2
HgBr

4
·H

2
O  [HgBr

4
]
2-

  425 100 14.87 [65] 

(C
5
H

7
N

2
)
2
ZnBr

4
 [ZnBr

4
]
2-

  438 118 19.18 [65] 

(C
9
NH

20
)
2
SnBr

4
 [SnBr

4
]
2-

 695 332 46 [37] 

(C
10

H
22

N)
2
SnBr

4
 [SnBr

4
]
2-

 730 376 75 [43] 

(C
10

H
22

N)
2
PbBr

4
 [PbBr

4
]
2-

 470 123 24 [43] 

(C
10

H
22

N)
2
GeBr

4
 [GeBr

4
]
2-

 660 306 < 1 [43] 

(C
13

H
19

N
4
)
2
PbBr

4
  [PbBr

4
]
2-

 460 111 ~ 40 [39] 

 

5. Luminescence Mechanisms 
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It is widely accepted that self-trapped excitons (STEs) are responsible for most cases of the 

largely Stokes-shifted broadband emissions commonly observed in low-dimensional 

OMHHs.[13, 77] The mechanism of self-trapped emissions can be described as follows: upon 

photoexcitation, bound electron and hole pairs referred to as “excitons” are generated, [47, 78] 

which can undergo either radiative decay to emit relatively small Stokes-shifted narrowband 

emissions with short lifetimes[19, 79], or further interact with transient deformed crystal lattices 

to form localized self-trapped excitons.[80, 81] Karunadasa et al. described this process as 

hardball (electron/hole/exciton) dropping on a pliable rubber sheet (a deformable lattice) and 

sinking into the potential minimum created by itself (Figure 6a).[45] Because of the large 

degrees of structural distortions and multiple exciton-phonon interaction modes, self-trapped 

emissions from low dimensional OMHHs are usually broadband with large Stokes-shifts 

(Figure 6b).[82, 83] 

 



  

18 
 

 

Figure 6. (a) Exciton self-trapping represented by a ball interacting with a rubber sheet (top). 

(b) Schematic of the adiabatic potential energy curves of the ground state (G), free-exciton 

state (FE), free-carrier state (FC), and various excited states (STEs) in configuration space. (c) 

Charge density maps of the hole (left) and the electron (right) in a relaxed exciton in 

(C4N2H14Br)4SnBr6. (d) Electronic band structure of (C4N2H14Br)4SnBr6 calculated by DFT. 

(e) Single coordinate diagram demonstrating the accessibility of both singlet and triplet bound 

excitonic states in Bmpip2MBr4 (M = Ge, Sn, Pb). LD, lattice distortion; ISC, intersystem 

crossing.(f) PL spectra of Bmpip2MBr4 at different excitation wavelengths, showing both 

singlet and triplet emission bands for Sn, Ge (RT), and Pb (inset, 10 K) cases. (g) Excitation 
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(dashed lines) and emission (solid lines) spectra of 0D OMHHs at room temperature. (h) 

Schematic diagram showing the energy adsorption, migration, and emission process of Mn(II) 

complex in a tetrahedral environment. (i) Density of states (DOS) of (C4H14N2)2In2Br10. (j) 

Schematic of the photophysical processes in [Pb3Cl11]5−-based hybrids with two energy 

minima on the excited states. (k) The configuration coordinate diagram for the emission 

processes in Cs3Cu2Br5. (a) and (b) show the ground-state and the relaxed excited-state of the 

Cu2Br5 cluster. (l) Schematic energy level diagram of (C8NH12)4Bi0.57Sb0.43Br7·H2O. 

Reprinted with permission [45] [81] [47] [43] [22] [33] [40] [84]. Copyright 2018, American Chemical 

Society; Copyright 2016, American Chemical Society; Copyright 2018, the Royal Society of 

Chemistry; Copyright 2019, American Chemical Society; Copyright 2018, the Royal Society 

of Chemistry; Copyright 2017, Wiley-VCH; Copyright 2019, American Chemical Society; 

Copyright 2019, American Chemical Society. 

