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ABSTRACT 
 
 

Engineering of Lead-Free Materials for Light-Emitting Application: Structural and 

Photophysical Studies 

Jawaher Almutlaq 

Finding luminescent materials with narrow-band emissions, high stability, and high 

photoluminescence quantum yield (PLQY), yet relatively fast radiative decay rates, has 

been an outstanding research challenge. This thesis aims to develop different luminescent 

materials and examine their structural and optical properties for light-emitting applications. 

The first part of this thesis covers the controversy regarding the origin of emission in zero-

dimensional perovskites (0D), Cs4PbBr6 and Cs4PbI6, through a comparative analysis 

between 0D and three-dimensional (3D) perovskites. A series of optical studies excluded 

the 3D phases as the origin of emission in these materials. In parallel, the results from the 

DFT proposed the defects as a possible origin of emission. 

The second part of the thesis addresses the shortcoming of lead-based perovskites in 

terms of toxicity and stability, motivated by the high demand for sustainable materials with 

analogous electrical and structural properties. Thus, a series of solid-state Zn-based and 

Mn-based ternary compounds were investigated with and without doping. The compounds' 

photoluminescence peaks were between 520 nm – 525 nm, with PLQY between 34% - 

60%. 

Finally, CsMnBr3 NCs were synthesized revealing an intense red PL peak centered at 

650 nm and a PLQY as high as 54% along with a remarkable excitation spectrum and 
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surprisingly short lifetimes. The single crystals of this composition were also reported with 

a PL peak at 640 nm and a relatively high PLQY of 6.7% under the excitation at 360 nm. 

Further, a combination of structural and optical analysis attributed the green and red 

luminescence to the tetrahedral and octahedral environment of Mn2+, respectively. These 

materials represent a milestone towards lead-free luminescent materials with interesting 

optical properties.  

This dissertation aims at engineering different materials to address critical aspects in 

the field including stability and good luminescence properties while simultaneously 

examining the photophysics and mechanisms of the corresponding properties. This work 

paves the way for finding sustainable light-emitting materials for the next generation of 

light-emitting applications. 
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1 Introduction to Light-Emitting Materials 

1.1 The History of Light 

The ongoing development and the continuous rise of light-emitting materials research 

are motivated by the high demand for applications like light-emitting diodes (LEDs), 

multicolor display technologies, bio-imaging, and data storage.1 Recently, the United 

States Department of Energy projected an energy saving of 569 TWh annually by 2035 

from the use of LED in commercial and industrial buildings and outdoor lighting in the 

U.S., which is equivalent to 890 billion dollars in avoided cost. The market share of LED 

is expected to grow from 19% in 2017 to 84% in 2035.2  

Lighting has come a long way to become a significant player in our modern life. The 

pre-electric man used fire, oil reservoir lamps, and wax candles for lighting. As such, there 

was a risk of choking fumes and even explosions. In Jonathan Swift's Directions to 

Servants, he directs the butler, 

“Save your master's candles. Never bring them up till half an hour after it be dark, 

tho' they be called for ever so often.” 

In the 19th century, some progress was achieved when gas and kerosene lighting were 

first introduced. Upon the arrival of electricity, the shift from flames to artificial lighting 

was realized when Edison announced the first incandescent lamp in 1879. As the current 

travels through a filament, the temperature rises to more than 2500 K, causing it to 

incandesce.3 Although a significant milestone, these lights' efficiency was between 10 – 

20%, where the rest dissipated as heat. Therefore, Edison’s light bulbs phased out in Europe 

and many countries in 2012 and replaced with fluorescent lamps. Their working concept 

depends on a chemical reaction inside the glass bulb between mercury vapor and other 
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gases excited by the cathode to produce ultraviolet (UV) light. The UV light is then 

absorbed by the coated phosphors that, in turn, emit visible light.4 While these lights are 

still commercialized and developed, the use of toxic gases and the relatively low efficiency 

are discouraging, especially compared to the current solid-state lighting technology.  

1.2 Solid-State Lighting 

 The 2014 Nobel Prize for LED's breakthrough is among seven other prizes for 

semiconductors' science and technology.5 Since then, the progress on solid-state LED 

lighting has been astonishing. This technology paved the way for applications like large 

area displays and screens,6 sensors,7 and plant growth.3 

LED is a semiconductor device that emits light when an electric current flows through 

it. The fundamental principle behind LED was first reported by Henry Joseph Round when 

he illustrated electroluminescence from silicon carbide crystals.8  However, the first 

working red LED was achieved in 1962 by Nick Holonyak and S. F. Bevacqua.9, 10 In 1994, 

Nakamura developed the blue LED, which revolutionized the solid-state lighting as it 

allowed the fabrication of white light.11, 12 The working principle of LED is depicted in 

Figure 1.1. 

There are two conventional approaches to produce artificial while light. The first 

approach is to use a yellow phosphor material to convert the blue LED to white light. The 

most commonly used yellow phosphor is cerium-doped yttrium aluminum garnet 

(YAG:Ce) which converts the emission from 460 nm to 560 nm, with high efficiency 

exceeding 60%.13 Further light tuning is possible by doping with different rare earth 

elements.  
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The second approach relies on mixing single LED components that individually emit 

the three primary colors – red, green and blue (RGB), leading to a wide color gamut. The 

green and red LEDs are commonly generated from doped zinc sulfide (ZnS:Cu, Al) and 

potassium fluorosilicate (PFS), respectively. The warmth or coolness of a white light is 

represented by the correlated color temperature (CCT) and reported in degrees Kelvins. 

The light bulbs usually range between 2700K (orange/yellow) to 6500K (blue). The CCT 

of the most commonly used light bulbs is between 2700K to 3000K. The CCT value can 

be engineered by changing the ratio of the corresponding phosphor colors.14 The other 

parameter that determines the quality of white LED is the color rendering index (CRI), 

which measures how the different color components are represented with respective to each 

other. The higher the CRI value, the more natural the light appears. For a reference, the 

incandescent lamp has a CCT of 100. However, most light bulbs have a CRI ~ 80. A 

comparison between the two methods is shown in Figure 1.2. Potential challenges for the 

RGB method include more consumption energy since there is a large Stokes shift from the 

down-conversion, inconsistencies in color and lifetime of the individual components as 

well as the high cost to make three chips to produce a single unit of white LED.  
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Figure 1.1 The basic working principle of LED. Under forward bias, the potential barrier 

gets reduced, the holes from the p-type region and the electrons from the n-type region 

enter the depletion layer (or active layer) and recombine, releasing their excess energy as 

photons and heat.   
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Figure 1.2 Schematic depiction of phosphor converted white LED.  a) Near infrared-red 

LED (NUV-LED) and a mixture of RGB phosphors, and (c) a blue LED combined with a 

yellow phosphor, and their corresponding emission spectra in (b) and (d). e CIE 1931 

chromaticity diagram indicating the CIE coordinates converted from the emission spectra 

in (b) and (d). (f) A schematic comparison of device efficiency with respect to CCT 

between NUV- and blue-LED based white light LEDs. Adapted from ref.12 
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1.3 Phosphor-Free LED 

Alternatively, the phosphors in the conventional LED are replaced through a novel 

structure of GaN-nanocolumn-based InGaN/GaN multiple quantum disk (MQD) grown on 

n-type (111) Si substrates.15 This approach combines the p-type electrodes from the 

conventional method with the superior optical properties of the MQDs in a single device.  

The active layer can be tuned to produce red and green light.16 As such, a white-

light LED can be fabricated through stacking either blue and yellow layers, or blue, green 

and red layers. The roadmap to improve this technology relies heavily on optimizing the 

growth conditions of the active layers and reducing the manufacturing costs. A comparison 

between the phosphor-free and other methods and technologies are presented in Figure 1.3. 

 

 

Figure 1.3 Temporal development of the luminous efficacy of different types of lamps. 

The 2014 points represent: (1) White LED device performance (Cree Company; 303 lm/W; 

CCT = 5150 K),17 and (2) White LED device and system performance (Osram Company; 

215 lm/W (device); 205 lm/W (system); CCT = 3000 K).18 Adapted from ref.19 
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1.4 Quantum-Dot LED (QLED) 

 One of the great advantages of quantum dots (QDs) is the color tunability through 

size-dependent bandgap which allows light conversion to any color in the visible spectrum. 

The quantum confinement from the nanoparticles increases the light-conversion efficiency 

of the materials to near-unity.  These materials show narrow spectral distribution with full-

width at half-maximum (FWHM) between 20 nm – 40 nm, which lowers the operation 

energy and enhances the overall efficiency. 

When integrated into LED devices, QDs can provide solutions to the high cost and 

strict growth environment from the conventional LED counterpart.20-22 The QLED can be 

made through adding a plastic layer containing the QDs on top of an indium-tin-oxide 

(ITO) substrate. Due to the easy solution processibility, these QLEDs can be thin and 

transparent opening the doors to flexible and wearable devices.23 

Currently, cadmium based QDs and indium phosphide (InP) are used as active 

layers in LED. While cadmium based QDs are stable, they are recently banned due to the 

toxicity limit imposed by many countries around the world. In 2019, InP/ZnSe/ZnS red-

emitting QD with perfect PLQY and narrow FWHM has been reported. This material has 

been integrated into an LED device that achieved a 24.1% with high brightness and 

extended operating lifetime.24 

Indeed, LED revolutionized the lighting market with properties that surpass the 

conventional non solid-state technologies. Moving forward, LED is projected to further 

improve showing longer lifetimes and lower costs with toxic-free materials and better color 

quality. Figure 1.4 and Table 1.1 show some projections for LED lighting in residential 

and commercial units in the United States. 



 

 

22 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Residential Building Sector Projections for the Current SSL Path Scenario. It 

is expected that a constant decline in conventional technologies will occur throughout the 

forecast period, with non-connected LED lamps expected to reach 54% by 2035. Adapted 

from ref. 2 

 

Table 1.1 Commercial Building Sector Installed Stock Projections for the Current SSL 

Path Scenario (Million Lamp Systems). Adapted from ref. 2 
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1.5 Perovskites as Light-Emitting Materials 

Among the different potential materials, lead halide perovskites with the general 

formula APbX3 (A = monovalent cation; X = Cl, Br or I) and its derivatives receive a great 

attention due to a wide range of interesting properties.25, 26 The discovery of perovskite 

dates back to 1839 when the Russian mineralogist Lev Perovski first reported CaTiO3. 

Since then, many materials with the same crystallographic structure were discovered and 

given the name of perovskites. The general structure of lead halide perovskite consists of 

A+ cation and the X- anion forming a cubic close packed lattice with the Pb2+ occupying 

the center of the octahedral building blocks. The ideal perovskite structure is three-

dimensional with the A+ ions filling the voids between the [PbX6] octahedra as shown in 

Figure 1.5.27, 28 

 

 

 

 

 

 

 

 

Figure 1.5 Schematic representation of the typical ABX3 crystal structure of halide 

perovskites. The nature (organic or inorganic) of A-site ions determines the types of all-

inorganic halide perovskites and hybrid organic–inorganic halide perovskites. Adapted 

from ref. 29 
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Although the ideal perovskite structure is cubic with space group Pm3m, many other 

structures like orthorhombic and hexagonal are also possible. The allowed degree of 

distortion is known as Goldschmidt's tolerance factor t, which is calculated as follows: 

 

𝑡 = 	
(𝑟! +	𝑟")
√2(𝑟# +	𝑟")

 

where rA is the radius of the A-site cation, rB is the radius of the B-site cation, and rX is the 

radius of the halide ion X–. 

 For 1.00 < t < 1.13, 0.9 < t < 1.0, and 0.75 < t <0.9, the perovskite structure is 

hexagonal, cubic, and orthorhombic, respectively.30 In order to form the perovskite 

structure, there are two main conditions. First, the sum of the charges of the A and B sites 

should be equivalent to the X site. That is, a neutral balanced charged should be maintained. 

Secondly, the vales of t should be within 0.8 < t < 1.0. 

As for perovskites for light-emitting applications, this family of materials shows a 

structural and chemical versatility, tunable photoluminescence (PL) that covers the visible 

spectrum, narrow-band emissions, improved color rendering, and high photoluminescence 

quantum yield (PLQY). Such properties are the pre-requisite for solid-state light-emitting 

applications.31, 32 In addition, the solution-based synthesis and the affordable setup 

compared to the conventional LED bring them to the forefront of research.33  

Since the first report on lead halide perovskite quantum dots (QDs) in 2015, the 

research into their luminescent properties has flourished. Perovskite QDs received a great 

attention due to the external quantum confinement that adds an extra degree of freedom to 

realize color tunability and enable thin films and device fabrication. Recently, perovskite 

nanocrystal light-emitting diodes achieved a high external quantum efficiency (EQE) of up 
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to 16.8% with a low turn-on voltage of 2.8 V, while near unity perovskite quantum dot 

have been realized making them a promising and attractive research area.34 A brief 

summary of the optical properties of the perovskite-based light emitting materials is 

presented in Figure 1.6. 

 

Figure 1.6 (a) Colloidal perovskite CsPbX3 NCs (X = Cl, Br, I) upon excitation with UV 

light (λ = 365 nm). (b) PL spectra and absorption and PL spectra. (c) time-resolved PL 

decays. Adapted from ref. 35 (d) Transmission electron microscopy (TEM) images of 

mixed halides. Adapted from ref. 36 (e) Electroluminescence spectra of perovskite NCs 

LEDs based on CsPbBr3, CsPbBr3-DDAB, CsPbBr3-DDAB-Ni, and CsPbBr3-DDAB-Ni-

BPO NCs at the applied voltage of 7 V.34 (f) Normalized EL spectrum and EQE of 

mixed-halide perovskite LED BAI1–xBrx–Cs0.6MA0.4Pb(I1–xBrx)3. Adapted from ref.37 
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However, APbX3-type perovskites suffer to varying extents from instabilities, either 

inherent due to the low formation energies and soft lattice or triggered during device 

operation. Further, many perovskite compounds are metastable and they undergo phase 

transformation at room temperatures to non-perovskite polymorphs with undesirable 

optical properties such as the alpha-CsPbI3 and FAPbI3. In addition, the organic-inorganic 

(hybrid) perovskites are susceptible to decomposition owing to their low thermal and photo 

stability in which the organic part evaporates leaving behind the PbX2 precursor. Such 

instability is a major drawback for their implementation in optoelectronic devices.38  
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2 The Benefits and Challenges of Zero-Dimensional Perovskites 
“Reproduced in part with permission from Almutlaq, J.;  Yin, J.;  Mohammed, O. F.; 
Bakr, O. M., The Benefit and Challenges of Zero-Dimensional Perovskites. The Journal 
of Physical Chemistry Letters 2018, 9 (14), 4131-4138. Copyright 2018  American 
Chemical Society." https://pubs.acs.org/doi/abs/10.1021/acs.jpclett.8b00532 
 

2.1 Abstract 

To break free of the limitations imposed by three-dimensional (3D) perovskites, 

such as their lackluster stability, researchers have opened new frontiers into lower-

dimensional perovskite derivatives. Thanks to advances in solvent-based synthesis 

methods, zero-dimensional (0D) inorganic perovskites, mainly Cs4PbBr6, have recently 

reemerged in various forms (from single crystals to nanocrystals) as materials with 

properties that bridge organic molecules and inorganic semiconductors. These properties 

include intrinsic Pb2+ ion emission, large exciton binding energy, and small polaron 

formation upon photoexcitation, in addition to anomalous green photoluminescence with 

improved stability and high quantum yield. Moreover, the demonstration of Cs4PbBr6-

based LED devices highlights the accelerating efforts towards their application and 

motivates further investigations of these emerging materials. This perspective summarizes 

the progress in the field of 0D Cs4PbBr6 perovskites, focusing on their molecular-electronic 

properties and hotly debated green photoluminescence. We conclude by presenting the 

implications of the unique findings and suggesting opportunities for the future development 

and applications of these 0D perovskites. 
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2.2 Introduction 

Lighting represents 20% of the world’s annual energy consumption,1 while the global 

annual market for LED’s in lighting and displays is now close to $33 billion and $5 billion, 

respectively .2, 3 The technology’s growth is by-and-large driven by the need for enhanced 

energy efficiency and color control. The first generation of LEDs produced white light 

through green and red down-conversion phosphors from 80% efficient GaN-Based blue 

LEDs. However, such process is excessively inefficient (the energy waste takes place 

twice, lowering the overall light efficiency to around 50%) and produces mostly cold white 

light. Thus, the second generation of LEDs and phosphor-free white light sources will rely 
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on the emission of each color component directly, saving on energy as well as significantly 

enhancing the color purity with lower manufacturing and consumption costs.4, 5 

Perovskites have emerged as new materials for LEDs; with their solution-processed 

color tunability, they have the potential to address both the efficiency and color purity 

issues facing LEDs. The latest benchmark in perovskite-based LEDs (external quantum 

efficiency (EQE) of 10.43%; luminance) in terms of efficiency were achieved by using 

green-emitting inorganic CsPbBr3 mixed with a small amount of organic methylammonium 

cation.6 However, the device’s stability was a major drawback, which causes the initially 

notable efficiency and brightness to decay within a few hours. In fact, virtually all APbX3-

type perovskites suffer to varying extents from instabilities, either inherent or triggered 

during device operation. 

