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ABSTRACT: Solid-state-lighting (SSL) technologies are gradually replacing conventional lighting sources due to their advantages in 
energy efficiency and reduced environmental impact. As such, developing high-performance luminescent materials to be used in SSL 

devices for lighting related applications has become a very hot topic in the past decade. These luminescent materials can be designed as 
either phosphors or emissive layers for light-emitting diodes (LEDs) or organic light-emitting diodes (OLEDs). This article provides 
a brief overview on the recent research and development of a variety of luminescent inorganic-organic hybrid semiconductor material 
classes. The structural characteristics and luminescent properties of representative examples of each material fami ly wi l l be discussed 
and summarized. 
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Abbreviations: MLCT, metal-to-ligand-charge-transfer; XLCT, halide-to-ligand-charge-transfer; CC, metal-center change transfer; EQE, external 
quantum efficiency; PE, power efficiency; CE, current efficiency; VON, Turn-on voltage; Lma x, ma ximum luminance; KC, ligand centered; LLCT, inter- 
ligand (or ligand-to-ligand) charge transfer; MC, metal-centered; MMCT, metal-to-metal charge transfer; BAM, BaMgAl 10 O 17 :Eu 2 + ; XMLCT, cluster- 
centered halogen-metal to ligand; EWDP, excitation-wavelength-dependent photoluminescence; T D , decomposition temperature; STE, self-trapped ex- 
citon; EA, ethylammonium; PEI, polyethyleneimine; mCPy, 3,5-bis(carbazol-9-yl)pyridine; TCIQ, 4-[3,6-di(carbazol-9-yl)carbazol-9-yl]isoquinoline; 
TCPy, 3-[3,6-di(carbazol-9-yl)carbazol-9-yl]pyridine; CPy, 4-(carbazol-9-yl)isoquinoline (4CIQ), and 3-(carbazol-9-yl)pyridine; CIQ, isoquinolyl 
carbazole; DCIQ, 9-(8-(carbazol-9-yl)isoquinolin-5-yl)-carbazole; DCDPIQ, 9-(4-(5-(4-(carbazol-9-yl)phenyl)isoquinolin-8-yl)phenyl)-carbazole; 1- 
Mim, 1-methyl imidazole; 2,6-dmpz, 2,6-dimethylpiperazine; 4,4 ′ -bpy, 4,4 ′ -bipyridine; 4,4 ′ -dps, 4,4 ′ -dipyridyl sulfide; 5-Br-pm, 5-bromopyrimidine; 
API, N-(3-Aminopropyl)-imidazole; ba, n-butylamine; bbipe, 1,5-bis(1H-benzo[d]imidazol-1-yl)pentane; bix, 1, 4-bis(imidazole-1-ylmethyl)benzene; 
bmbipe, 1,5-bis(5-methyl-1H-benzo[d]imidazol-1-yl)pentane; bmib, 1,4-bis(2-methyl-imidazol-1-yl)butane; Bmim, 1-butyl-3-methyl imidazolium; 
Bmmim, 1-buty l-2,3-dimethy l imidazolium; bp4mo, N-oxide-4,4 ′ -bipyridine; bpp, 1,3-bis(4-pyridyl)propane; btmdb, N-((1H-benzo[d][1,2,3]triazol- 
1-y l)methy l)-N,N-dibuty lbutan-1-aminium; bttmm, 1-(1H-benzo[d][1,2,3]triazol-1-yl)-N,N,N-trimethylmethanaminium; bza, benzylamine; Bzmim, 
1-benzyl-3-methyl imidazolium; bz-ted, 1-benzyl-1,4-diazabicyclo[2.2.2]octan-1-ium; CRI, Color Rendering Index; CCT, correlated color tem- 
perature; CyBMA, 1,3-bis(methylaminohydrobromide)cyclohexane; DABCO, 1,4-Diazabicyclo(2,2,2)octane; DETA, diethylenetriamine; dipe, 
1,5-di(1H-imidazol-1-yl)pentane; dppe, bis(diphenylphosphanyl)ethane; dppf, Ph 2 PCpFeCpPPh 2 ; dppm, bis(diphenylphosphino)methane; dppo, 
Ph 2 P(CH 2 ) 8 PPh 2 ; dpppt, bis(diphenylphosphanyl)pentane; EDBE, 2,2 ′ -(ethylenedioxy)bis(ethylammonium); EL, electroluminescence; en, ethylene- 
diamine; EPy, 1-ethylpyridinium; EQY, external quantum yield; fbza, 4-flurobenzylamine; H 2 mba, 2-mercaptobenzoic acid ; ha, n-hex ylamine; hep, 
heptamethylenimine; hex, hexamethylenimine; HMD, homopiperazine; HOOCMim, 1-carboxymethyl-3-methyl imidazolium; HLED, hybrid light 
emitting diode; Im, imidazole; ISC, intersystem crossing; IQY, internal quantum yield; CIE, International Commission on Illumination; LED, 
light-emitting diode; mbza, 4-methoxybenzylamine; N-MEDA, N 

1 -methylethane-1,2-diammonium; oa, octylamine; OLED, organic light-emitting 
diode; pca, 3-picolylamine; pda, 1,3-propanediamine; pc-WLED, phosphor-converted white light emitting diode; PL, photoluminescence; PV, 
photovoltaic; pm, pyrimidine; pr-ted, 1-propyl-1,4-diazabicyclo[2.2.2]octan-1-ium; py, pyridine; QCE, quantum confinement effect; QE, Quantum 

efficiency; QY, Quantum yield; REE, rare-earth element; SOC, spin-orbit coupling; TBA, tetrabutylammonium; thfa, tetrahydrof urf urylamine; tpp, 
triphenylphosphine.; tppa, N,N 

′ ,N 

′′ -tris(3-pyridinyl)phosphoric triamide; YAG, yttrium aluminum garnet. 

INTRODUCTION 

Inorganic-organic hybrid semiconductors for 
solid-state lighting 

As the environmental challenges facing the planet have 
become clearer, the development of new energy-saving 

technologies has become an extremely active research topic, 1,2 
with the eventual goal being the development of a sustainable 
and energy-efficient global society. The most effective ways to 
improve energy efficiency is to replace traditional energy-costly 
technologies with more efficient alternatives. 3,4 Solid-state 

lighting (SSL) technologies for general lighting, including 
light-emitting diodes (LEDs) and organic light-emitting 
diodes (OLEDs), are much more efficient than conventional 
lighting devices. 5 Since general lighting accounts for a significant 
portion of global energy consumption, SSL brings about a 
revolution in the lighting and display industries and is widely 
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Fig. 1. Illustration of the design and synthesis of inorganic-organic hybrid materials for lighting applications. 

considered to be the lighting technology of the future. While 
white LEDs (WLEDs) offer the highest energy efficiency for 
general lighting applications, commercial phosphors currently 
used in WLEDs are inorganic materials containing rare-earth 
elements (REEs). Their dependence on REEs, in particular 
europium, terbium, and yttrium, can become problematic due 
to potential supply risk and cost issues, as well as their serious 
environmental impact. In addition, the quality of light produced 
by commercial WLEDs needs further optimization. For these 
reasons, new types of better performing lighting materials are sti l l 
in great demand ( Fig. 1 ). 

Crystalline inorganic-organic hybrid materials are composed 
of inorganic and organic moieties or modules blended at the 
atomic or molecular scale, and they have been extensively ex- 
plored over the past several decades. 6–11 These materials are both 
fundamentally and technologically important because of their 
structural versatility and interesting/unique properties that result 
from incorporation of both inorganic and organic component in a 
single crystal lattice. 8,122 The integration of the inorganic modules 
and organic ligands allows the combination of the superior 
electronic, magnetic, optical, thermal, and mechanical properties 
of the inorganic compounds with the excellent structural flex- 
ibility, processability, light weight, and functionality of organic 
molecules in the resulting hybrid structures, providing greatly 
enhanced structural, chemical and physical properties. 8,12,13 The 
diversity of these structures allow scientists to optimize their 
properties by altering the inorganic and organic components, or 
the bonding between them, and the overall performance of the 
hybrids can also be systematically tuned by changing the reactants 
or reaction conditions. The structure-property relationships of 
these structures have been extensively studied in order to obtain 
high-performance functional materials. 

The luminescence, either photoluminescence (PL) or electro- 
luminescence (EL), of inorganic-organic hybrid semiconductors 
is particularly interesting. 14–16 Depending on their optical prop- 
erties, these materials may be suitable for use as either the lighting 
phosphors for phosphor-converted WLEDs (pc-WLEDs) or the 
emissive layers in hybrid LEDs (HLEDs). In both cases the 
light output is primarily determined by the intrinsic emissive 
behaviors of excited phosphors in form of either fluorescence 
or phosphorescence. Fluorescence occurs when an electron 
relaxes to its ground state by emitting a photon from an excited 
singlet state. 17 Such electron transition is spin-allowed (S 1 -S 0 ), 
so this process is fast, usually taking less than 1 μs to occur. 
In phosphorescence, an electron undergoes intersystem crossing 
(ISC) into a triplet state. The excited electron is then trapped 

in the triplet state with only "forbidden" transitions available to 
return to the lower energy singlet state. This transition (T 1 -S 0 ), 
although "forbidden", wi l l sti l l occur, albeit significantly slower 
than fluorescence transitions. 18,19 

Luminescence from hybrid structures tends to be complicated 
and in most cases involves more than one energy transfer process 
after the compound is excited by light or an electric field. 11,14,20 
Different types of hybrid structures also tend to exhibit different 
luminescence mechanisms. Broadly speaking, electron transition 
processes for typical inorganic-organic hybrids involve ligand 
centered (LC) transitions, inter-ligand (or ligand-to-ligand) 
charge transfer (LLCT), charge transfer between metal and ligand 
(MLCT or LMCT), metal-centered (MC) transitions, and metal- 
to-metal charge transfer (MMCT). 21 For hybrid semiconduc- 
tor materials, band gap emission generally dominates, which 
involves recombination of electrons from the lowest edge of 
the conduction band with holes present in the highest edge of 
the valance band. When the electron recombines with the hole 
in such a way, a photon with energy equal to the band gap is 
emitted. 22,23 At the nano-scale, band edge emission from semi- 
conductors is highly size dependent, owing to size-dependent 
quantum confinement or quantum size effect. Emissions from 

defects and impurities are common for nanoparticles or doped 
samples of hybrid semicondutors. 24 A recent study showed 
that, for low-dimensional perovskite based hybrids with strong 
electron −phonon interactions, the broadband emissions are 
from self-trapped excitons. 25 Strong spin-orbit coupling (SOC) 
effect also plays an important role influencing the band gap as well 
as luminescent properties of some of these materials since they 
often contain heavy atoms. 26–30 SOC is the interaction between 
the electron spin and the magnetic moment generated by the 
orbital motion of the electron. 31 Spin-orbital splitting of energy 
levels of different atoms may be different, and the extent of such 
splitting is generally larger for heavier atoms. 32 Many studies show 

that the SOC effect has strong influence on the energy levels of 
heav y metals (e.g. Pb, Sn), w hich leads to strong mixing between 
singlet and triplets states of the excitons and reduces band gaps 
of hybrid perovskites. 29 Studies also show that efficient SOC can 
lead to faster ISC, which results in stronger phosphorescence in 
hybrid molecular clusters in the solid state. 26,33–35 Due to the 
complexity of these structures, the study of their luminescence 
mechanisms is sti l l in its infancy. 

The general approach to fabricating pc-WLEDs involves the 
use of either single or multicomponent phosphors in combina- 
tion with an excitation source (e.g. a blue LED chip) to generate 
white light of high quality. 36 The phosphors used are down 
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conversion materials, producing lower energy photons upon 
absorbing higher energy photons. A common example of this 
type of WLEDs is made by coating a blue-emitting InGaN/GaN 

diode with a yellow emitting YAG:Ce 3 + phosphor. 37 Some red- 
emitting phosphors may also be blended in for light quality 
optimization, tuning the “cold” white light to “warm” white 
light. 37,38 The combined emissions from the blue chip and 
phosphors generate white light of high quality. 36 

When considering a hybrid material for lighting applications, 
the quality of light produced must be taken into consideration. 
Light quality is typically evaluated by several parameters, such 
as internal quantum yield (IQY) and external quantum yield 
(EQY), the International Commission on Illumination (CIE) 
colorimetry, correlated color temperature (CCT), and color 
rendering index (CRI). The quantum yield and the quantum 

efficiency (QE) may be used interchangeably. The IQY for the 
commonly used commercial phosphor YAG: Ce 3 + is as high as 
95%, 36 and the CIE coordinates for pure white light is (0.333, 
0.333). Color temperature defines the color appearance of a white 
LED. A warm light is 2700 K or lower, neutral white is at around 
4000 K, and cool white is 5000 K or higher temperatures. 

Electroluminescence is an optical phenomenon in which a 
material emits light in response to an electric current or a strong 
electric field 39 These materials are used to make LED or OLED 

devices. LEDs based on metal halide perovskite materials have 
emerged as promising optoelectronic dev ices, show ing great 
potential for both general lighting and display applications due to 
their low cost and solution processability. 40-42 Tremendous effort 
has been focused on improving the performance of these devices, 
and their quantum efficiency has surpassed 20%. 43 The good 
performance of the perovskite LEDs is attributed to the intrinsic 
properties of the perovskite materials, including low defect 
density, high crystallinity, high absorption, high PLQY, efficient 
charge transport, etc. 44,45 Strategies in enhancing the perfor- 
mance of perovskite LEDs involves controlling the morphology 
and crystal lization of the films, structural design of perovskite 
structures of different dimensionality and composition, surface 
passivation perovskite layers, etc. 46-49 Additionally, several highly 
luminescent copper halide based molecular clusters have been 
utilized as emissive layers for OLEDs. 50 The crucial parameters 
that evaluate the performance of LEDs are the external quan- 
tum efficiency (EQE), the power efficiency (PE), the current 
efficiency (CE), the turn-on voltage (VON), the maximum 

luminance (Lmax), and the stability. 51 The performance is highly 
related to the design of the devices and the LED performance can 
be improved by interfacial engineering. 52-55 The EL performance 
of perovskite based hybrids and copper halide based hybrid 
materials wi l l be briefly discussed in this review. 