 

In 0D OMHHs, metal halide species are spatially surrounded and separated by large-bandgap 

organic cations, which result in the strongly localized excitons on individual metal halide 

species upon excitation. The reasons account for this highly localized excitation are the 

dielectric confinement effect introduced by the organic cations with small dielectric constant 

and the quantum confinement effect due to minimum overlapping of the wavefunction of 

metal halide species.[85, 86] The minimum overlap of the wavefunction of metal halide units 

can be confirmed by theoretical calculations. For instance, the flatness of the density 

functional theory (DFT) calculated conduction bands and valence bands of 0D 

(C4N2H14Br)4SnBr6 indicates that the electronic coupling between SnBr64- units is negligible 

(Figure 6c). The calculated valence band maximum and conduction band minimum associated 

charge density maps of (C4N2H14Br)4SnBr6 also show that the excitons are highly localized on 

individual SnBr64- anions (Figure 6d). Lin et. al. experimentally observed a 

photoluminescence quantum efficiency (PLQE) increase from (C6N2H16)SbCl5 to 
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(C6N2H16)SbCl5⋅H2O due to the longer SbCl5 distance and more localized excitons of the 

latter compound.[87] Therefore, 0D OMHHs can indeed be considered as bulk assemblies of 

photoactive molecular/cluster species, which are similar in nature to a host-guest system with 

photo-/electro-active molecules/clusters orderly doped in an inert matrix. 

Since the excitation and relaxation processes occur on individual metal halides in 0D 

OMHHs, their photoluminescence mechanism resembles that of molecular systems. 

Therefore, the valence band maximum and conduction band minimum of these materials 

correspond to the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of metal halide anions. The exciton-phonon interactions to form 

self-trapped excitons in 0D OMHHs are indeed excited state structural reorganization of metal 

halides to form the lowest excited states, resulting emissions with large Stokes-shifts, as 

depicted in Figure 6e. In certain cases, as-formed spin-singlet excitons could undergo a fast 

intersystem crossing to form spin-triplet excitons, accompanied by the structural 

reorganization. The relaxation from spin-singlet excitonic states and spin-triplet excitonic 

states generate fluorescence and phosphorescence with different decay lifetimes.  Kovalenko 

et. al. experimentally observed coexistence of singlet and triplet emission of Bmpip2MBr4 (M 

= Ge, Sn, Pb) with the help of a streak camera (Figure 6f),[43, 88] while most 0D OMHHs 

containing ns2 metal halides only give exclusive broad emissions from triplet excited states 

(Figure 6g).[22] 

It’s worth mentioning that many factors, such as the rigidity of organic cations and the 

topology of metal halides, could have dramatic effects on the excited-state potential energy 

surface (PES) and subsequently photophysical properties, including Stokes-shift, emission 

peak width, and the number of emission peaks. For instance, 0D (C9NH20)2SnBr4, 

Bmpip2PbBr4, and (C13H19N4)2PbBr4 all contain seesaw structured metal halides, but exhibit 

emissions with different Stokes shifts. 0D (C13H19N4)2PbBr4 has the narrowest emission with 

smallest Stokes shift due to the low chemical reactivity of Pb 6s2 lone pairs and the rigid 
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organic cationic matrix.[39] In (C6N2H16Cl)2SnCl6, SnCl6 octahedra exhibit almost no 

structural distortion in the ground state as well as the excited state due to the absence of the 

stereochemically active lone pair electrons on the Sn4+ cations, resulting in much smaller 

Stokes shift and full width at half maxima (FWHM), as compared to those of 

(C4N2H14X)4SnX6 (X = Br or I). While most of luminescent 0D OMHHs reported to date are 

based on ns2 metal halides, in which the ns2 lone pairs can be stabilized by structural 

distortion and s-p orbital mixing in the excited states responsible for the 

photoluminescence,[89, 90] 0D OMHHs with different photophysical processes have also been 

investigated. For instance, the efficient green emission with microsecond lifetime from 0D 

[Ph4P]2[MnBr4] is attributed to the spin-forbidden d–d transition from 4T1 to 6A1 of MnBr4 

with a tetrahedral coordination geometry (Figure 6h).[33, 91] In another 0D hybrid 

(C4H14N2)2In2Br10, the emission center is the full shell metal based InBr63- octahedra, with 

HOMO mainly on Br 4p orbitals and LUMO on the mixed Br 4p and In 5s orbitals (Figure 