Hence reports of all-inorganic zero-dimensional (0D) perovskites,7 in particular 

Cs4PbBr6 with green emission coupled with outstanding PLQY and long stability, have 

attracted broad interest in the perovskite community, opening a new frontier in device 

engineering8 while also igniting a debate on the origins of emission in this materials system 

(with implications for the photoluminescence mechanisms of lead halide perovskites in 

general). There is also a lot more about 0D Cs4PbBr6 –beyond its green photoluminescence 

– that makes it a distinctive material: its intrinsic Pb2+ ion emission (in the UV) and 

molecular behavior including small polaron and large exciton binding energy. 

In this chapter, I will highlight the milestones achieved in the synthesis and optical 

properties of various forms of Cs4PbBr6: single crystal, nanocrystal, and thin film. I will 

then overview the latest theoretical and experimental efforts that shed light on the ongoing 

debate on the origins of their optical properties. Finally, I will discuss the potential of 0D 
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perovskite for LED and display technology and conclude with a perspective on future 

directions for research work. 

From a structural point of view, the Cs-Pb-Br phase diagram is relatively complex, with 

multiple perovskite-related phases several of which co-exist at room temperature (Figure 

2.1). These phases can be obtained through changing the crystal growth conditions by 

carefully controlling the ratios of precursors (i.e. CsBr and PbBr2). For instance, in Pb-rich 

conditions, the layered two-dimensional (2D) phase CsPb2Br5 is obtained 9-12. On the other 

hand, in Cs-rich conditions, the 0D Cs4PbBr6 phase is achieved.13 Under conditions close 

to 1:1, CsBr to PbBr2, the 3D CsPbBr3 perovskite phase appears. As shown in Figure 1, 

CsPbBr3 crystal has two polymorphs, an orthorhombic phase (Pnam) with corner-sharing 

PbBr6 octahedra at room temperature that turns cubic (PM-3M) at high temperature (note 

that CsPbBr3 nanocrystals also present the cubic phase at room temperature)14. The 

connectivity of the CsPbBr3 phases are in contrast to CsPb2Br5, which is a tetragonal 

(I4/mcm) phase with PbBr8 capped-triangular prisms; and to Cs4PbBr6, which is a 

rhombohedral phase (R-3c), described as isolated [PbBr6]4− octahedra bridged by Cs+ 

cations. 

 

Figure 2.1 Crystal structures of (a) cubic-phase CsPbBr3; (b) orthorhombic-CsPbBr3; 

(c) tetragonal-phase CsPb2Br5; and (d) trigonal-phase Cs4PbBr6. 
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Recent advances in the various solvent-based synthesis methods led to the re-birth of 

0D perovskites. In 2016, we synthesized Cs4PbBr6 powder through inverse temperature 

crystallization (ITC), a method that was conceived to grow different three-dimensional 

perovskite single crystals.15, 16 Since then, several research groups have published the 

synthesis of nanocrystals, micro-disks, single crystals and NCs-based thin films. Table 1 

summarizes the different forms of Cs4PbBr6 along with the corresponding synthesis 

methods. Previously, 0D perovskite were made through methods like slow cooling, 

directional crystallization17, 18 and annealing a layer of PbBr2 on top of a single crystal of 

CsBr.19 None of these methods led to pure phases, as significant traces of 3D phase or 

excess of precursors were unavoidable. Undoubtedly, the attention that 0D perovskites 

have received recently was mainly due to the observation of novel optical properties in 

materials that are of high purity. As shown in Figure 2, the solid powder form of Cs4PbBr6 

has a green emission with a photoluminescence peak (PL) at ~520 nm and 

photoluminescence quantum yield (PLQY) of 45%, two orders of magnitudes higher than 

its 3D counterpart.13 Single crystals of Cs4PbBr6 also exhibit similar behavior. Overall, 

Cs4PbBr6 materials have been reported to have large exciton binding energies between 

150–350 meV along with nanosecond lifetimes (see Table 2.1). The closest materials with 

such high PLQY and comparable lifetimes are the APbX3 nanocrystals that reach unity in 

colloidal suspension form.20 However, the emission of these materials quenches 

significantly when the suspension is collected due to stability and agglomeration issues. 

0D perovskites also have the advantage of reproducibility as their emission is insensitive 

to the growth temperature or method for materials of the same form (i.e. powder or SCs), 
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coupled with their high temperature and long stability upon storage at ambient conditions 

for over a year.  

 

Table 2.1 A summary of the different methods attempted in literature to synthesize 0D 

perovskites. 

Form Synthesis Methods PL/PLQY Eb 

Powder13, 21 

Inverse temperature 

crystallization (ITC) 
520 nm/45% 

353 ± 40 

meV 

inhomogeneous 

interface reaction (IIR) 
521 nm/40%-45% 222 meV 

Single crystal22, 23 

Anti-solvent vapor-

assisted crystallization 

(AVC) 

517-524 nm/40%-42% 
159 ± 18 

meV 

Nanocrystals24-26 

Hot injection method 
375 nm-380 nm 

(no green emission) 

- 

Ligand mediated 

transformation 

Post-synthesis thermal 

annealing/reaction with 

Prussian Blue 

No PL peak 

 Nanocrystals/Thin 

films27 
Reverse microemulsion 

Colloidal: 515 

nm/65% 

171 ± 22 

meV 

Film: 515 nm/54% 
171 ± 22 

meV 

Nanosheets28 
Supersaturated 

recrystallization (SR) 
No PL peak - 

Microdisks29 
Anti-solvent 

precipitation method 
515 nm/38% N/A 
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Figure 2.2 (a) A comparison between the fluorescent Cs4PbBr6 and three-dimensional 

CsPbBr3 Adapted from ref.13 (b) Steady-state absorption, excitation and photoluminescence 

spectra of colloidal Cs4PbBr6 NCs together with bandgap alignment. Adapted from ref.27 

(c) PLQY of a thin film measured by integrating sphere. Inset shows the enlarged PL 

emission spectra and the picture under the UV light (365 nm) irradiation of the thin-film 

sample. Adapted from ref.28 (d) Absorption spectrum (full dots) and PL spectrum (hollow 

dots) of Cs4PbBr6 single crystal. Inset shows a fluorescent picture of the single crystals 

Adapted from ref.23 
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Figure 2.3 The electronic band structures of (a) orthorhombic-phase CsPbBr3; (b) 

CsPb2Br5; and (c) Cs4PbBr6 calculated at HSE+SOC level of theory. 

 

However, not all the synthesized Cs4PbBr6 materials are emissive. In fact, several 

groups reported some non-emissive nanocrystals with an absorption edge at 315 nm that 

share the crystal structure and powder XRD pattern with the emissive ones.26, 30 Such 

conflicting observations motivated the reinvestigation of the origin of the green emission. 

From the band structures calculated by hybrid functional (HSE) with spin-orbit coupling 

(SOC) effects in Figure 3, CsPbBr3 displays a direct bandgap (Eg = 2.35 eV) at the Γ point, 

which is slightly smaller than the experimental optical bandgap of 2.36 eV; CsPb2Br5 shows 

an indirect bandgap between X and Γ-point of 3.10 eV and the lowest direct bandgap of 

3.19 eV at the Γ-point; and Cs4PbBr6 displays a direct bandgap at the Γ point but with a 

much larger value (Eg = 3.90 eV). This latter result agrees well with both the recently 

reported experimental bandgap of 3.95 eV31, 32 and the value of 3.99 eV calculated at the 

GGA/PBE approximation level.31 Importantly, the valence and conduction bands are seen 

to flatten considerably when switching from the 3D to the 0D perovskite, which is 
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consistent with the bandgap increase upon decreasing structural dimensionality. In all three 

cases, the conduction band minimum (CBM) is mainly composed of Pb-6p and Br-4p states 

and the valence band maximum (VBM) consists of both Pb-6s and Br-4p states. However, 

in 0D perovskites, these Pb-6s, 6p, and Br-4p atomic orbitals are disconnected because of 

the isolation of the [PbBr6]4- octahedra in the electronic zero-dimensionality of the 

structure, which is also fundamentally responsible for the large bandgaps of 0D 

perovskites. Even though 0D perovskites have large bandgaps, they play an important role 

in increasing the photoluminescence quantum yield of green emitters by not only providing 

the proper dielectric media (molecular matrix), but also transferring the energy of Pb+2 ion 

emission to the green emitting centers.33  

The theoretical work suggests that 0D perovskites serve as a host for other species such 

as islands of CsPbX3 QDs and/or defects.34, 35 The former hypothesis is the most popular 

due to the often co-existence of the two phases upon synthesis along with their incongruent 

melting as predicted by their CsBr-PbBr2 binary phase diagram.32 Such correlation, while 

seeming logical at first glance, presents irreconcilable when the evidence is viewed 

holistically. The first contradiction lies in the discrepancy between the sizes (and size 

distributions) of the CsPbBr3 nanocrystal inclusions discovered by TEM and the narrow 

emission wavelength and position of the PL peak at 517 nm – 519 nm. For example, ~3 nm 

CsPbBr3 NCs emit at around 460 nm36, while larger NCs (> 15 nm) emit at 527 nm.37 

Additionally, the investigation of the thermal treatment effect on Cs4PbBr6 shows that 

annealing the pristine Cs4PbBr6 led to a reversible PL quenching up to 180 °C. Beyond 180 

°C, the material underwent an irreversible quenching coupled with the formation of 

CsPbBr3 NCs. The quenching of the emission upon the appearance of the 3D NCs (as 
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confirmed by temperature-dependent powder XRD) contradicts the hypothesis that 3D 

NCs are the source of emission. Finally, it is worth noting that the emission of CsPbBr3 is 

unusual (even the emission of non-quantum confined CsPbBr3 nanocrystals are at energies 

above the bandgap) and still far from being conclusively explainable, therefore, it cannot 

be used as a yardstick to explain the unusual emission of Cs4PbBr6. We believe that the 

origin of emission of CsPbBr3 has not received the scrutiny it deserves, and should be 

revisited by the community especially considering the recent discovery of non-classical 

quantum dot behavior of this system.37 

An alternative hypothesis attributes the photoluminescence to an emissive point defect-

center, which maybe an interstitial, an antisite, or a vacancy. Defects in general have been 

studied and their effects have been confirmed on the charge carrier transport and the 

efficiency of 3D perovskite-based devices such as solar cells.27, 38, 39 However, little has 

been done to investigate the role of defects, if any, on the optical properties of 0D 

perovskites.23 Indeed, apart from the green emission, all reported Cs4PbBr6, whether green 

emissive or non-emissive, share the same absorption features in the UV region, which 

inspired further investigation. Previous work on Cs4PbBr6 single crystals and thin films18, 

32, 40 have demonstrated that the main optical characteristics of Cs4PbBr6 in this region of 

the optical spectrum are determined by transitions between electronic states of the Pb2+ 

ions. The observed broadband ultraviolet emission spectrum is ascribed to the radiative 

decay of a Frenkel exciton at Pb2+ sites.41 Regarding this point, we have studied the intrinsic 

Pb2+ ion emissions in both ‘non-emissive’ (highly suppressed green emission) and emissive 

(bright green emission) Cs4PbBr6 NCs).33  
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As for the electrical transport properties of ideal 0D perovskites, it is well established 

that the [PbX6]4- octahedra are completely isolated from each other and are surrounded by 

inorganic cations, which leads to strong quantum confinement and strong exciton-phonon 

interactions.7 Specifically, Cs4PbBr6 is expected to exhibit interesting photophysical 

properties because of the complete isolation of the [PbX6]4- octahedra that can cause small-

polaron generation upon photoexcitation.42 As shown in Figure 5, we performed 

femtosecond transient absorption measurements on Cs4PbBr6 thin films following the high 

excitation energy of 4 eV. We found that a new positive broadband appears above 530 nm 

of Cs4PbBr6 thin film owing to polaron absorption and the corresponding kinetics of the 

polaron absorption band probed at 600 nm show a lifetime of ~2 ps. Based on our DFT 

calculations, we found the hole charge density is highly localized at the central site once 

the Pb-Br bonds of the central [PbBr6]4- unit are shortened, leading to the formation of Pb3+ 

centers coupled with the lattice deformation; and the electron charge density is also 

localized at the central [PbBr6]4- in the case of enlarged Pb-Br bonds. Therefore, after 

photoexcitation, the structure deformation of single octahedra leads to the formation of 

localized polaron with short lifetime and limited transport in 0D crystal. We proposed that 

a 0D perovskite is ‘soft’ in a way similar to a polymer system, leading to polarons as a new 

feature present in low-dimensional perovskites. Thus, the individual [PbBr6]4- octahedra in 

the 0D crystal can be easily perturbed by photoexcitation processes, leading to polaronic 

states through structural deformation potentials (local molecular arrangements). Moreover, 

the discontinuous character of the 0D crystal significantly increases the charge carrier 

effective masses and strengthens electron-phonon coupling, facilitating small-polaron 

generation and providing an important optical fingerprint for the polaron band absorption, 
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all of these electronic and optical features highlight the ‘molecular’ behavior of 0D 

perovskites. This important optical feature could be used to distinguish 0D perovskites with 

other low-dimensional perovskites by ultrafast spectroscopy measurements.  

In terms of applications, Cs4PbBr6 powder has been already used as a phosphor material 

and when combined with red phosphors on a blue InGaN chip, a white-light LED device 

could be fabricated. By controlling the ratio of the green and red phosphors, the color 

rending index (CRI) and the correlated color temperature (CCT) were tailored accordingly. 

The reported attempts so far show a good color stability at a forward bias of 20 mA and the 

potential of these materials for indoor solid-state lighting and display applications.8, 21 

Recently, the first trial to integrate the thin film Cs4PbBr6 as the active medium into LED 

device was encouraging.30 The paper adopted the hypothesis of the inclusion of 3D 

nanocrystals in the matrix of Cs4PbBr6, therefore the explanations and the conclusion were 

built in line with that direction. The attempted means to engineer the device focused on 

manipulating the precursors’ ratio and the corresponding phases. The luminous 

characteristic, the maximum current efficiency (CE) and maximum external quantum 

efficiency (EQE), were improved from 3.33×10−3 cd/A and 3.5×10−7 cd/A for the ratio that 

yielded a majority of 3D phase to 0.3 cd/A and 2.4×10−5 cd/A for the ratio with a majority 

of Cs4PbBr6. Further, the study on the PLQY showed an improvement by at least two orders 

of magnitude when the size increases from 40 nm to 5000 nm with to a maximum PLQY 

of 60%. The device was said to have Type-I hetero-structure island with the charge carriers 

being injected from the wider to the lower bandgap of Cs4PbBr6 and CsPbBr3, respectively. 

Such structure has a limitation of upper limit radiative yield as the Auger quenching will 

compete with the radiative recombination. Attributing the origin of emission to the traces 
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of 3D implies the correlation between the quantum and dielectric confinements and the 

oscillator strength. Therefore, the follow-up recommendations focused on testing different 

crystal sizes and shapes and study the oscillator strength and the device performance. 

2.3 Moving Forward 

So far, the community’s attention has been primarily devoted to studying Cs4PbBr6, yet 

much overlooked is the potential for tuning the optical properties of the compound by 

developing facile methods for the synthesis of thin films of Cs4PbCl6 and Cs4PbI6. Cs4PbI6, 

especially, might fill in a much needed gap since iodide-based perovskite compounds, such 

as CsPbI3 and FAPbI3, suffer from stability issues. The cubic ‘black' phase of the three-

dimensional CsPbI3, for example, lacks stability at room temperature, which despite great 

strides in passivation strategies possess a major challenge for their long-term viability for 

light emitting applications.43, 44 Just as Cs4PbBr6 are efficient hosts for green emitting 

centers, Cs4PbI6 and Cs4PbCl6 may play good hosts for near-red and near-blue centers, 

respectively.  

There is still no consensus on the source of green emission Cs4PbBr6, as there are 

multiple plausible scenarios that could give rise to such emission. Some of these scenarios 

are being explored but others have still not been considered, such as solvent-based or 

defect-induced complexes. Evidence from other hybrid materials systems suggests that that 

these unconsidered scenarios are worth exploring. For instance, recent computational work 

shows that the structural defects in porous metal-organic frameworks (MOFs) act as color 

centers that result in a green emission from what is otherwise a colorless material.45 The 

isolated octahedra of the 0D compounds and lead halide complexes, which are already 
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known to be emissive,46, 47 could be analogues to the MOFs and the molecular guests in that 

work.45 Besides vacancies, perovskites possess a multitude of point defects (and defect 

combinations), like anti-sites and the interstitials, whose effect on the optical spectra has 

not been thoroughly modelled.  