Groups of light-emitting hybrid semiconductor 
materials 
A number of inorganic-organic hybrid semiconductor material 
classes have been developed for a wide range of applications, 
and the easiest and most straightforward way to classify them 

is based on their inorganic components. This review focuses 
mainly on hybrid materials that are based on binary inorganic 
semiconductors and that emit light. Five such material groups 
wi l l be covered. They are (1) IB-VIA, (2) IIB-VIA, (3) IB- 
VIIA, (4) IVA-VIIA, and (5) VA-VIIA based hybrid materials. 
Other reported hybrid families with very few luminescent 
members, such as organosilica and VIB-VIA based hybrids, wi l l 
not be included in this review. 56,57 Another important class of 
self-assembled luminescent materials, metal-organic frameworks 

(MOFs), represent an important class of materials exhibiting 
significant potential for general lighting applications. 58-60 The 
extensive work on MOFs has already led to a number of recent 
comprehensive review articles, and as such they wi l l be excluded 
from this review. 58,60 

Copper (I) and silver (I) chalcogenide clusters with protecting 
organic ligands comprise a structurally diverse family with a 
variety of applications. 61,46,62 The organic ligands play a key role 
in their formation. The ligands not only maintain the stability 
of these clusters by acting as protecting reactants, preventing 
the hybrid from decomposition, but also sometime as a S 2 −
source for the formation of chalcogenides during the reaction. 61 
The quantum confinement effect (QCE) and the strong metal- 
metal interaction of these hybrid materials lead to very interesting 
optical properties. The stability and photophysical properties of 
these metal clusters largely depend on their core, ligands, and 
environments, while their emission properties can be modified 
by variation of the organic ligands. The stability of these 
materials could also be improved by using organic ligands that 
form stronger bonds or extended frameworks. Representative 
examples of this structural family will be discussed in Section 2 . 

Another family of crystalline nanostructured inorganic- 
organic hybrid materials are the IIB-VIA binary semiconductor- 
based hybrids that were first reported in 2000 63,64 These 
materials are typically made of inorganic semiconductor 
nanomodules and N-containing organic ligands (N-ligands) 
that are connected via covalent bonds between group IIB (e.g. 
Zn, Cd) metals and the N-ligands. The inorganic modules 
can be a 1D chain, a 2D single layer or double layer, etc. The 
N-ligands used are typically aliphatic amines of different sizes 
and lengths. By varying the composition and dimensionality 
of inorganic component and by using different organic amine 
molecules, a variety of hybrid structures have been synthesized 
and structurally characterized. Among them, double layered 
structures exhibit broadband white light emission under UV 

excitation. These materials are potentially promising for use as 
single-phase white light phosphors. Their emissions, which are 
generally band edge emissions, can be tuned by varying ligand 
length, changing composition or doping Mn ions. 23 More details 
wi l l be discussed in Section 3 . 

Hybrid materials based on IB-VIIA binary semiconductors 
exhibit enormous structural variety. 65 A number of inorganic 
modules have been found, from discrete inorganic units to 
extended infinite chains or layers. Such inorganic motifs are 
interconnected or terminated by different kinds of organic 
ligands, either aliphatic or aromatic, to form zero dimensional 
(0D) molecular clusters, one dimensional (1D) chains, and two 
dimensional (2D) sheets or three dimensional (3D) networks. 
This large family of compounds can be divided into three types: 
(i) charge neutral structures where both the inorganic and organic 
components are neutral and are connected by coordination 
bonds; (ii) ionic structures where both components are charged 
and there are no coordination bonds between them; and (iii) all- 
in-one (AIO) structures where both components are charged and 
they are connected by coordination bonds. 15 The three different 
types of structures exhibit very different optical and thermal 
properties. Their luminescence generally results from charge 
transfer between the metal/halide and the ligand or metal-metal 
interactions. 20 Some highly emissive molecular clusters have 
been developed as emissive layers for OLEDs. Representative 
examples wi l l be given in Sections 4 and 7 . 

The IVA-VIIA semiconductor based hybrid structures have 
excellent performance in photovoltaics (PVs). 54,66-69 Some of the 
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Scheme 1. Timeline of important findings and discoveries in the development of inorganic-organic hybrid materials for lighting applications. 

most commonly studied structures are lead or tin halide based 
hybrid perovskites. These materials exhibit significant promise 
for high performance and low-cost solar cells due to their unique 
properties such as extremely high optical absorption, small 
effective masses for electrons and holes, etc. 70,71 The interactions 
between inorganic and organic species in perovskite hybrids are 
primarily ionic, accompanied by relatively weak hydrogen bonds, 
or in some cases, van der Waals forces. 12 ‘Perovskite’ is a calcium 

titanium oxide mineral CaTiO 3 , and any compounds having the 
chemical formula ABX 3 and crystallize in the same space group 
as CaTiO 3 are referred to as perovskite structures. When “A” is 
an organic cation, the structure becomes a “hybrid perovskite”. 
For example, in the case of CH 3 NH 3 PbI 3 , the “A” cation is 
organic CH 3 NH 3 

+ , while “B” is Pb 2 + metal ion and “X” is a 
halide anion (Cl −, Br −, or I −). Lower-dimensional derivatives 
of the perovskite structure can be obtained by terminating the 
3D network of BX 3 with organic species. The choice of organic 
ligands is the most important parameters in determining the 
final structures of the products. 9 The advantages of hybrid 
perovskites for PV applications along with their high near- 
unity photoluminescence quantum efficient (PLQE) make them 

excellent candidates as both phosphors and LED materials. 72-75 
Representative compounds wi l l be discussed in Section 5 
and 7 . 

While a limited number of VA-VIIA semiconductor (e.g. 
antimony or bismuth halides) based hybrid structures have been 
reported so far, several of them exhibit excellent performance, 
showing great potential as lighting materials. 54,76 A majority 
of these structures are molecular clusters, and their inorganic 
modules form polyhedra such as square pyramid, tetrahedra, and 
octahedra. Since bismuth represents the only non-toxic heavy 
metal with low cost, hybrid materials based on bismuth are 
particularly interesting to scientists. 77 Some important work wi l l 
be discussed in Section 6 . Other organometallic halide hybrid 
structures are introduced in Section 8 . 

These inorganic-organic hybrid materials have attracted sig- 
nificant attention, as reflected from numerous review papers 
on different structure groups. 11,12,15,16,61,65,72,78 Important dis- 
coveries and milestones in the research and development of 
their luminescence properties and applications are highlighted in 
Scheme 1 . Some representative luminescent hybrid materials and 
their properties are summarized in Table 1 below. This review 

intends to present a brief overview of luminescent inorganic- 
organic hybrid semiconductor materials in general, with a well- 
balanced discussion on each structure group/family. With an 
emphasis on various types of structures and luminescence 
properties observed in these structures, our hope is to provide 
some insight on the structure-property correlation which in 
turn wi l l help guide future design and development of lighting 
materials with optimized and enhanced performance. 

LUMINESCENT HYBRID MATERIALS BASED ON 

IB-VIA SEMICONDUCTORS 

IB-VIA semiconductor based hybrids are typically in the form of 
a copper (I) or silver (I) chalcogenide/chalcogenolate inorganic 
core with adaptable organic ligands. 61,120,121,122 The hybrids 
formed can be either molecular clusters (in majority cases) or ex- 
tended frameworks constructed by bridging organic ligands with 
chalcogenides as their inorganic motifs. The reactants generally 
contain thiolates acting as the S 2 − source for the formation of 
the copper or silver chalcogenides. 123 The ligands also stabilize 
the chalcogenide clusters. Though there is plenty of literature on 
copper (I) and silver (I) chalcogenide clusters, most of them are 
focused on their structures and syntheses, demonstrating their 
extremely rich structural diversity. The studies on their lumines- 
cence properties are relatively rare, mainly because most of them 

exhibit poor luminescence and are unstable compared to other 
hybrid materials. However, these structures are fundamentally 
interesting for photophysical study, since the discrete molecular 
cluster species are ideal models for understanding molecular size- 
induced quantum confinement effects. 124 Their emissions mainly 
originate from ligand-to-metal charge-transfer (LMCT) mixed 
with metal-metal interactions. Here, we discuss some important 
work concerning the luminescence of this type of materials. 

Light-emitting materials based on Cu(I) 
chalcogenides 
The earliest copper (I) chalcogenide clusters were reported in late 
1960s. 125 A well-know n ex ample of this type is [Cu 8 (i-MNT) 6 ] 4–
(i-MNT = 1,1-dicyanoethylene-2,2-dithiol). This work presents 
the first structural evidence for a cubic octanuclear cluster 
of copper atoms. Early studies were mainly focused on the 
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Table 1. The excitation energy ( λex ), emission maximum ( λem 

), emission color, and IQYs of representative luminescent inorganic-organic 
hybrid structures. 

Compounds λex (nm) λem (nm) Emission color IQY(%) 

IB-VIA semiconductor based hybrid materials 
[Cu 4 (μ-dppm) 4 (μ-S)](PF 6 ) 2 Me 2 CO 

79 350 579 Orange –
[Cu 2 (p-S-C 6 H 4 -NMe 2 ) 2 (dppe) 3 ] 80 366 505 Green –
[Cu 2 (p-S-C 6 H 4 -NMe 2 ) 2 (dpppt) 2 ] 80 366 480 Blue –
[Cu 4 (p-S-C 6 H 4 -NMe 2 ) 4 (PPh 3 ) 4 ] 80 366 480 Blue –
[Cu 4 (p-S-C 6 H 4 -NMe 2 ) 4 (dppm) 2 ] 80 366 555 Yellow –
[Cu 7 (p-S-C 6 H 4 -NMe 2 ) 7 (PPh 3 ) 4 ] 80 366 560 Yellow –
[Cu 2 (S-C 6 H 4 -OMe) 2 (dpppt) 2 ] 81 366 465 Blue –
[Cu 2 (S-C 6 H 4 -NMe 2 ) 2 (dpppt) 2 ] 81 366 480 Blue –
[Cu 12 S 6 (dpppt) 4 ] 82 350, 500 648 Red 48 
[Cu 12 S 6 (dppo) 4 ] 82 350, 500 665 Red 67 
[Cu 12 S 6 (dppf) 4 ] 83 350 638 Red 53 
[Cu 12 S 6 (PPh 2 Et) 8 ] 83 370 673 Red 45 
[Cu 24 S 12 (PEt 2 Ph) 12 ] 83 540 680 Red 39 
[Ag 4 (μ-dppm) 4 (μ4 -S)] 2 + 84 360 516 Green –
[Ag 62 S 13 (SBu t ) 32 ](BF 4 ) 4 85 365 621 Red 1.4 
(NH 4 ) 17 [(μ6 -S)@Ag 17 (mba) 16 ] ·22H 2 O 

86 365 577 Orange –
[Ag 62 S 13 (SBu t ) 32 ] 4 + (NC-II) 87 365 605 red –
IIB-VIA semiconductor based hybrid materials 
2D-[Cd 2 S 2 (ba)] 88 365 – White 4–5 
Zn 2 S 2 (bza) 89 320 360 UV –
Mn 2 + doped (ZnS) 2 ·octylamine 138 300 597 Orange –
2D-[Cd 2 Se 2 (ba)]:25 mol% Te 90 360 – White 4–5 
2D-[Zn 2 S 2 (ha)] 23 360 420 Blue 17–18 
[Zn 1.7 Cd 0.3 S 2 (oa)] with 0.08 mol% Mn 23 365 – White 31–37 
Zn 1.5 Cd 0.5 S 1.7 Se 0.3 (ha) 22 360 450, 530 White –
[Zn 1 −x Mn x Se](DETA) 0.5 91 300 585 Yellow –
IB-VIIA semiconductor based hybrid materials 
1D-CuI(py) 1–x (pm) x 92 365 480, 570 White 12.5 
1D-CuI(5-Br-pm) 92 450 545 Yellow 13.1 
1D-Cu 2 I 2 (tpp) 2 (bpp) 93 360 458 Blue 91.7 
1D-Cu 2 I 2 (tpp) 2 (4,4 ′ -bpy) 93 360 540 Green-yellow 76.2 
2D-Cu 2 I 2 (4,4 ′ -dps) 2 93 450 547 Green-yellow 70.8 
1D-Cu 4 I 4 (bbipe) 2 94 360 560 Yellow 71.8 
2D-Cu 4 I 4 (bmbipe) 2 94 360 550 Yellow 67.1 
3D-Cu 4 I 4 (dipe) 2 94 360 580 Yellow 65.6 
(Bu 2 DABCO) 1.5 Cu 3 I 6 95 360 548 Yellow 12 
Cu 3 I 5 (bz-ted) 2 96 360 560 Yellow 75 
Cu 4 I 6 (pr-ted) 2 96 360 535 Green-yellow 92 
Cu 4 I 6 (tpp) 2 (bttmm) 2 96 360 540 Green-yellow 90 
Cu 6 I 8 (btmdb) 2 96 360 540 Green-yellow 70 
Li(H 2 O)(EtOH) 3 [Cu 6 I 7 (tppa) 2 ] 97 365 485 Blue 27.8 
[N(Et) 4 ][Cu 6 I 7 (tppa) 2 ] 97 365 575 Yellow 79.9 
[N(Pr) 4 ][Cu 6 I 7 (tppa) 2 ] 97 365 580 Yellow 80.6 
[(Ag 4 I 4 )(bix)] n 98 380 448, 523 White –
[Ag 2 (Bmib)Br 2 ] ∞ 

99 366 440 Blue –
IVA-VIIA semiconductor based hybrid materials 
(N-MEDA)[PbBr 4 ] 100 380 – White 0.5 
(N-MEDA)[PbBr 2.8 Cl 1.2 ] 100 360 – White 1.5 
(EDBE)[PbBr 4 ] 101 365 – White 9 
(CyBMA)PbBr 4 102 360 – White 1.5 
C 4 N 2 H 14 PbCl 4 103 320 (360) 564 (500) White 18 (6) 
C 4 N 2 H 14 PbBr 4 104 360 – White 20 
EA 4 Pb 3 Br 10–x Cl x 105 315 – White –
(2,6-dmpz) 3 Pb 2 Br 10 106 330 585 Yellow 12 
[Pb 2 F 2 ] 2 + [ −O 2 C(CH) 2 CO 2 

−] 107 327 536 White 1.8 
[Pb 2 Cl 2 ] 2 + [ −O 2 C(CH) 2 CO 2 

−] 107 327 536 White 11.8 
[Pb 2 Br 2 ] 2 + [ −O 2 C(CH) 2 CO 2 

−] 107 356 565 White 2.0 

( continued on next page ) 
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Table 1 ( continued ) 

Compounds λex (nm) λem (nm) Emission color IQY(%) 

(C 9 NH 20 ) 7 (PbCl 4 )Pb 3 Cl 11 108 348 470 Blue 83 
(C 4 N 2 H 14 Br) 4 SnBr 3 I 3 109 365 582 Orange 85 
HMD 3 SnBr 8 (CH 3 OH) 110 365 590 Orange 65 
HMD 3 SnBr 8 (CH 2 Cl 2 ) 110 365 601 Orange 86 
(C 9 NH 20 ) 2 SnBr 4 111 365 695 Red 46 
VA-VIIA semiconductor based hybrid materials 
[Bmim] 2 SbCl 5 76 370 583 Yellow 86.5 
(C 9 NH 20 ) 2 SbCl 5 54 380 590 Orange 98 
[4-methylpiperidinium] 2 SbCl 5 112 373 – White 1 
(Ph 4 P) 2 SbCl 5 113 365 648 Red 87 
(TBA)[BiBr 4 (bp4mo)] 114 360 540 Green-yellow 85 
[BiBr 3 (bp4mo) 2 ] 114 360 516 Green 11 
α-[Bmim][BiCl 4 (2,2 ′ -bpy)] 115 397 530 Green-yellow 26.07 
β-[Bmim][BiCl 4 (2,2 ′ -bpy)] 115 397 530 Green-yellow 36.59 
Other luminescent hybrid materials 
[C 5 H 9 –NH 3 ] 4 CdBr 6 116 340 – White 1 
(C 6 H 11 NH 3 ) 2 [CdBr 4 ] 117 325 – White –
[CdCl 2 (Im) 4 ] 118 365 445 Blue 23.01 
[CdCl 4 (HAPI) 2 ] 118 410 467 Blue 5.84 
[Cd(μ-Cl) 2 (1-Mim) 2 ] ∞ 

