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ABSTRACT  

Engineering of Photophysical Properties in Halide Perovskites: From Nano 

to Bulk for Optoelectronic Applications 

Ibrahim Dursun 

 

Halide perovskites have attracted the attention of a broad segment of the optoelectronics 

field, owing to their outstanding optical and electrical properties; simple low-temperature 

solution processing; low-cost raw materials; and tunable bandgaps. The main objective of 

this dissertation is engineering the materials’ properties of halide perovskites – their 

crystallinity, composition, and dimensionality – in order to understand the fundamental 

photophysical processes leading to their extraordinary behavior and to translate this 

understanding into optoelectronic applications. This dissertation is divided into two parts: 

the first focuses primarily on halide perovskites as a photonic source from an emission 

perspective, whereas the second is devoted to fundamental investigation of emergent 

photophysical concepts in halide perovskite materials including photon recycling and hot 

carriers. 

In the first part of this dissertation, we studied the synthesis and characterization of Cs-Pb-

Br-based perovskite-related single crystals to elucidate the origin of the materials’ emission 

properties. After that, we presented perovskite nanocrystals (NCs) as a color converter in 

solid state lighting and visible light communication. Perovskites NCs’ converted white 

light (with a high color rendering index of 89 and a color correlated temperature of 3236 

K) exhibits an extraordinary modulation bandwidth of 491 MHz, and data transmission 

rate of 2 Gbit/s. 
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In the second part of this dissertation, we developed a facile synthesis method for 

perovskite microwires and demonstrate efficient photon recycling in those microwires with 

conclusive spectroscopic evidence. Subsequently, we investigated hot charge carriers in 

halide perovskites solar cells by a combination of laser spectroscopy and density functional 

modelling. Furthermore, we presented that hot holes were extracted at the device interface 

between the perovskite absorber and a hole transport layer. 

The findings and methodologies described in this dissertation represent a significant 

advance for utilizing the optical properties of halide perovskites, bring new fundamental 

photophysical insights to the field of halide perovskites, and provide a new powerful 

approach for designing the interface of perovskite solar cells to efficiently extract the hot 

charge carriers. 
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Chapter 1. Introduction 
 

1. 1 Overview of Perovskite Materials 
 

The term perovskite name is derived from the mineral structure of calcium titanium oxide 

(CaTiO3), discovered by Gustov Rose in 1839, and named after mineralogist Lev A. 

Perovski (1792-1856).1-2  Perovskite has the general chemical formula of ABX3 where A 

and B refer to two different sized cations, and X to anions. Metal oxide perovskites (X=O) 

have been most famous in the study of the perovskite family due to the remarkable 

ferroelectric and superconductive applications.1, 3 The first lead halide based perovskite 

structure was reported in cesium lead halide (CsPbX3) by Moller in 1958.4 After that, the 

first organic-inorganic lead halide perovskite with methylammonium (CH3NH3
+, MA+) 

organic cation was explored by Weber and co-workers in 1978 for Cl, Br, and I.5-6 In the 

late 20th century, D. Mitzi and co-workers utilized layered organic-inorganic halide 

perovskite as a semiconductor in thin film transistors (TFT).3, 7 However, their 

contributions to photovoltaics (PV) and other promising optoelectronic applications, for 

instance, light emitting diodes (LEDs), laser, and photodetectors devices appeared in the 

past 5-8 years.8-9  

1. 2 The Crystal Structure of Halide Perovskites 
 

In the case of hybrid lead halide perovskite, the A+ site refers to an inorganic and/or organic 

cation such as MA+, formamidinium (CH(NH2)2
+, FA+) and cesium (Cs+). MA and/or FA 

based halide perovskites are mostly utilized for the PV field. The B+2 site stands for a 

divalent heavy metal cation from the 6A group such as lead (Pb) and tin (Sn). In this thesis, 

we will consider only Pb based halide perovskites. By replacing the oxygen anion of oxides 
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perovskites, as the name implies, halide perovskites uses an inorganic halide of Cl-, Br-, 

and I-. Ideal perovskite crystal structure has cubic symmetry with a three-dimensional 

network of corner-sharing BX6 octahedra with the A cation that fits into the 12-fold 

coordinated holes (see Figure 1.1).3, 10 Although there are many alternate choices of A, B, 

and X ions, there is a tolerance factor developed by Goldschmidt11, described by 𝑡 =

(𝑅𝐴 + 𝑅𝑋) [√2 (𝑅𝐵 + 𝑅𝑋)]⁄  where 𝑅𝐴, 𝑅𝐵, and 𝑅𝑋 are the ionic radii of A, B, and X 

respectively.1 In general, the tolerance factor should satisfy the range of 0.85 < t < 1.11 to 

obtain stable cubic perovskite structure.3 In addition to the tolerance factor, the octahedral 

factor criterion,µ = 𝑅𝐵 𝑅𝑋⁄ > 0.42 should be fulfilled for the formation of a stable 

perovskite.12-13 Therefore, two-dimensional µ-t map is relevant in showing the halide 

perovskite formability regions by both limitations.14    

 

Figure 1.1 a) The crystal structure of halide perovskite of ABX3. The most widespread 

perovskite in optoelectronic devices is methylammonium (MA) and cesium (Cs) lead 

trihalide, for which A = CH3NH3 and Cs, B = Pb, and X = Cl, Br or I. Adapted from ref.15 

with permission from Nature Publishing Group b) The two-dimensional µ-t map indicates 

the halide perovskite formability area by both limitations. Reproduce from.14  
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Interestingly, halide perovskites exhibit important structural and chemical compositional 

tunability. Mainly, the metal halide octahedra [BX6] (the essential building block of halide 

perovskite) can be prepared in various ways. They can be linked in three-dimensional (3D), 

two-dimensional (2D), and one-dimensional (1D) frameworks, or isolated to form zero-

dimensional (0D) crystal structures (see Figure 1.2).16-17 These lower dimensional perovskite 

structures will generally develop due to their size mismatch (too large “A” side cations). It 

should be noted that these lower dimensional perovskites are often called “perovskite-related” 

structures. The low-dimensional perovskites exhibit unexpected optical and electrical 

properties due to their quantum size effect, large surface to volume ratio, and anisotropic 

geometry.18-19 
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Figure 1.2 Schematic representation of a) perovskite frameworks with different 

compositional dimensionalities (3D, 2D, 1D, and 0D) and b) materials with different size 

dimensionalities (degree of quantum confinement). D refers the dimensionality in both a) 

and b). Adapted from ref.17 with permission from John Wiley and Sons. 

  

Cs-based all-inorganic perovskites can be more demanding because of their better photo- 

and thermal stability in optoelectronics applications compared to their organic/inorganic 

counterparts (MA and FA based ones).20-21 Among the all-inorganic lead halide 

perovskites, the low‐dimensional perovskite‐related structures possess attractive 
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photoluminescence (PL) properties suitable for utilizing LEDs, lasers and advanced 

lighting applications. 

1. 3 Optoelectronics Properties of Halide Perovskites 
 

Hybrid lead halide perovskites are of interest in optoelectronics applications since they 

have outstanding electrical and optical properties.  One of the most critical features of these 

materials is the direct bandgap that determines the possibilities of specific applications. 

Halide perovskites’ bandgap can easily be tuned from visible to near-infrared wavelength 

through their chemical compositions (see Figure 1.3).15 In addition to bandgap tunability, 

their high charge carrier mobilities (more than ~ 10 cm2V-1s-1), long diffusion length 

(beyond 1 µm), low exciton binding energy ( 5-50 meV), and low trap density (less than 

1016 cm-3) have made it possible to accelerate the progresses of solution-processed 

photovoltaic technology.12, 22 Electronic band structures are intrinsically responsible for 

these transport characteristics.22  

Apart from the remarkable properties that have been described above, the facile solution 

processability, low monetary cost, and earth-abundant compositional available elements of 

halide perovskites, have distinguishes them from conventional semiconductors. Halide 

perovskites do not require high vacuum and high-temperature systems that are necessary 

for other high quality conventional optoelectronic semiconductors such as Si, GaAs or 

CdTe.23 The easy processing mechanism of halide perovskites with their extraordinary 

optoelectronic qualities facilitates boosting a cheap and solution processable technology 

for optoelectronic materials and devices.  
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Figure 1.3 Emission-wavelength tunability of APbXnY3–n. where A can be MA, FA or Cs. 

The emission of the APbXnY3–n perovskite is tunable from visible to NIR wavelength. 

Adapted from ref.15 with permission from Nature Publishing Group 

 

Compared to their 3D counterparts, the low dimensional perovskites show several superior 

properties. Firstly, due to the strong quantum confinement in low dimensional perovskites 

structures (especially for 2D perovskites), the exciton binding energy is in the hundreds of 

meV (300-400 meV range) in contrast to 3D perovskites ( 16 meV for MAPbI3).
24 The 

large exciton binding energy is preferential for light emitting applications since it promotes 

the radiative recombination rates of charge carries. A second popular feature of low 

dimensional perovskite is the higher stability compared to 3D perovskites because of the 
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larger mass and smaller polarity of large organic cations. Better stability of halide 

perovskites leads to improved device durability in various optoelectronic applications.   

Intriguingly, halide perovskites can be fabricated in a variety of configurations: 

polycrystalline films, single crystals, powders, quantum dots, nanowires, microrods, and 

nanoplates (see Figure 1.4).9, 16, 25-26 The ability to make tunable halide perovskite bulk- or 

nano structures causes scientific interest in the fundamental structure-property 

relationships16. Each configuration has its characteristic properties for certain applications 

(see Figure 1.4).  

One of the most widely studied configurations of halide perovskites is polycrystalline thin 

films9. The simple solution processable preparation and deposition methods make this 

configuration well-known. Although thin films are relatively easy to prepare, they suffer 

from the low quality of surface material that has high trap density and grain boundaries.9, 

12 These two factors are quite important to effectively utilize and understand in detail the 

intrinsic properties to move further in optoelectronic applications.  

The single crystal form of halide perovskite is of great interest to elucidate what stands 

behind the success of this material in optoelectronics applications.27 Furthermore, it is an 

ideal platform with a continuous crystal lattice and no grain boundaries to show the 

materials’ unique optical, electrical and mechanical properties.9, 12 It is worth mentioning 

that a better understanding of the fundamental properties of halide perovskite can lead us 

to improve their implementation in optoelectronics devices and help us get closer towards 

the next generation of materials in optoelectronics applications.  
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Also, the colloidal nanoparticles/quantum dots form of halide perovskites have recently 

emerged as a promising material configuration for optoelectronic applications.26 These 

perovskite nanoparticles have similar or better electrical/optical properties than the 

traditional polycrystalline thin films. Nanosized halide perovskites have a narrow PL 

spectra and improve PL quantum yield (PLQY) values due to the quantum size effects.16-

17, 25 These characteristics make nanosized halide perovskites attractive for LEDs, displays, 

color converters and lasers. Furthermore, wavelength-scale size of nano- and micro halide 

perovskites make them suitable for potential integration with on-chip, small device size in 

optoelectronic applications.26, 28 

1. 4 Recent Development in Halide Perovskites Optoelectronic 

Applications 

 

Halide perovskites have recently made great progress as highly efficient new 

optoelectronic materials and are being intensively studied for photovoltaics, 

photodetectors, light emitting diodes, laser devices and color converters.8-9, 22, 26 Especially 

for solar energy halide perovskites as the active material have been used predominantly 

due to the low temperature and inexpensive solution processing method, and reached the 

record power conversion efficiency (PCEs) of over 23 % in 201929 within just several years 

of research from an initial PCE of 3.8 % in 2009.30 To further highlight more this 

achievement, the best single junction solar cell (GaAs) PCE had evolved from 4 % in 1956 

to ~ 29 % in nearly 60 years of great research effort.22, 31  



25 
 

 

 

Figure 1.4 Summary of diverse optoelectronics applications and outstanding properties of 

halide perovskites. A schematic illustration of various low-dimensional perovskite 

configurations is also demonstrated. Reproduced from ref.18 with permission from The 

Royal Society of Chemistry. 