By-and-large the interest in Cs4PbBr6 is directed at their green emission, which is more 

robust than the green emission in their 3D counterparts. However, the intrinsic Pb2+ ion 

emission of these materials in the UV is also quite efficient, and we propose that we can 

effectively tune the Pb2+ ion emissions in the visible spectrum region by adopting different 

0D perovskite host lattices. Consequently, ion emissions make 0D perovskites potentially 

promising as fast scintillators in high-energy physics applications and also as sources for 

near-UV light. Thus, taking advantage of the Pb2+ ion emissions entails detailed studies of 

these ion emissions in 0D lead halide perovskites and a major redesign of 

electroluminescent perovskite device architectures.  

2.4 The issue with lead-based perovskites 

In addition to stability, the toxicity of lead has been a key concern for large-scale 

commercialization. Unlike other toxic elements like Cd, lead-based perovskites reportedly 

have high solubility in water forming ionic compounds that are harmful to the entire eco-

system.48-52 Thus, the search for alternatives is driven by the need for materials with 

analogous electronic band structures that are stable, abundant and environmentally-

friendly. 
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Particularly, perovskite solar cells (PCs) have a tremendous success with high 

efficiencies that went up from 3.8% in 2009 to 22.1% in early 2016 which almost surpass 

the conventional silicon-based counterpart.(4) This unprecedented improvement in the solar 

technology shifts the focus of researchers around the world to optimize what could 

potentially be the next-generation of renewable energy devices. However, upon reaching 

the commercialization stage, the toxicity of lead brings about another challenge. (5) Possible 

degradation pathways are presented in Figure 2.4. 

 

 

 

 

 

 

 

 

Figure 2.4 Schematic of the instability and toxicity of organic–inorganic hybrid halide lead 

perovskite compounds. Adapted from ref. 53 

 

The history of lead goes back to the prehistoric man where lead was an essential 

metal that set the foundation for many advances. However, and especially recently, the 

human health and environmental has been a major concern due to the toxicity of lead. (6) 
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Figure 2.5 Schematic overview of absorption, distribution and excretion of Pb compounds 

in the human body. Adapted from ref.54 

 

There is no safe limit of lead in the human body. The work conducted by geochemist 

Patterson showed that the contamination by lead spiked upon the industrial revolution, 

especially by the use of leaded gasoline. His efforts did not only succeed in eliminating the 

lead in gasoline, but also challenged the misconception that there is some minimal natural 

levels of lead in the human body. His findings in the Contaminated and Natural Lead 

Environments of Man published in 1965 and many that followed paved the way towards 

further awareness about the toxicity of lead.55 In 2016,  the United Nations Environment 

Program monitored the phase-out of lead in gasoline, along with controlling the lead 

pigments and other uses of lead in the materials with a direct human contact, which 

ultimately limit the industrial and human exposure to lead. It has been estimated that the 

blood lead levels dropped about 80% compared to the 1970s. (7)   
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3 Introduction to the Photophysics of Ternary Transition Metal 
Halides 

3.1 Abstract 

Initial investigations in literature targeting lead-free perovskites and lead-free double 

perovskites were challenged by the very low PLQY and broad PL peaks. Alternatively, 

transition metals demonstrated excellent optical properties as dopants and in complexes 

and therefore have been an interesting research direction.1-4 These materials have been used 

in applications like non-linear optics5, 6, organic light emitting diodes7, 8, and biomedical 

applications.9, 10 In this chapter, I will discuss the optical properties of transition metals 

with a special focus on the Mn2+ complexes in octahedral and tetrahedral environments. 

3.2 Optical Properties of Transition Metal Halides 

The colors we see from the transitions metals are due to the absorption of some part of 

the visible spectrum. When the light passes through a substance or medium, it undergoes 

changes according to their optical properties. Among many optical properties, the 

absorption, reflection and transmission are the most important. Such properties can also be 

utilized to study the chemical nature of the materials and other properties at the atomic and 

macroscopic levels.11 Mathematically, these properties are reported in terms of optical 

constants, such as the refractive index and absorption coefficient.12, 13 

 

In a simple experiment, when the light travels from one medium to the other, it changes 

direction. The amount of change is an intrinsic property of the material known as the 
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refractive index. The refractive index (n) is defined as the ratio between the speed of light 

in vacuum (c) to to that of the second medium (v): 

𝑛 =
𝑐
𝑣 

 

Further, a material can absorb the passing light, decreasing the overall light intensity after 

transmission. The ability of a material to attenuate the passing light is termed absorbance 

(A) and defined as: 

𝐴 = 𝑙𝑜𝑔$% 	
𝐼∘
𝐼  

 

The absorbance A is a function of the molar absorption coefficient, or molar absorptivity 

(ε) through Beer– Lambert law: 

𝐴 = ε	𝑙	𝑐 

 

Where 𝑙  and c are the pathlength and concentration respectively. Not all the light is 

absorbed, some could be reflected or transmitted. The three optical phenomena are related 

as follows:  

𝐼' = 𝐼( 	𝐼!	𝐼) 

𝐼(
𝐼'
+	
𝐼!
𝐼'
+	
𝐼)
𝐼'
= 𝑇	𝐴	𝑅 = 1 

All the aforementioned optical properties are wavelength dependent and they are reported 

as a spectrum with the wavelength on the x-axis.  

The stereochemistry and the electronic structure of the transition metals can be 

understood through different theories including the crystal field theory (CF)  and the 
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Columbic interactions as in the valence band theory and the electronic repulsion theory.14 

The contributions are summarized in the Hamilton operator as follows15: 

 

                                  H = H0 + HCF + HC + HSO     
 

Where  H0 includes the kinetic energy of electrons and the Coulomb energy of the nucleus 

acting on the electron. HC is the Coulomb energy between electrons, HSO is the spin–orbit 

coupling energy and HCF is the energy of the crystal field.  

According to the crystal filed theory ( also known as ligand field theory), the energy of 

the metal ion changes when surrounded by negatively-charged ligands and the bonds 

around the transition metal ion form due to the electrostatic attraction between the 

positively charged metal ions and the negatively charged ligands. Further, there are 

repulsive electrostatic interactions among the ligands and between the ligands and the 

orbitals. The d orbitals of the transition metals are initially degenerate (have the same 

energy) and upon ligation, repulsive electrostatic forces arise causing the orbitals to split 

into two energy levels which increases the overall energy of the system while keeping the 

degeneracy of the orbitals (see Figure 3.1). The degree of splitting of the d orbitals is known 

as the crystal field splitting energy (Δ) and it depends on many factors including the charge 

of the metal ion and the nature of the ligands.  
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Figure 3.1 The splitting of d-orbitals energies in an octahedral field of ligands. 

 

The interelectronic repulsion is estimated by Racah’s parameters A, B and C. The first 

parameter, A, is usually negligible as it affects the energy levels and is approximately the 

same for the same d-electron configuration. The most important parameter is B which 

estimates the metal-ligand bond strength and is generally approximated to be 4C. 16  
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The delocalization of electrons over the ligands reduces the value of B for complexes 

from its free ions. The reduction is known as nephelauxetic effect (𝛽) where it represents 

the electronic cloud expansion and calculated as: 

 

𝛽 =
𝐵*	𝑐𝑜𝑚𝑝𝑙𝑒𝑥
𝐵	𝑓𝑟𝑒𝑒	𝑖𝑜𝑛𝑠 

 

The spectrochemical series shows the arrangement of ligands based on the strength of 

their interaction with the metal ion and therefore their ability to split the d-orbitals in the 

complex as follows: 

I− < Br− < < Cl− < F− < OH− < C2O42− ≈ H2O < NCS− < CH3CN < py (pyridine) < NH3 < 

en (ethylenediamine) < NO2− < PPh3 < CN− ≈ CO 

Therefore, as we go from the left to the right, the bond strength increases and the 

absorption spectrum is blue shifted accordingly.  
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The electronic states of each electron configuration are calculated by Yukito Tanabe 

and Satoru Sugano and published for configurations d2 – d8 in Tanabe-Sugano diagrams.17, 

18 The results from the analysis can be used qualitatively to predict the number of observed 

transitions in the spectroscopic measurements. The x-axis of the diagram shows the crystal 

field splitting energy (Δ) divided by Rakah parameter, B. The y-axis is in terms of the 

energy of the electronic transition also scaled by B. All the d4 – d7 diagrams show a 

discontinuity represented by a vertical line in the middle separating the high-spin (low-

field) on the left and the low spin (high-field) on the right. The values of Δ increases from 

left to right. For weaker fields, the separation between the energy states are greater and the 

corresponding transition energies are also higher.  

 For dn (n = 2–8) configurations, transitions between the ground state and excited state 

with the same and different spin are possible in addition to the charge transfer (CT) between 

the metal and ligand. However, only the CT transitions are quantum mechanically allowed. 

According to Laporte selection rule, for transitions to be allowed in centrosymmetric 

systems, there must be a change in parity; that is the transitions between states with the 

same inversion symmetry are forbidden (g à g, uà u), while transitions between different 

states are allowed (g à u, u à g). The geometries affected by this rule include octahedral 

and square-planar complexes. Additionally, the spin selection rule states that transition 

with different spin multiplicities are forbidden (ΔS = 0 is allowed and Δ S ≠ 0 is forbidden). 
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However, there are cases in which the selection rules are relaxed. First, when there 

is a vibrionic coupling, the center of symmetry is temporarily lost and the vibration takes 

place slower than the time required for the electronic transitions (10-13 vs. 10-18) which 

temporarily lifts the Laporte selection rule. Second, allowed and forbidden neighboring 

states could be mixed in complexes resulting in a partial breakdown of Laporte selection 

rule. Finally, when there is a spin-orbit coupling as commonly found in heavy metals, the 

spin selection rule is partially lifted. While the allowed transitions have very high molar 

absorptivities (ε >> 103 ), the transitions from the violations of the Laporte selection rules 

are generally weak (ε = 5 – 50) and the transitions from the breakdown of the spin selection 

rule are even weaker (ε > 5). The Tanabe-Sugano diagram shows both, the spin-allowed 

and spin-forbidden transitions. However, if there is a CT transition (e.g. MnO4-) or energy 

transitions within the ligands, then the absorptivity would be much higher. The absorptivity 

of different allowed and forbidden transitions are arranged schematically from the 

octahedral complexes are presented in Table 3.1. 

As for the diagram for tetrahedral complexes, they are not formally reported but we can 

use d1-n diagrams for dn tetrahedral complexes. Unlike the octahedral complexes, the 

tetrahedra lack the inversion symmetry and therefore they are both, Laporte and spin 

allowed. Consequently, they have high molar absorptivity. Since charge transfer changes 

the dipole moment of the complex, the complexes in solution are dependent on the solvent 

and exhibit solvatochromism.  
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Table 3.1 The correlation between the allowed and forbidden transitions for transition 

metals and the corresponding molar absorptivity. 

 

 

 

The popularity of the CF theory stems from its advantages including the ability to 

predict the distortion of the octahedra, explain the colors of complexes and classify the 

ligands as strong and weak. However, it also has drawbacks like the inability the model the 

charge transfer (CT) transitions or predict the shape of the complexes.  

3.3 Luminescence 

When atoms absorb energy from an external source, they are excited from the 

ground state to higher energy excited states before they finally return back to the ground 

state. The relaxation could occur radiatively as in fluorescence and phosphorescence or 

non-radiatively through vibrational modes. Fluorescence is the spontaneous emission that 

takes place due to spin-allowed transitions (i.e. ΔS = 0 è SàS or TàT), whereas 

phosphorescence involves spin-forbidden transitions between states of different 

Molar Absorptivity ε [L mol-1 cm-1] 
Very low (<1) Low (1-10) Moderate (10-1000) High (>103) 
Spin forbidden 

Laporte forbidden 

Spin allowed 

Laporte forbidden 

Spin allowed 

Laporte allowed 

Spin Allowed 
Laporte Allowed 
Charge – Transfer 

transition 
[Mn(H2O)6]2+ [Co(H2O)6]2+ [CoCl4]2- KMnO4 

    



 

 

60 

 

multiplicities (i.e. S à T). The singlet states have higher energies compared to the triplet 

states. Therefore, fluorescence is a faster process where the average lifetime is in the order 

of nanoseconds while the phosphorescence have much longer lifetimes (10-2 – 10-3 s). The 

optical transitions are illustrated by Jablonski diagram in Figure 3.2. Typically, the 

relaxation through radiative pathways is rarely pure and usually involve other non-radiative 

processes, thus diminishing their overall luminescence yield. The ratio between the photons 

emitted and absorbed in a radiative decay is termed photoluminescence quantum yield 

(PLQY) and is calculated as follows: 

𝑃𝐿𝑄𝑌 = 	
𝐼
𝐼'

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Jablonski diagram of absorbance, non-radiative decay, and fluorescence. 
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3.4 Mn-based All-inorganic Ternary Compounds 

In this thesis, the focus will be on the manganese (Mn) that has an electronic 

configuration of [Ar]3d54s2 in the neutral state.  The Tanabe-Sugano diagram for 

octahedral complexes with d5 is shown in figure 3.3.19-21 At stronger crystal field, the 

ground state changes from spin-sextet 6A1 to spin-doublet 2T2. This switch indicates that 

the spin-pairing energy is greater than the spin-splitting, and the low-spin complexes can 

be stabilized in that region.  

 

 

 

 

 

 

  

  

 

 

 

 

 

Figure 3.3 A partial Tanabe-Sugano diagram for the octahedral d5 electron configuration. 
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The Mn2+ ions can form either tetrahedral or octahedral complexes. As we shall see 

later, changing the crystal field strength tunes the crystallographic units from tetrahedra to 

octahedra and, consequently, tunes the emission from green to deep red.  

 

3.5 Luminescence from Tetrahedral and Octahedral coordination of Mn2+-Based 

Compounds 

For the tetrahedrally-coordinated compositions, we can use the same octahedral d5 

T-S (for n=5, dn-1 = dn). Recall that the absence of the inversion symmetry in the tetrahedral 

complexes make the transitions Laporte and spin allowed. Further, since these complexes 

have weak crystal fields, they have stranger splitting and higher emission energies, hence 

the green emission. However, all d-d transitions in the Mn octahedral units are Laporte 

forbidden but spin allowed. Thereby, the transitions form the ground state to the vibrational 

state are dominating. Such transitions usually have broad bands while the spin-orbit 

coupling transitions have much narrower ones. The values of the crystal field splitting 

energy (Δ) for octahedra are much stronger than that of the tetrahedra, and therefore, the 

splitting energy and the corresponding emissions are smaller. This explains the red to 

orange emission for complexes with an octahedral environment. A summary of the 

electronic transitions of Mn+2 ions presented in Figure 3.4. 
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Figure 3.4 The tetrahedral coordination of Mn+2 in (a) C8H20N2MnBr4 and (c) 

C4H10NMnBr3. (c) and (d) The schematic diagram of the corresponding energy states in 

the tetrahedral and octahedral environment, respectively. Adapted from ref.22 

 

3.7 CsBr-MnBr2 Phase Diagram 

The octahedral and tetrahedral coordination are well-illustrated in the CsBr-MnBr2 

phase diagram presented in Figure 3.5.  The CsMnBr3 phase crystallizes in quasi-1D chains 

parallel to the crystallographic c-axis with face-sharing [MnBr6]4- octahedra and Cs atoms 

located between the chains.23 The other two phases, Cs2MnBr4 and Cs3MnBr5, have zero-

dimensional structures with [MnBr4]2- tetrahedral building blocks.24, 25 Cs2MnBr4 has an 

orthorhombic crystal structure while Cs3MnBr5  has a tetragonal one. The crystal structures 
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of the three phases are presented in Figure 3.6. At room temperature, CsMnBr3, Cs2MnBr4, 

and Cs3MnBr5 have space groups of P63/mmc, P21/m, and 14/mcm, respectively. 

 

 

 

 

 

 

 

 

Figure 3.5 The phase diagram of the CsBr-MnBr2 computed experimentally. Adapted from 

ref. 26 

 

 

Figure 3.6 The crystal structure of the three phases from (a) with the top view (top) and 

side view (bottom).   The dark purple sphere and octahedra correspond to Mn while the 

light shade purple spheres correspond to Cs. The Br atoms are represented by the orange 

sphere. 
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3.7 Aim and scope 

This thesis aims to find sustainable luminescent materials with enhanced optical 

properties for the next generation of optoelectronic applications. The chapters so far 

presented the necessary background to understand the work of this thesis. In the following 

chapters, I will present the synthesis and results then conclude with summary and outlook 

of the field. The chapters are divided as follows: 

Chapter four will present the synthesis and experimental data. 