118 375 450 Blue 27.31 
[CdCl 3 (HAPI)] ∞ 

118 360 457 Blue 5.71 
[HOOCMim] 2 TeCl 6 119 365 610 Red –
[HOOCMim] 2 TeCl 6 119 465 680 Red –

Fig. 2. (a) Structural drawing of the [Cu 4 (μ-dppm) 4 (μ-S)] 2 + cation. (b) Emission spectrum of [Cu 4 (μ-dppm) 4 (μ-S)](PF 6 ) 2 Me 2 CO in degassed 
MeCN at 298 K. Reproduced from. 79 with permission from The Royal Society of Chemistry. 

structures themselves. The photophysical properties of these 
clusters remained unexplored until the 1990s, with a series of 
luminescent tetranuclear copper (I) and silver (I) chalcogenide 
complexes reported by Yam and others. 126 

In 1993, Yam et al. reported a novel tetranuclear copper 
(I) sulfur cluster, [Cu 4 (μ-dppm) 4 (μ-S)](PF 6 ) 2 Me 2 CO 

[dppm = bis(diphenylphosphino)methane]. 79 The four μ- 
dppm ligands are in a sadd le-li ke configuration ( Fig. 2 a). The 
sulfur atom occupies the apex of a distorted square pyramid. The 
electronic absorption spectrum of this compound shows low 

energy absorption in the 330–400 nm region. This compound 
emits intense, long-lived yellow-orange emission ( λem 

= 579 nm, 
λex > 350 nm) in solid state at room temperature ( Fig. 2 b). The 
long excited-state lifetime (3.6 μs) suggests that the emission 
is most likely associated with a spin-forbidden transition. The 
authors suggest that the emission is a combination of ligand- 
to-metal charge transfer [LMCT (S 2 −→ Cu 4 )] and the metal- 
centered emission from the 3d 9 4s l state of Cu(I), which has been 
modified by the copper-copper interaction in the tetramer. 

Later in 1996, the same group reported μ4 -selenido-bridged 
copper (I) tetramer, [Cu 4 (μ-dppm) 4 (μ4 -Se)] 2 + . 127 It emits 
orange light with λem 

of 595 nm — a red shift in the emission 

compared to the sulfur analogue. The luminescence origin is 
proposed to originate from a ligand-to-metal charge-transfer 
LMCT[(Se 2 −) → Cu 4 ] triplet excited state, mixed with a metal- 
centered (3d 9 4s 1 ) Cu(I) state, which is similar to that of [Cu 4 (μ- 
dppm) 4 (μ4 -S)] 2 + . When in (CH 3 ) 2 CO, the emission red shifted 
with λem 

of 626 nm. Meanwhile, Fackler Jr. et al. reported a 
tetranuclear copper (I) cluster, [Cu(S 2 P(O 

i Pr) 2 )] 4 , which emits 
green emission ( λem 

= 547 nm) under 350 nm excitation. 128 
This compound also shows luminescence thermochromism. At 
77 K, it displays dual luminescence with emission maxima at 573 
and 647 nm. 

More recently, a series of highly luminescent copper 
chalcogenide clusters was reported by Fuhr et al. in 2013. 80 
Emission tunability of these structures was demonstrated 
with a comprehensive study. A total of six luminescent 
polynuclear copper (I) phenyl thiolate clusters with 
functional groups in the organic ligands were prepared. All 
six compounds are copper phenyl thiolate clusters with 
donor substituents in the para position to the coordinating 
sulf ur atom: [Cu 2 ( p-S-C 6 H 4 –NMe 2 ) 2 (dppe) 3 ], [Cu 2 ( p-S- 
C 6 H 4 –NMe 2 ) 2 (dpppt) 2 ], [Cu 4 (p-S-C 6 H 4 - NMe 2 ) 4 (PPh 3 ) 4 ], 
[Cu 4 (p-S-C 6 H 4 NMe 2 ) 4 (dppm) 2 ], [Cu 7 (p-S-C 6 H 4 –NMe 2 ) 7 
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Fig. 3. (a) Molecular structure of [Cu 7 (p-S-C 6 H 4 -NMe 2 ) 7 (PPh 3 ) 4 ]. (b) Emission (right) spectra of [Cu 2 (p-S-C 6 H 4 -NMe 2 ) 2 (dppe) 3 ], [Cu 2 (p- 
S-C 6 H 4 -NMe 2 ) 2 (dpppt) 2 ], [Cu 4 (p-S-C 6 H 4 -NMe 2 ) 4 (PPh 3 ) 4 ], [Cu 4 (p-S-C 6 H 4 -NMe 2 ) 4 (dppm) 2 ], [Cu 7 (p-S-C 6 H 4- -NMe 2 ) 7 (PPh 3 ) 4 ], [Cu 7 (p-S- 
C 6 H 4 - OSiMe 3 )(SPh) 6 (PPh 3 ) 4 ]. (c) Photographs of these hybrids under daylight (top) and UV light ( λ = 366 nm; bottom). Reproduced with 
permission from. 80 Copyright 2013, Wiley-VCH Verlag GmbH & Co. KGaA. 

(PPh 3 ) 4 ], [Cu 7 (p-S-C 6 H 4 –OSiMe 3 )(SPh) 6 (PPh 3 ) 4 ], (dppe 
= bis(diphenylphosphanyl)ethane, dpppt = bis(diphenylphos 
phanyl)pentane). Their inorganic modules are different, except 
[Cu 7 (p-S-C 6 H 4 –NMe 2 ) 7 (PPh 3 ) 4 ] and [Cu 7 (p-S-C 6 H 4 –
OSiMe 3 )(SPh) 6 (PPh 3 ) 4 ] ( Fig. 3 a). Their optical properties 
were carefully studied, and the results show strong absorption 
below 500 nm. The intense luminescence covers the entire visible 
spectrum ( Fig. 3 b). The authors concluded that such optical 
tunability is a result of the influence of the functional groups in 
the organic ligands and differences in their inorganic modules. 

Another work on strongly luminescent copper chalcogenolate 
complexes was reported by the same group. 81 A total of five com- 
pounds are included, based on the formula [Cu 2 (ER) 2 (dpppt) 2 ] 
(ER = S or Se based ligands). All of these structures show a 
planar four-membered ring consisting of two copper and two 
sulfur or selenium atoms from chalcogenolate ligands with the 
organic groups in trans orientation. The dpppt ligands also act as 
bridging ligands between the copper atoms. Strong luminescence 
was found for all sulfur compounds, which emit blue light in 
the solid state. Optical tunability was also studied. Since their 

inorganic modules are identical, the difference in their emission 
energies suggests that their optical properties could be tuned by 
changing organic ligands. 

It is worth mentioning that two novel clusters with “Cu 12 S 6 ”
cores stabilized by bidentate phosphine ligands were reported by 
Eichhöfer et al. in 2014. 82 Their formula are [Cu 12 S 6 (dpppt) 4 ] 
and [Cu 12 S 6 (dppo) 4 ] (dpppt = Ph 2 P(CH 2 ) 5 PPh 2 ), dppo = 

Ph 2 P(CH 2 ) 8 PPh 2 ) ( Fig. 4 a and b). They show bright red 
emission when excited by UV light, with emission maxima at 648 
and 665 nm, respectively, in the solid state at room temperature 
( Fig. 4 c). Those two compounds could also be excited by blue- 
green light at 500 nm) The long decay times of 6.1 and 6.5 μs for 
[Cu 12 S 6 (dpppt) 4 ] and [Cu 12 S 6 (dppo) 4 ] indicate the emissions 
are from triplet states. Their PLQEs are measured to be 48% 

and 67%, respectively, using an integrating sphere. These two 
compounds also show good stability towards oxygen. Such blue 
light excitable red emitters with high efficiency are very rare 
and are of great interest. Later, their group reported another 
series of luminescent phosphine-stabilized copper chalcogenide 
cluster molecules: [Cu 12 Se 6 (dppo) 4 ], [Cu 12 S 6 (dppf) 4 ] (dppf = 

Fig. 4. (a) Molecular structure of (a) [Cu 12 S 6 (dpppt) 4 ] and (b) [Cu 12 S 6 (dppo) 4 ]. (c) Room temperature photoluminescence excitation (PLE) and 
emission (PL) spectra of a suspension of freshly prepared microcrystals in toluene of [Cu 12 S 6 (dpppt) 4 ] (bottom) and [Cu 12 S 6 (dppo) 4 ] (top) measured 
in the integrating sphere. The inset shows the colors of the suspensions of microcrystal under white LED light. Reproduced from. 82 with permission 
from The Royal Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.). 

7 DOI: 10.1016/j.enchem.2019.100008 
EnergyChem 1 , 100008 (2019) 

https://doi.org/10.1016/j.enchem.2019.100008


EnergyChem REVIEW 

Fig. 5. (a) Structural plot of [Ag 62 S 13 (SBu t ) 32 ](BF 4 ) 4 . (b) The [Ag 14 S 13 ] core configuration. (c) The Ag 48 (SBu t ) 32 shell structure. The [Ag 14 S 13 ] core 
and the tert-butyl groups have been omitted for clarity, and the artificial large purple sphere shows the inner space occupied by the [Ag 14 S 13 ] core. Color 
legend: orange, Ag (core); green, Ag (shell); purple, S 2 −; yellow, S (thiolate); gray, C. (d) Electronic absor ption ( black trace), excitation (blue trace), 
and emission (red trace) spectra of [Ag 62 S 13 (SBu t ) 32 ](BF 4 ) 4 . (d) Photos of emissions from [Ag 62 S 13 (SBu t ) 32 ](BF 4 ) 4 in MeOH at room temperature 
under ambient light and 365 nm excitation. Reproduced with permission from. 85 Copyright 2010, American Chemical Society. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.). 

Ph 2 PCpFeCpPPh 2 ), [Cu 12 S 6 (PPh 2 Et) 8 ], [Cu 12 S 6 (PEt 3 ) 8 ], 
[Cu 24 S 12 (PEt 2 Ph) 12 ], [Cu 20 S 10 (PPh 3 ) 8 ], and [Cu 20 S 10 
(P 

t Bu 3 ) 8 ]. 83 Their luminescence properties have been evaluated 
in depth. The above complexes show high PLQYs, up to 63% 

at room temperature. At lower temperatures, the quantum yield 
would increase. Most of these compounds emit in the red light 
region and exhibit high photo-stability. 

Light-emitting materials based on silver (I) 
chalcogenides 
Silver (I) chalcogenide based hybrids have developed across a 
similar timeline as their copper chalcogenide analogues with 
almost identical luminescence mechanisms proposed. However, 
silver based compounds are much less investigated due to their 
optical instability towards light. In 1996, Yam et al. reported the 
first series of luminescent hybrid structures based on silver (I) 
chalcogenide clusters, with the formula of [Ag 4 (μ-dppm) 4 (μ4 - 
E)] 2 + ( E = S , Se, Te). 84 In these structures, the silver (I) metals 
in the tetranuclear cluster were bridged by a chalcogenide atom 

with short A g(I)-A g(I) distances. The optical properties were 
investigated, and these structures emit green to orange emission 
in the solid state. Experimental results show that the emission 
could be tuned by changing chalcogenides. Relative red shifts 
are observed when comparing S (516 nm) to Se (527 nm) to Te 
(574 nm) containing hybrids. The emission was assigned to a 
combination of LMCT [(E 

2 −) → Ag 4 ] excited state and a metal- 
centered (d-s/d-p) Ag(I) state. 129,130 

Wang et al. reported a luminescent Ag-S nanocluster 
[Ag 62 S 13 (SBu t ) 32 ](BF 4 ) 4 , 85 synthesized by heating a mixture 
of AgBF 4 , H 2 NNH 2 , and AgSBu t . Its structure was solved by 
single crystal X-ray diffraction analysis, and the results show that 
it consists of tetracationic spherical clusters containing 62 silver 
(I) centers with four BF 4 − serving as counter ions ( Fig. 5 a). The 

inorganic core can be depicted as a core-shell configuration with 
a [Ag 14 S 13 ] core ( Fig. 5 b) and a Ag 48 (SBu t ) 32 shell ( Fig. 5 c). 
This hybrid structure is stable in the air and is soluble in several 
organic solvents. Photophysical study shows that this compound 
emits bright red light in the solid state under irradiation of UV or 
visible light at room temperature with emission band peaked at 
621 nm ( Fig. 5 d). It also luminesces in solution, with an emission 
peak at 613 nm ( Fig. 5 e). The quantum yield was measured to be 
1.4% with rhodamine B in absolute ethanol as the standard. 

Several other luminescent silver (I) chalcogenide clusters were 
reported after that. Zheng et al. reported an anionic heptadecanu- 
clear silver (I) cluster (NH 4 ) 17 [(μ6 -S)@A g 17 ( mba ) 16 ] ·22H 2 O; 
H 2 mba = 2-mercaptobenzoic acid) with orange-red emission at 
room temperature. 86 Single crystal analysis shows that the struc- 
ture is a ball-shaped skeleton comprised of 17 Ag ions, 16 mba 2–
ligands, and 1 μ6 -S 2– ion sitting inside the silver cluster ( Fig. 6 a). 
The orange-red emission peaks at 577 nm under 365 nm excita- 
tion ( Fig. 6 b). Its emission origin can be assigned to a ligand- 
to-metal charge-transfer excited state, mixed with a cluster-based 
metal-centered (4d-5 s/5p) excited state perturbed by A g ···A g 
interactions. In addition, Su et al. reported a sandwich-like 
Ag 20 S 10 luminescent nanocluster [Ag 20 (S t Bu) 10 (CF 3 COO) 2 ] 8 + 

in 2013 ( Fig. 6 c). 131 It shows intense blue emission in methanol 
solution with an emission band maximum at 410 nm ( Fig. 6 d). 
Later in 2014, Zhu et al. reported [Ag 62 S 12 (SBu t ) 32 ] 2 + (NC- 
I) and [Ag 62 S 13 (SBu t ) 32 ] 4 + (NC-II). 87 Their results show that 
the PL of NC-I was quenched compared to that of NC-II. Such 
quenching of photoluminescence is caused by the free valence 
electrons in the NC-1, which dramatically change the ligand to 
metal charge transfer (S 3p to Ag 5 s). 