 

In addition, halide perovskites made significant progress in photodetector applications due 

to the same outstanding optoelectronics properties that have already been explained in 

section 1.3. In fact, photodetectors have a direct impact on our daily life since they can be 

used for imaging, communication, and sensing.32 Halide perovskites have the potential 

capabilities to sense the spectra from visible to near-infrared (NIR), and even to X-ray 

region that is very challenging other types of materials for photodetectors.33 Recently, apart 
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from the visible and NIR spectrum, halide perovskites have demonstrated exceptional 

performance for X-ray34, scintillator35 as well as gamma rays.36 

A good solar cell material should also be an efficient light emitter according to the detail 

balance in the Shockley-Quieisser formulation, where all recombination should ideally be 

radiative.37-38 Due to the superior material quality and exceptional PLQY, halide 

perovskites have attracted specific attention in light-emitting applications including 

LEDs, lasers, and color converters.15 It is worth to note that the low charge trapping 

defects can facilitate the high radiative recombination that is the crucial intrinsic property 

of halide perovskites for superior LEDs. To date, many optical pumping perovskite lasers 

have already demonstrated including 220 nJ/cm2 of a record low threshold39 and 

continuous wave pumping at low temperature.40-41 However, electrically-driven lasing 

from halide perovskite materials remain to be discovered.  

With recent material engineering methods (mixing cations and halides), halide perovskites 

can touch an upper limit of theoretical PCE according to the theory of Shockley-Queisser 

(SQ) limits42. To reach or go beyond the SQ limit, it is necessary to explore novel physical 

concepts, complicated device/interface engineering, new efficient charge transport layers 

or tandem configurations. Currently, tandem solar cells with or without existing silicon 

technology are the most widely studied approaches to exceed the SQ limit, but due to the 

complex nature of the device architecture, it is not straightforward.43-44 Particularly photon 

recycling (the reabsorption and re-emission of the absorbed photon)38, 45-48 and hot carrier 

solar cells (reduce the major energy loss mechanism by capturing thermalized carriers 

before losing their excess energy as a heat)49-50 concepts in PV have risen as promising 

candidates to exceed the SQ limit in this emerging field. However, a clear understating of 
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the photophysical mechanism for both of these novel concepts are still insufficient to move 

forward.  

1. 5 Objective and Outline of Dissertation  
 

The main objective of this dissertation is engineering the exceptional materials’ properties 

of halide perovskites – depending on their crystallinity, composition, and dimensionality – 

in order to understand the fundamental photophysical processes leading to their 

extraordinary behavior and to translate this understanding into optoelectronic applications. 

To do so this dissertation focuses on two main aspects. In the first part of this dissertation 

(Chapter 2 and 3), we study halide perovskites as a photonic source from an emission 

perspective. Initially, we investigate perovskite single crystals from synthesis to 

characterization to elucidate the origin of the materials’ emission properties. After that, we 

use perovskite nanocrystals in solid-state lighting and visible light communication as a 

color converter. In the second part of this dissertation (Chapter 4 and 5), we investigate 

photon recycling and hot carrier solar cells as an emergent photophysical concepts in halide 

perovskite materials. Both novel concepts will bring new fundamental understanding 

insight to the field of halide perovskite community. Overall, all these studies will assist in 

designing a promising approach to utilize perovskites in optoelectronics applications. 

 In Chapter 2, we present the synthesis and characterization of CsPb2Br5 low-

dimensional (perovskite-related) perovskite bulk single crystals as the purest state 

of the compound – free of any possible ambiguities emanating from structural 

defects and dimensional properties– to resolve the dispute arisen from the perceived 

optical properties, and to push the field towards controlling the key properties at 
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play in the material. The CsPb2Br5 crystals exhibit a PL inactive behavior and an 

indirect bandgap of ~ 3 eV. These results represent a turning point in the 

classification of the optical properties of this low-dimensional perovskite material, 

providing the community with the essential basis for tailoring its natural properties. 

 In Chapter 3, we demonstrate CsPbBr3 perovskite nanocrystals as a color converter 

in solid state-lighting and visible light communication. CsPbBr3 NCs’ the 

converted white light (with a high color rendering index of 89 and a color correlated 

temperature of 3236 K) exhibits an extraordinary modulation bandwidth of 491 

MHz, and data transmission rate of 2 Gbit/s. NCs based color converters can be a 

new platform for next-generation solid state lighting and visible light 

communication. 

 In Chapter 4, we conclusively investigate photon recycling in CsPbBr3 perovskite 

microwires by detailed steady-state and time-resolved PL spectroscopic studies, for 

the first time. Moreover, we develop a facile method to synthesize CsPbBr3 

perovskite microwires. Our spectroscopic approaches can open a way for 

measuring photon recycling in different perovskites and other materials. The 

systematic study of light propagation and photon recycling as well as its effects on 

the optoelectronic properties of Cs based halide perovskite materials results are 

expected to greatly bring new insights to the perovskite optoelectronics. 

 Chapter 5 presents the hot carrier extraction in perovskite solar cells before the 

ultrafast thermalization of charge carriers which is one of the primary charge carrier 

losses and performance limitations in PV devices. The extraction of hot carrier 

before they quickly relax to the band edges was demonstrated by spectroscopically.  
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These results may illuminate a promising approach to design and fabricate 

perovskites solar cells that could utilize hot carrier.  

 Chapter 6 provides a summary of this work and gives opinions for future studies. 

The open questions remaining from this studies are also presented. Also several 

strategies for future investigations are proposed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

 

Chapter 2. Synthesis and Characterization of Perovskite-Related Single 

Crystals 

 

2. 1 Introduction  
 

As already discussed in section 1.2, the low-dimensional perovskite-related structures 

draws attention due to their photoluminescence appealing properties.51-56 Among these 

compounds, CsPb2Br5 represents an inspiring candidate for both light-emitting devices and 

lasing applications.57-58 CsPb2Br5 is often obtained as a secondary product during the 

syntheses of CsPbBr3 perovskites,59 Cs4PbBr6 perovskite-related structure,51 and/or as a 

converted product from CsPbBr3 nanocrystals.57 Pure powders of CsPb2Br5 were obtained 

and characterized initially by Kuznetsova et al.;60 and more recently, nanostructures of 

CsPb2Br5 were reported.58, 61-62 While these works agree on structure and composition of 

CsPb2Br5, they greatly diverge on the interpretation of its intrinsic optical properties, which 

nowadays is a subject of controversy. For example, reports on CsPb2Br5 nanoplatelets and 

microplates suggest a material with strong green emission and green-lasing properties.58, 61 

In stark contrast, studies on CsPb2Br5 nanosheets suggest that the material is of an indirect 

bandgap nature and with no visible photoluminescence.62  

In this chapter, to resolve the dispute arisen from the perceived optical properties and to 

push the field towards controlling the key properties at play in the material, we synthesized 

bulk CsPb2Br5 single crystals as the purest state of the compound – free of any possible 

ambiguities emanating from structural defects and dimensional properties, which is 

adapted from ref.63 with permission from John Willey and Sons. Bulk single crystals of 

CsPb2Br5 have yet to be reported, since difficulties in the crystallization process from melt 
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precursors (CsBr and PbBr2) have only afforded so far CsPbBr3 and Cs4PbBr6 as stable 

crystals. 

2. 2 Single Crystal Growth  
 

CsPb2Br5 single crystals were obtained from the well-established antisolvent vapour 

crystallization (AVC) technique64-65 using CsBr and PbBr2 as precursors together with 

dimethyl sulfoxide (DMSO) and methanol (MeOH) as solvent and antisolvent (see details 

in Experimental Section). Interestingly, the CsPb2Br5 crystallization can be divided into 

two steps (Figure 2.1a). In the first 48 hours, the diffusion of MeOH in DMSO initiates the 

nucleation and precipitation of orange crystallites with proper characteristics of CsPbBr3. 

Subsequently, during the following five weeks, the orange crystallites grow and slowly 

convert to transparent crystals of CsPb2Br5. This process is reminiscent of processes 

already observed for CsPb2Br5 nanocrystals. Indeed, the co-existence of a nanometric dual-

phase of CsPbBr3-CsPb2Br5 was first reported by Zhang et al.57 and then supported by 

Wang et al.61 with the conversion of CsPbBr3 nanocubes to CsPb2Br5 nanosheets in the 

presence of an excess of PbBr2. In our work, the excess of PbBr2 is generated by the low 

solubility of CsBr in DMSO, which continuously decreases during the MeOH antisolvent 

diffusion. The chemical reactions involved in the crystallization process are shown in 

Scheme 2.1. 
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Scheme 2.1 The reaction steps involved in the crystallization process that leads to the 

formation of CsPb2Br5. 

 

In our study, it is necessary to highlight the important role of antisolvent choice. Indeed it 

was already demonstrated that Cs4PbBr6 crystallites could be obtained under similar 

conditions from AVC using DMSO/diethyl ether (DE) as a solvent and antisolvent pair.52 

We believe that the ultimate crystallization products are defined by the miscibility of 

solvent-antisolvent. Thus, high miscibility (like MeOH in DMSO) produces first CsPbBr3 

and then subsequently CsPb2Br5; while low miscibility (like DE in DMSO) directly yields 

Cs4PbBr6. 

After five weeks of crystallization, all the crystals in the vial appeared transparent, and no 

orange CsPbBr3 crystallites are visible. Scanning Electron Microscopy (SEM) images 

confirmed the high quality of the CsPb2Br5 crystals with a smooth surface and well-defined 

tetragonal shape (Figure 2.1b).  
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Figure 2.1 a) Schematic diagram of the CsPb2Br5 single crystal growing by AVC method. 

b) SEM image and c) optical image of the CsPb2Br5 single crystal. White and red scale 

bar: 200 µm. 

 

2. 3 Composition and Optical Results 
 

The single crystal-XRD (SC-XRD) analysis confirmed that the transparent crystals are 

CsPb2Br5 with tetragonal symmetry and I 4/mcm space group (see Figure 2.2). The unit 

cell dimensions  a = b = 8.490 Å, and c = 15.197 Å are in agreement with what was 

previously reported for powders (crystal data and structure refinement details can be found 

in Table 2.1).60 As shown in Figure 2.3a, CsPb2Br5 crystals present a two-dimensional 

structure composed by Cs+ cation sandwiched between Pb2Br5
- layers. The Pb2Br5

- layers 
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consist of Pb2+ atoms coordinate with eight Br-, forming an elongated polyhedron (Figure 

2.3b).62 To further validate the absence of any CsPbBr3 impurity, we compared the 

calculated powder spectrum from SC-XRD results with the powder spectrum obtained 

from grinded CsPb2Br5 crystals (Figure 2.3c). The reflections of the two patterns are 

identical; thus we can exclude the presence of any CsPbBr3 impurity. 