Chapter five, The Origin of Emission in Zero-Dimensional Lead-Based Perovskites 

(Cs4PbX6),  will address the controversy regarding the origin of emission in zero-

dimensional perovskites through a series of optical characterizations along with a  

theoretical study.  

Chapter six, Luminescence from Doped Tetrahedrally-Coordinated Transition-Metal 

Halides, will cover the potential of zinc compositions as hosts for manganese (Mn2+) 

luminescent centers and show their outstanding green emission from the octahedral 

coordination.  

Chapter seven, Bright Red Luminescence from Lead-Free Ternary Metal Halide CsMnBr3 

Single Crystals and Colloidal Nanocrystals, will discuss the synthesis and red 

luminescence of the all-inorganic lead-free CsMnBr3 nanocrystals and single crystals.  

Chapter eight will provide a summary and comparison for all the luminescent materials 

prepared in this thesis, along with an outlook for future direction in the field of luminescent 

materials.  
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4 Experimental methods 

4.1 Materials 

Dimethyl sulfoxide (DMSO) (anhydrous, 99.99%, Sigma-Aldrich), Octylamine (99%, 

Aladdin), HBr (48 wt. % in water, Aladdin), Oleic acid (OA, 90%, Alfa Aesar), n-

Oleylamine (OLA, 70%, Sigma-Aldrich), PbI2 (99%, Alfa Aesar), N,N- 

dimethylformamide (DMF), (Sigma-Aldrich), Cesium acetate (≥99.99%, Sigma-Aldrich), 

Manganese(II) acetate tetrahydrate (99.99%, Sigma-Aldrich), zinc bromide (99.99%, 

Sigma-Aldrich), zinc chloride (99.99%, Sigma-Aldrich), zinc iodide (99.99%, Sigma-

Aldrich), manganese bromide (98%, Sigma-Aldrich), manganese chloride (98%, Sigma-

Aldrich), 1-Octadecene (ODE, technical grade 90%, Sigma-Aldrich), Toluene (Honeywell 

Burdick & Jackson), lead (II) iodide (PbI2, 99.9%, Sigma-Aldrich), Benzoyl bromide 

(97%, Sigma-Aldrich),  N,N-dimethylformamide (99.8%, Sigma-Aldrich), oleic acid 

(90%, Alfa Aesar), n-oleylamine, (70%, Sigma-Aldrich), toluene (anhydrous, 99.8%, 

Sigma-Aldrich), Deionized water was used to prepare the sample solutions. All chemicals 

were used as received without further purification.  

4.2 Synthesis Methods 

4.2.1 Synthesis of Cs4PbX6 

PbI2 (1 mmol) and CsI (4 mmol) were dissolved in dimethyl Dimethylformamide (I M, 

DMF, 4 ml) and stirred for one hour. The solution was transferred to two new vials without 

any undissolved precursors, 2 mL each. The solution was then heated starting from 60 °C 

up to 110 °C with a heating rate of 5 °C/ hour. The solution was then kept at 110 °C for 5 
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hours. The particles are then collected and washed with 1 ml DMF once, and left to dry on 

a filter paper at room temperature. It is worth mentioning that the setup for the synthesis is 

important, as the particles were found to grow best using the setup below. The level of the 

solution inside the vial should not exceed the metallic holder, or else a needle-like yellow 

phase might grow around the glass. The synthesis was carried out in a relative humidity 

(RH) of 60%. 

4.2.2 Synthesis of Cs-Zn-X compositions 

To prepare the solid-state compositions, CsX and ZnX were dissolved in different ratios 

in deionized water then left to evaporate at 80 °C overnight for the powder, and 40 °C for 

the single crystals.  

4.2.3 Synthesis of CsMnBr3 nanocrystals 

CsMnBr3 nanocrystals were synthesized by modifying colloidal hot-injection approach 

developed for other lead-free metal halide nanocrystals (NCs).1 0.4 mmol of cesium acetate 

and 0.8 mmol of manganese acetate trihydrate were taken in 100 mL round bottom reaction 

flask along with 4 mL of ODE, 2 mL of OLA, and 2 mL of OA. The reaction mixture is 

degassed on Schleck line for at least 4-5 hours at 130 °C. The temperature is then increased 

to 170 °C under nitrogen atmosphere. Once the temperature stabilizes to 170 oC, 450 μL 

of benzoyl bromide diluted in 1 mL of degassed ODE was swiftly injected into the reaction 

mixture. Immediately pinkish colored dispersion of NCs appears and the reaction was 

quenched within 30 seconds using an ice-water bath. As obtained crude dispersion of NCs 

is rotated at 6000 rpm for 8 minutes and the obtained precipitate is collected for further 

washing after discarding the supernatant. The precipitate is dispersed in 2 mL of hexane 
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and 50 µL of additional oleic acid is added to the colloidal dispersion of NCs before adding 

antisolvent. The NCs dispersion is destabilized by adding ~6 mL of ethyl acetate followed 

by centrifugation at 6000 rpm for 5 minutes. The precipitate is dispersed again in 2 mL of 

hexane after discarding supernatant. If oleic acid is not added, colloidal stability after 2nd 

washing is poor. Third washing is carried out similar to 2nd washing using again 50 µL of 

additional oleic acid. The final precipitate after three washings is dispersed in 2 mL 

hexane/toluene.  

4.2.4. Synthesis of CsMnBr3 single crystals 

The phase pure single crystals were prepared with typical mol ratio of precursors       

[0.5 : 1] taken for [CsBr : MnBr2], respectively. The precursor solution for synthesizing 

single crystal was prepared in deionized water with small amounts of HBr (5% volume 

ratio of original solution) added to obtain clear solution. The solution in vial is heated to 

40 °C for few days in ambient conditions with open cap, and the crystals started appearing 

in 3 to 4 days. The crystals were then washed with anhydrous toluene to remove any 

leftover solution and dried with nitrogen flux. 
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4.3 Characterization Methods 

4.3.1 The powder X-ray diffraction.  

The powder X-ray diffraction was performed on a Bruker AXS D8 diffractometer using 

Cu-K radiation. Then generated patterns were then compared to calculated patterns based 

on known crystal structures reported in literature.  

4.3.2 Optical characterization 

The optical absorption spectrum was measured using Cary 6000i UV-Vis-NIR 

spectrophotometer supplied with an integrating sphere. PLQY and steady state PL 

measurements were performed using an Edinburgh Instruments FLS920 Fluorescence 

Spectrometer equipped with 450 W continuous wavelength xenon lamp and integrating 

sphere. The excitation wavelengths varied based on the material and specified under each 

PL spectrum. 

4.3.3 The temperature-dependent photoluminescence.  

The spectra were characterized using a Horiba JY LabRAM Aramis spectrometer with an 

Olympus 50x lens in a Linkam THMS600 stage. A 473 nm laser was used as the excitation 

source. 

4.3.4 Time-Correlated Single-Photon Counting measurements (TCSPC)  

were performed in a Halcyone setup (Ultrafast Systems), the excitation wavelengths were 

selected from 340 to 520 nm using a parametric optical amplifier (Newport, Spectra 

Physics) that was pumped with an Astrella femtosecond pulsed laser (800 nm, 100 fs, 1 

kHz, Coherent). The energy at each excitation wavelength was set constant (30 nJ) with 

the help of variable neutral density filters (Thorlabs). Photoluminescence monitored at 700 

nm was collected and recollimated by a pair of parabolic mirrors and passed through a 
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longpass filter (560 nm, Newport) and finally focused on the monocromator and detector. 

TCSPC histograms were fitted using Lavenberg-Marquart algorithm as implemented in 

Ultrafast System software. The overall system’s time resolution was better than 120 ps. 

4.3.5 X-ray fluorescence microscopy  

The instrument used for the analysis is 7000 XGT Horiba ,Analytical XRF, with acquisition 

time: 600 seconds; X-ray voltage: 50 KV; and current of 1 mA.  

4.3.6 Exciton binding energy.  

From the TDPL, the exciton binding energy can be estimated from the following equation:1 

 

𝐼(𝑇) = 	
𝐼'

1 + 𝐴𝑒+,!/.!(
 

 

where I0 is the integrated PL intensity at 6 K, Eb is the exciton binding energy , and Kb is 

the Boltzmann constant. Two distinct features were observed: the blue shift as the 

temperature increase and the increase of the FWHM as a function of temperature.  

4.3.7 Time-resolved PL measurement.  

The PL decay data was extracted at 700 nm and fitted into the following function: 

 

𝐴(𝑡) = 	𝐴$ exp F
−𝑡
𝜏$
I +	𝐴/ exp F

−𝑡
𝜏/
I 

 

Where A is the PL intensity at time t; A1 is the amplitude of the short component t1 and A2 

is the amplitude of the long components t2. 



 

 

74 

 

4.4 Computational Methods 
 
We carried out the density functional theory (DFT) calculations using the projector-

augmented wave (PAW) method as implemented in the VASP code.2, 3 The generalized 

gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional was used. A uniform grid of 6×6×6 k-mesh in the Brillouin zone was used to 

optimize the crystal structures of trigonal-phase bulk Cs4PbI6. The Heyd-Scuseria-

Ernzerhof hybrid functional (HSE06) including spin-orbit coupling (SOC) was also used 

to calculate the band structure by correcting the bandgap that is underestimated using the 

PBE+SOC method (the contribution of the Hartree-Fock exchange potential was set to 0.2). 

A 2×2×2 supercell for Cs4PbI6 containing 396 atoms were used for the defect calculations. 

The Brillouin zone was sampled by a 2×2×2 k-mesh. The plane-wave basis set cutoffs of 

the wavefunctions were set at 500 eV for bulk crystal structures and 450 eV for the 

supercells. The atomic positions of the Cs4PbI6 supercell with and without defects were 

fully relaxed until the supercells had forces on each atom < 0.01 eV/Å.  

The defect formation energies, ΔH(α,q), for the supercells containing defect α at charge 

state q can be calculated by 

 

Δ𝐻(𝛼, 𝑞) = 𝐸(𝛼, 𝑞) − 𝐸(ℎ𝑜𝑠𝑡) +Q𝑛0(𝐸0 + 𝜇0) + 𝑞(𝐸1#2(ℎ𝑜𝑠𝑡) + 𝐸3) 

 

where E(α, q) is the total energy of the supercell containing the defect and E(host) is the 

total energy of the host supercell without a defect. 𝜇𝑖 is the chemical potential of constituent 

𝑖, with reference to an elemental solid or molecule with energy Ei. In our study, µCs refers 

to the Cs solid phase with a Im3Sm symmetry, µI refers to the I2 molecule, and µPb refers to 
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the fcc Pb solid phase. EVBM (host) is the valence band maximum (VBM) of the perfect 

supercell, and EF is the Fermi energy that refers to VBM. ni is the number of atoms taken 

out of the supercell to form the defects, and q is the number of electrons transferred from 

the supercell to the Fermi reservoirs in forming the defective supercell.  

In equilibrium growth conditions, the chemical potential 𝜇𝑖 should satisfy the following 

equations, which are CsI, PbI2 and elemental solids4: 

 

4𝜇45 + 𝜇67 + 6𝜇8 = Δ𝐻(Cs9PbI:) = −16.85	eV	 

𝜇67 + 2𝜇8 < Δ𝐻(PbI/) = −2.08	eV;	 

𝜇45 + 𝜇8 < Δ𝐻(CsI) = −3.64	eV;	 

𝜇45 < 0	𝑒𝑉, 𝜇67 < 0	𝑒𝑉, 𝜇8 < 0	𝑒𝑉 

 

where ΔH(Cs4PbI6), for example, is the formation enthalpy of Cs4PbI6, defined as the total 

energy difference ΔH(Cs4PbI6) = E(Cs4PbI6) − 4E(Cs) − E(Pb) − 6E(I), ΔH(PbI2) is the 

formation enthalpy of PbI2 defined as the total energy difference ΔH(PbI2) = E(PbI2) − 

E(Pb) − 2E(I), and ΔH(CsI) is the formation enthalpy of CsI defined as the total energy 

difference ΔH(CsI) = E(CsI) − E(Cs) − E(I).  

The charge-transition levels for defect α were calculated as 

 

ε(𝑞/𝑞′) = [𝐸(𝛼, 𝑞) − 𝐸(𝛼, 𝑞*) + (𝑞 − 𝑞′)(𝐸1#2 + ∆𝑉)]/(𝑞 − 𝑞′) 
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5 The Origin of Emission in Zero-Dimensional Lead-Based Perovskites 

(Cs4PbX6) 

 

5.1 Abstract 

Luminescent materials are crucial for the development of next generation displays and 

light sources. The high photoluminescence quantum yield (PLQY) of zero-dimensional 

(0D) lead halide perovskites, such as Cs4PbBr6, has brought them to the forefront of 

luminescent materials research. Cs4PbBr6 has received the most attention among the family 

of 0D perovskites, while other halide perovskites of analogues compositions have largely 

been overlooked.  

Here, we developed a strategy to synthesize ligand-free bulk 0D Cs4PbI6 through 

inverse temperature crystallization and explored its optical properties. We find that Cs4PbI6 

exhibits a photoluminescence peak at 700 nm (full width at half-maximum ~45 nm) and 

an absorbance edge at 690 nm. The PLQY was ~14.5% with high stability in ambient 

conditions and a relatively low exciton binding energy (~42 meV). To elucidate the origins 

of emission in Cs4PbI6, the material was compared to the 3D CsPbI3 quantum dots (QDs); 

the two materials were found to display distinctly different optical behaviors. Density 

Functional Theory was used to study the possibility of defects as the origin of emission in 

bulk 0D Cs4PbI6. Our work will motivate the exploration of bulk 0D lead halide perovskites 

as phase stable materials with narrow photoluminescence in the red and near-IR 

wavelength range. 
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5.2 Introduction 

Photoactive materials of high photoluminescence quantum yield (PLQY), tunable 

wavelength, narrow full-width-at-half maximum (FWHM), and short excited-state 

lifetimes are essential for the development of displays, light sources, single-photon 

emitters, and visible-light communication.1-4 Quantum dots (QDs) of three-dimensional 

(3D) APbX3 (A=Cs, K, MA, FA; X=Cl, Br, and I) perovskites have the prerequisite optical 

properties to potentially address all those light applications. However, perovskite QDs 

often suffer from phase instability or surface degradation that could lead to the loss of their 

desired properties. This is especially the case for the family of red and near-IR luminescent 

perovskites, such as CsPbI3.5, 6 As a result, researchers are extensively exploring the 

structure and properties of ternary alkali halide perovskite-related compounds with the 

formula A4PbX6 (A=Cs, K; X=Cl, Br, and I).7-16 These stable zero-dimensional perovskites 
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(0D), e.g. Cs4PbX6, have an impressively high quantum yield and phase stability, compared 

with other 3D perovskite solids reported so far, without necessarily needing to be in the 

nanoscale quantum confined regime (and hence less susceptible to surface defects and 

Ostwald ripening).17, 18 And in spite of the debate regarding the origins of their emissive 

behavior and following the work on powder 0D Cs4PbBr6
17, 19, numerous 0D-based 

materials have been developed including nanocrystals (NCs)20, 21, thin films21 and single 

crystals22, which provided insights into this group of compound’s outstanding stability and 

optical properties.23  

The published works on bulk 0D perovskite are predominantly focused on green and 

blue luminescent materials, with most of the attention given to Cs4PbBr6.24, 25 We were thus 

motivated to investigate the potential of extending the practicality and phase stability of 

Cs4PbX6 compounds into the red and near-IR region by developing similarly facile 

synthesis approaches for bulk Cs4PbI6 and elucidating their luminescence properties. We 

developed a solution-based method to synthesize bulk Cs4PbI6 which, in contrast to Cs4PbI6 

nanocrystals,26-28 enables exploring the origins of the material’s interesting luminescent 

properties without the obscuring the effects of ligands, crystal size, and outsized 

contributions of interfacial states. To this end, we conducted a rigorous experimental 

comparison between the properties of bulk Cs4PbI6 and those of 3D CsPbI3 QDs, which 

shows their qualitatively different behavior. A Density Functional Theory (DFT) 

investigation suggests a crucial role for intrinsic point defects in originating the 

luminescence of bulk Cs4PbI6. Our findings enable the synthesis of bulk luminescent 

materials that are promising for the red and near-IR wavelength range; and sheds light on 

the origins of their emissive properties. 
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5.2 Results and Discussion 

 The normalized steady-state photoluminescence (PL) of Cs4PbI6 perovskite is 

presented in Figure 5.1a. The as-synthesized crystals show a red emission with a PL peak 

centered at 700 nm under the excitation of a 450 nm light source. Previous studies reported 

PL emission peaks with higher energies for Cs4PbI6 and CsPbI3, but none has a PL peak at 

700 nm.27, 29  

Figure 5.1 Optical characterizations of Cs4PbI6. (a) The photoluminescence, absorption 

and excitation spectra. (b) PL lifetime of Cs4PbI6 with a biexponential fitting. (c) TDPL of 

Cs4PbI6 upon exciting with 400 nm laser. (d) The integrated intensity of PL peak as a 

function of temperature. 
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There are different phases that share the formula CsPbI3. The first is the one-

dimensional, orthorhombic and indirect bandgap yellow phase δ-CsPbI3 that has a needle-

like structure and stable at room temperature up to 570 K, and the other is the three-

dimensional perovskite cubic direct bandgap ‘black’ α-CsPbI3 that is stable only at 

temperatures > 570 K.30 Noteworthy, some previous studies were carried out on the yellow 

phase rather than the black α- CsPbI3 phase.  Experiments show that α-CsPbI3 has a 

bandgap of 1.73 eV; and the peak undergoes a blue shift to the visible light region (1.65-

2.75 eV) upon quantum confinement in the form of QDs and thin films.6, 31 Although the 

emission wavelength of Cs4PbI6 is relatively close to that of black α- CsPbI3, the two 

materials show markedly different behaviors upon a more detailed optical probing (vide 

infra).  