6i).[52] All 0D OMHHs containing metal halide clusters developed to date could still be 

regarded as molecular systems, as metal halide clusters compose too few atoms to merge the 

frontier orbitals into electronic bands. However, unlike mononuclear molecular metal halide 

species with one excited state energy well in the PES, metal halide clusters could have 

multiple excited state energy wells, resulting in various exciton localization sites and emission 

pathways. Dual emissions have been observed in several 0D OMHHs containing lead halide 

clusters due to coexistence of two exited state energy minima (Figure 6j).[40, 71] The excitation 

of another [Cu2X5]3− cluster-based material involves breakage of two Cu-halogen bonds 

(Figure 6k), suggesting that the extreme case of structural distortion in clusters could be 

breakage and formation of bonds.[84] In another multicomponent 0D material 

(C8NH12)4Bi0.57Sb0.43Br7·H2O, energy transfer occurs from BiBr63- to SbBr63-, and the 

broadband emission is considered to be a combination of emissions from free excitons, spin-

singlet excitons, and spin-triplet exciton (Figure 6l).[92] 
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6. Applications 

6.1. Optically pumped and electrically driven LEDs 

During the last couple of years, a number of  0D OMHHs have been developed to exhibit 

highly efficient emissions with tunable colors covering the entire visible spectrum, from blue 

to green, yellow, orange, and red. The remarkable photophysical properties with high PLQEs, 

negligible self-absorption, and good thermal/photostability make them highly promising down 

conversion phosphors for optically pumped white LEDs (WLEDs). UV-pumped WLEDs 

fabricated using the blends of yellow emitting 0D (C4N2H14Br)4SnBr3I3 and blue phosphor 

BaMgAl10O17:Eu2+ in polydimethylsiloxane (PDMS) matrix can exhibit high color rendering 

indexes (CRIs) of up to 85 (Figure 7a). White lights ranging from “cold” to “warm” have 

been achieved by simply varying the ratio of yellow and blue phosphors as shown in Figure 

7b and 7c.[48] By using a series of 0D OMHHs with broadband emissions,  (PPh4)2SbCl5, 

(C4N2H14)4SnBr6), and (PPh4)2MnBr4, together with BaMgAl10O17:Eu2, we have 

demonstrated WLEDs with light outputs mimicking sunlight at different times of day with 

correlated color temperatures (CCTs) ranging from 3000 to 6000 K and CRI as high as 99 

(Figure 7d and 7e).[49] Recently, multicomponent 0D OMHHs with white emissions have also 

been utilized as single phase down-conversion phosphors for WLEDs.[41, 42, 69, 92] For instance, 

(bmpy)9[SbCl5]2[Pb3Cl11] enables tunable warm white emissions with CCTs) varying from 

3599 to 1272 K and color CRIs of up to 90 (Figure 7f).[41] The use of 0D 

(HMTA)4PbMn0.69Sn0.31Br8 as single down conversion phosphor afforded a UV (360 nm) 

pumped WLED with CIE of (0.32, 0.33) and CRI of 95.[42] A maximum brightness of 6570 cd 

m-2 at 3.5 V and luminous power efficiency of 6.2 lm w-1 were achieved (Figure 7g). The 

relatively low power efficiency is due to the use of a UV LED with low efficiency and 

mismatching of the excitation wavelength (deep UV excitation sources in the range 290-310 

nm are not readily available), a single device architecture, and only front emission being 
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counted in measurement. This UV-pumped LED exhibited spectra stability at various driving 

current as show in Figure 7h. Making electric-driven LEDs based on 0D OMHHs is more 

challenging, as most of these materials have large direct band gaps with extremely low 

conductivity and charge carrier mobility due to insolating organic cations. To date, only Mn-

based 0D OMHH (PPh4)2(MnBr4) has successfully been used for electrically driven LEDs 

with EQEs of up to 10 % as shown in Figure 7i.[33, 93]  

 
 

Figure 7. (a) Images of blue and yellow phosphors with different weight ratios (from left to 

right, 1:0, 4:1, 2:1, 1:1 and 0:1) embedded in PDMS under ambient light and UV light. (b) 

The emission spectra of UV pumped LEDs with different weight ratios. (c) CIE coordinates 

and CCTs for the UV pumped LEDs plotted on the CIE1931 color space chromaticity chart. 