Table 2.1 Crystal data and structure refinement CsPb2Br5 

Empirical formula CsPb2Br5 

Formula weight 946.84 

Crystal system, space group Tetragonal, I4/mcm 

Unit cell dimensions a = 8.4905(4) Å, c = 15.1967(7) Å 

Volume 1095.5 (1) Å3 

Z, calculated density 4, 5.741 Mg m-3 

F(000) 1576 

Temperature (K) 296.0(1) 

Radiation type Cu Kα 

Absorption coefficient 105.38 mm-1 

Absorption correction Analytical 

Max and min transmission 0.209 and 0.018 

Crystal size 0.02 × 0.05 × 0.07 mm 

Shape, color Prism, colorless 

 range for data collection 5.8–66.5° 

Limiting indices -10 ≤ h ≤ 6, -10 ≤ k ≤ 7, -17 ≤ l ≤ 17 

Reflection collected / unique / observed 

with I > 2σ(I) 

3092 / 283 (Rint = 0.051) / 281 

Completeness to max = 66.5° 99.6 % 



35 
 

 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 283 / 0 / 16 

Final R indices [I > 2σ(I)] R1 = 0.029, wR2 = 0.071 

Final R indices (all data) R1 = 0.029, wR2 = 0.071 

Weighting scheme [σ2(Fo
2) + (0.0502P)2 + 0.8505P]-1* 

Extinction coefficient 0.00060(5) 

Goodness-of-fit 1.22 

Largest diff. peak and hole 1.42 and -3.34 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 

 

Furthermore, to test the chemical composition and homogeneity of our crystals, we 

performed elemental mapping by means of Energy Dispersive X-Ray Spectroscopy (EDS). 

CsPb2Br5 crystals exhibit the atomic ratio of 1:2:5 (see Figure 2.2) following the final 

stoichiometry of the CsPb2Br5 crystals. 
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Figure 2.2 Energy Dispersive X-Ray Spectroscopy (EDS) results of the CsPb2Br5 crystal 

with atomic ratio values. 

 

The optical properties of CsPb2Br5 represent an intriguing topic of conflicting 

interpretations. Strong and narrow green PL stemming from CsPb2Br5 nanostructures was 

described in refs58, 61; in contrast Jiang et al. reported CsPb2Br5 nanosheets with large 

indirect bandgap and a PL inactive behavior.62 We investigated the PL properties of our 

crystals by exciting all over the visible and near UV spectrum. We found no detectable 

emission, which is in agreement with Jiang and co-workers.62The absorption spectrum of 

our crystals exhibits only one edge at 370 nm, from which we deduced a 3.35 eV bandgap 

(Figure 2.4a). 
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Figure 2.3 a) Crystal structure of the CsPb2Br5 single crystal obtained by SC-XRD and 

detail of the Cs+ coordination. b) Pb-Br schematic coordination. c) Powder XRD of the 

grinded crystal along with the calculated spectrum of tetragonal CsPb2Br5. 

 

To gain a better insight into the optical properties of CsPb2Br5 crystals, we calculated the 

electronic band struture and projected density of states with the generalized gradient 

approximation (GGA)/Perdew-Burke-Ernzerhof (PBE) theory (see the computational 

details in Supporting Information). As shown in Figure 2.4b, we obtained an indirect 

bandgap between X-point (top valence band) and Γ-point (bottom conduction band) of 3.09 

eV and the lowest direct band gap (3.19 eV) at the Γ-point. The projected densities of states 

(PDOS) show that the dominant contributions to the valence bands around the Fermi level 

are from Br-4p and the conduction bands are provided by Pb-6p; the Cs+ cations have no 
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direct contributions to the electronic states in this energy region. In Figure 2.4c, we also 

show the charge density distributions of valence band maximum (VBM) and conduction 

band minimum (CBM) within GGA/PBE, the charge densities of VBM at both Γ- and X-

points are highly localized in the Br atoms, while charge density of CBM at Γ-point 

localizes at the Pb sites. From the calculated optical absorption spectrum by taking into 

account of electron-hole interaction (using BSE method) as shown in Figure 2.4a-bottom 

panel, we observe a sharp increase in the calculated absorption coefficient around 390 nm, 

which corresponds to the direct optical transitions (Br-4p → Pb-6p) at Γ-point of the band 

structure. 

In light of these results, we conclude that intrinsic CsPb2Br5 is an indirect bandgap material, 

which does not display appreciable intrinsic PL. Our findings suggest that observations58, 

61 of emission in this material could be either due to the potential formation of emissive 

sub-bandgap defects (due the peculiarities of the synthesis procedure) or secondary phases. 

Indeed, it is very likely that under particular conditions, like those manifested during the 

synthesis of nanostructures, residual phases or defects induced by the surface strain may 

give rise to PL. In this sense, a very similar scenario was recently reported for Cs4PbBr6 

perovskite-related structure, where emissive and non-emissive nanocrystals with the same 

composition were observed.53-54  
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Figure 2.4 a) Experimental absorption spectrum (top panel, orange dots) and calculated 

absorption coefficient (bottom panel, blue line) of CsPb2Br5. b) Calculated electronic bands 

and projected density of states (PDOS) of CsPb2Br5 at GGA/PBE level. c) Charge density 

distributions of valence band maximum (VBM) and conduction band minimum (CBM) at 

Γ-point and VBM at X point. 

 

2. 4 Summary 
 

In summary, we reported the synthesis and characterization of CsPb2Br5 bulk single 

crystals, neither of which has been reported before. Since there are conflicting reports on 
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the optical properties of CsPb2Br5 (especially in nanostructure and powder forms), bulk 

single crystals can clarify the optical features of this ternary halogen-plumbate material. 

Our crystals exhibit a PL inactive behavior and an indirect bandgap of ~3.1 eV as 

interpreted by DFT calculations.  

2. 5 Experimental Details 
 

Chemical and Synthesis: PbBr2 (≥98%), CsBr (99.9% trace metals basis), MeOH and 

DMSO were purchased from Sigma-Aldrich and used without further purifications. 

CsPb2Br5 single crystals were obtained from a 0.25 M solution of PbBr and CsBr in DMSO. 

For AVC, MeOH was used as antisolvent with a 4-to-1 ratio respect to precursors’ solution. 

After one month of undisturbed crystallization, CsPb2Br5 crystals were collected and 

washed with MeOH, prior to stock in a nitrogen atmosphere. 

Characterizations: Single-crystal X-ray diffraction data were collected using a Bruker X8 

PROSPECTOR APEX2 CCD diffractometer (Cu Kα, λ = 1.54178 Å). Powder X-ray 

diffraction was performed on a Bruker AXS D8 diffractometer using Cu Kα radiation. SEM 

images and EDS characterization were performed with an FEI Quanta 600 microscope. 

Steady-state absorption spectra were collected from an Edinburg F900 Spectrometer with 

sample reflectance correction by using BaSO4 as a reflectance standard. A FluoroMax-4 

spectrofluorometer from Horiba Scientific was used to investigate photoluminescence 

properties.  
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Chapter 3. Perovskite Nanocrystals as a Color Converter  
 

3. 1 Introduction 
 

Data and wireless communications support much of the economic and social structures 

underlying our daily lives. Over the next decade, the demand for communications systems 

and data transfer, especially wireless technologies, is expected to grow at an exponential 

rate. Existing radio frequency (RF) and microwave wireless technologies cannot keep up 

with this surging demand because of their crowded spectra and limited bandwidth. 

Expanding the wireless communications window by using white light provides a new 

pathway for uninhibited growth in data communications and consumption. LEDs can be 

utilized as light sources not only for illumination but also for data transmission; the latter 

application is referred to a visible light communication (VLC).66-69 VLC has many 

advantages compared with lower-frequency communications approaches (including Wi-Fi 

and Bluetooth), such as energy efficiency, an unregulated communication spectrum, 

environmental friendliness, greater security, and no RF interferences. 67, 70-71  

A typical white light source in a VLC system is made of a blue-emitting LED or a laser 

diode (LD) with phosphors partially converting blue light into green, yellow and/or red 

emission.72 The conventional phosphor for white LED (WLED) illumination, yttrium 

aluminum garnet (YAG) phosphor Y3−xAl5O12:xCe3+ (YAG:Ce),73 has a critical limitation 

for VLC applications due to the slow phosphor conversion process caused by the long 

excited state lifetimes,68 on the order of microseconds. As a result, the phosphor-associated 

bandwidth limit is a few (~3-12) megahertz (MHz) in unfiltered VLC systems.68, 74 To 

overcome this VLC bottleneck, organic materials, such as BODIPY, MEH-PPV and 
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BBEHP-PPV, have been presented as potential candidates for white light VLC color 

converters because of their visible light emission, high photoluminescence quantum yield 

(PLQY), direct radiative recombination and ease of integration with nitride-based 

semiconductors.74-76 However, they still suffer from their long excited state lifetimes, thus 

limiting their modulation bandwidth frequencies to the range of ~ 40-200 MHz. Therefore, 

the development of a light converter phosphor material with a fast decay and a high-

efficiency (i.e. short radiative lifetime and high brightness) remains the major challenge 

for VLC and solid state lighting (SSL) applications.  

In this chapter, we investigate the fast and predominantly radiative recombination 

characteristics of CsPbBr3 perovskite nanocrystals (NCs) as a light converter for VLC in 

addition to the generation of white light for SSL. As discussed in section 1.2, Cs based all-

inorganic halide perovskites have attracted in light emitting applications due to enhance 

light emission properties. In particular, nanocrystals (NCs) of CsPbBr3 perovskites exhibit 

high PLQY (≥ 70%) 77-79 and a relatively short PL lifetime.77 These characteristics make 

perovskites attractive for displays 80 and white light emission.81-83  

3. 2 Structural and Optical analysis  
 

We synthesized CsPbBr3 perovskite NCs via a modified hot-injection method similar to 

that presented in previous work84 (see the experimental section). The NCs were 

characterized by high resolution transmission electron microscopy (HRTEM) (see Figures 

3.1), which revealed uniform cubic shaped NCs with an average size of 8.3 ± 0.8 nm. The 

X-ray diffraction (XRD) pattern of the NCs exhibited the cubic CsPbBr3 phase (see Figure 

3.2). Figure 3.3 shows the absorption and photoluminescence (PL) spectra of the NCs 
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dispersed in toluene. As can be seen, the absorption spectrum of the CsPbBr3 NCs does not 

exhibit any spectral features at wavelengths longer than ~520 nm, which is consistent with 

previous reports.77, 85-86 The NCs exhibit a sharp PL emission peak at 512 nm with a narrow 

full width at half maximum (FWHM) of 22 nm. 

 

Figure 3.1 (a) TEM image of CsPbBr3 perovskite NCs. (b)The size distribution histogram 

of CsPbBr3 NCs. 
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Figure 3.2 XRD spectrum of CsPbBr3 NCs.  

 

Figure 3.3 CsPbBr3 perovskite NCs and optical properties. Absorption (pink) and PL 

(blue) spectra of CsPbBr3 NCs in toluene. The bottom inset illustrates the calculation of 

optical bandgap using the Tauc method. The optical bandgap is calculated to be Eg = 2.4 

eV. The top inset shows the photo images of CsPbBr3 NCs in toluene under ambient light 

(up) and UV irradiation (left).   
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3. 3 Carrier Dynamic analysis  
 

Time-resolved laser spectroscopy has proven to be a critical part of studying excited state 

dynamics.87-89 Here, to study the carrier dynamics of these CsPbBr3 NCs, we performed 

femto-nanoseconds transient absorption (fs-ns- TA) experiments (experimental setup 

detailed elsewhere 90-91) and time-resolved PL measurements and the results are presented 

in Figure 3.4. The ns- TA measurement was recorded following laser pulse excitation at 

350 nm with a pump fluence of 9 µJ/cm2. In this TA experiment, we followed the ground-

state bleach (GSB) recovery to monitor the charge recombination dynamics, as shown in 

Figure 1a. The GSB observed at approximately 505 nm, which corresponds to the steady-

state absorption spectrum, reveals a full recovery in a 30-ns time window with a time 

constant of 6.4 ns (shown in Figure 3.4b). Because of the low pump intensity for photo-

excitation, Auger recombination due to carrier multiplication generated by multi-photon 

absorption is not appreciable.92 To also confirm that a multiple exciton generation process 

is not dominant in the observed dynamics, we performed the TA experiments at two 

different pump fluencies (9 and 18 µJ/cm2) and almost identical kinetics are recorded as 

shown in Figure 3.4b.    