In 2017, a study by Zang et al. demonstrated that the 
stability of the silver (I) chalcogenide clusters could be 
significantly improved by incorporating them into extended 
frameworks. 132 A silver (I) chalcogenolate inorganic-organic 
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Fig. 6. (a) Representation of the molecule structure of the [(μ6 -S)@Ag 17 (mba) 16 ] 17– cluster. Color legend: purple, Ag; cyan, S; red, O; gray, C. 
(b) Excitation (cyan trace) and emission (red trace) spectra of [(μ6 -S)@Ag 17 (mba) 16 ] 17– in the solid state. Inset: photograph of the emission 
from [(μ6 -S)@Ag 17 (mba) 16 ] 17– in the solid state at room temperature under 365 nm excitation. (c) Polyhedral/ball-and-stick representation of 
[Ag 20 (S t Bu) 10 (CF 3 COO) 2 ] 8 + . Color code: Ag, sea green and light blue; C, gray-50%; S, gold; O, red; F, bright green; Cl, lavender. (d) Excitation (blue 
trace) and emission (red trace) spectra of [Ag 20 (S t Bu) 10 (CF 3 COO) 2 ] 8 + in CH 3 OH solution. Reproduced with permission from. 86 Copyright 2011, 
American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 

Fig. 7. (a) Schematic representation of the ligand-exchange strategy used to obtain Ag 12 bpy crystals. (b) Emission spectra at different O 2 pressures 
(excited at 365 nm) from vacuum to 100 kPa O 2 . Reprinted with permission from. 132 Copyright 2017, Nature Publishing Group. 

framework [(Ag 12 (StBu) 8 (CF 3 COO) 4 (bpy) 4 )] n (Ag 12 bpy) 
was synthesized and structurally characterized. In the novel 
structure, bridging ligands were used to inter-connect silver 
(I) chalcogenolate clusters into a 3D framework ( Fig. 7 a). 
It exhibits significantly enhanced stability compared to 
previously reported clusters. Ag 12 emits weak red emission 
( λem 

= 620 nm, QY = 0.2%) in air, which quickly disappeared 
due to deterioration, while the emission of Ag 12 bpy could not be 
observed in the air due to quenching induced by oxygen ( Fig. 7 b). 
The Ag 12 bpy crystals emit bright green light ( λem 

= 507 nm) 
in vacuum with a PLQY up to 12.1%. This emission peak is 
independent of temperature and excitation wavelength, with 
an enhanced QY when compared to the original structure. The 
photoluminescence of Ag 12 bpy originates from a metal-to- 

ligand excited state with ligand-to-ligand (S, O to bpy) charge 
transfer character. In addition, the high QY of Ag 12 bpy should 
be attributed to the ordered arrangement of chromophores and 
the structural rigidity of the coordination framework, which 
effectively restrict non-radiative decay. 

LUMINESCENT MATERIALS BASED ON IIB-VIA 

SEMICONDUCTORS 

IIB-VIA (IIB: Zn, Cd; VIA: S, Se, Te) binary semiconductor 
based hybrids represent another unique family of crystalline 
nanostructured inorganic-organic hybrid materials, first discov- 
ered by us. These materials are typically made of 1D or 2D 

inorganic nanomodules (e.g. ZnS, CdSe) and N-containing 
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organic alkylamines (N-ligands, e.g. butylamine, ethylenedi- 
amine) via coordinate bonds between group IIB metals and N- 
ligands. 8,13,63,64,133–135 By varying the composition and dimen- 
sionality of the inorganic component and by using different 
organic amine molecules, hybrid semiconductors of different 
dimensionalities (from 1D to 3D) have been synthesized and 
structurally characterized. Their optical properties have been 
investigated, and most of them exhibit strong structure-induced 
quantum confinement effect (QCE) as a result of the modular 
nature of perfectly ordered and alternating inorganic and organic 
motifs at the nanometer or subnanometer scale. 64 The insulating 
organic amine molecules serve as passivating agents and prevent 
interactions between the neighboring inorganic modules. Since 
the organic molecules bond to the inorganic nanostructural 
motifs in a periodically ordered fashion, the QCE takes place 
within a macroscopic crystalline particle, giving rise to a very large 
increase in their band gaps. 64,133 These attractive features make 
them promising candidates for various optoelectronic applica- 
tions. Interestingly, some members from this family exhibit direct 
broadband white light emission under UV light excitation at room 

temperature, and they can be used as single-phase white-light- 
emitting phosphors. 22,23,88,90 This family of hybrid structures 
can be broadly divided into two subgroups: MQ ( M = Zn, Cd; 
Q = S , Se, Te) based hybrids and substituted MQ ( M = Zn, Cd; 
Q = S , Se, Te) hybrids. These two subgroups are discussed in the 
following two subsections. 

MQ ( M = Zn, Cd; q = S , Se, Te) based hybrids 
We reported the first group of MQ ( M = Zn, Cd; Q = S , 
Se, Te) based inorganic-organic hybrid structures in 2000. 63 
They are [ α-ZnTe(en) 1/2 ] (I), [ β-ZnTe(en) 1/2 ] (II), and 
[ZnTe(pda) 1/2 ](III) (en = ethylenediamine, pda = 1,3- 

propanediamine). The inorganic module is a ZnTe single 
atomic layer formed by alternating, three-coordinated Zn and Te, 
and such a layer may also be regarded as a “slice” from the zinc 
blende or w urtzite str ucture of ZnTe. The layers are further linked 
together by organic diamine molecules to form 3D networks. 
Blue shifts with respect to their binary semiconductor parent 
ZnTe were observed in their band gaps as a result of QCE. Later 
in 2007, we developed a series of related hybrid structures built 
of M 2 Q 2 double atomic layers, with the formula [(M 2 Q 2 )(L)] 
( M = Zn, Cd; Q = S , Se; and L = ethylamine, n-propylamine, 
n-butylamine, n-amylamine, n-hexylamine) ( Fig. 8 a and b). 133 
The main difference between these double-layer and the above- 
mentioned single-layer structures is the thickness of the inorganic 
layer, which are roughly doubled in [(M 2 Q 2 )(L)]. The degree 
of their band gap increase is less than that of the single-layer 
2D-[(MQ)(L)] systems due to the smaller extent of QCE 

( Fig. 8 c). 
Early studies were not focused on the luminescence of these 

hybrid structures. In 2008, we discovered that the double-layered 
2D-[Cd 2 S 2 (ba)] structure emits direct white light with an IQY 

of ∼ 4–5%, which was the first semiconductor bulk material 
generating white light ( Fig. 9 a and b). 88 Since these materials were 
processed in bulk form, there were no issues related to particle 
size, as in the case for nanocrystals. 136 The broad emission 
covers the entire visible spectrum, and the band edge emission 
is significantly reduced, leading to a well-balanced white-light 
spectrum ( Fig. 9 c). A prototype WLED bulb was assembled by 
coating this material onto a UV LED chip ( Fig. 9 d). Mn 2 + was 
used to enhance the luminescence efficiency of these materials 
and to tune the white color of the bulbs. The highest PL intensity 
was achieved at a dopant level of 0.5 mol%. The enhancement 
of the luminescence is due to the efficient energy transfer from 

Fig. 8. (a) Crystal structure of double-layer 2D-[(Zn 2 Se 2 )(ba)] viewed along the b-axis. The light blue balls are Zn; red balls, Se; blue balls, N; gray balls, 
C. (b) Double atomic layer of [Zn 2 Se 2 ] of shown along the ab plane (c) Optical absorption spectra of ZnS and Zn 2 S 2 (L). Reproduced with permission 
from. 133 Copyright 2007, American Chemical Society. 
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Fig. 9. (a) Side view of the double-layer 2D-[Cd 2 S 2 (ba)] based crystal 
structure. Cd : teal ; S: red ; N: blue; C: black spheres. (b) The double 
layer of CdS in 2D-[C d 2 S 2 ( ba )]. (c) Room temperature absorption and 
emission spectra of 2D-[Cd 2 S 2 (ba)] ( λex = 360 nm). Reproduced with 
permission from. 88 Copyright 2007, American Chemical Society. 

the CdS host to the Mn 2 + ions. 137 Higher Mn 2 + concentrations 
result in a decrease in the PL intensity, due to appreciable Mn 2 + - 
Mn 2 + interactions resulting from the close proximity of these ions 
( Fig. 9 d). 

Continued effort led to five new two-dimensional double- 
layered structures reported in 2014. They were synthesized 
employing monoamines with different aromatic or heterocyclic 
aliphatic rings: Zn 2 S 2 (bza), Zn 2 S 2 (mbza), Zn 2 S 2 (fbza), 
Zn 2 S 2 (pca), and Zn 2 S 2 (thfa) (bza = benzylamine, mbza = 4- 
methoxybenzylamine, fbza = 4-flurobenzylamine, pca = 3- 
picolylamine, and thfa = tetrahydrof urf urylamine). 89 Their 
structures were identified by powder X-ray diffraction analysis. 
The photoluminescence emission spectra of these compounds 
were recorded, and the results show that all compounds emits in 
the UV or blue light region ( Fig. 10 ). 

Mn 2 + doped (ZnS) 2 ·octylamine was reported by Wei et al. 
in 2015, which was the first study making use of luminescence 
from these materials for sensing. 138 The 5% Mn 2 + -doped hybrid 
compound exhibited an intense orange luminescence peaking 
at 597 nm under 300 nm excitation ( Fig. 11 ). Thin films were 
fabricated by the drop-casting method. It was used as sensor for 
detecting several environmental contaminant species: n–butyl 
xanthate (BX), crystal violet (CV), and reaction black 5 (RB5). 

substituted MQ ( M = Zn, Cd; q = S , Se, Te) hybrids 
Due to the potential applications in general lighting applica- 
tions, many efforts have been directed towards enhancing the 
emission efficiency of MQ based hybrids. However, the limited 
luminescence efficiency and white-light quality of unsubstituted 
MQ hybrids remained a problem. Results show that ZnS based 
[Zn 2 S 2 (L)] compounds exhibit higher quantum efficiencies 
compared the CdQ ( Q = S , Se) based hybrid structures, and 

Fig. 10. Emission spectra for compounds Zn 2 S 2 (bza) (red), 
Zn 2 S 2 (mbza) (blue), Zn 2 S 2 (fbza) (pink), Zn 2 S 2 (pca) (green) 
and Zn 2 S 2 (thfa) (orange) recorded at room temperature. Reproduced 
with permission from. 89 Copyright 2014, Elsevier B. V. 

Fig. 11. The photoluminescence excitation (dash black) and emission 
(solid black) spectra of the Mn 2 + doped (ZnS) 2 ·octylamine hybrid film 

and the optical absorption spectra of the three selected environmental 
contaminants BX (red curve, 31.86 μM), CV (green curve, 7.35 μM) and 
RB5 (blue curve, 10.08 μM). Reproduced from 

138 with the permission 
of the Royal Society of Chemistry. 

their emissions are typically in the blue light region. A strategy 
using metal and chalcogenides substitution in [M 2 Q 2 (L)] has 
been developed to optimize the efficiency and quality of the 
light emissions. As a concept-proving case for chalcogenide 
substitution, a substituted double layered semiconductor 2D- 
[Cd 2 Se 2 (ba):Te] was reported in 2010. 90 Experimental results 
showed the band gap and photoluminescence properties can 
be systematically tuned by changing the composition of Te 
in Cd 2 Se 2 (ba). An optimal condition was found at 25 mol% 

of Te, corresponding to the CIE coordinates of (0.29, 0.35), 
which is closest to the white point (0.33, 0.33) ( Fig. 12 ) among 
similar compounds. The broadening of emission spectrum was 
attributed to the fact that the recombination of charge carriers 
trapped by Te states leads to emission in the long-wavelength 
region. The IQY was measured to be 4–5%. 

Significant quantum yield enhancement in these materials 
was achieved by metal substitution along with Mn ion dop- 
ing. In 2012, we reported white-light emitting double-layered 
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Fig. 12. Room temperature photoluminescence of the double-layer 2D- 
[Cd 2 Se 2 ( ba)] ( black, λex = 360 nm) and 2D-[C d 2 S e 2 ( ba )]:25 mol% 

Te structure (red, λex = 360 nm) (inset: demonstration of white light 
emission from a thin layer of 2D-[Cd 2 Se 2 ( ba )]:25mol% Te coated on a 
commercial UV-LED). Reproduced with permission from. 90 Copyright 
2010, American Chemical Society. 

substituted MQ hybrids which show significantly enhanced 
quantum efficiency compared to unsubstituted analogues. 23 
Various types of inorganic modules are plotted ( Fig. 13 a–e). 2D- 
[Zn 2 S 2 (ha)] emits strongly in the green-blue region with its emis- 
sion peak centered at approximately 420 nm. In order to enhance 
the IQY and to achieve well-balanced white light, substituted 

hybrid structures were designed, such as [Zn 1.7 Cd 0.3 S 2 (ha)]. Its 
emission covers the entire visible light region, with an IQY of 
17–18% using both relative/comparative and absolute methods 
on solution and solid samples. The IQY was further improved 
by doping Mn ion in low concentrations. The highest IQY was 
achieved for [Zn 1.7 Cd 0.3 S 2 (oa)] (oa = octylamine) with 0.08 
mol% Mn doping ( Fig. 13 f), which yielded a IQY of 31–37%, 
an 8-fold increase compared to previously reported unsubstituted 
2D-[Cd 2 S 2 (ba)]. These materials are highly solution processable 
and can be easily coated onto LED chips to make LED devices 
( Fig. 13 g). 

A follow-up study was carried out to investigate substi- 
tution effect of both metal and chalcogen ions. 22 Ternary 
Zn 2–2x Cd 2x S 2 (ha) hybrid compounds were prepared that exhibit 
two PL emission peaks, one of which was attributed to band gap 
emission, and the other resulting from Cd doping and surface sites 
( Fig. 14 ). The relative emission intensity of the two bands could 
be tuned by adjusting the concentration of Cd. In addition, the 
quaternary Zn 2–2x Cd 2x S 2–2y Se 2y (ha) compounds were prepared, 
showing that the substitution of Se may also tune the emission. 
Detailed analysis revealed that the PL emission properties of the 
ternary and quaternary hybrid semiconductors originate from 

their unique double-layered nanostructures that combine strong 
QCE and a large number of surface sites. This work provides 
a thorough and in-depth luminescence study of the substituted 
MQ ( M = Zn, Cd; Q = S , Se, Te) hybrids. 