(d) CRI comparison between the champion 4000 K device and a YAG:Ce3+-based 

commercial white LED. (e) CIE 1931 diagram showing the chromaticity points of prototype 

devices; inset, CIE coordinates of devices lie on or close to the Planckian locus; (f) CIE 

coordinates for the excitation dependent photoluminescence of (C9NH20)9[SbCl5]2[Pb3Cl11]: 

excited by 320 (blue), 330 (cyan), 340 (dark green), 350 (green), 360 (yellow), 370 (orange), 

and 380 nm (red). (g) voltage versus brightness and luminous efficiency of a UV-pumped 

LED (Inset shows the image of a UV pumped LED). (h) Emission spectra of a UV-pumped 
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LED at different driving currents. (i) The external quantum efficiency/current efficiency 

versus luminance for (Ph4P)2[MnBr4] based OLEDs. Reprinted with permission. [48] [49] [41] [42] 

[33] Copyright 2020, the Royal Society of Chemistry; Copyright 2020, American Chemical 

Society; Copyright 2019,Wiley-VCH; Copyright 2020, Wiley-VCH. 

 

6.2. X-ray Scintillators 

X-ray scintillators, with the ability to convert high-energy X-ray into low-energy visible 

photons, have received great attention in recent years. 0D OMHHs are highly promising X-

ray scintillation materials, considering their characteristics matching well with the 

requirements of X-ray scintillators, including large X-ray stopping power of metals, little to 

no self-absorption, and high PLQEs of near-unity. Kovalenko et al. reported X-ray-excited 

luminescence (radioluminescence) of 0D Bmpip2SnBr4 and Bmpip2PbBr4 with brightness 

being commensurate with that of a commercial inorganic X-ray scintillator (NaI:Tl)  (Figure 

8a-e). [43] Recently our group reported the use of 0D (PPN)2SbCl5 as x-ray scintillation 

material with high light yield and exceptional environmental stability as shown in Figure 8f-i. 

(PPN)2SbCl5 single crystals prepared by solution growth exhibit visible PL with a PLQE of 

98%. When excited by X-ray, (PPN)2SbCl5 single crystals exhibit red radioluminescence with 

a near-perfect linearity in a large range of X-ray dose rate, and a light yield (~ 49,000 

photons/MeV) comparable with that of a commercial CsI(Tl) scintillator (~ 54,000 

photons/MeV). A low detection limit of (PPN)2SbCl5 (191.4 nGy/s) was recorded, which is 

much lower than the required value for regular medical diagnostics (5.5 μGy/s). (PPN)2SbCl5 

single crystals also display remarkable stability with little-to-no change of properties after 

storage in ambient conditions for two years.[73] In another work, our group has developed 

flexible X-ray scintillators based on 0D (C38H34P2)MnBr4 (Figure 8j), which exhibits green 

emission peaked at 517 nm with a PLQE of ~ 95% (Figure 8k). By diffusing diethyl ether into 

a dichloromethane (DCM) precursor solution containing ethylenebis(triphenylphosphonium 
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bromide) (C38H34P2) and MnBr2 in a ratio of 1:1, inch-sized 0D (C38H34P2)MnBr4 single 

crystals could be prepared. The characterization of its X-ray scintillation found exceptional 

performance with an excellent linear response to X-ray dose rate, a high light yield of ~ 

80,000 photons/MeV, and a very low detection limits of 72.8 nGy/s, which are superior to 

most of today’s commercially available scintillators (Figure 8l and 8m). X-ray imaging tests 

showed that scintillators based (C38H34P2)MnBr4 fine powders could provide a visualization 

tool for X-ray radiography with as high spatial resolution of 0.322 mm. Flexible scintillators 

could be fabricated by blending (C38H34P2)MnBr4 powders with polydimethylsiloxane 

(PDMS), which show excellent flexibility and can be easily bent and stretched.[94] To prepare 

high quality polymer/OMHH composite films, it is important to choose an appropriate 

polymer that is chemically inert to the OMHH. Also the particle size of OMHH should be 

small enough to achieve its uniform distribution in the polymer matrix. The investigations on 

the applications of flexible scintillators need further exploration.  