The absorption spectrum of Cs4PbI6 presented in Figure 5.1a has three main features. 

First, there is a peak around 360 nm followed by a sharp edge at 390 nm, then a hump 

around 465 nm and finally another absorption edge at 690 nm. Only the peak at 360 nm 

matches the absorption peak for Cs4PbI6 reported in literature, which is ascribed to the 

exciton transition from the (PbI6) octahedron32, and a similar peak also appeared in the non-

emissive Cs4PbI6 nanocrystals.27 The excitation spectrum covers the range from 400 nm to 

more than 600 nm, with a maximum at ∼ 470 nm Figure 5.1a and a FWHM of 45 nm. The 

PLQY of the 700 nm peak of Cs4PbI6 was measured using an integrating sphere (Figure 

S4). The PLQY was found to be ~14.5% which is lower than Cs4PbBr6 powder17 and single 

crystal.22  
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Finally, to further elucidate the kinetics of the emission at 700 nm, we performed time-

resolved micro-PL experiments on the large aggregates before and after grinding and our 

data was fitted with a bi-exponential model (See Supporting Information for details). We 

found that before grinding, the short and long components are ~36 ns (~50%)  and ~250 ns 

(~50%), respectively (Figure S5). However, after grinding the crystals -still emissive with 

the same PL peak- the fast and slow components became ~6.3 (85%) ns and ~69 ns (15%), 

respectively  (Figure 5.2b), which are slightly slower than those of Cs4PbBr6 powder 

analogues measured after grinding as well.17 The reduction in the average decay time and 

the increases in the percentage of the fast component to ~85% after grinding indicates that 

the fast component is due to surface-related emission states while the slow component is 

due to bulk recombination, similar to what has been assigned for the recombination 

components of Cs4PbBr6 powders.19 

Temperature-dependent PL (TDPL) was performed to calculate the exciton binding 

energy. In order to exclude any phase transformations at low-temperatures, temperature-

dependent XRD was performed first (Figure S6) and the data shows no phase 

transformations throughout the low-temperature range of the TDPL measurements. 

According to the TDPL experiments, the PL peak undergoes a blue shift until it is centered 

at 700 nm as the temperature increases from 6K to room temperature (Figure 5.1c). This 

shift is known for perovskites and is attributed to the exciton-phonon coupling.33 The 

integrated intensity as a function of temperature in Figure 5.1d was used to calculate the 

exciton binding energy (Eb; see SI for details). The calculated Eb was 41.9 ± 2.6 meV 

comparable to the room temperature thermal energies of kBT ∼ 25 meV and similar to that 

of the active materials in tandem solar cells (e.g. MAPbBr3).34, 35 The Eb calculated in this 
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study is much lower than that of Cs4PbBr6 powders, single crystals, and NCs and the 

recently reported Cs4PbI6 NCs.17, 19, 21, 22, 26  

We also investigated the stability of the PL behavior of the synthesized bulk Cs4PbI6 

powders. After storage period of six month in ambient conditions, we find that the PLQY 

of the Cs4PbI6 samples exhibited a ~30% increase without any change in the PL peak 

position. This is in contrast to CsPbI3 QD and the recently reported Cs4PbI6 NCs, which 

overtime suffer from degradation or phase instability.5, 26, 36 The structural and optical 

properties of bulk Cs4PbI6 are summarized in Table S1. 

After experimentally studying the optical behavior of bulk Cs4PbI6, we were motivated 

to investigate the origins of the luminescence of this material –the recent debate in the 

literature regarding the origin of emission of the 0D perovskite materials, and in particular 

Cs4PbBr6.25, 37 8, 29, 32  

5.3 Hypothesis I: 3D impurities inside the matrix of 0D 
 

The theoretical work suggests that 0D perovskites serve as a host for other species such 

as islands of CsPbX3 QDs and/or defects. The former hypothesis is the most popular due 

to the frequent coexistence of the two phases upon synthesis along with their incongruent 

melting as predicted by their CsBr–PbBr2 binary phase diagram. Such correlation, while 

seeming logical at first glance, is irreconcilable when the evidence is viewed holistically. 

The first contradiction lies in the discrepancy between the sizes (and size distributions) of 

the CsPbBr3 nanocrystal inclusions discovered by TEM and the narrow emission 

wavelength and position of the PL peak at 517–519 nm. For example, ∼3 nm CsPbBr3 NCs 

emit at around 460 nm, while larger NCs (>15 nm) emit at 527 nm. Additionally, the 
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investigation of the thermal treatment effect on Cs4PbBr6 shows that annealing the pristine 

Cs4PbBr6 led to a reversible PL quenching up to 180°C. Beyond 180°C, the material 

underwent an irreversible quenching coupled with the formation of CsPbBr3 NCs. The 

quenching of the emission upon the appearance of the 3D NCs (as confirmed by 

temperature-dependent powder XRD) contradicts the hypothesis that 3D NCs are the 

source of emission. It is worth noting that the emission of CsPbBr3 is unusual (even the 

emission of nonquantum confined CsPbBr3 nanocrystals are at energies above the 

bandgap) and still far from being conclusively explainable, therefore, it cannot be used as 

a yardstick to explain the unusual emission of Cs4PbBr6. 

As for Cs4PbI6, despite the lack of stability of the α-CsPbI3 – and hence the unlikelihood 

of α -CsPbI3 impurities persisting under ambient conditions for a long period in Cs4PbI6 – 

it could still be argued that such impurities could potentially persist based on the 

stabilization works on α-CsPbI3.38 However, it should be noted that the PL of α- CsPbI3 

QDs ranges from 600 nm – 680 nm, corresponding to colloidal QD sizes between 3 nm – 

12.5 nm, respectively.6 Therefore, if the QDs were to exist, their size should be larger than 

12 nm, which would have been readily detectable by PXRD. Furthermore, we find that 

varying the synthesis temperature of Cs4PbI6 from 90 °C – 140 °C did not change the peak 

position as it does for QDs.6 It should be noted that the stable yellow phase δ-CsPbI3 is 

neither emissive nor optically active around 700 nm. 

Searching for further evidence, we compared key optical characteristics of Cs4PbI6 with 

α- CsPbI3 QDs Figure 5.2. The CsPbI3 QDs used in this comparison were of cubic shape 

with an average dimension of 13.6 nm. The structural and optical properties of these QDs 

were reported earlier.36 The integrated intensity as a function of the pump power increases 
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linearly for the 3D QDs in Figure 5.2c while it increases then saturates for the Cs4PbI6 in 

Figure 5.2d. Further, the intensity of the 670 nm peak of the 3D QDs keeps increasing and 

is the highest when the excitation wavelength is close to the emission peak, Figure 5.2e 

while the excitation spectrum of the 700 nm peak of Cs4PbI6 was maximum at around 470 

nm and then gradually decreases, Figure 5.2f. These findings show that Cs4PbI6 and α–

CsPbI3 have markedly different emission origins, and are consistent with the findings from 

Cs4PbI6 NCs that exclude the anion-sensitive CsPbI3 impurity as the emission centers. 26 
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Figure 5.2 Comparison of the optical properties of Cs4PbI6 and CsPbI3 QDs. (a) The PL 

spectrum of CsPbI3 QDs centered at 670 nm (inset: CsPbI3 QDs before and after 

illumination with 365 nm UV lamp). (b) The PL spectrum of Cs4PbI6 centered at 700 nm 

(inset: Cs4PbI6 before and after illumination with 480 nm light). (c,d) The integrated 

intensity of Cs4PbI6 peak at 700 nm and CsPbI3 QDs peak at 670 nm as a function of pump 

power. (e,f) The excitation spectra of Cs4PbI6 and CsPbI3 QDs.  
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5.4 Hypothesis II: Intrinsic defects 

An alternative hypothesis attributes the photoluminescence to an emissive point defect-

center, which may be an interstitial, an antisite, or a vacancy. However, little has been done 

to investigate the role of defects, if any, on the optical properties of 0D perovskites. Indeed, 

apart from the green emission, all reported Cs4PbBr6, whether green emissive or 

nonemissive, share the same absorption features in the UV region, which inspired further 

investigation.  One popular hypothesis attributes the PL of 0D perovskites to 3D perovskite 

QD impurities.  

To understand the nature of emissive centers, we performed the Density Functional 

Theory (DFT) calculations on both the electronic structure and the formation energy of 

defects, including vacancy (VI and VCs), antisite (PbCs, CsI, PbI, and ICs) and interstitial (Ii) 

for Cs4PbI6, Figure 5.3. The Heyd-Scuseria-Ernzerhof (HSE) hybrid function with spin-

orbit coupling (SOC) effect (i.e., at the HSE+SOC level) was used to calculate the 

electronic band structure of Cs4PbI6. As shown in Figure 5.3a, Cs4PbI6 shows the flat feature 

for both top-valence and bottom-conduction bands, indicating a decoupled electronic 

structure, which leads to a large bandgap (calc: 3.5 eV, expt: 3.7 eV). Such large bandgap 

indicates that the red emission of Cs4PbI6 might originate from the optical recombination 

of the intermediate intrinsic defect states. To identify the nature of the defects, we 

calculated the corresponding defect transition levels of the possible defects as shown in 

Figure 5.3b. PbCs, VI, VCs, and CsI states are shallow transition levels, and PbI, ICs, Ii are 

deep transition levels. On the other hand, ICs states exhibit a transition level energy of ~1.9 

eV above the valence band maximum (VBM), which matches the observed PL position of 

red emission spectrum. To understand how readily the defects can be formed in the Cs4PbI6 



 

 

88 

 

crystal lattice, their formation energies were calculated under three different growth 

conditions (i.e., I-rich, I-moderate, and I-poor) as shown in Figure 5.3c. Concomitantly, the 

antisite ICs defects show the lowest formation energy (0.28 eV) under the I-rich condition 

in our case indicating that ICs defects might be the source of red emission of Cs4PbI6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 DFT and point defects calculations. (a) Electronic band structures. (b) Defect 

formation energies of vacancy (VI and VCs), antisite (PbCs, CsI, PbI, and ICs) and interstitial 

(Ii). (c) Corresponding charge-transition levels for Cs4PbI6. All the calculations are 

performed at GGA/HSE level with SOC. 
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5.5 Conclusion 

In conclusion, I successfully synthesized Cs4PbBr6 and Cs4PbI6 and studied their 

structural and optical properties. Power-dependent PL and excitation spectra were used to 

investigate different hypotheses for the origins of emission. The data excluded CsPbX3 QD 

impurity phases as a possible origin, while DFT calculations suggest that intrinsic native 

defects states play a major role in the luminescence. Our findings pave the way for tuning 

the emission of bulk 0D perovskites through incorporating different halides and spurs their 

investigation for red and near-IR color-converting and light-emitting applications. 
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5.7 Appendix  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S1. The PXRD of the white precipitate that matches the calculated CsI crystal 

structure. 
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Figure S2. The white crystal (top) and the polycrystalline 0D (bottom) before and after 

illuminating with a 480 nm light source. The crystal on top was collected during the initial 

phase of the growth at 60 °C while the crystal at the bottom shows the final crystals at 110 

°C. 
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Figure S3. X-ray fluorescence (XRF) spectrum for Cs4PbI6. Inset: a summary of the atomic 

percentage and ratios of the constituent elements.  
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Figure S4. The photoluminescence quantum yield (PLQY). The PLQY was measured 

using an integrating sphere. 
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Figure S5. Lifetime components for the PL decay of different Cs4PbI6 aggregates before 

grinding. 
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Figure S6. Low Temperature XRD for Cs4PbI6. The PXRD was carried out over the 

temperature range from -175 °C to 35 °C. There is no evidence of any phase transformation 

at low temperatures. 
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Figure S7. Excitation wavelength dependent time correlated single photon counting 

(TCSPC) measurements for (a) Cs4PbI6, and (b) CsPbI3 NCs 
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Table S1. Summary of the structural and optical properties of Cs4PbX6 
 
 

Property Cs4PbBr617 Cs4PbI6 

Space group R3̅c R3̅c 

Absorption (nm) 520 690 

Photoluminescence (nm) 520 700 

PLQY (Integrated sphere) 45% 14% 

PLQY (TDPL) 40% 27% 

Eb (meV) 180 42-47 
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6 Luminescence from Doped Tetrahedrally-Coordinated Transition-

Metal Halides  

6.1 Abstract 

After the success in developing highly-luminescent 0D perovskites, our attention 

turned toward synthesizing toxic-free materials with analogs optical properties. Initial 

investigations in literature targeting lead-free perovskites and lead-free double perovskites 

were challenged by the very low PLQY and broad PL peaks. Alternatively, transition 

metals complexes exhibit attractive luminescence properties and therefore have been an 

interesting research direction. It is in this context that we envisioned the synthesis of all-

inorganic transitions metals through a host-dopant system. The results from the Density 

Functional Theory (DFT) showed the potential of low-dimensional zinc-based 

compositions as hosts for Mn2+ dopants. The synthesis and optical properties of the Mn/Zn 

compounds opened a new direction for investigating pure all-inorganic manganese 

compositions. These materials have intense green and red emissions at 520 nm and 630 

nm, respectively, with high PLQY ~ 34% which were attributed to the local coordination 

of Mn2+ and the d-d transition of the d5 orbitals. Doping manganese compositions with zinc 

enhanced the thermal stability and improved the PLQY to 60%. All findings highlight the 

potential of pure all-inorganic transition metal compounds as promising candidates for 

different optoelectronic applications.  
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6.2 Introduction 

Many commercial white LED is based on mixing the emission of yellow-emitting 

phosphors with conventional blue-emitting LED chips. However, this approach has less 

color purity and does not give a natural light as perceived by the human eye. The other 

method is the three-color approach  in which the red- and green-light emitters are coated 

on a blue-light emitting LED. In this approach, each color component comes from a 

different material and developed separately. However, many of these materials are a 

subject of continuous research efforts as, up to now, they are far from being optimal. For 

example, the red-emitting phosphors based on doping trivalent rare earth metals in oxides 

such as NaY(W, Mo)2O8:Eu3 suffer from low PLQY due to the sharp absorption and 

emissions peaks which limit their efficiency. Nitride-based phosphors doped with divalent 

elements like CaAlSiN3:Eu2 show better performance but their main issue is the rigorous 
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synthesis routes that require high temperatures and high pressure gases.1 Therefore, there 

is a need to develop light emitting materials with high PLQY and easy synthesis that are 

stable and toxic-free for optoelectronic applications. 

 In efforts to make perovskites toxic-free, lead in APbX3 has been replaced through a 

homovalent substitution with group 14 elements such as Sn and Ge. Unfortunately, B2+ 

elements make of metastable perovskites that are prone to oxidation and require nitrogen-

filled synthesis setup. Their decomposition was found to be lethal as they release HI and 

reduce the medium pH levels leading to detrimental consequences.2 However, recent 

reports show that when these material have a low-dimensional structure as in Cs2SnX6, the 

air stability is enhanced remarkedly.3    

Alternatively, a combination of monovalent and trivalent elements with an average 

valency of 2+ was found to be a viable option.4 Cation-ordered quaternary halides, also 

known as elpasolite, have been reported for oxides and halides. The double cations in the 

B site provides divers range of combinations as the extra lattice site allows more freedom 

to engineer the bandgap and optoelectronic properties while still maintaining the three-

dimensional crystal structure.5 In addition to the safety of these materials, recent works 

show they can also possess interesting properties that were not observed in their lead-based 

counterpart.6  However, many of the aforementioned lead-free materials have large and/or 

indirect bandgaps which leads to undesired optical properties such as weak absorptions and 

emissions.7  

 Therefore, new strategies of “function by design” need to be explored such as 

engineering host-dopant combinations with tailored properties. Many of the commercially 

available light-emitting materials and the recently reported perovskites rely on alloying or 
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integrating luminescent centers, with functionalities that exceed luminescence to include 

stability enhancement and surface passivation. For example, doping Cd2+ in CsPbCl3 

nanocrystals (NCs) increased the quantum yield from 3% to near unity while also further 

stabilizing the NCs, whereas doping Mn2+ in CsPbI3 NCs passivates the surface and 

stabilizes the black phase.8, 9 10 Thus, inspired by the trend of metal doping in perovskites 

and semiconductors in general that resulted in bright luminescence, I screened the literature 

for host materials that are (i) inorganic, (ii) semiconductor, (iii) lead-free, and (iiii) stable 

at ambient conditions and under high radiation.  