46 
 

 

 

Figure 3.4 Carrier dynamics in CsPbBr3.  (a) ns-TA spectra of CsPbBr3 NCs in toluene at 

the indicated delay times. Inset: (a) Absorption (pink) and PL (olive) spectra of CsPbBr3 

NCs in toluene. (b) Transient traces corresponding to the GSB from the ns-TA spectra of 

CsPbBr3 NCs. (c) fs-TA spectra of CsPbBr3 NCs. Inset: kinetics in 0.0-5.5 ns time window. 
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(d)  ns-photoluminescence  decay of CsPbBr3 NCs  monitored at 515 nm . The solid red 

lines are the best fits of the kinetic traces. 

 

Additionally, we have performed the fs-TA of CsPbBr3 NCs and the results are shown in 

Figure 3.4c. The GSB recovery shows an additional component with a characteristic time 

constant of  103 ± 40 ps which may be attributed to non-radiation recombination due to 

surface traps.93-94 To further understand the carrier dynamics and the radiative 

recombination process, we measured the PL lifetime via time-correlated single-photon 

counting (TCSPC) using a fluorescence up-conversion spectrometer with excitation at 400 

nm (Figure 3.4d). The PL lifetime decay profile was collected at 515 nm. The decay curve 

can be fitted with a single exponential function with a lifetime of approximately 7.0 ± 0.3 

ns. It is worth pointing out that the PL decay of CsPbBr3 NCs with two different excitation 

fluencies shows a similar decay trend (see Figure 3.4d), which is consistent with TA data. 

This short lifetime of about 7 ns is comparable with the reported values for similar sized 

of CsPbBr3 NCs 77, 95-96. We have also observed similar kinetics trend from both solution 

and film samples of CsPbBr3 NCs in time-resolved experiments shown in Figure 3.5.  

Because of their high PLQY of ~ 70 % and short  radiative recombination lifetime of 

7.0 ± 0.3 ns, CsPbBr3 NCs have promising candidates for generating VLC and SSL. To see 

the photostability of perovskite NCs for VLC, film made by CsPbBr3 NCs is tested for 7 

hours under continuous laser exposure (see Figure 3.6); slight change in PL is observed.   
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Figure 3.5 (a) Transient absoprtion kinetics at 505 nm and (b) time-correlated single-

photon counting for CsPbBr3 NCs solution and film.  
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Figure 3.6 Photostability of CsPbBr3 NCs drop casted onto the film is automatically 

measured  every 10 minutes for 7 hours. Inset: photostability of laser diode. 

 

3. 4 White Light and Visible Light Communication Study  
 

To study the white light generated by utilizing CsPbBr3 NCs as light converters for SSL, a 

mixture of green-emitting CsPbBr3 NCs phosphor with a red-emitting nitride phosphor 

(LAM-R-6237, Dalian Luming Group) (CsPbBr3 NCs are drop casted onto red-emitting 

phosphor to form a film ) is excited by a GaN blue-emitting LD (λ = 450 nm) (see Figure 

3.7a inset). Operating at 200 mA, the LD generates a warm white light (CCT = 3236 K) 

with a CRI value of 89, as calculated after its emission passes through the phosphor 
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mixture. Compared with the warm white LED bulbs available on the market, which have 

a typical CRI of 70-80, the white light generated herein achieves higher quality emission 

that is suitable for lighting. Figure 3.7a, b shows the spectrum and the chromaticity diagram 

(CIE 1931) coordinates (0.3823, 0.3079) of the generated white light. The CRI value of the 

CsPbBr3 NCs with red-emitting phosphor is also greater than that reported value of 76 for 

organic down-converted white VLC transmitters.75 Our device also shows enhanced 

performance than commercial WLEDs based on YAG:Ce3+ phosphor, which exhibit 

relatively low CRI (<75) and high CCT (>7765 K).97 The device using perovskite NCs 

phosphor as demonstrated in this work suggests better quality of white light. In comparison, 

our results present a higher CRI of 89 and a lower CCT of 3236 K, which are essential 

factors for indoor illuminations98 and optical display applications.97 

 

 

Figure 3.7 CsPbBr3 NCs for SSL. (a) Spectrum of white light generated using blue laser, 

green-emitting perovskite NCs and conventional nitride-based red phosphor. Inset: 

photographs of phosphor with perovskite under ambient light (right) and generated white 

light under blue laser (left). (b) Generated white light in the CIE 1931 color space 
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(chromaticity coordinates). For a comparison single crystal YAG phosphor72 and BBEHP-

PPV+MEH-PPV (75:25) mixture phosphor75 are also plotted. 

 

To investigate the modulation bandwidth in CsPbBr3 NCs phosphor-converted white light, 

we performed a small-signal frequency-response measurement (Figure 3.8a). A -10 dBm 

sinusoidal AC modulation signal was superimposed on a DC bias current to drive the LD. 

Both the laser emission and phosphor converted light are then collected by the 

photodetector. By sweeping the AC modulation frequency from 10 MHz to 2 GHz, the 

response of the overall system response including the phosphor-converted lighting system, 

is measured by comparing the transmitted signal and received signal. The modulation 

bandwidth of the blue LD (B-LD) was measured without phosphor and optical filters 

inserted. The frequency response of B-LD + NCs + red-phosphor, NCs + red-phosphor and 

red-phosphor only was measured by inserting no optical filter, 500 nm long-pass filter and 

550 nm long-pass filter, respectively. Short recombination lifetime is the key parameter for 

VLC applications because the capacity of a communications channel is related to the 

bandwidth99 and lifetime. We posited that due to their desirable carrier recombination 

lifetimes, CsPbBr3 NCs as light convertors have great potential for high modulation 

bandwidth devices and could overcome the current data transmission bottleneck in slow 

response (limited bandwidth) of conventional phosphor-converted WLED. Indeed, we 

found CsPbBr3 NCs phosphor-converted light exhibits a relatively high bandwidth of 491.4 

MHz (Figure 3.8b), which is significantly greater than those of conventional nitride-based 

phosphors (~12.4 MHz), organic materials (40-200 MHz),70, 74-75 commercial YAG-based 

phosphors (3-12 MHz),100-101 and blue LEDs.102 In addition to these materials, colloidal 
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quantum dots (CQDs) are also potential wavelength conversion materials for VLC. 

Leurand et. al. reported that CQDs (core-shell CdSe/ZnS) are capable to generate white 

light when excited by 450 nm blue LED; however, at a considerably low -3 dB bandwidth 

of 10 ~ 25 MHz as the carrier relaxation lifetime is considerably lower.103 Using the fast-

response CsPbBr3 NCs as a phosphor, we also demonstrated the data transmission of 

phosphor-converted LD-based VLC using an on-off keying (OOK) modulation scheme. 

The OOK is the basic form of amplitude shift keying modulation scheme for wireless 

communication, where the presence or absence of carrier wave represents the ones and 

zeros of digital data, respectively. A pseudorandom binary sequence (PRBS) 210-1 data-

format was used to modulate the laser intensity, thus transmitting data in a wireless manner. 

The schematic of the data transmission measurement by OOK is illustrated in Figure 3.8c. 

The CsPbBr3 NCs were deposited on a plastic diffuser to serve as a phosphor. The bit-

error-rates (BERs) at variable data rates are demonstrated in Figure 3.8d, where a BER of 

7.4×10-5 is measured at 2 Gbit/s. The obtained BER measurement adheres to the forward 

error correction (FEC) standard (BER ≤ 3.8×10-3). The clear open eye as observed in the 

eye diagram (inset of Figure 3.8d) suggests that the CsPbBr3 NCs phosphor-converted LD 

VLC is capable of transmitting a high data rate of up to 2 Gbit/s. 
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Figure 3.8 Modulation bandwidth and data transmission measurements using perovskite 

NCs. (a) Schematic drawing of the small-signal frequency-response measurement setup 

used to obtain results in (b). (b) Measured frequency response of 1) blue LD, where no 

phosphor or optical filter presented; 2) laser diode together with phosphor-generated white 

light, where no optical filter is used; 3) phosphor-converted green and red light, where a 

500 nm long-pass filter is used; and 4) phosphor-converted red light, where a 550 nm long-

pass filter is mounted. (c) Schematic of the data transmission measurement using an OOK 

scheme used to obtain results in (d). (d) Bit-error-rates (BERs) at different data rates, whit 

the forward error correction (FEC) limit labelled. Inset:  eye diagram of 2 Gbit/s data rate 

showing with a clear open eye.  
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3. 5 Summary 
 

In summary, we have demonstrated the CsPbBr3 NCs’ potential to serve as fast color 

converters for VLC and SSL by mixing them with a red-emitting nitride phosphor. The 

direct radiative recombination and short PL lifetime of CsPbBr3 perovskite NCs enabled 

us to utilize them as phosphors for dual-function VLC and SSL systems. Because of the 

short recombination lifetime of CsPbBr3 NCs (relative to conventional phosphor-based 

materials), the converted white light (with a high CRI of 89 and a low CCT of 3236 K) 

exhibits an extraordinary modulation bandwidth of 491 MHz, which is 40 times greater 

than that of conventional phosphors.  

 

3. 6 Experimental Details 
 

Chemicals and materials:1-Butanol (BuOH, HPLC grade), was purchased from J. T. Baker 

and Fisher Scientific, respectively. Oleic acid (OA, technical grade 90%), lead bromide 

(PbBr2, 98+%) and octane (98+%) were purchased from Alpha Aesar. Cesium carbonate 

(Cs2CO3, 99.995%, metal basis), oleylamine (OAm, technical grade 70%), and 1-

octadecene (ODE, technical grade 90%) were purchased from Sigma-Aldrich. Toluene 

(HPLC grade) was purchased from Honeywell Burdick & Jackson. All the chemicals were 

used as procured without further purification. 

Synthesis of CsPbBr3 NCs: Cs2CO3 (0.814 g) along with ODE (40 mL) and OA (2.5 mL) 

were loaded into a 100 mL 2-neck flask, dried for 1h at 120 °C, and then heated under N2 

at 150 °C until all Cs2CO3 reacted with OA. The solution was maintained at 150 °C before 

injection inorder to avoid solidification of Cs-oleate. Similar as the previous report84, ODE 
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(50 mL) and PbBr2 (0.69 g) were loaded into a 250 mL 2-neck round bottomed flask and 

dried under vacuum for 1h at 120 °C. OAm (5 mL) and OA (5 mL) were then injected at 

120 °C under N2. After complete dissolving of the PbBr2 salt, the temperature was raised 

to 180 °C and the Cs-oleate solution (4 mL, prepared as described above) was quickly 

injected. The reaction mixture was cooled in an ice-water bath after 5 seconds. The crude 

solution was cooled down with an ice-water bath and transferred to centrifuge tubes 

directly. After centrifuging at 8000 rpm for 15 min, supernatant was discarded and the 

precipitate was collected separately. The precipitate was dispersed in toluene for 

centrifugation at 7000 rpm for 5 min, remove the supernatant and collect the new 

precipitate for another centrifugation by dispersing in toluene. Then the shining green 

solution was collect for further experiment.  