 

Figure 8. (a) Crystal structure of Bmpip2MBr4, viewed along the [110] crystallographic 
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direction. (b) Disphenoidal coordination of lead, tin, and germanium, demonstrating a 

different degree of repulsion between axial bromide atoms and the lone pair, which occupies 

one of the equatorial positions. (c) RT spectra of PL (color-shaded) and PLE for Bmpip2PbBr4 

(blue), Bmpip2SnBr4 (red), and Bmpip2GeBr4 (yellow) and (inset) a photograph of 

Bmpip2PbBr4 and Bmpip2SnBr4 under UV excitation. (d) X-ray fluorescence spectra under 50 

kV Ag tube irradiation. (e) The normalized total amount of photons comparison with the same 

X-ray excitation source. NaI:Tl commercial scintillator, Bmpip2PbBr4 pellet, and 

Bmpip2SnBr4 pellet .(f) Crystal structure of (PPN)2SbCl5. (g) Excitation and emission spectra 

of (PPN)2SbCl5 single crystals. (h) RL spectra of (PPN)2SbCl5 and CsI(Tl) under 50 keV X-

ray excitation. The inset shows a digital photograph of the (PPN)2SbCl5 crystals under X-ray 

irradiation. (i) A linear relationship between the dose rate and RL intensity for (PPN)2SbCl5 

and CsI(Tl) scintillators. The inset shows the data for (PPN)2SbCl5 measured at a low dose 

rate. (j) Crystal structure of (C38H34P2)MnBr4 (Mn green, Br orange, P blue, C gray; hydrogen 

atoms were hidden for clarity). (k) Absorption, excitation, and emission spectra of 

(C38H34P2)MnBr4. (l) Dose rate dependence of the RL intensity of standard reference 

Ce:LuAG and (C38H34P2)MnBr4. The inset shows the detection limit measurement under low 

X-ray dose for (C38H34P2)MnBr4. (m) Comparison of scintillator light yields of 

(C38H34P2)MnBr4. and previously reported and commercially available scintillators. Reprinted 

with permission. [43] [73] [94] Copyright 2019, American Chemical Society; Copyright 2020, 

American Chemical Society; Copyright 2020, Nature Publishing Group. 

 

6.3.Sensors 

The change of photophysical properties of 0D OMHHs under stimulations, e.g. heat, volatile 

organic solvents, and humidity, make them potential candidates for various types of sensors. 

Recently, Kovalenko’s group developed a high-precision thermal sensor, by taking advantage 

of the temperature dependent photoluminescence lifetimes of 0D [C(NH2)3]2SnBr4, Cs4SnBr6 
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and (C4N2H14I)4SnI6.[95] The sensitive range could span from -100 to 110 °C with a 

thermometric precision down to 0.013 °C. A ToF fluorescence lifetime imaging (FLI) was 

demonstrated using Cs4SnBr6 powder with a much higher lateral thermographic resolution 

than that of a conventional bolometric thermogram (Figure 9a-d). Xia’s group demonstrated a 

fast, switchable, and highly selective fluorescent sensor platform based on green emitting 0D 

(C9NH20)2MnBr4 for different organic solvents.[96] It was found that the emission of 

(C9NH20)2MnBr4 could be quickly quenched in 10 s after exposure to acetone vapor, while no 

obvious fluorescence change was observed for many other solvents including ethanol, 

methanol, hexane and toluene (Figure 9e and 9f). Tang’s group reported the use of 

PEA2MnBr4 for humidity detection through luminescent visible chromism.[97] It was found 

the PEA2MnBr4 could go through a luminescent humidity chromism from green emission at 

the water-desorption state to pink emission at the water-adsorption state (Figure 9g). Then 

they used this visible chromism to check the water content in toluene and obtain a low 

detection limit between 0.02 and 0.05 vol% as shown in Figure 9h.  