In addition to chalcogenide substitution, Mn substitution 
for 1D ZnSe(L) 0.5 hybrid nanobelts was reported by Yu et al. 91 
1D [Zn 1 −x Mn x Se](DETA) 0.5 (DETA = diethylenetriamine, 
x = 0 − 0.3) inorganic-organic hybrid nanobelts were 
synthesized by a solvothermal reaction. Their structures 
are plotted in Fig. 15 a. The room-temperature PL spectra 

Fig. 13. (a) Single layer of honeycomb-like net of ZnS in the [M n Q n (L) x ] type hybrid structure ( M = Zn, Cd; Q = S , Se, Te; L = mono- or diamine); 
(b) Single-chain 1D-[MQ(L)] structure; (c) double-layer 2D-[M 2 Q 2 (L)] structure; (d) single-layer 2D-[MQ(L)] structure; (e) Single-layer 3D- 
[MQ(L) 0.5 ] structure. Blue M, red Q, in (b)–(d) the stick model corresponds to L; (f) White-light emission spectra of [Zn 1.7 Cd 0.3 S 2 (ha):Mn] at various 
Mn concentrations ( λex = 365 nm); (g) white-light LED aggregates made by coating a thin layer of sample on the surface of a 5 mm reference UV LED. 
Reproduced with permission from. 23 Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA. 
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Fig. 14. Room temperature PL emission spectra of the Zn 1.6 Cd 0.4 S 2–2y Se 2y (ha) ( y = 0, 0.05, 0.10, and 0.15) compounds, along with that of Cd 2 S 2 (ha) 
( λex = 360 nm). Reproduced from. 22 Copyright 2012, American Chemical Society. 

Fig. 15. (a) Schematic illustrations of the crystal structures of [ZnSe](DETA) 0.5 and [Zn 1-x Mn x Se](DETA) 0.5 nanobelts. The light-blue cylinders are 
Zn, the saffron cylinders represent Se, and the blue and gray cylinders are N and C, respectively. The introduced Mn are shown with brown cylinders 
and marked with arrows. (b) Room-temperature PL spectra of synthesized [ZnSe](DETA) 0.5 and [Zn 1-x Mn x Se](DETA) 0.5 nanobelts with different Mn 
contents. The excitation wavelength is 300 nm. Curves from (a) to (f) correspond to the nominal Mn content x = 0, 0.05, 0.10, 0.15, 0.20, and 0.30, 
respectively. Inset (left) shows the pattern of the PL integrated intensity versus Mn contents, and inset (right) shows the color of the sample before and 
after illumination at λ = 365 nm. Reproduced from. 91 Copyright 2009, American Chemical Society. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.). 

show a distinct emission band centered at 585 nm for all 
the products, originating from the Mn 2 + internal d − d 
( 4 T 1 → 

6 A 1 ) transition. The emission intensities and energies 
vary based on the Mn substitution amount ( Fig. 15 b), and the 
maximum intensity is observed when Mn content is 15%. These 
compounds also exhibit temperature and pressure dependent 
photoluminescence. 

LUMINESCENT MATERIALS BASED ON IB-VIIA 

SEMICONDUCTORS 

Inorganic-organic hybrid materials based on IB-VIIA binary 
compound have been studied for decades because of their unique 
photophysical and photochemical properties originating from the 
d 10 electronic configuration of the IB metal atoms, leading to a 
variety of applications for light emitting devices, sensing devices, 
solar cells, and artificial photosynthesis. 16,139–146 Though the 
luminescence of the parent IB-VIIA semiconductors is not very 

strong, it can be enhanced significantly when coordinated to or- 
ganic ligands. 147 Such hybrid materials are generally constructed 
of inorganic modules interacting with organic ligands through 
either coordinate/covalent bonds or ionic bonds. A variety of 
inorganic modules have been found, from discrete inorganic 
units (0D) to extended infinite chains (1D) or layers (2D). 
These inorganic motifs combine with different types of organic 
ligands, mostly N-containing species, either aliphatic or aromatic, 
to form molecular clusters, chains, sheets/layers, and extended 
networks. 15,65 They can also be classified into neutral, ionic, 
and AIO-type structures. Their luminescence mechanisms in- 
clude metal-to-ligand-charge-transfer (MLCT), halide-to-ligand- 
charge-transfer (XLCT), metal-center change transfer (CC), or 
some combination thereof. 20,148 Their development as lighting 
materials started in the 2010s, and the general design strategies 
are based on two central hypotheses: first, that through rational 
inorganic module selection and ligand functionalization, the 
optical properties and emission efficiencies of the hybrids could 
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Fig. 16. (a–j) Examples of common CuI inorganic motifs. Color scheme: Cu, cyan; I, purple; organic ligands, blue. Reproduced with permission from. 15 
Copyright 2018, Wiley-VCH Verlag GmbH &Co. KGaA. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.). 

be systematically tuned and optimized; and second, that the 
stability of the hybrids could be enhanced with proper structural 
design approaches. 

Light-emitting materials based on Cu(I) halides 
The investigation of copper halide hybrids started as early 
as the 1970s and has evolved with the introduction of X-ray 
diffraction crystallography. The most well-studied compound, 
0D-Cu 4 I 4 (py) 4 , was first identified as cubane tetramer in 1976 
by White et al. 149 After then, a large number of structures with 
different composition and structural types have been synthesized 
and structurally identified ( Fig. 16 ). 15,65 

In 2014, the Li group began developing them as phosphor 
materials for general lighting applications. 92 A series of neutral 
1D-CuI(L) staircase chain based structures were synthesized. 
Density Function Theory (DFT) calculation results show that 
the valence band maximum (VBM) of these materials is com- 
posed primarily of the inorganic module, while the conduction 
band minimum (CBM) is generally made up of the LUMO 

orbital of the organic ligands. Their PL emissions are also in 
trend with their band gap values, and the emission wavelengths 
of obtained structures range from violet to red ( Fig. 17 a). These 
results confirm that, in general, the emission wavelengths of these 
hybrid compounds can be tuned systematically by tailoring their 
band gaps, which can in turn be achieved by selecting organic 
ligands with the desired electronic properties. Their IQYs range 
from 10% to 37% under 365 nm excitation. White light could be 
achieved by doping pyrimidine into 1D-CuI(py), which afforded 
1D-CuI(py) 1–x (pm) x ( Fig. 17 b). 

Further exploration led to a family of highly luminescent Cu 2 I 2 
rhomboid dimer based hybrid structures that display tunable 
emissions and high IQYs that are ideal as lighting emitting 

materials. 93 DFT calculations confirm that they display similar 
band structure patterns as staircase chain based structures. The 
luminescence mechanism of these structures is generally MLCT 

and XLCT. 150 These materials were prepared using a precursor 
approach. The starting material is a Cu 2 I 2 precursor, and the 
Cu 2 I 2 dimer motif is maintained in the final products. The IQYs 
of most of these structures exceed 70%, and can be as high as 92%. 
Blue-excitable yellow-emitting phosphors were obtained, such 
as 2D-Cu 2 I 2 (4,4 ′ -dps) 2 . White light was achieved by blending 
a blue phosphor with a yellow phosphor; for example, 1D- 
Cu 2 I 2 (tpp) 2 (bpp) can be combined with 1D-Cu 2 I 2 (tpp) 2 (4,4 ′ - 
bpy) ( Fig. 18 ). Relevant work on the strong luminescence and 
optical tunability of Cu 2 I 2 dimer based hybrid structures has also 
been reported and reviewed by Tusge et al. 150,151 

The Cu 4 I 4 cubane tetramer based structures are the most 
well-known group of copper complexes. A series of stable Cu 4 I 4 
cubane tetramer based hybrids with strong luminescence and 
high IQYs were synthesized using a precursor approach. 94 PL 

emission spectra show that all compounds emit bright yellow- 
orange color ( Fig. 19 a). The strong luminescence originates from 

the strong Cu-Cu interactions resulting from the shorter distance 
of Cu-Cu atoms (less than 2.80 ̊A) in the cubane core. 20,148 
Their mechanochromic and thermochromic luminescence were 
thoroughly investigated by Perruchas et.al. 152,153 The reversible 
thermochromic phenomenon was attributed to distortions in the 
crystal packing leading to modifications of the intermolecular 
interactions and thus of the Cu 4 I 4 cluster core geometry. The 
IQYs of these compounds were measured at room temperature, 
ranging from 56% to 96% under UV excitation. Long PL lifetimes 
of these structures indicate that the observed emission can be 
attributed to phosphorescence. Stability measurements show that 
members of this family are very robust ( Fig. 19 b), with some 
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Fig. 17. (a) Emission spectra of CuI semiconductor and selected 1D-CuI(L) hybrid structures ( λex 365 nm). (b) Excitation spectrum (black, λem 
470 nm) and PL emission spectrum (red, λex 365 nm) of 1D-CuI(py) 1–x (pm) x . Reproduced from. 92 Copyright 2014, American Chemical Society. 

Fig. 18. (a) Excitation (red, λem = 543 nm) and emission (black, λex = 455 nm) spectra of 2D-Cu 2 I 2 (4,4 ′ -dps) 2 compared with emission spectrum 

of YAG:Ce 3 + (blue, λex = 455 nm). Inset: powder sample of 2D-Cu 2 I 2 ((4,4 ′ -dps) 2 under natural light (left) and blue light (right, 455 nm). (b) 
Luminescence spectra of the two-component phosphors with the following weight percentage of 1D-Cu 2 I 2 (tpp) 2 (4,4 ′ -bpy): 0 wt% (black), 5 wt% (red), 
15 wt% (blue), 25 wt% (green), 100 wt% (pink). Reproduced from. 93 Copyright 2015, American Chemical Society. 

Fig. 19. (a) Photoluminescence spectra ( λex = 360 nm) of selected compounds. (b) Plot of QY ratios (Q 0 and Q are QY values measured before and 
after heating at each selected temperature for 24 h in air) (c) Luminescence spectra of white light blends of different composition. (d) A prototype LED 

lamp at “off” (left) and “on” stages coated with the phosphors. Reproduced with permission from. 94 Copyright 2017, Wiley-VCH Verlag GmbH &Co. 
KGaA. 
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Fig. 20. (a) Photos of crystals (Bu 2 DABCO) 1.5 Cu 3 I 6 without UV irradiation (left), just taken out of liquid nitrogen (middle) and room temperature 
(right) under 365 nm UV lamp irradiation. (b) Temperature-dependent luminescence spectra from 5–423 K in the solid state. Reproduced from 

95 with 
the permission of the Royal Society of Chemistry. 

structures stable up to 350 °C. White emitting phosphor blends 
were prepared by combining a commercial blue phosphor BAM 

(BaMgAl 10 O 17 :Eu 2 + ) with a yellow hybrid phosphor ( Fig. 19 c). 
LED devices have been fabricated using a remote model in which 
the phosphor coating layer was not in direct contact with the 
excitation source ( Fig. 19 d). 

Light-emitting materials based on Cu k X l 
m- 

CuX based hybrid materials in form of Cu k X l 
m − include pure 

ionic structures, in which there are no coordinate bonds between 
the inorganic component and the organic ligand, and AIO type 
structures, in which anionic inorganic components and cationic 
organic ligands are also connected by coordinate bond. 15 Select 
compounds of both types are discussed below. 

An organic-ligand-free ionic copper iodide trinuclear cluster 
(Bu 2 DABCO) 1.5 Cu 3 I 6 was reported in 2015. 95 This compound 
represents the first organic-ligand-free cuprous iodide trinuclear 
cluster showing thermochromic luminescence. At room temper- 
ature, this compound emits single-band yellow emission peaked 
at 548 nm ( Fig. 20 ). The lifetime is 15.8 μs, and the quantum 

yield is 12% at room temperature. The reversible thermochromic 
luminescence from darkish red (77 K) to bright yellow (423 K) 
can be distinguished by the naked eye or recorded by a digital 
camera ( Fig. 20 ). Luminescence solvatochromism was also found 
for this compound. Since ligand-free ionic compounds generally 
have very poor luminescence, the relatively high IQY of this 
compound is fundamentally interesting. 

After that, Yu et al. reported another type of 
copper iodide based ionic structures. These are 
Li(H 2 O)(EtOH) 3 [Cu 6 I 7 (tppa) 2 ] (1-Li), Na(H 2 O)(EtOH) 3 
[Cu 6 I 7 (tppa) 2 ] (1-Na), NH 4 (H 2 O)(EtOH) 3 [Cu 6 I 7 (tppa) 2 ] 
(1-NH 4 ), K(H 2 O) 2 (MeOH) 2 [Cu 6 I 7 (tppa) 2 ] ·MeCN 

(1-K), [N(Et) 4 ][Cu 6 I 7 (tppa) 2 ] (1-TEA), and [N(Pr) 4 ] 
[Cu 6 I 7 (tppa) 2 ] (1-TPA) (tppa = N ,N 

′ ,N 

′′ -tris(3- 
pyridinyl)phosphoric triamide), with similar 2D structures 
based on the identical Cu 6 I 7 − anionic clusters, but different 
counter-ions ( Fig. 21 a–e). 97 It was determined that the cations 
play important roles not only for the formation of the ionic 
structures, but also as a tool in tuning their optical properties. All 
compounds displayed strong and broad single-band emissions 
with similar profiles. Their luminescence can be tuned by 
exclusively changing the monovalent cations between the layers 
( Fig. 21 f and g). Their IQYs range from 24.2–80.6%, and all 

show excellent photostability. White light phosphors are made 
by combining BAM: Eu 2 + and a yellow hybrid phosphor. 

In 2017, we designed a unique type of AIO structures which 
combine both ionic and coordinate bonds within a molecular 
cluster. Such a combination greatly enhances structural stability 
while maintaining the molecular identity of the cluster and its 
high luminescence. 96 The novel AIO structures are composed 
of various anionic (Cu m 

I m + n ) n − clusters and cationic N-ligands 
( Fig. 22 a). They are strongly emissive, with IQYs greater than 
60%, and as high as 92%. They also show significantly improved 
chemical, thermal and moisture stability, and excellent solution 
processability. The AIO structures can be divided into two sub- 
groups. Structures in subgroup I are made of aliphatic ligands 
and structures in subgroup II are made of aromatic ligands. Their 
optical properties and luminescence mechanism is different. 
Sub-group II structures all have lower band gaps that could be 
excited by blue light, as they are all blue-excitable yellow emitting 
phosphors. The exceptional solution processability makes it 
possible to fabricate high quality lighting devices using these 
phosphor materials ( Fig. 22 b). 

Light-emitting materials based on Ag(I) halides 
The closed-shell d 10 electronic configuration of Ag(I) can 
adopt 2-, 3-, 4-, and 5-coordinated geometries. The inorganic 
modules of silver-based hybrids can be clusters, chain or layers. 
Examples include the AgX monomeric unit, the rhomboid 
A g 2 X 2 dimer, A g 4 X 4 cubane tetramer, the hexagonal prism- 
shaped Ag 6 X 6 cluster, the AgX split staircase chain, the AgX 

staircase chain, the Ag 2 X 2 helical chain, and the wavelike Ag 4 X 4 
chain, similar as the inorganic modules of copper halide based 
hybrids ( Fig. 16 ). 98,154-156 Extensive research has been focused 
on copper (I) based compounds, while Ag(I) and Au(I) based 
hybrid compounds have been relatively less investigated. Silver 
halide based inorganic-organic hybrid compounds have similar 
structure types and photophysical properties to copper halide 
based hybrid structures. 16,20 

A representative white-light emitting [(Ag 4 I 4 )(bix)] n 
[bix = 1, 4-bis (imidazole-1-ylmethyl)benzene] was reported 
by Hong et al. in 2012. 98 Its inorganic module forms wave-like 
silver iodide chains arranged in parallel with an ABAB…type 
periodicity ( Fig. 23 a). The infinite wave-like chains are further 
connected by the bridge ligands forming a two dimensional 
network. Because of the compound’s two domains, its exhibits 
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Fig. 21. Structure presentation of Cu 6 I 7 – cluster viewed from side (a) and top (b) as well as its sandglass shape (c), the (3,6)-connected kgd layer 
structure of the compounds (d), and schematic stacking diagram with different monovalent cations occupying the interlayer space (e). Symmetry code: 
A (1 – x + y , 2 – x, z), B (2 – y, 1 + x – y, z), C (2 – x, 2 – y, 1 – z), D (y, 1 – x + y , 1 – z), E (1 + x – y, x, 1 – z). (f) Photoluminescence of the five compounds 
(g) solid-state luminescence image under the 365 nm UV light and LED lamps displayed at working condition. Reproduced from. 97 Copyright 2017, 
American Chemical Society. 