Characterization: UV-vis absorption spectra were obtained using an absorption 

spectrophotometer from Ocean Optics. Photoluminescence was tested using an FLS920 

dedicated fluorescence spectrometer from Edinburgh Instruments. Quantum yield was 

measured using an Edinburgh Instruments integrating sphere with an FLS920-s 

fluorescence spectrometer. Integrating sphere is a demountable accessory for the 

specifically measurement of PL quantum yield value. Powder X-ray diffraction (XRD) 

patterns were recorded using Siemens diffractometer with Cu Kα radiation (λ=1.54178 

Å).TEM analysis was carried out with a Titan™ TEM (FEI Company) operating at a beam 

energy of 300 keV and equipped with a Tridiem™ post-column energy filter (Gatan, INC.). 

The samples were imaged in energy-filtered TEM (EFTEM) mode with a 20 eV energy slit 

inserted around the zero-energy-loss electrons to acquire high-resolution TEM (HRTEM) 

micrographs. 
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Transient absorption spectroscopy measurements: The ns transient absorption 

spectroscopy measurement was recorded following laser pulse excitation at 350 nm with 9 

µJ/cm2. The ns time-resolved spectra were measured with a pump−probe EOS setup, in 

which a standard probe reference channel is attached. The fs-TA spectra were measured 

with Helios setup, in which a white light continuum probe pulse was generated in a 2 mm 

thick sapphire plate contained in an Ultrafast System LLC spectrometer.  In both this 

arrangement the probe beam is split into two, one travels through sample and the other is 

sent directly to the reference spectrometer that monitors the fluctuations in the probe beam 

intensity. The pump beam comes from a Ti:sapphire femtosecond regenerative amplifier 

operating at 800 nm with 35 fs pulses and a repetition rate of 1 kHz.  Spectrally tunable 

(240−2600 nm) femtosecond pulses generated by an Optical Parametric Amplifier (Light 

Conversion LTD), as the pump (excitation) in the pump−probe experimental setup (EOS). 

Time-correlated single photon counting (TCSPC), used for lifetime measurements, was 

performed using a Halcyone MC multichannel fluorescence upconversion spectrometer. 

White light emission experiments: By mixing the green emitting perovskite CsPbBr3 NCs 

phosphor with red emitting nitride phosphor (LAM-R-6237, Dalian Luming Group), the 

phosphor is excited by a GaN based blue emitting laser diode (λ = 450 nm). The phosphors 

converted white light was characterized using GL Spectis 5.0 Touch spectrometer from GL 

Optics.  

Bandwidth Measurement: The setup consisted of a Keithley 2400 source meter as the DC 

power supply, an Agilent E8361C PNA network analyzer, Picosecond Pulse Labs 5543 

bias tee, and Menlo Systems APD 210 high-speed Si avalanche photodetector. 
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Eye diagram measurements:This experiment involve a GaN-based blue laser diode to 

pump perovskite NCs on a plastic diffuser as phosphor material. The input signal from the 

bit error rate tester (BERT, Agilent N4903B J-BERT) was pre-amplified using a 26 dB 

driver amplifier (Picosecond 5865, maximum bandwidth 12.5 GHz) and then jointed with 

a DC bias using a bias-tee before being feed into the LD. The modulated light was received 

by a 1 GHz APD 210 high-speed Si avalanche photodetector from Menlo Systems. The 

eye diagrams of received signals were measured by a digital communications analyzer 

(DCA, Agilent 86100).  
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Chapter 4. Photon Recycling in Perovskite Microwire Waveguides 
 

4. 1 Introduction 
 

Photon recycling and photogenerated carrier diffusion are the two possible transport 

mechanisms that predominantly affect the carrier dynamics in halide perovskites, and 

hence the efficiency of optoelectronic devices performances.45-47, 104-105 It should be noted 

that both processes might lead akin emission change (redshift) and distinguishing their 

individual contribution is not straightforward.104 Photon recycling refers to a photon 

created by radiative recombination in the material can be reabsorbed with the active 

material itself instead of begin emitted and escape from the active material.38, 47  

These two energy transport mechanisms are important in different optoelectronic 

applications, hence, it is significant to classify the contribution of photon recycling and 

carrier diffusion in halide perovskites.104 For simplicity, the scheme of the carrier diffusion 

and photon recycling illustrated in Figure 4.1. As demonstrated in Figure 4.1a, the 

photoexcited carriers are generated at the excitation spot and then diffuse to other sites 

before radiative recombination in the carrier diffusion model. Whereas, in photon recycling 

model (Figure 4.1b) generated photons are first emitted in the carrier recombination at the 

excitation spot and then propagate inside the active materials. The cycle of photon 

reabsorption and emission repeats over a long propagation distance, which leads a reduced 

PL photon energy (redshift of emission) and intensity.   
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Figure 4.1 Schematic illustrations of a) carrier diffusion and b) photon recycling. Adapted 

from ref.104 with permission from John Wiley and Sons. 

 

Laser and LED applications of CsPbX3 materials require detailed knowledge of the 

dynamics of mode propagation and spectral redistribution of the emission in the 

waveguiding structures. Repeated incoherent absorption and re-emission of photons in 

strongly absorbing media is expected to substantially affect carrier recombination 

dynamics and mode propagation, influencing quantum efficiency and light dynamics. 

Significant processes of self-absorption and light trapping have been observed in solid state 

materials with high PL quantum yields (PLQY) such as III-V semiconductors (GaAs)106-

108 and rare-earth doped fibers,109-110 leading to large modifications of the emission 

lineshape and significantly affecting emission lifetime measurements. Photon recycling, 

i.e. numerous iterative self-absorbance and photon re-emissions events within the 

photoactive layer has been known to substantially enhance the photovoltaic conversion 

efficiency of GaAs solar cells and photodetectors,37, 111 although its importance for high 

efficiency perovskite-based solar cells has been the subject of recent controversy.38, 45, 48 
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In this chapter, we developed a facile synthesis method for perovskite microwires and 

performed a detailed time- and spectrally-resolved investigation of waveguide-assisted 

photon self-absorption/re-emission in single crystal perovskite microwires. We took 

advantages of two-photon excitation to avoid surface related PL quenching and moisture 

induced artefacts.112-113 We directly tracked the evolution of PL signals as a function of the 

lateral separation between excitation and collection spots along the microwire to the 

distances exceeding 100 µm. We observed appearance of the delayed rises in PL kinetics, 

accompanied by continuous spectral re-distribution of the PL signal, initially centered at 

525 nm, towards lower energy, concentrating the emission intensity in a well-defined peak 

at 545 nm. To explain salient features of the position-dependent PL dynamics, we 

numerically analyzed a model of the evolution of charge carrier density that accounts for 

radiation trapping in 1D waveguides. The model establishes a quantitative framework that 

accommodates well the observed PL kinetics and unambiguously points to the importance 

of photon recycling effects. Moreover, it indicates that internal radiative efficiency of the 

CsPbBr3 microwires is close to unity, thus providing the necessary foundation for the usage 

of CsPbBr3 perovskite materials in light-emitting applications.  

  

4. 2 Structural and Compositional Results  
 

We synthesized CsPbBr3 microwires using a customized cast-capping crystallization114 

process. Several drops of CsPbBr3 precursor solution were dropped on a glass substrate, 

while a second glass was used as the capping substrate to confine the solution. The two 

glasses were heated at 100°C for 3 to 5 days to let the crystals grow up to the desired sizes. 
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The resulting arrays of microwires were characterized using optical spectroscopy, scanning 

electron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy 

(TEM), selected area electron diffraction (SAED) and Energy dispersive X-ray 

spectroscopy (EDX) techniques (Figure 4.2 and Figure 4.3) that demonstrate nearly ideal 

crystal structure, stoichiometric composition and shape uniformity, making microwires 

ideally suited for light trapping and waveguiding. 

 

Figure 4.2 Synthesis and characterization of CsPbBr3 microwires.  (a) Schematic drawing 

of cast-capping method for growing the CsPbBr3 microwires. (b) Normalized absorption 
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and photoluminescence spectra of CsPbBr3 microwire crystals grown by cast capping 

method. (c) SEM top view of a single CsPbBr3 microwire with a scale bar of 30 µm. (d) 

XRD spectra of as grown CsPbBr3 microwires. (e) TEM image of single microwires with 

a scale bar of 500 nm. The inset shows the high-resolution SAED results of a single 

CsPbBr3 microwire with a scale bar of 2 nm-1. 

 

Bulk optical absorption and PL emission measurements show the onset of the optical 

bandgap at ~510 nm and main PL peak at ~525 nm, with a full-width half-maximum 

(FWHM) of 21 nm when the CsPbBr3 microwires are excited at 400 nm, see Figure 4.2b. 

The structural analysis confirms the crystalline nature of the microwires. Figure 4.2c shows 

the top-view SEM image of as-synthesized microwires. The microwires present several 

different lengths, from few to hundreds of micrometers, according to the synthesis protocol, 

with a uniform width and thickness of 5-7 µm. The XRD spectrum of the as-synthesized 

microwires shows two sharp peaks at 15° and 30°, in good agreement with the 

orthorhombic CsPbBr3 phase, indicating the preferential orientation of the crystallization 

process. Furthermore, TEM and selected area electron diffraction (SAED) patterns confirm 

the crystalline nature of the wires and the orthorhombic symmetry, Figure 4.2e. Finally, 

EDX analysis probed the elemental uniformity of as-synthesized microwires with a 

homogeneous distribution of Cs/Pb/Br (~ 1/1/3) matching well the stoichiometry of 

CsPbBr3 (Figure 4.3). All these results collectively confirmed that high quality single 

crystalline CsPbBr3 microwires with preferential orientation were obtained through our 

customized cast-capping technique. 
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Figure 4.3 Energy dispersive X-ray spectroscopy measurements. (a) SEM image and (b) 

elemental composition of CsPbBr3 microwires with Cs/Pb/Br mole ratio of ~1/1/3. (c) EDX 

mapping of single CsPbBr3 microwires. 

 

4. 3 Optical Results 
 

The primary parameters that govern photon recycling are extinction coefficient () and 

radiative efficiency within individual microwires.115 When absorption length (l=1/) is 

much smaller than the size of the sample, the light’s propagation between the excitation 

and detection regions will allow for many absorption/re-emission events, thus influencing 



64 
 

 

the spectrum shape and modifying the observed lifetime. Self-absorption is assisted by total 

internal reflection (TIR) that keeps a substantial fraction of photons from escaping the 

structure and guides light over longer distances in the waveguide. Bulk absorption 

measurements are not representative of the absorption within individual microwires due to 

the non-continuous microwires’ coverage on the glass substrate. To alleviate this problem, 

we performed linear absorption measurements on individual microwires using confocal 

double objective geometry as shown in the left part of the inset in Figure 4.4a. An objective 

with a lower numerical aperture (NA~0.5) has been used to couple broadband white light 

(WL) through the top facet of the microwire (from the air side), while higher-NA objective 

positioned below the quartz substrate was used for light collection. The thickness of the 

microwires (as seen in SEM imaging) has been consistently found in the ~5 µm range, thus 

allowing us to estimate the absorption coefficient. The use of low-NA objective largely 

avoids the problem of WL coupling into the waveguiding modes and thus escaping 

detection (NA=0.5 corresponds to 30o coupling half-angle, while the index of refraction 

n~2.3 of the CsPbBr3 material corresponds to TIR critical angle of  cr ~ 27 o).  Figure 4.3a 

indicates that optical density (OD) of individual microwires ranges from 0.1-0.15 OD at 

the main exciton peak and approximately between 0.05-0.075 at the PL emission 

wavelengths of 525-530 nm. The corresponding absorption length l is on the order of 20-

40 µm and extinction coefficient in the range ~ (2.5-5)*102 cm-1. The extinction values 

obtained in our work point to the potential contribution of the TIR-assisted waveguiding to 

photon recycling in microwires.  