 

Figure 9. (a) Temperature evolution of TRPL traces for Cs4SnBr6 excited at 355 nm. (b) PL 

lifetime temperature dependence for [C(NH2)3]2SnBr4 (blue curve), Cs4SnBr6 (green curve), 

(C4N2H14I)4SnI6 (red curve). (c) Response of PL lifetime to a controlled temperature step of 

0.05 °C. Repeated measurements yield a PL lifetime and temperature s.d. of ±0.04 ns and 

±0.013 °C, respectively. (d) ToF-FLI thermogram of the sample under heating conditions (e) 
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Digital photos of (C9NH20)2MnBr4 upon exposure to various organic vapors for 10 min under 

365 nm UV excitation. (f) Time-related emission spectra of (C9NH20)2MnBr4 toward acetone 

vapor. (g) Cycling durability (green PL intensity of dehydrated PEA2MnBr4) with repeated 

water adsorption and desorption. (h) Dehydrated PEA2MnBr4 in toluene solvent containing 

different amounts of water (0.01-0.1% v/v). Reprinted with permission. [95] [96] [97] Copyright 

2019, Nature Publishing Group; Copyright 2019, American Chemical Society; Copyright 

2020, the Royal Society of Chemistry. 

6.4. Other Applications 

In addition to diverse luminescent properties, photovoltaic and ferroelectric properties have 

been discovered on 0D OMHHs.[98-100] For instance, by using mixed-anion 

halogenobismuthate(III) (CH3-NH3)6BiI5.22Cl3.78 (MBIC) with an optical indirect bandgap of 

2.25 eV as light absorber, PVs were fabricated to exhibit a maximum power conversion 

efficiency of 0.18% and a high fill factor of almost 60% with a device structure of glass/ 

ITO/compact TiO2/mesoporous TiO2/MBIC /spiro-OMeTAD/Au.[99] Gao et al, improved the 

PCE to1.09 % by employing a 0D (CH3NH3)3[BiI6]·3 CH3NH3Cl as absorber.[98] For 

ferroelectric devices, Xiong’s group demonstrated a molecular ferroelectrics by using 

[cyclopentylammonium]2CdBr4, which shows a moderate above-room-temperature Tc of 

340.3 K.[100] The order-disorder transition of both the organic cations and inorganic anions are 

responsible for the ferroelectric phase transition from Pnam to Pna21. 

 

7. Summary and Outlook 

Remarkable progress has been achieved in the development and study of 0D OMHHs based 

on numerous organic and metal halide building blocks during the last few years. From 

mononuclear molecular metal halide species to multinuclear metal halide clusters, from 

insulating organic moieties to semiconducting units, from a single component to 

multicomponent systems, the rich chemistry of this class of hybrid materials offer tremendous 
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opportunities to realize desired functionalities in single phase systems. One particular 

achievement is color tuning of their photoluminescence, covering the whole visible spectral 

region from blue to green, yellow, orange, red, and even white with PLQEs of up to near-

unity. Detailed structural and photophysical studies together with DFT calculations have 

generated some fundamental understanding of the structure-property relationship for 0D 

OMHHs. For many 0D OMHHs containing site-isolated light-emitting metal halide species, 

their photophysical processes could be well described as molecular-type transitions, involving 

excited state structural reorganization and/or intersystem crossing. The remarkable optical 

properties of 0D OMHHs have enabled their applications in a variety of optoelectronic 

devices, including optically pumped and electrically driven LEDs, X-ray scintillators, 

fluorescent sensors, etc. 

Despite these significant advances on 0D OMHHs, synthetic control of the crystallographic 

structures of this class of materials has not yet reached the same level as in conventional 

organic and inorganic materials. Moreover, the physical understanding of this class of hybrid 

materials is still very limited. For instance, photoluminescence remains the major 

functionality that has been extensively investigated to date, while other properties, such as 

electronic and magnetic properties, remain under-explored.[101, 102] Investigations on the 

potential applications of this class of materials are also in a very early stage. To this end, there 

is a need to further pursue multidisciplinary research at a level beyond the current state-of-

the-art to realize the potential of 0D OMHHs. The following are several issues and challenges 

to be addressed. 

1. Although 0D OMHHs containing various metal halide polyhedrons and clusters have been 

developed, the synthesis of this class of materials has mainly relied on the trial-and-error 

method and rational synthetic control has not yet been well established. One challenge to 

address is to control the distance between individual metal halides in 0D OMHHs and 

understand how the distance would affect their electronic couplings. Moreover, it would 
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be of great interest to achieve synthetic control of the composition and size of metal halide 

clusters with the formation of electronic band structures in individual metal halide 

clusters. From mononuclear metal halide molecular species to small metal halide clusters 

with molecular photophysical behaviors, and eventually large metal halide clusters as 

semiconductor quantum dots, 0D OMHHs could be a great platform to bridge molecules 

to clusters and crystals. The combinations of different metals and halides enable a large 

number of fundamental metal halide building blocks for the assembly of clusters with 

tunable electronic structures and bandgaps, which could be beneficial to the development 

of electronic devices based on 0D OMHHs. 