Fig. 22. Examples of inorganic anionic cluster motifs obtained for compounds. C and H atoms are omitted for clarity purpose. Color scheme: Cu, cyan; 
I, purple; N, blue; P, green; S, yellow. (b) Illuminating LED light bulbs (110 V, 2 W) coated by selective AIO phosphors. Reproduced from. 96 Copyright 
2017, American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.). 

multiple emission processes, with two main emission peaks at 
448 nm and 523 nm ( Fig. 23 b). 

Excepting white light emitting compounds, the luminescence 
tunabi lity of si lver halide based hybrids has been demonstrated 
by Fang and Huang et al. 99 Two silver halide based hybrid 
structures with the flexible organic ligand 1,4-bis(2-methyl- 
imidazol-1-yl)butane (Bmib) [Ag 2 (Bmib)Br 2 ] ∞ 

(IAM16-1) and 

[Ag 2 (Bmib)I 2 ] ∞ 

(IAM16-2) were reported with monochromic 
emissions ( Fig. 24 ). The inorganic modules are AgX stair- 
case chains, and both structures exhibit excitation-wavelength- 
dependent photoluminescence (EWDP). Calculations and ex- 
perimental results show that the emissive excited states of 
those two structures are primarily attributed to cluster-centered 
halogen-metal to ligand (XMLCT) charge transfer. 
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Fig. 23. A wave-like inorganic chain constructed by Ag and I atoms. (b) The emission spectra of [(Ag 4 I 4 )(bix)] n in solid state at room temperature 
(blue) and 10 K (red). Reproduced with permission from. 98 Copyright 2012, Wiley-VCH Verlag GmbH &Co. KGaA. 

Fig. 24. (a) For IAM16-1: perspective view of the coordination environments of Ag and Bmib ligand, with the crystallographic minimum asymmetric 
unit highlighted; (b) perspective view of the 2-D infinite layer with the 1-D corrugated double stranded stair-like inorganic [AgBr] n chains. (c) and (d) 
Solid-state emission spectra IAM16-1 ( c = measured, d = normalized) at various excitation wavelengths from 336 to 420 nm at ambient temperature. 
Reproduced from. 99 Copyright 2016, American Chemical Society. 

LUMINESCENT MATERIALS BASED ON IVA-VIIA 

SEMICONDUCTORS 

Inorganic-organic hybrid perovskites based on lead halide and tin 
halide semiconductors show interesting optical features, includ- 
ing small exciton binding energy, high charge carrier mobility, 
and strong light absorption, which has led to the development 
of highly efficient photovoltaic (PV) devices based on these 
materials. 157–159 The tunability of this structural family enables 
scientists to construct a variety of structures of different types and 
dimensionality. 9 By choosing appropriate organic and inorganic 
components, the connectivity of the metal halide polyhedra can 
be tuned to form 0D, 1D, 2D and 3D structures surrounded by the 
organic ligands. Apart from their use in PV devices, their excellent 
photoluminescence properties have also attracted tremendous 
attention. 160–162 In addition to having PLQEs approaching unity, 
these materials also possess unique properties such as high 
conductivity, long carrier lifetimes, optical tunability and ease 
of fabrication. 161,163 The emission color of the materials can be 
easily adjusted from blue to green or red by simply changing the 
halide anion from Cl − to Br −, or I −. 101,105,162,164 The research 
of this field has grown rapidly, and relevant work has been 
summarized in a number of review papers. 44,160,162,165 Recently, 
some non-perovskite IVA-VIIA semiconductor based hybrid 
structures have also been reported with interesting luminescence 
properties. 107,166 Representative cases are briefly discussed here. 

Light-emitting materials based on Pb(II) halides 
Broadband white-light emission is the most important feature 
for several luminescent lower dimensional perovskites. In 2014, 
K ar unadasa and co-workers reported two 2D lead bromide 
layered perovskite structures: (N-MPDA)[PbBr 4 ] and (N- 
MEDA)[PbBr 4 ] [N 

1 -methylethane-1,2-diammonium(N- 
MEDA) and N 

1 -methylpropane-1,3-diammonium (N- 
MPDA)]. 100 The inorganic sheets of layered perovskites can 
be derived from the three-dimensional perovskite structure by 
slicing along specific crystallographic planes ( Fig. 25 a). The 
two materials were prepared by solution-state synthetic routes. 
Their broadband emissions span over the entire visible spectrum 

and can be tuned though halide substitution to adjust the 
white light from “cold” to “warm” ( Fig. 25 b). The PLQY of (N- 
MEDA)[PbBr 4 ] was measured to be 0.5% and can be improved 
by chloride substitution, with (N-MEDA)[PbBr 2.8 Cl 1.2 ] 
exhibiting a PLQE of 1.5%. Further studies show that the 
emission is from the bulk material and not from surface sites. 
Later in 2014, the same group reported other layered hybrid 
perovskites with enhanced PLQY. 101 Structures with the general 
formula of (EDBE)[PbX 4 ] (EDBE = , X = Cl, Br, I) were 
prepared and exhibit broadband white light emission in the solid 
state, and the Pb-Br perovskite has an improved PLQE of 9% 

( Fig. 25 c and d). Mechanistic studies indicate that the emission 
has contributions from strong electron-phonon coupling in a 
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Fig. 25. (a) Structure plot of (N-MEDA)[P b B r 4 ]. (b) Solar spectrum (orange) w ith the v isible region shaded in yellow and emission spectra 
of (N-MEDA)[PbBr 4 ] (red, excited at 380 nm) and (N-MEDA)[PbBr 3.5 Cl 0.5 ] (black, excited at 360 nm). Reproduced from. 100 Copyright 2014, 
American Chemical Society. (c) Structure plot of (EDBE)[P b B r 4 ]. (d) Emission spectra for (EDBE)[P b B r 4 ], λex = 365 nm; Inset: Photographs showing 
photoluminescence from (EDBE)[P b B r 4 ]. Reproduced from. 101 Copyright 2014, American Chemical Society. 

Fig. 26. (a) Crystal packing diagram for (CyBMA)PbBr 4 showing propagation of [PbBr 6 ] 4 − octahedron along the ac-plane, (b) packing along the bc- 
plane revealing twist of the Pb −Br chains, (c) photographs of a (CyBMA)PbBr 4 crystal with scale bar and spin-coated film illuminated under UV lamp. 
Reproduced from. 102 Copyright 2017, Wiley-VCH Verlag GmbH &Co. KGaA. 

deformable lattice and from a distribution of intrinsic trap states. 
(EDBE)[PbX 4 ] remained stable after 3 months of continuous 
irradiation. This work also shows that the emission is tunable by 
changing halogen atoms in the hybrid structures. 

Other white-light-emitting 2D perovskites include 
(CyBMA)PbBr 4 w ith a c yclohexane-bis(methylamonium) 
cation as the organic ligand, which was reported by Mhaisalkar 
et al. 102 It has a broadband emission in the range 380–750 nm 

with CIE coordinates of (0.23, 0.29) at room temperature. 
TG analysis show that this compound has very high thermal 
stability (T D = 319 °C). The broad emission has been 
attributed to self-trapped states of various trapping depths. 
The authors propose that the flexibility and softness of the 
cyclohexane core of CyBMABr can initiate strong exciton- 
phonon interactions, leading to trapping of excitons inside the 
self-created potential barriers. Also the deformations of the 
(CyBMA)PbBr 4 inorganic lattice can favor self-trapping by 
acting as potential sites for self-localization. The IQY of this 
compound is measured to be 1.5% ( Fig. 26 ). Another 2D layered 

perovskite (C 6 H 5 C 2 H 4 NH 3 ) 2 PbBr x Cl 4–x (0 < x < 4) with 
tunable and optimized white light quality and efficiency was 
reported. 167 Its optical properties could be tuned by varying the 
amount of Br and Cl. By increasing concentrations of Br, the 
IQYs of the hybrids increase from 0.2 to 16.9%. The CCT could 
also been tuned from 4000 K to 7000 K. These structures have a 
high CRI of 87–91. 

Broadband white light emissions were also observed for 
1D perovskites reported by Ma et al. 104 A one-dimensional 
lead bromide perovskite C 4 N 2 H 14 PbBr 4 with efficient bluish 
white-light emission was reported. This novel structure has 1D 

edge sharing octahedral lead bromide chains [PbBr 4 2 −] ∞ 

that 
surrounded by the organic cations C 4 N 2 H 14 

2 + to form the bulk 
assembly of core-shell quantum wires ( Fig. 27 a and b). It emits 
broadband white light in the solid state ( Fig. 27 c). The IQYs 
measured are 20% for the bulk single crystals and 12% for the 
microscale crystals. Further studies reveal that the structure’s 
emission originates from strong quantum confinement with the 
formation of self-trapped excited states. 
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Fig. 27. (a) Structure of 1D perovskite C 4 N 2 H 14 PbBr 4 (red spheres: lead atoms; green spheres: bromine atoms; blue spheres: nitrogen atoms; grey 
spheres: carbon atoms; purple polyhedrons: PbBr 6 4 −octahedrons; hydrogen atoms were hidden for clarity). (b) View of an individual lead bromide 
quantum wire wrapped by the organic cations. (c) Absorption (dash lines) and emission (solid lines, excited at 360 nm) spectra of the bulk and microscale 
perovskite crystals at room temperature. Reproduced from. 104 Copyright 2017, Nature Publishing Group. 

Fig. 28. Steady-state PL (excited at 330 nm) at room temperature for (a) (hmp)PbBr 4 , (2,6-dmpz) 3 Pb 2 Br 10 , and (mpz) 2 Pb 3 Br 10 ; (b) (hep)PbBr 3 and 
(hex)PbBr 3 ; (c) (4amp)PbBr 4 and (epz)PbBr 4 . Reproduced from. 106 Copyright 2018, American Chemical Society. 

Another 1D white-light-emitting perovskite (C 9 H 10 N 2 )PbCl 4 
was reported by Abid et al. 168 This structure is built up from an 
infinite 1D chain of edge-sharing PbCl 6 octahedra surrounded by 
3-aminoquinoline (AQ) organic molecules. Experimental results 
i l lustrate that the strong photoluminescence is the result of a 
resonant energy transfer mechanism between inorganic wires and 
organic molecules, leading to the conversion of Wannier excitons 
localized in PbCl 4 chains to Frenkel excitons localized in organic 
molecules. 

Dong et al. determined that broadband emissions from 1D 

perovskite C 4 N 2 H 14 PbCl 4 is excitation-dependent, and may 
change from bluish-green to yellow depending on the excitation 

wavelength. 103 The results show that this structure has two 
emission centers, corresponding to the self-trapped excitons 
(STEs) and vacancy-bound excitons. The excitation-dependent 
emission is a result of different populations of these two types of 
excitons generated at different excitation wavelengths. The IQYs 
of this compound under 320 nm excitation and 365 nm excitation 
are 18% and 6%, respectively. 

The correlation between structure and white light 
emissions has been carefully studied by the Kanatzidis 
group. 105,106,164 In 2017, they reported a multilayered 2D 

perovskite EA 4 Pb 3 X 10 ( X = Cl and Br, EA = ethylammonium) 
exhibiting tunable white-light emission. 105 EA 4 Pb 3 Cl 10 has 
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Fig. 29. Photoluminescence of different 2D hybrid perovskites. (C 4 H 9 NH 3 ) 2 PbCl 4 (i), (C 4 H 9 NH 3 ) 2 PbBr 4 (ii), (C 4 H 9 NH 3 ) 2 PbI 4 (iii), 
(C 4 H 9 NH 3 ) 2 PbCl 2 Br 2 (iv), (C 4 H 9 NH 3 ) 2 PbBr 2 I 2 (v), and (C 4 H 9 NH 3 ) 2 (CH 3 NH 3 )Pb 2 Br 7 (vi) 2D sheets demonstrate that the solution-phase 
direct growth method is generalizable. The corresponding optical PL images are shown in the inset. Scale bars, 2 μm for (i) to (v) and 10 μm for (vi). 
Reproduced with permission from. 169 Copyright 2015, A A AS. 

Fig. 30. Crystallographic view of [Pb 2 X 2 ] 2 + [ −O 2 C(CH) 2 CO 2 
−] X = F (a), Cl (b), Br (c) . Insets show the asymmetric Pb-X coordination 

environments. Pb cyan, F green, Cl orange, Br brown, O red, and C gray. H atoms are omitted for clarity. Black boxes highlight the unit cells. Reproduced 
with permission from. 107 Copyright 2017, Wiley-VCH Verlag GmbH &Co. KGaA. 

a broadband white-light emission, while EA 4 Pb 3 Br 10 has a 
narrow blue emission. The emission could be systematically 
tuned by varying the composition of Cl and Br. They 
also discovered that the larger the octahedral distortion 
of the inorganic layer, the broader the bandwidth of the 
PL emission. 164 In 2018, they synthesized a series of new 

light emitting lead bromide based hybrid compounds with 
different dimensionalities. 106 These include (hep)PbBr 3 , 
(hex)PbBr 3 , (2,6-dmpz) 3 Pb 2 Br 10 , (4amp)PbBr 4 , (epz)PbBr 4 , 
(mpz) 2 Pb 3 Br 10 , and (hmp)PbBr 4 (mpz = 1-methylpiperazine, 
epz = 1-ethylpiperazine, 4amp = 4-(aminomethyl)piperidine, 
2,6-dmpz = 2,6-dimethylpiperazine, hmp = homopiperazine, 
hex = hexamethylenimine, hep = heptamethylenimine), all 
emitting in the visible light region. The compounds crystallize 
in a variet y of structural t ypes, and their structures and optical 
properties have been comprehensively studied. Except for 
(hep)PbBr 3 and (hex)PbBr 3 , the rest of the compounds exhibit 
white-light emission at room temperature ( Fig. 28 ). The 1D 

compound (2,6-dmpz) 3 Pb 2 Br 10 has the highest PLQY of 12%, 
while the other’s IQYs are lower than 1%. 