65 
 

 

 

Figure 4.4 (a) Linear absorption spectra of an individual microwire. Inset: Left part – 

schematics of linear absorption measurements using white light. Right part - variable length 

excitation/collection measurements using the same pair of objectives, with the bottom one 

translated along the microwire. (b) PL spectra as function of separation s. Spectra are 

normalized at the maximum emission intensity. Excitation power 20 µW. Inset: PL 

emission intensity at the 530 nm peak as a function of separation distance s. 

 

Figure 4.4b presents PL spectra for several values of the spatial separation s between the 

excitation and collection volumes along the individual microwire. Same 

excitation/collection arrangement (right side of the inset in Figure 4.4a) has been used, 

whereas excitation light is 800 nm laser positioned in the middle of the microwire and PL 

collection spot is scanned along the microwire’s bottom surface, with separation distance 

s in excess of 100 µm. The relative weight of the main emission peak at ~530 nm at first 

shifts toward longer emission wavelength (for s = 0 - 30 µm separations, indicated by 

arrows). This initial shift is attributed to the primary (i.e., PL emission that is produced by 

direct laser excitation) photon reabsorption at shorter wavelengths and correspondingly 

larger PL contribution at longer wavelength due to spectral filtering within the perovskite 
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material as previously described.116 However, at longer separation distances we observe 

the appearance and relative growth of a well-defined peak at the lower energy, that is 

continuously evolving to ~ 545 nm as separation distance exceeds 100 µm. It is clearly 

seen that while the overall intensity of the emission is dropping off sharply (inset to Figure 

4.4b), the re-emission peak is taking over the primary PL emission. Similar behavior of PL 

spectra has been recently observed in Ref.117 This behavior is indicative of repetitive PL 

self-absorption/re-emission mechanism under conditions of inhomogeneous broadening 

that is shifting emission down in energy (following sharp cutoff in absorption profile) and 

points towards multistep photon recycling in CsPbBr3 perovskites.  

 

 

Figure 4.5 Visual appearance of light excitation, propagation and out-coupling in CsPbBr3 

microwires. (a) Transmission microphotograph of a single microwire in a wide-field 

illumination mode (b) Excitation spot is fixed at one end of the wire, emission is emerging 

from the other end; (c) Excitation is in the middle of the wire, emission emerges from both 

ends of the wire. 

 

Quantitative interpretation of the PL emission spectra is complicated by the specifics of 

light propagation within the microwire. Visual appearance and intensity of PL peaks are 
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often related to the presence of macroscopic surface defects that strongly influence the 

amount of the collected PL light, Figure 4.5. At the same time, PL lifetime measurements 

are only affected by the intrinsic factors such as pumping of the perovskite by the two-

photon excitation pulse at short separation distances and pumping via PL absorption/re-

emission events at longer separations. Using 800 nm laser for two-photon excitation allows 

us to mostly avoid excitation of the surface-related states that typically manifest themselves 

in very short initial PL lifetime components (some examples are shown in Supporting 

Information, Figure S4.3).115 Figure 4.6a shows that, as the separation is increased, we 

observe an appearance of a delayed rise components, indicating the influx of excitations to 

the distant regions of the microwire. To properly analyze and represent the dynamics in a 

noise-free format, we consistently fitted PL decays with 2-3 exponentials, fully accounting 

for the observed rise and fall dynamics. Figure 4.6b shows an expanded view of the fitted 

kinetics at different separation distances for shorter delay times. The data illustrate the 

gradual evolution of the rise time components in the PL dynamics at longer separations. 

This behavior is a clear signature of the delayed energy influx into the remote regions of 

the microwire.  

In general, there could be two mechanisms generating excitations in the remote parts of the 

microwire away from the original laser excitation spot. One is the photon recycling, and 

the other is carrier diffusion, where charge carriers generated by the laser pulse diffuse 

within the wire and recombine at the later time, giving rise to the delayed PL emission.118 

To clarify this issue, we performed independent carrier mobility measurements in 

individual microwires using two dimensional space charge limited current (2D-SCLC) and 

field effect transistor (FET) methods (more details are in Experimental Section and 
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Supporting Information, Figure S4.1 and S4.2). The results indicate that the hole mobilities 

are in the range of µ=0.01-0.02 cm2/(Vs) which is in a good agreement with the value 

reported by Huo et al.119 Considering PL lifetime of the carriers to be around 400 ns (Figure 

4.6a), the estimated room-temperature diffusion length, LD ~ 0.1 µm. Hence, the observed 

evolution of PL decay dynamics at separation distances of tens of µm cannot be a result of 

charge carrier diffusion. The fitted PL risetime values (shown in Supporting Information, 

Table S4.1) indicate the nearly linear dependence of the risetime constants with the 

separation distance along the microwire as will be appropriate for a step-by-step, radiative 

energy transfer process. Taken together, spectral and dynamics data point to photon 

recycling, assisted by waveguiding in CsPbBr3 perovskite microwires.  

 

Figure 4.6 (a) Normalized PL dynamics of the CsPbBr3 perovskite microwires as function 

of separation between excitation and collection spots measured at main emission peak of 

530 nm. (b) Expanded view of the early times, presented on the linear scale, fitted curves 

are shown. 
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For such a scenario to occur, microwire samples must have sufficiently high PL emission 

quantum yield that would allow for a number of sequential absorption/re-emission events. 

However, the PLQY of an individual microwire cannot be reliably deduced from the bulk 

QY measurements. In a bulk sample, the emitted PL photons are waveguided within the 

microwires and experience multiple absorption/emission/scattering steps, greatly reducing 

their probability to escape towards detection. Standard measurements with integrating 

sphere provide PLQY of the microwires on the order of 5-8%, in agreement with bulk 

CsPbBr3 single crystals, but clearly too small to explain the observed experimental data 

within the scope of photon recycling model. Furthermore, it is well known that PLQY in 

perovskite materials is fluence dependent.120 Measurements using integrating sphere 

operate at low fluence conditions where monomolecular (trap-assisted) recombination 

regime results in lower PLQY values. On the contrary, photon recycling necessarily 

involves higher excitation fluences to generate enough photons to be recorded at the remote 

locations along the wire. Light propagation inside the microwire is governed by the TIR 

light confinement factor, T. Following the calculations presented by Shurcliff121 for light 

from an isotropic emitter trapped within the rectangular waveguide of the index nper~2.3 

with five sides facing air (nair =1) and one side the quartz substrate (nq =1.5), the 

confinement factor is estimated as T~0.63. (i.e. once generated, 63% of the photons will 

forever propagate inside via TIR if no re-absorption is taking place.) Hence, in the process 

of photon recycling that involves multiple absorption/re-emission steps, confinement plays 

a major role in retaining photons within the waveguide and maintaining high enough re-

excitation fluence.   
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In order to rationalize the observed experimental behavior of separation-dependent PL 

kinetics as observed in Figure 4.6, we analyze here an effective one-dimensional model, 

appropriately modified from the one found in kinetic theory of semiconductors:122  

𝜕𝑛(𝑥,𝑡)

𝜕𝑡
= 𝐷

𝜕2𝑛(𝑥,𝑡)

𝜕𝑥2 −
𝑛(𝑥,𝑡)

𝜏tr
− 𝐵𝑛2(𝑥, 𝑡) + 𝑞𝐵 ∫ 𝑑𝑥′  𝐾(|𝑥 − 𝑥′|) 𝑛2(𝑥′, 𝑡).               (4.1) 

The validity of the one-dimensional model here is based on the overall geometrical shape 

of the excited region of the microwires. The initial excitation takes place via a two-photon 

absorption whose linear absorption length is much-much larger than the lateral dimension 

of the wire. The initial excitation region is therefore practically uniformly distributed across 

the micro wire. This uniformity is then of course preserved in the process of the diffusion 

making the latter a function of only coordinate x along the microwire (in full similarity 

with textbook treatments of the diffusion from uniformly excited surface). Equation (4.1) 

thus describes the spatial-temporal evolution 𝑛(𝑥, 𝑡) of the charge carriers’ density along 

the microwire from the initial profile 𝑛(𝑥, 0) for the equal populations of photoexcited 

electrons, 𝑛, and holes, 𝑝. In addition to single-particle processes of carrier diffusion 

(coefficient 𝐷) and trap-assisted decay (lifetime 𝜏tr), Eq. (4.1) incorporates bimolecular 

(electron-hole, 𝑛𝑝 = 𝑛2) radiative recombination (coefficient 𝐵) responsible for PL 

emission.121, 123 The last term in Eq. (4.1) is representative of photon recycling and 

describes carrier generation at point 𝑥 due to reabsorption of the light emitted as a result of 

radiative bimolecular recombination at point 𝑥′ (kernel 𝐾(|𝑥 − 𝑥′|)). As the two PL-

related terms are both proportionate to n2(x, t), their role in the overall dynamics increases 

for higher excitation densities. Since bimolecular recombination can also involve a non-
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radiative channel, dimensionless parameter 0 < 𝑞 < 1 in Eq. (4.1) defines its radiative 

quantum yield:  at 𝑞 = 1, all electron-hole recombination events result in photon emission.  

 

Figure 4.7 Initial PL intensity integrated along the microwire as a function of the applied 

laser power. Dots - experimental points, colored lines – proportionality to different powers 

of P. 

 

To experimentally validate the bimolecular dependence of PL ~ n2 on density n, we 

recorded initial PL intensity as a function of the laser excitation power P. Due to the two-

photon excitation method used in this work, the light absorption itself is also proportional 

to the square of the laser power, leading to the fourth-power dependence of the observed 

PL, ~P4 for the bimolecular recombination emission. Figure 4.7 shows the total PL 

emission, integrated along the microwire as a function of the applied 800 nm laser power. 

The calculation method as well as representative PL kinetics are shown in Supporting 

Information Figure S4.3. The observed PL signal dependence clearly follows ~P4 behavior, 
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confirming the n2 dependence of the rate of radiative processes on the density n (which is 

different from the linear dependence, expected in the case of exciton density124). 

 

Figure 4.8 Model PL decay curves for several separation distances calculated with Eq. (1) 

and distinguished by curve colors. Compared are results with bimolecular radiative 

efficiency q=0.25 (dashed lines) and q=1(solid lines). For this computational example, the 

maximum initial carrier density 𝑛max = 3/𝐵𝜏tr was used, and other parameters are defined 

in the text. Reduced time is shown in the units of the charge carrier lifetime. 

 

The simulations resulting from the numerical solutions to the model of Eq. (4.1) are 

exemplified in Figure 4.8 for a set of representative parameter values.  If all emitted 

photons were reflected from the microwire sidewalls, the spatial kernel would behave as 

𝐾(𝑥) = 𝛼 ∫ 𝑒−𝛼|𝑥|𝑢 𝑑𝑢/2𝑢
∞

1
 and satisfy the conservation condition, ∫ 𝐾(𝑥) 𝑑𝑥 = 1

∞

−∞
.124 

We correspondingly modify the kernel to account for photons escaping through the 

sidewalls (and actually contributing to the observed PL); in the computational example of 
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Figure 4.8, the kernel satisfies ∫ 𝐾(𝑥) 𝑑𝑥 ≅ 0.69
∞

−∞
. This number is very close to the 

previously estimated TIR light confinement factor T~0.63, while the linear absorption 

length 1/𝛼 = 40 𝜇m. (Note that this length is also much larger than the lateral size of the 

wire.) The model PL decay curves in Figure 4.8 were simulated starting from the initial 

excitation profile extracted from the experimental data for Figure 4.6. In our simulations, 

we purposefully used a substantially increased (with respect to the experimentally inferred) 

value of the single-carrier diffusion length 𝐿𝐷 = √𝐷𝜏tr = 1 𝜇m, and observed that, even 

with this value, such diffusion cannot account for the experimentally observed time-

dependent spreading of the initial profile. Moreover, the observed pattern of position-

dependent PL decay could not be simulated with low to moderate values of the bimolecular 

radiative efficiency parameter q (dashed lines in Figure 4.8 show simulation results for 

q=0.25). Only for high radiative efficiency, simulation results in Figure 4.8 (only q=1 data 

shown by solid lines) compare favorably with experimental data in Figure 4.6, reflecting 

both faster PL decays at the early times at shorter spatial separations (associated with n2(x, 

t) term) and appearance of the delayed PL risetimes due to photon recycling at longer 

separations.  