6.3 Computational Study 

Among many different compositions, zinc- and germanium-based ternary compounds 

showed outstanding properties and fit the criteria for a host material. Cs2ZnCl4, for 

example, showed remarkable capabilities as an X-ray scintillation detector with and 

without doping even at high radiations.11, 12 However, little was known about the nature of 

the bandgap of these compounds, especially at lower dimensionalities. Therefore, we have 

performed DFT computations on the low-dimensional Cs2MBr4 and Cs3MBr5 (M= Zn and 

Ge) to check the density of states (DOS) and partial density of states (PDOS) (see Figure 

6.1 and 6.2). The results show that all the aforementioned materials are wide-bandgap 

semiconductors and while Cs2ZnX4 and Cs3ZnX5 are direct, Ge-based compounds are not. 

It is worth mentioning that the pristine CsGeCl3 has a direct bandgap of ∼0.704	eV	which	

is	 far	 from	 the	visible	 light	while	CsZnCl3 has an indirect bandgap which makes the 

energy transfer rather inefficient. Therefore, the low-dimensional Cs2ZnX4 and Cs3ZnX5 

are both, direct and wide enough for doping to generate visible-light luminescence. 
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Figure 6.1 The density of states (DOS) of (a) Cs2ZnBr4, (b) Cs2GeBr4. The right panel 

shows their partial density of states (PDOS). 
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Figure 6.2 The density of states (DOS) of (a) Cs3ZnBr5 and (b) Cs3GeBr5.The right panel 

shows their partial density of states (PDOS). 
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6.4 Results and Discussion 

Initially I aimed to dope manganese (Mn) at the Zn-site of Cs2ZnCl4/Cs3ZnCl5. 

Manganese has been extensively used as a dopant due to the nature of d5 states that allow 

luminescence from different ligand-metal configurations in many materials including the 

commercial red phosphors such as K2SiF6:Mn4+. To synthesize the material, I looked for 

solvent-based low-temperature methods similar to what we used for perovskites in general. 

Initially, the precursors were dissolved in a common organic solvent for inverse-

temperature crystallization (ITC) and in acidic solution for acid cooling (AC) 

crystallization. However, none of these methods yielded any crystals or precipitation. 

Finally, the precursors were dissolved in water and the solution was heated to 80°C and 

was left to evaporate overnight which successfully led to the formation of the desired 

compounds.  

The undoped samples show no luminescence under the UV light while the Mn-doped 

samples show bright green luminescence. Upon measuring the  PL, I found multiple peaks 

in the green and red regions as presented in Figure 6.3. This is due to different coordination 

configurations of Mn inside the matrix of Cs2ZnCl4.  
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Figure 6.3 The photoluminescence spectrum of Cs2ZnCl4 (a) before and (b) after doping 

with Mn.  

 

The PL results of Mn:Cs2ZnCl4 motivated the investigation of the emission of pure 

all-inorganic manganese compounds. Following the same method, I synthesized 

(CsBr:MnBr) with ratios of (1:1), (3:1) and (5:1) as presented in Figure 6.4. When the ratio 

is (1:1), the materials look mostly red and clearly show mixed phases, whereas ratios of 

(3:1) and higher have pale orange/yellow color. The PL spectrum of the three compounds 

are presented in Figure 6.4b. For all ratios we can see two PL peaks, one is a relatively 

narrow green PL centered at ∼525 nm, and the other one is a broader peak with longer 

wavelengths centered at 630 nm. The peaks are ascribed to the Mn2+ in tetrahedral and 

octahedral coordination, respectively. As the ratio of CsBr to MnBr2 increases, the green 

peaks becomes more dominant. The existence of multiple peaks could be attributed to some 

unreacted precursors, particularly MnBr2, or the CsMnBr3 phase since it is the only phases 

in the CsBr-MnBr2 phase diagram with the octahedral coordination. Therefore, I checked 

the emission of the precursors and I indeed found that MnBr2 dissolved in water then 
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annealed emits at ∼625 nm. Further, the results from the powder XRD show multiple 

phases with some peaks are not assigned to any phase in the CsBr-MnBr2 phase diagram 

or the corresponding precursors. Therefore, some crystals were isolated for single crystal 

XRD. The materials identified show hydrated variants of the Mn-compositions that were 

not reported in literature before, hence the difficulty of assigning the powders to any 

particular phase from the databases. 

The first identified single crystal was Cs2MnBr4.2H2O which crystallized in a 

triclinic phase with space group P-1 and octahedral building blocks. The refinement results 

show that this phase has a unit cell with a=5.9834(3) Å, b= 6.9968(4) Å, and c= 7.5089(4) 

Å and a unit cell volume of 285.47(3) Å3. The detailed crystallographic data are listed in 

Table S1. This is in contrast to the dehydrated phase Cs2MnBr4 that has an orthorhombic 

phase and tetrahedral coordination. The single crystal XRD was used to generate the 

powder XRD powder as a refence which was found to be consistent with one of the CsBr-

MnBr2 compositions as depicted in Figure S1. This finding expands the possible red-

emitting materials from reported compositions in the phase diagram.   

Assessment of the optical properties of Mn2+ emissions in our samples depends on 

identifying the coordination and local environment of Mn2+ ions (vide supra). The low-

dimensional zinc compositions discussed here have a tetrahedral coordination with zinc 

atoms at the center. Therefore, the substitution of Mn2+ in zinc site with tetrahedral building 

blocks results in the bright green emission with narrow FWHM from the d-d transitions of 

Mn2+ d5 orbitals. Further, for Mn-doped ternary materials A2ZnX4 with variant A site 

cations (A= Li, Na, Rb, and K ) and tetrahedral coordination, the PL peak position was 

found to be dependent on the local coordination and the Mn-X distance. Therefore, when 
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doped with Mn, Li2ZnBr4, Na2ZnBr4 and K2ZnI4 having smaller Mn-X distance also emit 

at shorter wavelengths (506 nm – 514 nm), while Cs2ZnBr4 and Rb2ZnBr4 emit above 520 

nm.13 Further, the choice of A cation has an impact on the PLQY in which the larger the 

Mn-Mn distance, the higher the PLQY. This trend is explained by the correlation between 

the distance and charge transfer between the dopants. The dipole-dipole interactions 

facilitates the non-radiative recombination and consequently the charge transfer and PLQY 

quenching.14 

 

 

Figure 6.4 The photoluminescence spectrum of (CsBr:MnB2) showing the three different 

rations. (b) The corresponding materials before (top) and after (bottoms) excitation with a 

UV light. 

 

 

 



 

 

111 

 

6.5 Effect of Moisture 

Another method that led to the formation of single crystals is the antisolvent 

method. In one experiment, the solution of precursors in water was left in a beaker filled 

with isopropanol (IPA) which served as an antisolvent solution. After few days, the crystal 

started appearing. However, none was emissive until they were annealed at 80°C. This 

finding provided further insight into the mechanism of emission. 

To study the effect of moisture on the optical properties, I performed temperature-

dependent PL over the temperature range from 113 K – 463 K for CsBr-MnBr (1:1) 

composition as well as the precursors CsBr and MnBr2 as presented in Figure 6.5. At low 

temperatures, there were two competing peaks, one at 420 nm and the other one at 500 nm. 

Both peaks disappeared as the temperature increases from 113 K to 313 K ( 40°C). At 353 

K (around 80°C) there were 3 peaks: one at 420 nm, one at 525 nm and one broad peak 

from 575 nm to 750 nm. The intensity of the green peak dominated as the temperature 

increases and saturated around 403 K (130°C). The red emission continued to drop but the 

blue emission slightly increased as the temperature increased. The change in color from 

red to green upon heating further confirms the existence of the hydrated phases at low 

temperatures. As the temperature increases, the emission from the hexafold coordination 

quenched as Mn gradually shifted to a fourfold coordination. This thermochromic 

luminescence has been demonstrated in one-dimensional Mn2+ complexes which was 

ascribed to the transformation from a tetrahedronal to trigonal bipyramidal ligand-field.15 

Possible applications of this phenomenon include anti-counterfeiting and thermal sensors. 
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At this stage, a paper on the tetrahedrally-coordinated manganese in zinc-based 

compositions was published by Kovalenko group in which they synthesized powders of 

all-inorganic materials Mn:Cs2ZnX4 and Mn:Cs3ZnX5 and studied the manganese in 

tetrahedral coordination. Their results confirm the findings here on the green emission, 

and our previous work on Zn-based materials. 13 

 

 

Figure 6.5 The temperature-dependent PL of (a) C2MnBr4 from 113K to 298K, (b) 

C2MnBr4 from 298K to 463K, (c) CsBr from 113K to 403K, and (d) MnBr2 from 113K to 

403K. 
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6.6 Stability 

Upon storing the compounds in a fumehood at room temperature, the emission was lost 

within few hours and I speculated that was due to humidity. Therefore, I have transferred 

the compound to a hotplate and within second of annealing at 110 °C, the material regained 

its luminescence. Further, the materials stored in the glovebox show no signs of 

degradation. The PLQY of the fresh as synthesized samples reached 34% upon exciting 

with a 360 nm light source as shown in Figure 8. In order to improve stability, I doped the 

materials with Zn, and indeed, the Zn enhanced the stability and prevent any phase 

degradation for over a month. This finding was also confirmed by other groups. 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.6 The PL spectra of pure Zn:Cs2MnBr6 for PLQY measurement using an 

integrating sphere.  
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6.7 Layered 0D Cs2ZnBr4 vs. Isolated 0D Cs3ZnBr5 

 Both materials share have the octahedron as the building block, but they have 

different crystal structure and different Mn-X distance. The Mn-Br distance as mentioned 

earlier affects the PL peak position and the corresponding PLQY. Further, the structural 

dimensionality affects the electronic properties. At lower Mn concentrations the PLQY of 

Cs2ZnBr4 is higher (10% vs. 55% at 0.5 w.% of Mn), while above 1%, the Cs3ZnBr5 has a 

higher PLQY (70% vs. 60% at 2 w.% of Mn). Also, the FWHM of Cs3ZnBr5 is smaller 

compared to Cs2ZnBr4.13 However, one main advantage of Cs2ZnBr4 is the direct bandgap. 

6.8 Mn:Cs2ZnBr4 or Zn:Cs2MnBr4 

 I have synthesized both samples and observed that while both materials emit similar 

wavelengths, the comparison will rely on the role of dopants inside the host material. 

Cs2ZnBr4 itself is not emissive and Mn2+ act as luminescent centers. The PLQY increases 

as a function of Mn until it reaches a certain threshold before it quenches due to Mn-Mn 

interactions. On the other hand, Cs2MnBr4 is emissive but not stable, and Zn serves to 

stabilize the compound against moisture and phase degradation. However, recent reports 

also show that while doping with Zn in Cs3MnBr5 improves thermal stability, the PLQY 

dramatically quenches.  Further, the dual green-red emission in Cs2MnBr4 can be useful 

for thermo-optic applications. 
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6.9 Cs-Mn-X NCs 

 Mn-based material show superior optical properties compared to the Zn-based 

counterpart. However, the issue of stability needs to be addressed, and if doping with Zn 

reduces the PLQY, then other strategies should be sought for to keep the materials stable 

at ambient conditions. Further, for any device applications, the thin film fabrication is 

necessary, which can be facilitated through the synthesis of NCs. Therefore, it is inevitable 

to pursue the synthesis of Cs2MnBr4 NCs directly, hoping that Zn-doping will not be 

required and the device processing could be realized. Initial attempts led to the formation 

of particles around 50 microns with enhanced PLQY up to 60% without the addition of Zn. 

As I prepare this proposal, Cu:Cs2ZnCl4 was reported. The material has a blue emission 

∼2.55	eV	(∼486	nm)	and	a PLQY∼57 ± 7% for a Cu concentration of 2.1%. Further 

doping resulted in PLQY quenching. 

6.10 Conclusion 

In conclusion, I have synthesized ternary metal halides in aqueous solutions and studied 

the effect of doping on their optical properties. Among many potential hosts, DFT results 

on the low-dimensional Cs2ZnBr4 and Cs3ZnBr5 showed remarkable stability and suitable 

direct bandgaps. Doping with Mn resulted in a green/red emissions around 520 nm and 630 

nm, respectively. The dual emission was attributed to the different Mn2+ configurations and 

the corresponding d-d electronic transitions. The thermal stability of the manganese 

compositions was enhanced by introducing Zn2+ ions. However, There was a tradeoff 

between luminescence and stability in which the presence of Zn quenched the PLQY. This 

chapter highlights the rich and interesting structural and optical properties of pure transition 
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metal compounds for as sustainable and feasible candidates for optoelectronic applications, 

especially for narrow-band green emissions. 
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6.11 Appendix 

Table S1 Cs2MnBr4.2H2O Single Crystal X-Ray Diffraction details. 

 

  

Chemical formula Br4Cs2H4MnO2 

Mr 676.43 

Crystal system, space group Triclinic, P-1 

Temperature (K) 120 

a, b, c (Å) 5.9834(3), 6.9968(4), 7.5089(4) 

V (Å3) 285.47(3) 

Z 1 

Radiation type MoKα (λ = 0.71073) 

µ (mm−1) 21.385 

Crystal size (mm) 0.2 × 0.12 × 0.12 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan 

Tmin, Tmax 0.449,0.747 

No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections 

18083, 2403, 3058 

Rint 0.0756 

(sin θ/λ)max (Å−1) 0.58 

R[F2 > 2σ(F2)], wR(F2), S R1 = 0.0329, wR2 = 0.0733, 
S = 1.089 

No. of reflections 3058 

No. of parameters 51 

Δρmax, Δρmin (e Å−3) 2.23/-2.68 
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Figure S1. The powder XRD of CsBr-MnBr2 (3:1) showing a good match with the 

Cs2MnBr4.2H2O pattern generated from the single crystal XRD synthesized in this 

chapter. 
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7 CsMnBr3: Lead-Free Nanocrystals with High Photoluminescence 

Quantum Yield and Picosecond Radiative Lifetime 

7.1 Abstract 

Metal halide compounds, including lead halide perovskite nanocrystals (NCs), have drawn 

the interest of researchers in optoelectronics and photonics to their high photoluminescence 

quantum yields (PLQYs) coupled with relatively short PL lifetimes (in the order of a few 

nanoseconds). However, lead-free metal halides, including double perovskite and their 

doped NCs, recently achieved high PLQY, but their long PL lifetimes that typically range 

from a few nanoseconds to microseconds are a bottleneck towards their practical 

applications. Here we introduce a new lead-free red-emitting CsMnBr3 NCs that resemble 

the optical properties of lead-based perovskites NCs. We find that the octahedral 

coordination of Mn2+ in CsMnBr3 induces a red emission centered at 643 nm with a high 

PLQY ~54% along with an exceptionally short picosecond PL lifetime. The latter finding 

is explained by femtosecond transient absorption spectroscopy and PL decay dynamics, 

suggesting that at lower excitation wavelengths, the higher excited states of Mn2+ relax to 

the low-lying excited state in the sub-nanosecond timescale. However, the low-lying 

excited state of Mn2+ relaxes to the ground state at around 605 ps by emitting light in the 

red region of the visible spectrum. A similar PL peak centered at 640 nm with a short 

picosecond PL lifetime and a relatively high PLQY ~ 6.7% was also detected in CsMnBr3 

single crystals reported in this study. The results show that the crystal structure and the 

strong coupling among Mn2+ ions govern these outstanding properties in CsMnBr3 NCs 

and single crystals. Our density functional theory studies suggested that such strong Mn-
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Mn coupling leads to the metallic band structure in CsMnBr3 in contrast to the well-defined 

band gaps in other compounds in the CsBr-MnBr2 phase diagram. Overall, our lead-free 

CsMnBr3 NCs are the first of their kind showing a bright red emission with a high PLQY 

and picosecond PL lifetime, and ultimately opening the doors for a future of new ultrafast 

lead-free luminescent materials. 

 

7.2 Introduction 

Luminescent materials that combine a high photoluminescence quantum yield (PLQY) 

with a short PL lifetime (nanosecond to sub-nanoseconds) have tremendous scope in 

realizing ultrafast scintillators,1-3 lasers,4 and quantum emitters5, as well as color-

converting phosphors for data communication6 and photodetectors7. Lead halide 

perovskites nanocrystals (NCs) are among the very few materials that demonstrate both 

properties with short PL lifetimes (~ a few nanoseconds) and near-unity PLQY.8-10 This 

has prompted researchers to search for lead-free materials with similar optical properties. 