The emission colors of 2D hybrid perovskites could also 
been tuned by the thickness of the inorganic sheet as demon- 
strated by Yang et al. 169 Single-and few-unit-cell-thick single- 
crystalline 2D hybrid perovskites of (C 4 H 9 NH 3 ) 2 PbBr 4 have 
been synthesized. These materials exhibit strong and tunable 
blue photoluminescence ( Fig. 29 ). Both the bulk materials and 
the sheets show similar strong purple-blue light emission. The 
slightly increased optical band gap for the ultrathin 2D sheets 
is probably induced by the lattice expansion. The emission 
colors of the hybrids could be tuned by changing the thick- 
ness of the inorganic sheet or the composition of the hybrid 
materials. 

Non-perovskite lead halide hybrid materials have also 
attracted much attention and exhibit great promise. A 

family of novel cationic lead halide layered hybrid materials 
[Pb 2 X 2 

2 + ][ −O 2 C(CH 2 ) 4 CO 2 
−] ( X = F , Cl, and Br) was 

reported by Fei et al. 107 Single-crystal X-ray crystallography 
reveals that all three materials form a highly unusual [PbX] + 

layered architecture connected by organic ligands ( Fig. 30 ). 
They all exhibit broadband white light emissions with a QY up 
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Fig. 31. (a-d) Structural plot of (C 9 NH 20 ) 7 (PbCl 4 )Pb 3 Cl 11 . (e) Excitation and emission spectra of the single crystals at room temperature and 77 K. 
Reproduced with permission from. 108 Copyright 2018, American Chemical Society. 

Fig. 32. (a) Single-crystal structure of the Sn mixed-halide perovskite (C 4 N 2 H 14 Br) 4 SnBr x I 6–x ( x = 3) (red spheres: tin atoms; green spheres: bromine 
atoms; orange spheres: iodine atoms; blue spheres: nitrogen atoms; and gray spheres: carbon atoms; hydrogen atoms were hidden for clarity). (b) 
Individual Sn mixed-halide octahedron completely surrounded by organic ligands. (c) Excitation (blue line) and emission (red line) spectra of bulk 
Sn mixed-halide perovskite crystals at room temperature. Reproduced with permission from. 109 Copyright 2017, American Chemical Society. 

to 11.8% for [Pb 2 Br 2 2 + ][ −O 2 C(CH 2 ) 4 CO 2 
−]. Such cationic 

materials exhibit high chemical and thermal stability. 
A strongly luminescent blue emitting lead halide cluster 

(C 9 NH 20 ) 7 (PbCl 4 )Pb 3 Cl 11 was reported by Ma et al. 108 This 
0D cluster can be considered to be lead chloride tetrahe- 
drons (PbCl 4 2–) and face-sharing lead chloride trimer clusters 
(Pb 3 Cl 11 5–) cocrystallizing with organic cations (C 9 NH 20 

+ ) 
( Fig. 31 a–d). This cluster emits strong blue emission peaked at 
470 nm under UV excitation with a high QY of 83% ( Fig. 31 e). 

Light-emitting materials based on Sn(II) halides 
Since the lead halide perovskites cause environmental concerns 
due to the toxicity of Pb 2 + , developing other lead-free hybrid 
metal halides has attracted increasing attention. 78,170,171 The 
effort to develop tin halide based hybrid structures as alternatives 
for lead halide hybrids is mainly based on this concern. 165 

A highly efficient broadband yellow light emitter based on 
0D tin mixed-halide perovskite (C 4 N 2 H 14 Br) 4 SnBr x I 6–x ( x = 3) 
was reported by Hong et al. 109 The octahedral SnX 6 

4– contains 
equal amounts of bromine and iodine, whereas all four halide 
ions associated with the organic ligand are bromines ( Fig. 32 a 
and b). It emits yellow light peaked at 582 nm, with a high 
PLQE of ∼85% ( Fig. 32 b) and was blended with a commercial 

europium-doped barium magnesium aluminate blue phosphor 
BAM (BaMgAl 10 O 17 :Eu 2 + ) to generate white light with high 
CRI of 85 under UV excitation. 

The layered tin bromide based perovskite HMD 3 SnBr 8 
(HMD = hexamethylene diamine) was reported by Ning et al. 
( Fig. 33 a). 110 There are two forms synthesized in different 
solvents: HMD 3 SnBr 8 (CH 3 OH) and HDM 3 SnBr 8 (CH 2 Cl 2 ). 
Both of them emit intense orange emission with peaks at 590 nm 

and 601 nm, respectively ( Fig. 33 b), and their QYs are as high 
as 86%. Experiments show that the distortion of the octahedral 
structure under excitation results in the formation of self-trapped 
excitons, which is responsible for the broadband emission of 
HMD 3 SnBr 8 . Lighting devices have been fabricated using these 
phosphors. 

Luminescent tin halide structures not based on perovskite have 
also been investigated. A luminescent seesaw-shaped 0D cluster 
(C 9 NH 20 ) 2 SnBr 4 was reported by Ma et al. 111 In the structure, 
SnBr 4 2 − are surrounded by the organic cations (C 9 NH 20 

+ ) to 
form a 0D cluster ( Fig. 34 a and b). This material exhibits strong 
deep-red emission peaked at about 695 nm at solid state with a 
PLQE of 46%. The Stokes shift of 332 nm is one of the highest 
values reported to date for any solid-state light-emitting material 
( Fig. 34 c). 
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Fig. 33. (a) View of the crystal structure of HMD 3 SnBr 8 (Sn, blue; Br, red; N, green; C, purple; orange octahedra [SnBr 6 ] 4–, hydrogen atoms, and 
solvent molecules were omitted for clarity). (b) Excitation and emission spectra of HMD 3 SnBr 8 (CH 3 OH) and HDM 3 SnBr 8 (CH 2 Cl 2 ), respectively. 
Reproduced with permission from. 110 Copyright 2018, American Chemical Society. 

Fig. 34. (a) Views of individual SnBr 4 2 − ions isolated from each other and surrounded by the C 9 NH 20 
+ ions; the inset shows a C 9 NH 20 

+ cation. (b) 
Ball and stick model of an individual SnBr 4 2 − anion. (c) Excitation and emission spectra of (C 9 NH 20 ) 2 SnBr 4 bulk crystals. Reproduced with permission 
from. 111 Copyright 2018, Wiley-VCH Verlag GmbH &Co. KGaA. 

Fig. 35. Packing of the structure of [Bmim] 2 SbCl 5 viewed along the c-axis; (b) Emission spectra of [Bmim] 2 SbCl 5 at different excitation wavelengths. 
Reproduced from 

76 with the permission of the Royal Society of Chemistry. 

LUMINESCENT MATERIALS BASED ON VB-VIIA 

SEMICONDUCTORS 

Antimony or bismuth halide based inorganic-organic hybrid ma- 
terials have attracted significant attention recently due to the fact 
that they can be non-toxic alternatives for lead halide structures 
for PV and lighting applications. 78,165 Some members of this 
group, especially Sb based compounds, exhibit very impressive 
luminescence, with QYs up to 98%, showing great potential 
for highly efficient lighting phosphors. 54,76 Some representative 
materials are briefly described below. 

Light-emitting materials based on Sb(III) halides 
A highly luminescent antimony-based hybrid structure 
[Bmim] 2 SbCl 5 was reported by Huang and coworkers in 2015. 76 
In the structure, each Sb(III) ion is coordinated with five Cl −
ions in the form of a quadrangular pyramid, and every pyramid- 
like anion is surrounded by six imidazole rings ( Fig. 35 a). Each 
discrete [SbCl 5 ] 2 − anion interacts with neighboring [Bmim] + 

cations via inter-molecular C–H �Cl hydrogen bonds, resulting 
in a 2D infinite layer. It exhibits bright yellow light when exposed 
to 365 nm excitation at room temperature. As it also exhibits 
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Fig. 36. (a) Two isolated SbCl 5 2 − quadrangular pyramids surrounded by C 9 NH 20 
+ ligands. (b) Excitation (dashed lines) and emission (solid lines) 

spectra of 0D organic metal halide hybrids at room temperature. Reproduced from 

54 with the permission of the Royal Society of Chemistry. 

Fig. 37. (a) The packing structure of 4-MPSC viewed along the b-axis direction. (b) Emission spectra at room temperature (excited at 373 nm). 
Reproduced from 

112 with the permission of the Royal Society of Chemistry. 

excitation-dependent luminescence, when exposed to higher 
energy UV light at 303 nm, another emission band peaking 
at 460 nm shows up, generating white light ( Fig. 35 b). This 
compound exhibits a high quantum yield of 86.3% in solid state. 

A new 0D Sb(III) halide based inorganic-organic hybrid struc- 
ture with an exceptionally high PLQE was reported by Ma et al. 54 
(C 9 NH 20 ) 2 SbCl 5 , along with other two Sn halide based hybrids, 
were reported. The inorganic module of (C 9 NH 20 ) 2 SbCl 5 is a 
quadrangular pyramid (SbX 5 

2 −) ( Fig. 36 a). This metal halide 
hybrid emits in the orange light region peaked at 590 nm and 
has extremely high PLQEs at room temperature, which is 98 ±2% 

( Fig. 36 b). Such a high IQY value for orange emission is very rare. 
Direct white-light-emitting materials from this family have also 

been developed. A new Sb(III) halide based hybrid material, 
[4-methylpiperidinium] 2 SbCl 5 (4-MPSC), was reported by Luo 
et al. 112 It represents a new lead-free single-component hybrid 
with the potential to serve as a white light-emitting material. The 
inorganic modules of this hybrid are one-dimensional inorganic 
chains of corner-sharing SbCl 6 octahedra ( Fig. 37 a). It emits 
broadband white light emission with CIE coordinates of (0.33, 
0.32), which is extremely close to pure white light ( Fig. 37 b). 
There are two peaks in the emission spectra; one is the narrow 

peak at 480 nm, and the second is located at 580 nm. The IQY of 
this compound is ∼1%. 

Red-light-emitting materials have also been reported, such 
as (Ph 4 P) 2 SbCl 5 , a very efficient red phosphor reported by 
Ma et al. ( Fig. 38 a). 113 This compound can be prepared 
easily by cocrystallizingof tetraphenylphosphonium (Ph 4 P 

+ ) 
and antimony (Sb 3 + ) chloride salts. It emits in the red region with 

a peak at 648 nm and a PLQE of around 87% ( Fig. 38 b). Another 
yellow-emitting, kinetically favored metastable product can be 
formed within minutes, and wi l l convert to the red-emitting, 
thermodynamically stable product slowly at room temperature or 
with thermal treatment. 

Light-emitting materials based on Bi(III) halides 
Bismuth represents the only non-toxic heavy metal with low cost; 
therefore, hybrid materials based on bismuth have attracted much 
attention. 172-175 Their structural variety and properties have been 
summarized in a recent review by Sokolov et al. 176 Some of these 
structures are luminescent, showing potential for use in lighting 
applications. 114,115 

Mercier et al. reported two bismuth compounds, 
(TBA)[BiBr 4 (bp4mo)] (TBA = tetrabutylammonium) and 
[BiBr 3 (bp4mo) 2 ]. 114 (TBA)[BiBr 4 (bp4mo)] emits green- 
yellow emission at 540 nm with a high IQY of 85% ( Fig. 39 a), 
while [BiBr 3 (bp4mo) 2 ] emits green light 516 nm with a IQY of 
11% ( Fig. 39 b). Their luminescence was quenched in solution. 
These two materials also exhibit mechanochromic behavior, 
and represent the first examples of mechanochromic phosphors 
based on bismuth(III). 

Two Bi(III) halide based hybrid compounds composed of a 
bismuth(III) chloride anion and an imidazolium cation, namely 
α- and β-[B mim ][BiCl 4 (2,2 ′ -bpy)] (Bmim = 1–butyl–3- methyl 
imidazolium; 2,2 ′ -bpy = 2,2 ′ -bipyridine) ( Figs. 40 a and 40 b) were 
reported by Shen et al. 115 They were synthesized in ionic liquid 
and exhibit green-yellow phosphorescence with quantum yields 
of 26.07% and 36.59%, respectively ( Fig. 40 c). 
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Fig. 38. (a) View of an individual SbCl 5 2– anion and nearest neighbor Ph 4 P + cations. (b) Excitation and emission spectra of bulk (Ph 4 P) 2 SbCl 5 crystals. 
Reproduced with permission from. 113 Copyright 2018, American Chemical Society. 

Fig. 39. (a) PL spectra of (TBA)[BiBr 4 (bp4mo)] and (TBA)[B i B r 4 ( bp 4 mo )]-g (left) and [BiBr 3 (bp4mo) 2 ] and [BiBr 3 (bp4mo) 2 -g (right). Inset: 
photographs under UV light. (- g = after grinding). Reproduced with permission from. 114 Copyright 2016, Wiley-VCH Verlag GmbH &Co. KGaA. 

Fig. 40. The crystallographic asymmetric units of compounds (a) α-[B mim ][BiCl 4 (2,2 ′ -bpy)] and (b) β-[B mim ][BiCl 4 (2,2 ′ -bpy)]. (c) Excitation 
(dashed lines) and emission spectra (solid lines) of compounds α-[B mim ][BiCl 4 (2,2 ′ -bpy)] (blue lines) and β-[B mim ][BiCl 4 (2,2 ′ -bpy)] (red 
lines); for α-[B mim ][BiCl 4 (2,2 ′ -bpy)], λex = 397 nm, λem = 530 nm; for β-[B mim ][BiCl 4 (2,2 ′ -bpy)], λex = 372 nm, λem = 524 nm. Reproduced with 
permission from. 115 Copyright 2017, Wiley-VCH Verlag GmbH &Co. KGaA. 
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Fig. 41. (a) Device architecture of the CH 3 NH 3 PbI 3–x Cl x PeLED. (b) 
Single unit cell of an ABX 3 perovskite crystal, where A is methylammo- 
nium, B is Pb and X is I, Br or Cl. (c) Energy-level diagram of different 
layers of materials in the infrared PeLED, showing conduction and 
valence band levels with respect to vacuum. Reproduced with permission 
from. 181 Copyright 2014 Nature Publishing Group. 

ELECTROLUMINESCENT MATERIALS FOR 

LIGHT-EMITTING-DIODES 

Electroluminescent materials for inorganic-organic hybrid mate- 
rials primari ly fal l into one of two structural groups. These are 
either lead or tin halide perovskites, which have emerged as a 
highly promising class of semiconductor for LEDs, 10,177,178 or 
copper halide hybrid complexes, typically used as the emissive 
layer in OLEDs. 50,179 Representative examples from both groups 
are introduced in this section. 

Perovskite based hybrid electroluminescent 
materials 
IVB-VIIB semiconductor based hybrid perovskites have emerged 
as a highly promising class of semiconductor for optoelectronic 
device applications. The recent development of halide perovskite 
as electroluminescent materials for LEDs has been a very 
hot research topic and has been discussed in several review 

papers. 10,11,72,165 Here, we only discuss a few representative 
works. 