Prior studies performed with methylammonium-based (MAP) perovskites have indicated 

that the efficiencies of bi-molecular recombination span wide range of values, from <10% 

percent to close to unity and could be strongly influenced by trap-assisted Auger 

recombination.46, 125-127 Consequently, this mechanism would be more relevant to 

polycrystalline MAP films than for single crystal materials as the latter generally have 

lower defect densities. Hence, our findings that bi-molecular recombination efficiency in 
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CsPbBr3 crystalline microwires is close to unity in elementary electron-hole recombination 

events is in line with those models. 

Our model calculations also account for competition with single-particle recombination 

(lifetime 𝜏tr), their interplay being dependent on the carrier density. In our experiments, as 

the initial excitation profile spreads in space and decays in time, this density keeps 

decreasing so that eventually the single-particle recombination becomes the dominant 

mechanism wherever the density is low enough. Concomitantly, transient analysis reflects 

distance-dependent changes in the PL emission kinetics, influenced by initial carrier 

density and photon recycling.  The high value of the radiative efficiency of the intrinsic 

elementary electron-hole recombination steps  that is inferred from our data on the CsPbBr3 

microwires should thus not be confused with standard bulk measurements of the quantum 

yield that could result in significantly reduced – and intensity dependent -  values both due 

to single-particle trapping and multiple reabsorption/emission steps.  

4. 4 Summary 
 

We investigated PL evolution and emission dynamics in individual CsPbBr3 microwires 

using two-photon excitation and double objective excitation/collection microscopy. Our 

results show propagation of the PL emission within individual microwires to distances in 

excess of a 100 µm from the excitation location. We found that PL spectral content and PL 

kinetics strongly depend on the propagation distance along the microwire. As the 

separation distance increases, the PL emission spectrally redistributes towards the lower 

energy while PL kinetics develop delayed emission rises, with risetime components scaling 

with the separation distance. We applied the one-dimensional model of spatio-temporal 
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evolution of the charge carrier density that accounts for monomolecular and bimolecular 

recombination and waveguide-assisted photon self-absorption/re-emission. Simulated PL 

dynamics clearly show that the low PLQY values found by the bulk sample measurements 

are incompatible with the experimental data whenever the material experiences strong 

photon recycling. The model reveals internal recombination efficiency of the microwires 

to be close to unity. These findings show the influence of photon recycling on the emission 

properties of CsPbBr3 perovskites and highlight its significance for rational design of 

cesium halide perovskite materials for light emitting and photon conversion applications.  

4. 5 Experimental Details 
 

Materials: Lead bromide (PbBr2) (≥98%), cesium bromide (CsBr) (99.9% trace metals 

basis), and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich and used 

without further purifications.  

 Microwires preparation: CsPbBr3 microwires were obtained from a 0.25 M solution of 

CsBr/PbBr2 in DMSO. For cast-capping method, several drops of the solution were cast on 

the glass substrates. After casting the solution, the second glass substrate was utilized for 

capping. Glass substrates were placed onto the hot plate with a metal block holder and 

heated up at ~ 100 °C for 3-5 days to dry the solution. 

Material characterizations: Steady-state reflectance data were collected from Cary 6000i 

UV-Vis-NIR Spectrophotometer with sample reflectance correction by using 100% 

reflector BaSO4 as a reflectance standard, the absorbance spectra were calculated from the 

reflectance data by Kubelka-Munk relation. A FluoroMax-4 spectrofluorometer from 

Horiba Scientific was used to investigate photoluminescence properties. Powder X-ray 



76 
 

 

diffraction was performed on a Bruker AXS D8 diffractometer using Cu-Kα radiation. The 

scanning electron microscopy (SEM) images were collected with an FEI Quanta 600 

microscope. Energy-dispersive X-ray spectroscopy (EDX) was performed using Nova 

Nano SEM equipped with an EDS detector operating at 15 kV.  The optical images of 

CsPbBr3 microwires were obtained on a Zeiss Microscope A1 optical microscopy. TEM 

and SAED were carried out on the Titan G2 80–300, FEI Co., operating at 300 kV. 

Space charge limited current (SCLC) measurements: Au electrodes (100 nm thickness) in 

gap-type geometry were deposited on CsPbBr3 microwires using a shadow mask. For gap-

type geometry, a modified formula was used as reported previously. 128-129 The mobility 

(µ) was calculated from the relation: I = 2Ɛ0ƐrµV2/лL2 where Ɛ0 is the vacuum permittivity, 

Ɛr is the relative dielectric constant for CsPbBr3, L is the distance between the electrodes. I 

is the current and V is the applied voltage. The SCLC measurement was performed using 

Keithley 2635A source-meter in the dark, under vacuum at room temperature.  

Bottom-gate, bottom-contact (BGBC) FET evaluation: Heavily n-doped Si wafer with a 

100 nm-thick thermally grown SiO2 top layer was used as the substrate, where the silicon 

works as the gate electrode and SiO2 functions as the gate dielectric with a capacitance of 

∼29 nFcm-2. The CsPbBr3 microwires were deposited on the SiO2 layer. Au electrodes (40 

nm thickness) in gap-type geometry were deposited on CsPbBr3 microwires using a 

shadow mask by thermal evaporation. The devices were characterized in N2 filled glove 

box using an Agilent 4155C Semiconductor Parameter Analyzer. The carrier mobility was 

calculated from the slope of the    (IDS) 
1/2 versus VGS plot according to the equation, IDS = 

μCi  W/2L (VGS-VTH )2, in the saturated regime, where μ is the carrier mobility in saturation 

regime, IDS is the drain current, L and W are the channel length (30 μm) and channel width 
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(6 μm, the diameter of microwire), Ci is the gate dielectric layer capacitance per unit area, 

VGS and VTH are the gate voltage and threshold voltage, respectively.  
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Chapter 5. Hot Carrier Relaxation and Extraction in Perovskite 
 

5. 1 Introduction 
 

Renewable energy from solar cells has reached cost parity with fossil fuels in many parts 

of the world,130-131 driven largely by cost reductions achieved by mass manufacturing 

photovoltaic devices containing a single junction (i.e., one absorbing semiconductor).132-

135 While these devices are amenable to mass manufacturing due to their relatively simple 

architecture, they are also limited in the solar spectrum that they can exploit, which is set 

by the bandgap energy of their absorber. Photons that exceed the bandgap’s energy excite 

the charge-carriers to energy levels above the bandgap, where upon the carriers quickly 

relax back (i.e., cooldown) to the bandgap edge, essentially dissipating all energy in excess 

of the bandgap. This innate process of rapid hot carrier cooling, preceding the carrier 

recombination at the bandgap’s edge, is a major source of loss in semiconductor materials 

that limits their photovoltaic performance (see Figure 5.1).136-138 In single junction solar 

cells such losses set an efficiency limit of 33% – known as the Shockley-Queisser (SQ) 

limit137 – on the harvestable solar energy. Potentially pushing the solar cell efficiencies 

beyond this limit entails overcoming the narrow time window of carrier cooling (~hundreds 

of femtoseconds, fs) and addressing the energy-level alignment mismatch preventing the 

effective extraction of hot carriers from the absorbing semiconductor. 
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Figure 5.1 Main energy loss processes in a standard single‐junction solar cell: (1) Hot 

carrier cooling loss (red lines); (2), (3) junction and contact losses; (4) recombination loss.  

Adapted from ref.49, 130 with permission from John Wiley and Sons. 

 

Recently, solar cells based on a low-temperature solution-processable class of absorbing 

semiconductors, known as metal halide perovskites, have been the subject of intense 

investigation. The initial interest in these materials stemmed from the impressive 

efficiencies that their solar cells could achieve, despite their simple processing routes, 

offering a prospect for a cheap yet efficient photovoltaic technology (current power 

conversion efficiency ca. 23%).10, 29, 64, 139-144 However, the scope of halide perovskite 

optoelectronics has expanded to encompass photodetectors,145 scintillators,35 light emitting 

diodes,146-148 and lasers.40, 149-153 Understanding the cooling dynamics of hot carriers is of 

relevance to all these applications, and utilizing (the currently unutilized) hot carriers is 
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potentially beneficial (varying extent) to all the aforementioned optoelectronic 

technologies. 

The study of hot carrier dynamics in methylammonium lead iodide (CH3NH3PbI3, or 

MAPbI3) – an archetypal perovskite solar cell material – has received significant attention 

over the last several years.154-160 With a few studies uncovering qualitatively different 

cooling behavior exhibited by perovskites in comparison to other conventional 

semiconductor materials used in solar cells.49 However, the extraction of these hot carriers 

before they quickly relax to the band edges still remains largely elusive for the MAPbI3 

perovskite films; although there are few works about the extraction from other perovskites 

systems, including MAPbBr3,
161 CsPbI3,

162 and CsPbBr3
163 perovskite nanocrystals.  

In this chapter, using a combination of femtosecond transient absorption (fs-TA) 

spectroscopy and density functional theory (DFT) modelling, we explore and decipher the 

mechanisms of hot carrier relaxation and extraction at the interface between MAPbI3 

perovskite and TiO2 electron-transporting layer (ETL) or Spiro-OMeTAD hole-

transporting layer (HTL) – the commonly used carrier-selective contacts in perovskite solar 

cells. In contrast to TiO2, the presence of Spiro-OMeTAD results in the absence of spectral 

broadening of the hot carrier distribution, which is a spectroscopic signature indicative of 

efficient hot hole extraction from pristine perovskite to the HTL. Our modelling indicates 

that the efficient extraction of hot holes is driven mainly by the strong overlap of the 

localized charge of the valence band from Spiro-OMeTAD with aligned electronic states 

of delocalized character on the surface of MAPbI3.  
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5. 2 Hot Carrier Relaxation Mechanism  
 

We started exploring the hot carrier relaxation with the pristine MAPbI3 perovskite films. 

Figure 5.2 illustrates the fs-TA spectra (see Experimental Section for details of the TA 

measurement setup) obtained from the MAPbI3 film following 370-nm optical excitation 

with an excitation pump fluence of 3 µJ/cm2 (corresponding to a carrier density of ~5.4 x 

1017 cm-3, considering the extinction coefficient of MAPbI3 at 370 nm ~ 105 cm-1).164 The 

TA spectra show two characteristic features, negative (A< 0) and positive (A> 0) 

absorption change that are known as photobleaching (PB) and photoinduced absorption 

(PIA), respectively.  
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Figure 5.2 fs-TA spectra of MAPbI3 perovskite. a) 2D color plot of TA spectrum, b) 

normalized spectra at short time delay and, c) bleach recovery kinetics at different 

wavelengths of MAPbI3 perovskite in response to 370 nm optical pulses with 3 µJ/cm2 

pump fluence. d) Recovery of the bleaching signal at 750 nm as a function of pump fluence 

(carrier densities vary from 2.16 x 1017 cm-3 to 1.44 x 1018 cm-3). The inset shows the 

normalized bleach kinetics at short timescale.  