However, the various lead-free metal halides that show high PLQY exhibit very long 
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lifetimes, limiting their potential applications. For example, lead-free metal halide double 

perovskites that display high PLQY typically have microsecond (µs) PL lifetimes.11-18 

Unlike lead-based perovskites, the emission in these lead-free metal halides typically 

originates from either defects or self-trapped excitons.11-15 This also includes transition 

metals or lanthanide ion-doped semiconductor NCs, which are a popular category for high 

PLQY luminophores, where slow PL decay lifetimes in the order of a few milliseconds 

(ms) are reported.14, 19, 20 This limitation makes these materials impractical in all these 

aforementioned applications, where device functions require emitters with a fast response 

time.21 

Intriguingly, organic-inorganic manganese-based halides reported in the literature can 

show structure-dependent PL decay kinetics.22-26 These materials usually have a relatively 

high PLQY and green and red emissions from the d-d transition of Mn2+ ions in the 

tetrahedral and octahedral coordination, respectively. However, the PL lifetime of Mn-

emission can vary from a few nanoseconds to milliseconds depending upon the structure, 

types of halide ions, the local environment of Mn2+, and most crucially, the shortest Mn-

Mn distance.23-26 For example, Rodríguez and co-workers found that the PL lifetime of the 

Mn2+ emission in [(CH3)4N]2MnBr4 decreases by two orders of magnitude when the 

structure changes to [(CH3)4N]MnBr3.24 The authors ascribed the shorter PL decay lifetime 

to the relatively shorter Mn-Mn distance of 3.25 Å in [(CH3)4N]MnBr3 compared to 7.89 

Å in [(CH3)4N]2MnBr4. Moreover, a recent work on [C4H10N]MnBr3 with a Mn-Mn 

distance of 3.38 Å showed a PL peak ~ 628 nm with a fast radiative decay (~1.4 ns) and a 

high PLQY (46%)25. However, the nanosecond PL lifetime was attributed to the emission 

originating from the Mn clusters facilitated by the arrangement of pyrrolidine molecules.25 
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Clearly, the origin of the unusual short lifetimes of Mn2+ in compounds with short Mn-Mn 

distances is still far from being understood.  

The lack of organic-inorganic manganese-based halides NCs in the literature could be 

understood in terms of the difficulty to synthesize such materials in the NCs form in 

addition to the poor crystallinity and thermal instability of organic compounds in general. 

Thus, we opted to study the all-inorganic CsMnBr3 NCs. The intrachain Mn-Mn distance 

in this compound is very short ~2.7 Å and we speculated that it may introduce a strong 

coupling of optical transition dipoles between neighboring Mn atoms along the 1D chain.27 

This short Mn-Mn distance motivated the exploration of the optical properties of CsMnBr3 

NCs.24, 25  

Here, we have reported a colloidal synthesis of CsMnBr3 NCs and studied their 

structural and optical properties. The NCs show an intense red emission at 643 nm with a 

high PLQY ~54% and a surprisingly ultrashort PL lifetime in the order of several hundreds 

of picoseconds. Structural studies confirmed the octahedral coordination of Mn2+ and the 

strong Mn-Mn coupling in CsMnBr3 NCs. Steady-state optical absorption and PL 

excitation (PLE) spectra of CsMnBr3 NCs revealed the well-defined peaks of d-d 

transitions of the Mn2+ units. Transient absorption spectroscopy and DFT studies were 

carried out to investigate the photophysics and the electronic band structure in CsMnBr3 

NCs. To check whether the surface of NCs plays any role in the unusual photophysics, we 

synthesized CsMnBr3 single crystals, and we observed a similar red PL emission ~ 640 nm 

and a fast luminescence decay, consistent with our findings on NCs. To the best of our 

knowledge, these materials exhibit the shortest PL lifetime in any highly luminescent NCs. 
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These findings open a new avenue for realizing ultrafast luminescence-based devices and 

a future of luminescent materials beyond lead-based perovskites. 

7.3 Results and Discussion 

The colloidal synthesis of CsMnBr3 NCs is not trivial due to the formation of other 

competing phases by slightly varying the reaction parameters such as reactants 

concentration and temperature, as demonstrated by the CsBr-MnBr2 phase diagram.28 

Here, we prepared CsMnBr3 NCs using a separate bromide precursor following a previous 

report for lead-free metal halide NCs.11, 29 Typically, manganese acetate and cesium acetate 

are dissolved in octadecene using oleic acid and oleylamine ligands followed by the 

injection of benzoyl bromide precursor. The precursor concentration is carefully optimized 

to obtain phase-pure CsMnBr3 NCs; see the experimental section in supporting information 

(SI) for more details.  

The crystal structure of CsMnBr3 consists of one-dimensional (1D) chains of distorted 

face-sharing octahedra along the c-axis that are bridged by Cs ions as depicted in Figure 

1a,b. Interestingly, the Mn-Mn distance is very short ~2.7 Å along the c-axis leading to 

strongly-coupled optical transitions, as we will discuss later. The phase purity of CsMnBr3 

NCs was investigated by powder X-ray diffraction (PXRD), revealing a hexagonal crystal 

structure and a P63/mmc space group consistent with the literature on bulk CsMnBr3 

(Figure 1c).30, 31 

Transmission electron microscopy (TEM) images of CsMnBr3 NCs show a hexagonal 

morphology (Figure 1d), matching the hexagonal crystal structure of CsMnBr3 with a mean 

size ~ 25 ± 4.8 nm along the elongated hexagon (Figure 1g); see more TEM images in 

Figure S1. The high-resolution TEM (HRTEM) image in Figure 1e displays NC lattice 
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planes with an interplanar distance of 0.30 nm assigned to the (021) planes. The single-

crystalline nature of the NCs was confirmed via Fast Fourier transform (FFT) measurement 

of a single NC from the image presented in Figure 1e featuring bright and structured 

diffraction spots, as shown in Figure 1f. We then studied the local environment around the 

Mn2+ ions in CsMnBr3 NCs through electron paramagnetic resonance (EPR) spectroscopy. 

The broad EPR signal from the Mn2+ centers and the absence of the sextet hyperfine 

splitting pattern (usually obtained for five unpaired electrons of isolated Mn2+) indicated a 

strong Mn-Mn interaction (Figure 1h) compared to doped Mn2+ ions in semiconductor 

NCs.32 Thermo-gravimetric analysis (TGA) in Figure S2 suggested a 21% weight loss 

between 200 – 300 °C, which is due to the decomposition of the organic ligands present on 

the surface of NCs. Above 300 oC, we observed no further loss up to 590 oC, highlighting 

the inorganic part’s thermal stability in CsMnBr3 NCs. Finally, ligands on the surface of 

NCs after several washes were verified via Fourier transform infrared (FTIR) spectroscopy 

(Figure S3).  

It is worth mentioning that the CsMnBr3 phase has the highest dimensionality in the 

CsBr-MnBr2 phase diagram when compared to the other known phases, Cs2MnBr4 and 

Cs3MnBr5, wherein the [MnCl4]2- tetrahedra are isolated in the zero-dimensional crystal 

structure.23 Therefore, CsMnBr3 phase is expected to have unique optical properties 

induced by the crystal structure and the local environment of the Mn2+ ions.  
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Figure 7.1 Structural characterizations of CsMnBr3 NCs. (a) A schematic of the CsMnBr3 

crystal structure presenting the octahedral coordination of Mn2+. (b) The crystal structure 

along the c-axis. (c) XRD pattern of NCs film synthesized in this work (black) and the 

calculated reference pattern (red). (d) TEM and (e) HRTEM images of NCs featuring a 

hexagonal morphology. (f) FFT pattern of a single CsMnBr3 NC obtained from image (e). 

(g) Size distribution histogram of NCs with an average size ~25.4 ± 4.8 nm. (h) EPR 

spectrum of CsMnBr3 NCs powder. 

 

     To elucidate the the optical properties of CsMnBr3 NCs, we recorded the steady-state 

absorption spectrum of CsMnBr3 NCs dispersed in hexane. The spectrum in Figure 2a 

shows five structured peaks at 364 nm, 378 nm, 432 nm, 455 nm, and 544 nm. The overlaid 

photoluminescence excitation (PLE) spectrum in Figure 2a also shows similar peaks after 

monitoring the emission at 650 nm. These peaks typically arise from the d-d transitions 

present in the octahedrally coordinated Mn2+ ions.24 The assignment of these peaks is based 
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on the crystal field theory (CFT) and Tanabe-Sugano (T-S) diagram. The T-S diagram 

shown in Figure 2b was calculated based on two parameters: the crystal field splitting 

energy (Δ) which measures the degree of splitting in d-orbitals, and Racah’s parameter (B) 

that measures the metal-ligand bond strength.33, 34 The splitting of the five low-lying 

excited states in Mn2+ is shown in the T-S diagram in Figure 2b. The experimental optical 

d-d transitions of Mn2+ in CsMnBr3 NCs are represented by the dashed line determined 

from the ratio between the lowest two transitions at 544 nm and 455 nm. Therefore, the B 

and Δ were found to be 760 cm-1 and 8494 cm-1, respectively (Table 1). The assignments 

of the five peaks in the absorption and PLE spectra are depicted in Figure 2a and 

summarized in Table 1. 

 

Table 1. Assignment of Mn2+ based d-d transitions in the PLE and absorption spectra of 

CsMnBr3 NCs along with the crystal field splitting energy and Racah’s parameter. 

Transition Wavenumber (cm-1) 

6A1à4T1(G) 18518 

6A1à4T2(G) 22222 

6A1 à 4A1,4E (G) 23095 

6A1 à 4E (D) 26316 

6A1à 4T2g(D) 27473 

Δ/B 11.18 

B 760 

Δ 8494 

Emission 4T1→6A1 15552 
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Interestingly, CsMnBr3 NCs show bright red photoluminescence (PL) spectrum centered 

at 643 nm with a full-width at half-maximum (FWHM) ~78 nm (Figure 2c). The red PL 

spectrum is identical at the three different excitation wavelengths selected from the PLE 

spectrum (Figure S4a). Therefore, we attribute the red PL emission to the relaxation from 

the low-energy excited state to the ground state of Mn2+ (4T1 à 6A1) as illustrated in Figure 

2d, in agreement with the assignment of the red emission in the octahedrally coordinated 

Mn2+ in the literature.35, 36 The PLQY was then measured using an integrating sphere. Our 

optimized conditions of [Cs:Mn] molar ratio of [0.5:1] showed a maximum PLQY ~ 54% 

(Figure 2e) with a batch-to-batch reproducibility. The colloidal NCs retained more than 

70% of their initial PLQY upon storage inside the fume hood for 20 days (Figure 2e). When 

we used higher Cs concentration to synthesize CsMnBr3 NCs, the maximum PLQY 

dropped to ~40% for [1:1] molar ratio of [Cs:Mn], and we detected impurities and 

undesired phases. We then calculated the intrinsic absorption coefficient of CsMnBr3 NCs 

using the equation 𝜇i = ;<($%)∗!
@A

, where 𝐴 = absorbance, 𝐿 = path length (cm), 𝜇i = intrinsic 

absorption coefficient (in units of cm-1), and 𝑓	= volume fraction of NCs, as reported in the 

literature.37, 38 We obtained the concentration and volume fraction of NCs following a 

methodology explained elsewhere.39 The intrinsic absorption coefficient in Figure 2f was 

then used to calculate the molar absorption coefficient (ε) through the equation 

ε  = B"∗@
;<($%)∗4

, where 𝑐 is the concentration of NCs.38 The ε value at 544 nm is 83.6 M-1 cm-

1 (assuming NCs with an average size ~ 25 nm), which is relatively high for spin and 

Laporte forbidden d-d transition of Mn2+. The high absorption coefficient may originate 
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from the high Δ ~1.05 eV (8494 cm-1 from Table 1) and the strong intrachain Mn-Mn 

coupling in CsMnBr3 structure (Figure 1a).23, 24 

 

 

 

Figure 7.2 Optical properties of CsMnBr3 NCs. (a) PLE and absorption spectra with the 

assigned d-d transitions in the octahedrally coordinated Mn2+. (b) Tanabe-Sugano diagram 

showing five low-lying excited states of Mn2+ in the presence of ligand crystal field. The 

dashed line represents the Δ/B ratio calculated from the experimental data of the d-orbitals 

in Figure 2a. (c) PL spectrum of CsMnBr3 NCs upon illumination at 450 nm. Inset: 

photograph of colloidal CsMnBr3 NCs before (left) and after excitation with UV light 

(right). (d) Energy level diagram for d-d transitions and the PL emission from the free and 

octahedrally coordinated Mn2+ ions in CsMnBr3 NCs. (e) PLQY of the red emission for 

different [Cs:Mn] molar ratios along with the PLQY stability of the colloidal NCs. (f) The 
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intrinsic absorption coefficient of NCs with a typical molar absorption coefficient of 83.6 

M-1 cm-1 at 544 nm, assuming NCs with an average size ~ 25 nm. 

    Time-resolved PL (TRPL) was measured by probing the PL at 643 nm at the three 

different excitation wavelengths corresponding to the Mn2+ d-d transitions in the PLE 

spectrum (Figure 2a and 3a). Unlike the PL peak position, the PL decay dynamics strongly 

depend on the excitation wavelength, similar to a prior report on [(CH3)4N]MnBr3.24 The 

experimental TRPL decay upon excitation at 450 nm and 380 nm were fitted with a tri-

exponential decay function with two nanoseconds and one picosecond components for each 

excitation (see Figure 3a and Table S2 for fitting parameters). However, the PL decay 

obtained upon excitation at 540 nm showed only a single component ~605 ± 56 ps after 

fitting with a mono-exponential decay function. The fast PL decay in the order of a few 

nanoseconds to several hundreds of picoseconds and its excitation dependence in CsMnBr3 

NCs is unexpected given that the d-d transitions in the octahedrally coordinated Mn2+ are 

typically spin and parity forbidden. The origin of such ultrafast PL decay dynamics in NCs 

will be discussed later. We then studied the temporal dynamics of the excited states in NCs 

and their dependence on the excitation wavelength using femtosecond transient absorption 

spectroscopy. The excited state of NCs upon excitation at 380 nm (Figure 3b) was short-

lived and decayed to the ground state within (5.2 ps and 1.14 ns) when probed at 550 nm 

(Figure S5), in agreement with the TRPL decay dynamics of CsMnBr3 NCs discussed 

earlier. However, when the excitation wavelength was between 450 and 500 nm, the 

excited state dynamics of NCs revealed some interesting photophysics. We discuss here 

the 480 nm excitation data (probe was at 580 nm) shown in Figure 3c. Initially, the excited 

state of NCs decayed very quickly within the time constants of 50 ± 2 ps, followed by 
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repopulation of the excited state in 400 ± 15 ps time. One possible explanation for such 

observation is that the higher energy excited state transferred the excess energy to the low 

lying excited state of Mn2+ (Figure 3d). In other words, there is a delay in populating the 

low energy excited state of Mn2+ before it returns to the ground state. The final low-lying 

excited state, 4T1 of Mn2+, then decayed to ground state in 600 ± 24 ps (Figure 3d), which 

is matching to TRPL decay lifetime of 605 ± 56 ps obtained at 540 nm excitation (Figure 

3a). Therefore, excitation dependence of TRPL lifetime and additional components 

observed at higher excitation energies (lower excitation wavelengths) originate from the 

delay in the relaxation of the higher excited states of Mn2+ to the low-lying excited state. 

The actual PL lifetime of red emission in CsMnBr3 NCs is thus concluded as 605 ± 56 ps. 
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Figure 7.3 The photoluminescence decay kinetics of CsMnBr3 NCs. (a) TRPL 

spectroscopy of the NCs. (b) Transient absorption spectra of the NCs excited at 380 nm 

and acquired at a selection of delay times. (c) Transient kinetics as a function of time delay 

at 580 nm when excited at 480 nm. (d) Energy level diagram depicting relaxation pathways 

of excited states to the ground state in Mn2+ after excitation at 480 nm.  
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To confirm that surface defects in CsMnBr3 NCs do not play a major role in our hypothesis 

of the ultrafast PL decay, we successfully synthesized CsMnBr3 single crystal and 

compared the optical and structural properties. Single-crystal XRD data confirmed the 

coordination and space group of CsMnBr3 single crystal (Table S1), consistent with the 

crystal structure adopted by CsMnBr3 NCs (Figure 1c). Further, CsMnBr3 single crystals 

and NCs share the same red emission and the picosecond PL decay dynamics of excited 

states of Mn2+ along with a two nanosecond component (Figure S6). The fast PL decay 

component in single crystals is ~550 ps, close to the 605 ps PL lifetime observed in 

CsMnBr3 NCs for the same red emission. 