Light-emitting diodes based on layered perovskites were first 
investigated in the 1990s. An important work by Mitzi et al. 
demonstrates that electroluminescence was realized for hybrid 
organic-inorganic perovskite as the emission layer. 180 A specially 
modified quaterthiophene dye was incorporated within infinite 
lead halide perovskite sheets, and 0.1 lm/W of green emission 
peaked at 530 nm with low turn-on voltages of 5.5 V was achieved 
with a device using a 3000 ̊A-thick emission layer. 

Another important work in this area was reported later by 
Friend et al. in 2014. 181 They showed strong room-temperature 
electroluminescence in perovskite light-emitting diodes. The 
emission of the electroluminescence could be also be tuned by 
changing halide composition in the perovskite. They developed 
green, red, and near-infrared (NIR) LEDs using CH 3 NH 3 PbBr 3 
(MAPbBr 3 ), CH 3 NH 3 PbBr 2 I, and CH 3 NH 3 PbI 3–x Cl x 
(MAPbI 3–x Cl x ), respectively, as the emissive layer in two 
device structures of ITO/PEDOT:PSS/MAPbBr 3 /F8/Ca/Ag 
and ITO/TiO 2 /MAPbI 3–x Cl x /F8/MoO 3 /Ag ( Fig. 41 a). The 
energy-level diagram of the different layers is shown in Fig. 41 c. 
The EQE of the two devices are measured to be 0.1% and 0.76%, 
respectively. 

The efficiency of the perovskite-based LED was improved by 
Huang et al. in 2015, who developed an interfacial engineering 
approach to achieve high-performance perovskite light-emitting 

Fig. 42. Multi-layered PeLED. (a) Schematic illustration and a cross- 
sectional TEM image (scale bar: 20 nm) showing the device archi- 
tecture: ITO/PEI-modified ZnO (20 nm)/perovskite (50 nm)/TFB 
(25 nm)/MoO x (8 nm)/Au. In this TEM image, the perovskite layer 
is a CH 3 NH 3 PbI 3–x Cl x film. (b) Flat-band energy level diagram 

(MAPbI 3–x Cl x : CH 3 NH 3 PbI 3–x Cl x , MAPbBr 3 : CH 3 NH 3 PbBr 3 ). The 
energy level values for ITO and PEI treated ZnO were obtained by 
UPS and optical measurements. Reproduced with permission from. 182 
Copyright 2015, Wiley-VCH Verlag GmbH &Co. KGaA. 

diodes. 182 In this approach, materials of different band energies 
were applied to improve charge injection, transport, and confine- 
ment. A multifunctional polyethyleneimine (PEI) interlayer was 
incorporated in the LED structure between the oxide electron- 
transporting layer and the perovskite emissive layer, facilitating 
the formation of high-quality perovskite film and reducing the 
work function of ZnO for improved electron injection ( Fig. 42 ). 
The maximum radiance and EQE for NIR LEDs based on 
MAPbI 3–x Cl x was 28 W sr –1 m 

–2 and 3.5% at 2.2 V, respectively. 
A MAPbBr 3 device of the same structure produced an EQE and 
brightness of 0.8% and 20,000 cd m 

–2 at 2.8 V. 
The work by Lee et al. boosted the efficiency and EQE 

of perovskite LEDs to 42.9 cd A 

–1 and 8.53% by making two 
modifications. 183 First, a small excess of MABr was applied to 
prevent exciton quenching from Pb atoms. Second, a “nanocrystal 
pinning” process was introduced to spatially confine the excitons 
in CH 3 NH 3 PbBr 3 nanograins ( Fig. 43 ). These two approaches 
improved the device performance significantly. 

Copper halide based hybrid electroluminescent 
materials 
The copper halide (mostly CuI) complexes can also be utilized 
as emissive layers in organic light-emitting diodes. 50,179,184 The 
ligand material in this case serves a dual role as both a ligand 
for forming the emissive complex and as a host matrix for 
the formed emitter. 50 Such an approach generally involves in 
situ codeposition of CuI and the emissive organic ligands, 
forming highly emissive CuI based molecular clusters. Thompson 
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Fig. 43. (a) The device structure. (b) Cross-sectional SEM image of PeLEDs. (c) Energy band diagram of PeLEDs, showing a decrease in IE with 
increasing MABr molar proportion. Reproduced with permission from. 183 

Fig. 44. EL spectra of ITO/NPD/EML/BCP/LiF/Al devices at 8 V, where EML denotes neat mCPy (device 1), 1:4 CuI:mCPy (device 2), 1:6 
CuI:mCPy (device 3), or 1:10 CuI:mCPy (device 4). Reproduced with permission from. 50 Copyright 2011, American Chemical Society. 

et al. demonstrated this approach by codeposition of CuI and 
3,5-bis(carbazol-9-yl)pyridine (mCPy). 50 Green electrolumines- 
cence at 530 nm from the CuI based complex was observed 
in a simple three-layer device structure. Different ratios of CuI 
to ligand were tested, showing different luminescence efficiency 
( Fig. 44 ). A maximum luminance and EQE of 9700 cd/m 

2 and 
4.4%, respectively, were achieved. 

Bian et al. produced the following four compounds via 
codeposition, and used them to form a luminescent CuI based 
complex doped film in situ : 4-[3,6- di ( carbazol -9- yl ) carbazol - 
9- yl ]isoquinoline (TCIQ), 3-[3,6- di ( carbazol -9- yl ) carbazol -9- 

yl ]pyridine (TCPy), 4-(carbazol-9-yl)isoquinoline (4CIQ), and 
3-(carbazol-9-yl)pyridine (CPy). 179 These complexes could be 
utilized as the emissive layer in OLEDs ( Fig. 45 ). The ratio of CuI 
to ligand could be varied to adjust the performance of the device. 
A total of 10 OLEDs were fabricated, and their performance has 
been summarized. 179 It was determined that TCIQ could serve 
as a blue emitter for white light OLEDs. 

An interesting pair of red emitting OLEDs based on CuI 
complexes was reported by Ni et.al. in 2015 using a similar code- 
position approach. 184 Two isoquinolyl carbazole (CIQ) com- 
pounds 9-(8-(carbazol-9-yl)isoquinolin-5-yl)-carbazole (DCIQ) 
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Fig. 45. The schematic device structure, chemical structure, and energy 
level diagrams of the molecules used in OLEDs. Reproduced with 
permission from. 179 Copyright 2014, Wiley-VCH Verlag GmbH &Co. 
KGaA. 

and 9-(4-(5-(4-(carbazol-9-yl)phenyl)isoquinolin-8-yl)phenyl)- 
carbazole (DCDPIQ) were synthesized and codeposited with 
CuI to form a red emissive CuI dimer based complex doped film 

in situ. This film could be utilized directly as the emissive layer 
in OLEDs. After a systematic study and optimization of the CuI 
composition, red OLEDs were achieved, showing a maximum 

emission band, an EQE, a luminance of 643 nm, 3.5%, 3290 cd 
m 

− 2 for DCIQ, and 635 nm, 3.6%, 853 cd m 

− 2 for DCDPIQ, 
respectively ( Fig. 46 ). 

OTHER LUMINESCENT HYBRID MATERIALS 

In addition to the lead or tin organometal halide perovskites 
that have drawn much attention recently, organometal halides 
comprise other important class of luminescent hybrid materials 
have also been point of interests. Representative examples 
include inorganic-organic hybrid cadmium and tellurium 

halides. 116–118,185–192 A single-component white-light emitting 
inorganic-organic semiconductor, [C 5 H 9 –NH 3 ] 4 CdBr 6 was 
reported by Luo et al. in 2017. 116 It is the first example of 
broadband white light emission from a perovskite that is not 
based on lead or tin. The photoluminescence spectra of [C 5 H 9 –
NH 3 ] 4 CdBr 6 exhibits two emission peaks located at 420 nm (a 
narrow peak) and 690 nm (a broad peak) ( Fig. 47 a). The two 
emission peaks have different maximum excitation wavelengths, 
with the emission at 420 nm having a maximum excitation 
wavelength of 315 nm, while the 690 nm emission displays a 
maximum excitation wavelength of 365 nm. Upon varying the 

excitation wavelengths from 315 nm to 365 nm, the emission 
spectra changes accordingly, showing tunable emission from 

blue-violet to orange ( Fig. 47 b). The compound showed a 
white-light emission with ideal CIE chromaticity coordinates of 
(0.33, 0.33) when exited by 340 nm, with a quantum yield of 
approximately 1%. The CRI of the white-light emission is as high 
as 92.5. 

Another white-light emitting Cd-based 2D hybrid perovskite 
(C 6 H 11 NH 3 ) 2 [CdBr 4 ] was reported by Yangui et al. in 2018. 117 
The inorganic module is 2D [CdBr 4 ] 2– layer ( Fig. 47 c). The 
compound’s optical absorption spectrum shows a sharp ab- 
sorption peak at 3.24 eV, arising from the two-dimensional 
excitons confined into the [CdBr 4 ] 2 −layers. The origin of two 
emission bands has been analyzed. The higher energy band 
is attributed to excitons confined in the [CdBr 4 ] 2 − inorganic 
layers, while the lower energy band is attributed to the emission 
of the cyclohexylammonium cations. This compound emits a 
broadband white light emission under UV irradiation. 

A series of cadmium chloride hybrid structures with 
monochromic emissions were reported by Huang et al. in 
2017. 118 A total of four new hybrid structures were reported: 
[CdCl 2 (Im) 4 ] (Im = imidazole), [CdCl 4 (HAPI) 2 ] (API = N - 
(3-Aminopropyl)-imidazole), [Cd(μ-Cl) 2 (1-Mim) 2 ] ∞ 

(1- 
Mim = 1-methyl imidazole) and [CdCl 3 (HAPI)] ∞ 

. The first 
two structures are 0D molecular clusters of different inorganic 
motifs, while the latter two form 1D infinite chains constructed 
from different subunits and connection modes ( Fig. 48 ). 
Photophysical measurement results show that all compounds 
display strong blue emission. The emission quantum yields are 
measured to be 23.01%, 5.84%, 27.31%, 5.71%, respectively, for 
these four hybrid structures. The difference in quantum yield 
may be attributed to the different substituents on the imidazole 
rings. 

Similar to Sn 2 + , Pb 2 + , Sb 3 + , and Bi 3 + , the external 
electron shell of the Te 4 + possesses a s 2 configuration 
and exhibits luminescent properties. A series of tellurium 

chloride based hybrid structures were reported by Huang 
et al. 119 A total of six new structures were reported: α- 
[B mim ] 2 TeCl 6 (Bmim = 1–butyl–3- methyl imidazolium), 
β-[B mim ] 2 TeCl 6 , [HOOCMim] 2 TeCl 6 (HOOCMim = 1- 
carboxymethyl-3-methyl imidazolium), [Bzmim] 2 TeCl 6 
(Bzmim = 1-benzyl-3-methyl imidazolium), [EPy] 2 TeCl 6 
(EPy = 1-ethylpyridinium), [Bmmim] 2 TeCl 6 (Bmmim = 1–
buty l–2,3-dimethy l imidazolium). Their inorganic modules 
are isolated [TeCl 6 ] 2– octahedra anions. Among them, 
[HOOCMim] 2 TeCl 6 and [HOOCMim] 2 TeCl 6 display intense 
red luminescence at both room temperature and 77 K ( Fig. 49 a 

Fig. 46. (a) The schematic device structure, chemical structure, and energy level diagrams of the molecules used in OLEDs. (b) EL spectra of OLED 

devices of different CuI compositions. Reproduced from 

184 with the permission of the Royal Society of Chemistry. 
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Fig. 47. (a) Emission spectra of [C 5 H 9 –NH 3 ] 4 CdBr 6 at different excitation wavelengths. (b) CIE coordinates of the emission colors and the 
corresponding photoluminescence images of [C 5 H 9 –NH 3 ] 4 CdBr 6 at different excitation wavelengths. Reproduced from 

116 with the permission of 
the Royal Society of Chemistry. (c) Projection of the compound (C 6 H 11 NH 3 ) 2 [CdBr 4 ] structure along c-axis at room temperature. Reproduced with 
permission from. 117 Copyright 2018, American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.). 

Fig. 48. The structures plots of the[C d C l 2 (I m ) 4 ], [CdCl 4 (HAPI) 2 ], [Cd(μ-Cl) 2 (1-Mim) 2 ] ∞ 

(and [CdCl 3 (HAPI)] ∞ H and their emission spectra. 
Reproduced with permission from. 118 Copyright 2017, Elsevier. 

Fig. 49. Excitation and emission spectra of compound [HOOCMim] 2 TeCl 6 (a) and [HOOCMim] 2 TeCl 6 (b) at 77 and 298 K; for 
[HOOCMim] 2 TeCl 6 λex = 365 nm, λem (77 K) = 630 nm, λem (298 K) = 610 nm; for [HOOCMim] 2 TeCl 6 λex = 465 nm, λem (77 K) = 680 nm, λem 
(298 K) = 660 nm. Inset: photographs of powders under ultraviolet light irradiation. Reproduced with permission from. 119 Copyright 2018, American 
Chemical Society. 
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and b). Such luminescence may originate from the discrete TeX 6 
units under minor distortion. 

CONCLUSIONS AND OUTLOOK 

In summary, we have provided a brief review on the recent 
development of luminescent inorganic-organic semiconductor 
materials. Five hybrid structure groups are presented with 
representative work discussed. A variety of materials, including 
single-phase direct white-light-emitting phosphors, white-light- 
emitting composite blends, and blue excitable yellow phosphors, 
are selected as examples. While some of these materials show 

very interesting luminescence behavior and relatively high lu- 
minescence efficiency, their performance level needs further 
improvement to be comparable to commercial phosphors. The 
IQY for the benchmark yellow phosphor YAG:Ce is 95%, while 
the IQYs of most of the hybrid phosphors are significantly lower. 
Although organic ligands are vital for the tunability, flexibility, 
solution processability, etc. of the hybrid structure, enhancing 
the stability of structures involving them is a crucial aspect in 
order to meet the stringent requirement for commercialization. 
Many studies have revealed that several approaches can be applied 
to effectively improve the stability of hybrid structures. These 
include selecting ligands that form extended networks or forming 
stronger bonds between the inorganic and organic components. 
While some of the organic ligands used in hybrid structures 
are expensive, those in perovskite hybrids are generally inex- 
pensive and thus, serve as good examples for potential lost-cost 
devices. 

Designing and synthesizing next-generation lighting materials 
that are energy-efficient, environmental-friendly and better- 
performing remain a very important yet challenging task. An ideal 
lighting material should be made of earth abundant, cost-effective 
elements, have strong resistance to atmosphere and heat, near- 
unity quantum efficiency, and high photostability. As current 
WLEDs generally give “cold” white light, there is ever-increasing 
demand for high efficiency red emitting phosphors. A combina- 
tion of the state-of-the-art experimental and theoretical methods 
is essential in guiding the future design and optimization of the 
hybrid phosphors that outperform the commercial phosphors 
currently on the lighting market. 
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