2. Most 0D OMHHs developed to date exhibit optical properties controlled by the light 

emitting metal halide species, with organic cations serving as scaffolding components to 

achieve complete site isolation for individual metal halide species. 0D OMHHs with their 

optical properties dominated by the organic cations have not been well explored yet. As 

the molecular packing of organic cations could be significantly changed upon the 

interactions with metal halides, it is possible for 0D OMHHs to exhibit hidden properties 

of organic cations. Recently, we discovered photophysical tuning of 0D OMHHs from 

efficient phosphorescence to ultralong afterglow, by using various metal halides as 

counter anions to co-crystallized with tetraphenylphosphonium cations.[103] This most 

recent advance in 0D OMHHs opens a new avenue for the development of functional 

materials, by using metal halides and many other complex species as counter ions to co-

crystallized with organic ions to form functional ionically bonded hybrid systems. 

3. While the number of publications on 0D OMHHs is soaring, challenges in understanding 

fundamental light-matter interactions in these condense hybrid materials with 

soft/deformable lattices remain. To date, most of the characterizations of this class of 

materials have been on the steady state photophysical properties, and the excited state 

dynamics and kinetics have not been well investigated. A number of questions, for 
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instance, how the topology of the metal halide frameworks, the rigidity of organic 

components, and the interactions between organic and metal halide moieties would affect 

the parameters of the ground state and excited states, remain unanswered. The exceptional 

tunability of this class of materials could be leveraged to control the softness of the lattice 

by changing the organic cations, allowing tuning the confinement to study exciton and 

charge carrier dynamics in the same photoactive metal halide structures. To understand 

the mechanisms of exciton delocalization, exciton localization and self-trapping, excited-

state structural reorganization, and decay of excited states in 0D OMHHs, detailed studies 

of the excited-state dynamics and kinetics using ultrafast spectroscopies, including time-

resolved photoluminescence (TRPL) and transient absorption (TA) spectroscopies, are 

needed. 

4. To date, various applications have been demonstrated for 0D OMHHs, in particular, those 

devices using them as light emitters. The most promising application established so far is 

perhaps X-ray scintillators, considering the low cost and high performance, although 

further research and development are needed to replace existing inorganic scintillators 

with 0D OMHHs in commercial products. To enable the use of 0D OMHHs for high-

energy radiation detection, large single crystals or thick films are desired. While inch-

sized crystals could easily be prepared using anti-solvent diffusion or slow-cooling 

method, further investigation of crystal growth of 0D OMHHs is needed to deliver larger 

single crystals.  For other device applications, the performance of 0D OMHHs based 

devices has not reached the level to meet the requirements for practical adaption. For 

instance, the large Stokes shifts of 0D OMHHs require the use of UV LED as optical 

pump source for WLEDs, which significantly reduce power efficiency. To address this 

issue, 0D OMHHs with small Stokes shifts are desired. Meanwhile, considering the 

exceptional structural and property tunability of 0D OMHHs, new functionalities and 

applications remain to be explored. 
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5. Despite the relatively good stability in ambient conditions arising from their “host-guest” 

structure, 0D OMHHs could suffer from moisture and other environmental conditions due 

to their ionic nature. In terms of long-term stability, strategies that can increase their 

moisture resistivity without negatively affecting their optoelectronic and photophysical 

properties are desired. Our current understanding suggests that organic moieties play an 

important role in stabilizing the hybrids. Also, the degradation pathways could be reduced 

by choosing resilient metal ions for OMHHs. 
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Zero-dimensional organic metal halide hybrids (0D OMHHs) have emerged as highly 
promising photoactive hybrid materials with unique properties and applications in a variety of 
areas. This progress report discusses the recent advances in the development and study of 
luminescent 0D OMHHs, from synthetic structural control to fundamental understanding of 
the structure-property relationship and device integration. 
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