Previous studies showed that the PL lifetime of the d-d transitions in Mn2+ could vary 

significantly and is sensitive to the surrounding halide ions, local coordination, and 

especially to the adjacent Mn-Mn distances.23, 24, 26, 40. Thus, to understand the role of the 

Mn-Mn distances on the electronic band structure that governs the optical properties in 

CsMnBr3, we performed density functional theory (DFT) calculations on three known 

phases with different Mn-Mn distances; CsMnBr3, Cs2MnBr4, and Cs3MnBr5. 

The spin-polarized calculations at the Generalised Gradient Approximation (GGA) and 

Perdew-Burke-Ernzerhof (PBE) levels revealed the electronic band structures and the 

projected density of states (PDOS) for the three phases and the results are presented in 

Figure 4 (see Figure S7 for the probed Brillion zones). The intrachain Mn-Mn distance of 

2.7 Å in CsMnBr3 crystal structure is very short compared to 7.13 Å and 9.81 Å for 

Cs2MnBr4 and Cs3MnBr5 phases, respectively (Figure 4). The shorter Mn-Mn distance in 

the CsMnBr3 structure leads to the strong coupling of adjacent Mn2+ atoms; hence, the 

metallic band structure in Figure 4. On the other hand, the absence of the Mn-Mn coupling 
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in Cs2MnBr4 and Cs3MnBr5 structures leads to a semiconducting electronic band structure 

with well-defined band gaps. This new finding highlights the significance of the Mn-Mn 

distance on the nature of the host materials' electronic band structure and optical behavior. 

Similarly, we can conclude that the 4T1 excited states of coordinated Mn2+ ions are also 

coupled along the 1D chains in the CsMnBr3 structure, leading to ultrafast picosecond PL 

lifetimes. We also note that few reports in the literature suggested that the short Mn-Mn 

distance of 3.38 to 3.6 Å in organic-inorganic manganese bromides leads to a red emission 

with a few nanoseconds PL lifetime.25, 26 However, the Mn-Mn distance of 3.38 Å is 

slightly greater than the 2.7 Å realized in CsMnBr3 structure, which could explain the much 

faster PL lifetime of 605 ps observed in our NCs. This ultrafast picosecond PL lifetime of 

CsMnBr3 NCs can be exploited to design lead-free ultrafast scintillators, lasers and visible 

communication devices.  
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Figure 7.4 Calculated electronic band structures and projected density of states (PDOS) at 

the GGA/PBE level for CsMnBr3, Cs2MnBr4, and Cs3MnBr5, with different Mn-Mn 

distances. 

 

Prior literature suggests PL lifetime of d-d transition in Mn2+ can vary significantly 

depending upon surrounding halide ions, coordination, and Mn-Mn distance without 

compromising PLQY.23, 24, 26, 40 Typically octahedral coordination of bromide ions around 

Mn2+ results in shorter PL lifetime of Mn2+ centered d-d transition compared to the same 
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metal ion in octahedral or tetrahedral coordination of chloride ions. To understand the role 

of Mn-Mn distance on electronic band structure that governs optical properties, we 

performed density functional theory (DFT) calculations on systems with different Mn-Mn 

distance in three known phases CsMnBr3, Cs2MnBr4, and Cs3MnBr5. The spin-polarized 

calculations at the Generalised Gradient Approximation (GGA) and Perdew-Burke-

Ernzerhof (PBE) levels reveal the electronic bands and the projected density of states 

(PDOS) for all three phases in Figure 4. The Mn-Mn distance of 2.7 Å in the CsMnBr3 

structure is very short along one dimension compared to 7.13 Å, and 9.81 Å for Cs2MnBr4 

and Cs3MnBr5 phases, respectively (Figure 4). This shorter Mn-Mn distance in CsMnBr3 

structure leads to strong coupling of adjacent Mn2+ atoms; hence, the metallic band 

structure in Figure 4 is realized. Unlike this metallic band structure of the  CsMnBr3 phase, 

the absence of Mn-Mn coupling in Cs2MnBr4 and Cs3MnBr5 structure leads to 

semiconducting electronic band structure with well-defined band gaps. This new finding 

highlights the tremendous impact of the Mn-Mn distance on the nature of electronic band 

structure and optical behaviors of the host materials.  

Similarly, we can conclude that the 4T1 excited state of one Mn2+ is also coupled with 

adjacent Mn2+ along the 1D in CsMnBr3 structure, leading to ultrafast picosecond PL 

lifetime of red emission from both NCs and single crystal. The inherent short Mn-Mn 

distance of 2.7 Å is due to face-sharing octahedra along 1D in CsMnBr3 structure.24, 25 We 

also note that few prior reports suggest that the short Mn-Mn distance of 3.38 to 3.6 Å in 

organic-inorganic manganese bromides leads to a few nanosecond PL lifetimes of Mn2+ 

based red emission.25, 26 However, Mn-Mn distance of 3.38 Å is slightly higher than 2.7 Å 

realized in CsMnBr3 structure, hence, much faster PL lifetime of 205 ps is observed in our 
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NCs. The picosecond PL lifetime of CsMnBr3 NCs can be exploited to design ultrafast 

scintillators and sensors. 

7.4 Conclusion 

      In conclusion, we successfully synthesized red-emitting phase-pure CsMnBr3 NCs 

with a relatively high PLQY ~54% and an ultrashort PL lifetime ~605 ps. The colloidal 

NCs show good PLQY stability, with 70% of the initial PLQY retained after three weeks 

of storage in ambient conditions. Surprisingly, the PL decay lifetime of the red emission 

showed dependency on the excitation wavelengths. Transient absorption studies suggest 

that upon excitation with lower pump wavelengths in the range of 450 to 500 nm, relaxation 

of the higher excited states of Mn2+ to the low-lying excited state occurs in a sub-

nanosecond timescale. This relaxation time becomes evident in the TRPL decay dynamics, 

especially at lower excitation wavelengths. The red emission and the picosecond PL 

lifetime are also observed in CsMnBr3 single crystals, rolling out the interference of the 

NCs’ surface defects in the ultrafast photophysics. DFT studies suggest a strong Mn-Mn 

coupling in the ground state of the CsMnBr3 phase leading to a metallic electronic band 

structure compared to the other phases, Cs2MnBr4 and Cs3MnBr5, that show well-defined 

band gaps. Further, the coupling of 4T1 excited states in the adjacent Mn2+ ions due to the 

short Mn-Mn distance of 2.7 Å leads to a few hundreds of picoseconds PL lifetime in 

CsMnBr3 NCs and single crystals. Overall, the relatively high PLQY and the picosecond 
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PL lifetime in CsMnBr3 NCs pave the way towards the development of ultrafast lead-free 

metal halides scintillators and sensors. 
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7.6 Appendix 

 

 

 
 
 

Figure S1. (a) Additional TEM images of CsMnBr3 NCs with an average size of 25 ± 4.8 

nm along the elongated hexagonal shape (see size distribution in Figure 1g of main 

manuscript). (b) HRTEM image of NCs displaying lattice fringes.  
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Figure S2. Thermogravimetric analysis of CsMnBr3 NCs showing 21% weight loss due to 

decomposition of organic ligands in the temperature range of 200 to 300 oC. Few percent 

weight loss is observed around 100 oC, which is due to solvent evaporation.   
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Figure S3. Fourier transform infrared (FTIR) spectra of CsMnBr3 NCs that are capped 

with oleic acid and oleylamine. 
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Figure S4. (a) PL emission spectra of CsMnBr3 NCs after exciting at three different 

excitation wavelengths. The overall spectral shape, full width half maximum remains 

similar after excitation was carried out at different energies. (b) Time-resolved PL decay 

dynamics of CsMnBr3 NCs recorded at different emission wavelengths and fitted to a 

triple-exponential decay function, λexc = 380 nm. Qualitatively the nature of PL decay 

dynamics remains similar at different emission energies suggesting that the origin of 

emission is from a single species.  
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Figure S5. Pump-probe based temporal evolution of the excited state of CsMnBr3 NCs 

upon excitation with 480 nm pump wavelength.  
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Figure S6. (a) Photograph of vial containing CsMnBr3 single crystals obtained via solution 

process, inset show photographs of single crystals obtained under day light and UV light. 

(b) PL spectra of CsMnBr3 single crystal centred at ~640 nm with full-width half maximum 

of 80 nm. The single crystals show PLQY ~6.7% when measured immediately after 

synthesis. Qualitatively red PL emission from single crystal is similar to PL emission from 

NCs. (c) Time-resolved PL decay dynamics of CsMnBr3 single crystal fitted with a tri-

exponential decay function. The fitted components obtained are 550 ps (96.6%), 12.3 ns 

(2.5%), and 81.3 ns (0.8%); λexc = 380 nm. 
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Figure S7. Γ-centered 6×6×6 k-mesh of the Brillion zones that were probed using DFT in 

CsMnBr3, Cs2MnBr4, and Cs3MnBr5. 
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Table S1. The obtained parameters from single crystal X-ray diffraction of CsMnBr3 single 
crystal. 

 
 

Chemical formula Br3CsMn 

Mr 427.58 

Crystal system, space group Hexagonal, P63/mmc 

Temperature (K) 120 

a, b, c (Å) 7.5593(10), 6.4740(11) 

V (Å3) 320.38(10) 

Z 2 

Radiation type MoKα (λ = 0.71073) 

µ (mm−1) 26.219 

Crystal size (mm) 0.3 × 0.3 × 0.25 

Diffractometer Bruker APEX-II CCD 

Absorption correction Multi-scan 

Tmin, Tmax   

No. of measured, 
independent and 
observed [I > 2σ(I)] 
reflections 

4468, 192, 241 

Rint 0.0658 

(sin θ/λ)max (Å−1) 0.67 

R[F2 > 2σ(F2)], wR(F2), S R1 = 0.0234, wR2 = 0.0599, 
S = 1.200 

No. of reflections 4468 

No. of parameters 10 

Δρmax, Δρmin (e Å−3) 1.99/-1.02 
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Table S2. PL decay parameters obtained after fitting experimental data shown in Figure 

3a of main manuscript for three different excitation wavelengths in CsMnBr3 NCs.  
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λ (excitation) 𝝉𝟏 𝝉𝟐 𝝉𝟑 

380 nm 653.4  ± 44 ps 

(67.7%) 

2.03  ± 0.11 ns 

(27.4%) 

12.9 ± 0.73 ns 

(4.9%) 

450 nm 549.4  ±  67   ps 

(91.6%) 

1.71  ± 0.28 ns 

(5.6%) 

20.86  ± 1.1  ns 

(2.72%) 

540 nm 605.0 ± 56 ps - - 



 

 

151 

 

8 Conclusion, Challenges and Opportunities 

This thesis started with the investigation of the controversy regarding the origin of 

emission of zero-dimensional perovskites, Cs4PbBr6 and Cs4PbI6. The results highlight the 

outstanding luminescence of these compounds that have attracted great attention in the past 

few years. The comparison between the 0D and 3D perovskites through a series of optical 

studies excluded the 3D phases as the origin of emission. In parallel, the results from the 

DFT proposed the defects as a possible origin.  

While the development of lead-halide 0D perovskites continue to surpass other 

luminescent materials, their implications is limited by the toxicity of lead. Thus, there is a 

significant demand for materials that are toxic-free with analogs electrical and structural 

properties. In this context, I have investigated transition metals, and in particular, Zn-based 

material as hosts for Mn2+ luminescent centers. Substituting manganese ions in the 

tetrahedral coordination site of Zn results in a bright green luminescence. However, the PL 

spectrum indicated the presence of mixed phases which motivated the investigation of Mn-

based materials only. The PL peaks of the solid-state compounds were between 520 nm – 

525 nm with PLQY between 34%- 60% with narrow relatively FWHM.  

Finally, we have synthesized single crystals and nanocrystals of the one-dimensional 

all-inorganic CsMnBr3. The NCs have a bright red PL peak at 650 nm with a PLQY as 

high as 54%, while the single crystals show slightly shifted PL peak at 640 nm with PLQY 

~6.7%. Interestingly, both materials show fast radiative recombination in the order of 

nanosecond and shorter, much faster than other manganese-based compositions reported 

in literature. These findings represent a milestone towards lead-free luminescent materials 
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with properties competitive to the lead-halide perovskites counterpart. The summary of the 

developed materials are presented in Table 8.1. 

 

Table 8.1 A comparative analysis of the various luminescent materials developed in this 

thesis. 

Material PL FWHM PLQY Synthesis Method 

Cs4PbBr6  

(powder) 

520 nm ~35 nm 45% ITC 

 

Cs4PbI6  

(powder) 

700 nm ~ 35 nm 14-18% ITC 

Zn:Cs2MnBr4 

(powder) 

525 nm ~ 38 nm 34% Evaporation 

Mn:Cs2ZnBr4 (powder) 520 nm ~ 35 nm 60% Antisolvent  

CsMnBr3  

(NCs) 

643 nm ~ 78 nm 54% Hot-injection 

method 

CsMnBr3 

(single crystals) 

640 nm ~ 65 nm 6.7% evaporation 
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Although the materials presented in this thesis show interesting structural and 

optical properties, there are still many challenges to overcome when considering their 

implementation into commercial applications. First, CsMnBr3 materials have low 

absorption coefficient in the visible spectrum. This is also the issue with many existing 

rare-earth phosphors-based red-emitting materials in which their weak absorption in the 

blue range of the visible spectrum coupled with the narrow absorption bands in the blue 

part result in a cool white light. As such, the overall device luminescence is not natural to 

the human eye, rendering their luminescence inefficient. 

Further, while 0D perovskites have high PLQY and remarkable stability, and the Zn- 

and Mn-based compounds have the advantage of being toxic-free, none of them have good 

electronic properties. The high-electronic dimensionality and good charge carrier 

mobilities are pivotal in developing many optoelectronic applications and especially LEDs. 

In fact, a central challenge in realizing perovskites in the global lighting and 

optoelectronics market is the low electronic dimensionality. When we first grew the 0D 

perovskites and later the tetrahedrally- and octahedrally-coordinated metal halides, we 

focused on tackling the issues of low PLQY, stability and toxicity. While these materials 

are good as phosphors, the attempts to make LED were not fruitful, due to the low electrical 

and structural dimensionalities. However, for optoelectronic applications, we need to 

consider the electronic properties and charge carrier behavior to close the loop of good 

light-emitting materials. While tetrahedrally-coordinated metal halides are good light 

emitters, their tetrahedral building block limits the ability to form extended structures as in 

the 3D perovskites counterpart. Therefore, the first step to use perovskites is to replace the 

Pb in CsPbX3 derivatives or investigate other compositions with high electronic 
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dimensionality. A good example is the case of lead-free halide perovskite materials with 

the formula A2M(I)M(III)X6 that reportedly have low electronic dimensionality despite 

having a three-dimensional lattice structure. Consequently, their implementation in 

photovoltaic and LED has been hindered. In effort to tackle this issue, antimony-

based layered halide double perovskites Cs3+nM(II)nSb2X9+3n (M = Sn, Ge) has been 

proposed, in analogy to layered Pb perovskite (BA)2(MA)n−1PbnI3n+1.1 This structure has 

been derived by incorporating  [MI6] octahedral layers into the layered polymorph of 

Cs3Sb2I9 as presented in Figure 8.1. As the number of layers n increases, the electronic 

dimensionality increases while the bandgap and effective masses simultaneously decrease. 

Recently, the Cs4CuSb2Cl12 perovskite-type nanocrystals (NCs) were reported.2 The 

reported bandgap is direct at 1.79 eV, lower than the 2.05 eV of Cs3Sb2I9, but higher that 

the predicted bandgap of 1 eV. The difference was attributed to the quantum confinement 

at the nanoscale. The measured dark current was around 10–6–10–4 mA/cm2 similar to the 

reported QD-based LED. The relatively low dark current density was attributed to the low 

carrier density and mobility. However, the photocurrent peak is 30 times higher than that 

of Cs2AgSbCl6 NC-based photodetector under the same conditions. 
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Figure 8.1.  Illustration of the general design principle for the layered halide double 

perovskites Cs3+nM(II)nSb2X9+3n (M = Sn, Ge) by inserting [MIIX6] octahedral layers into 

the [Sb2X9] bilayers. Left and right panels show the crystal structures of Cs3Sb2I9 and 

hypothetical Cs3+nM(II)nSb2I9+3n with n = 3, respectively. Adapted from ref. 1 

 

The initial value of the bandgap is set by the M cations, and both cations are 

preferred to be isoelectronic. Therefore, for LED, a material with at least a bandgap in the 

visible spectrum is required. A possible candidate could be the 2D Cs3Bi2Br9 with a 

bandgap of 2.62 eV emitting at 414 nm and 433 nm with an FWHM of 50 nm and PLQY 

up to 29.6%.3 Upon transforming this material into Cs3+nM(II)nBi2X9+3n and the increases 

in n, a red shift in the PL and absorption along with increase in the photocurrent are 

expected. 
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