 

Figure 5.2a represents the two-dimensional (2D) pseudo-color plot of the TA spectra of 

spin-coated MAPbI3 film on the glass substrate over a 5 ns time window, obtained upon 

excess energy excitation at 370 nm; a fixed fluence of 3 µJ/cm2  was used throughout this 

study unless otherwise stated. The strong photobleach signal (red color)  at 750 nm (which 

is matched with the band gap (1.6 eV) of the MAPbI3 film) originates from the band filling 

effect.120 Additionally, the broadening of the bleaching signal (green color) can be 

attributed to different photophysical processes such as band edge renormalization and 

many-body interactions.165  The blue color in the 2D spectrum represents the excited state 

absorption of either the bound or the free charge carriers (see details in a section). The 

normalized TA spectra in short time scale (from 210 fs to 2.9 ps after excitation) is plotted 

in Figure 5.2b, which displays a broadening of the bleach signals in the lower wavelength 

(high-energy) region. This broadening can be attributed to the quasi-equilibrium 

distribution of the hot carriers in the crystal lattice.154-155, 157 It should be noted that charge-

carriers below the valence band and above the conduction band that have energies greater 

than kBT are known as hot holes and electrons, respectively. Consequently, the temperature 

of such carriers is higher than the lattice temperature. Carrier temperature (TC) is one of the 
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measurable parameters for quantifying the thermalization process of the hot carrier. The 

initial temperature (~1500 K) of the hot carriers drops rapidly (hundreds of fs timescale) 

to ~600 K followed by a slow thermalization to the room temperature (300 K) in 

picosecond timescale as demonstrated in detail in our hot carrier extraction section. In 

addition to that, the absorption band in the TA spectra below 600 nm represents the 

thermalization of the hot carriers to the quasi-equilibrium states at room temperature, which 

occurs within the temporal resolution of the laser pulses.154 The quasi-equilibrium 

distribution (broadening of the high-energy tail) of the hot carriers is no longer observed 

when the measurement was performed at the band edge excitation (720 nm, see Figure 

S5.2).  

 

Figure 5.3: Hot-carrier cooling temperature as a function of delay time in MAPbI3 films 

at different pump fluences in response to a 370-nm excitation. The corresponding carrier 

densities are quoted in parentheses.  



84 
 

 

 

Additionally, shifting of the photobleach maxima and the photoinduced absorption above 

750 nm converts to photobleach associated with initial timescale can be due to the band-

gap renormalization of the MAPbI3.
120 Further discussion on the thermalization and 

charge-carrier lifetime in MAPbI3 is summarized in Figure 5.1c. The gradual narrowing of 

the bleach dynamics (Figure 5.1c) towards high energy corresponds to the thermalization 

process of the carriers.166 In detail, the bleach recovery dynamics at 700 and 720 nm 

associated with single exponential formation time, while the bleach dynamics at 740 and 

750 nm exhibit bi-exponential formation time. However, the recovery of all the bleach 

dynamics occurs bi-exponentially. The single exponential rise time constant varies within 

the temporal resolution of the instrument (< 120 fs). For the bi-exponential rise, the second 

component varies up to 100s of fs (540 fs for 750 nm at 3 µJ/cm2). This second component 

represents the intraband hot carrier cooling time. The hot carrier cooling mechanism in the 

MAPbI3 perovskite is associated with phonon emission.154-155, 167-168 Like polar inorganic 

semiconductors (especially for GaAs),169 the hot carriers in the perovskite thermalize via 

phonon emission, leading to a gradual decrease of the TA signal. It is worth pointing out 

that the relaxation of the hot carriers largely depends on the excitation conditions. The 

fluence dependent bleach kinetics at 750 nm is illustrated in Figure 5.1d. Although a linear 

increase of the PB signal with pump fluence was observed, a slow rise in ground state 

bleaching was also noticeable (Figure 5.1d inset).  A slight decrease in the carrier 

temperature of hot carriers could also be seen (Figure 5.3), especially at high excitation 

fluence and high carrier density (1.44 x 1018 cm-3), which is attributed to the intrinsic hot 

phonon bottleneck effect.155 While this observation is in a good agreement with the 
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literature 155, 157, the contribution of the Auger heating effect to the slow cooling of the hot 

carriers cannot not be excluded.161  

Furthermore, we identified the nature of the photogenerated carriers in perovskite by 

analyzing the TA signal at near-infrared (NIR) region following 370-nm excitation. The 

broad PIA extending up to the NIR can be due to the absorption of either free excitons or 

free carriers (see Figure 5.4a and b). Low exciton binding energy170 and the fluence-

dependent nongeminal charge recombination suggest that the broad PIA signal in the 

perovskite film is composed of the free carriers, not of free excitons, which agrees with 

previous reports.123, 171-177 The gradual increase in the broad PIA intensity reflects the 

formation of free carriers from the hot carriers. In addition, we confirmed that the free 

carries are also generated through thermalization of the hot carriers (see Figure 5.4c).165 

The free carrier formation time (560 ± 35 fs), which was measured from the rise in the 850 

nm kinetics (see Figure 5.4c) of the MAPbI3 film. 

 

 

Figure 5.4 fs-TA spectra of MAPbI3 films at a) early and b) long time delays in response 

to a 370 nm optical excitation. c) The free carrier formation as a function of optical 

excitation. The solid lines stand for the fitting curves of the experimental data. Different 



86 
 

 

pump excitations dependent measurements were performed at a fixed pump fluence (~3 

µJ/cm2). 

 

Different photoexcitation behaviors are illustrated in Figure 5.5a when the perovskite is 

excited by three different excitations: with excess energy, at close to band edge and band 

edge. The excitation with excess energy can create charge-carriers in the electronically hot 

states. The charge recombination followed by thermalization occurs on a timescale of > 5 

ns. From the above discussion, and earlier studies120, 174 we conclude that the charge-

carriers in the perovskite are free, and not bound. With band-edge excitation, the 

recombination between free carriers (electrons and holes) provides the true carrier lifetime 

in the perovskite, which varies over a ns time scale. In addition to that, the thermalization 

of the hot carrier in MAPbI3 mainly associated with the longitudinal optical (LO) phonon 

emission process. Recent DFT and many-body perturbation theory calculations by Herz 

and co-workers have revealed that the spectral broadening of the perovskite is due to the 

scattering from LO phonon emission, which occurs via the Fröhlich interaction.178 

Moreover, the coherent electron-acoustic phonon coupling was also observed during the 

electron transport in MAPbI3 single crystals.179 Finally, following the cooling of charges is 

the conversion to free carriers that eventually recombine to reform the ground state. The 

formation of the free carriers from hot exciton dissociation and subsequent electron-optical 

phonon coupling is observed on the sub-picosecond time scale.168 After revealing the 

essential dynamics of hot carriers in MAPbI3, we move on to investigate the practical 

utilization of these carriers in photovoltaics by studying the efficiency of their extraction 
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at the device interface. In the following section, we demonstrate the extraction of charge-

carriers from MAPbI3 perovskite using an ETL and an HTL.  

 

Figure 5.5 a) Schematic diagram of electron relaxation processes in MAPbI3 with three 

different pump excitation values: with excess energy, at close to band edge and band edge 

(370, 690, and 720 nm optical excitations). b) Steady-state (ex = 450 nm) and c) time-

resolved PL spectra of the pristine MAPbI3 (black), MAPbI3-TiO2 (blue), Spiro-OMeTAD 

-MAPbI3 (red). The time-resolved PL decay was monitored at 760 nm after 450 nm laser 

excitation. 
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Figure 5.5b depicts the steady-state PL of pristine MAPbI3 without and with the ETL, and 

HTL after 450-nm excitation. The PL of the perovskite is quenched in the presence of either 

ETL or HTL, which evidently illustrates the efficient extraction of the thermalized carriers 

(electrons and holes) at the interface of MAPbI3 perovskite. The impact of the charge 

extraction is further analyzed by comparing the time-resolved photoluminescence (TRPL) 

decay traces, which studied in time correlated single photon counting (TCSPC) 

measurement. It is worth noting that the temporal resolution of the excitation laser pulsed 

(~100 ps) used in TCSPC measurement is more than that of the thermalization time of the 

hot carries. Therefore, the outcomes of the TRPL would reflect the extraction of the 

thermalized carriers. Figure 5.5c presents the TRPL decay traces monitored at 760 nm 

following 450 nm excitation of pristine MAPbI3 without and with ETL and HTL. The 

TRPL decay of the pristine perovskite shows 2.76 ± 0.12 ns (see Table S5.1) average 

radiative lifetime due to the nongeminate radiative recombination of the electron and 

hole.174, 180 Moreover, the radiative lifetime of the MAPbI3 can varies from sub-ns to 

hundreds of ns depending on the crystallite dimension (grain size) of the MAPbI3 and 

fluence of the excitation source.181 Interestingly, the average radiative lifetime of the 

MAPbI3 becomes very short in the presence of ETL (0.68 ± 0.04 ns) as well as HTL (0.76 

± 0.04 ns) (see Table S5.1). These observations indicate that the thermalized charge-carriers 

are extracted from the MAPbI3 films nearly at the similar rate. The reason for this behavior 

is discussed in further detail in the DFT section.  
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5. 3 Extraction of Hot Carrier Study 
 

Peering into the extraction of hot carriers requires a finer probing time-scale (than hundreds 

of ps temporal resolution of TCSPC). Since the estimated hot-carrier diffusion length is on 

the order of ~ 42 nm (see the detail calculation in Supplementary Note 5.3) in MAPbI3 

films, the extraction of hot carrier is technically feasible. Hence, we studied the interfacial 

hot carrier extraction in the presence of ETL and HTL by fs-TA spectroscopy (exciting 

from the extraction layer sides161) and supported by DFT modelling. In order to make a 

fare comparison, we have also compared the fs-TA results for the both sample sides in 

Supporting Information (see Figure S5.3 and Supplementary Note 5.3). 
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Figure 5.6 Normalized fs-TA spectra of MAPbI3 film (a), MAPbI3-TiO2 (b), and MAPbI3-

Spiro (c) in response to a 370-nm excitation with a fixed pump fluence of 3 µJ/cm2. (d) Hot 

carrier cooling as a function of delay time, extracted from (a), (b), and (c) (films are excited 

from the extraction layer side). 

 

Exploiting hot carriers in perovskite solar cells entails understanding their dynamics and 

extracting at the interface of MAPbI3 prior to their complete cooling. The hot carriers in 

pristine MAPbI3 show a non-equilibrium distribution when excited above the bandgap 

energy, as shown in Figure 5.6a. Under the same experimental conditions, the broadening 

of the high energy tails of the TA spectra slightly shrinks in the presence of the ETL (Figure 

5.6b), and is completely diminished in the presence of the HTL (Figure 5.6c). This suggests 

that the hot carriers can be extracted from the MAPbI3 film using appropriate charge 

transport layers. However, as it can also be seen from Figure 6.6b and c, the efficiency of 

the hot carrier extraction is varies substantially depending on the layer’s identity. By 

definition, hot carriers have excess kinetic energies at least more than kBT above the 

conduction and below the valence bands for electron and hole, respectively. Such hot 

carriers have higher carrier temperature, TC, than the crystal lattice, which dissipates in a 

very short period of time (hundreds of fs) through a phonon emission process. The TC can 

be calculated by fitting the TA spectra (the fitting curves are provided in Supporting 

Information, see Figure S5.4) above the band edge (between 1.7 eV and 2 eV) to a 

Boltzmann distribution154-155, 161-162: 

𝐴[𝐸] ∝ 𝑒−(𝐸−𝐸𝑓) (𝑘𝐵𝑇𝑐)⁄                                                            (1) 
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Where, Ef is the quasi-Fermi energy and kB is the Boltzmann constant. Figure 6.6d shows 

the Tc of MAPbI3 film drops from ~1500 K to 600 K within ~2 ps after photoexcitation, 

implying that the excess energy of the carriers was released to the crystal lattice through 

non-radiative pathways. In the presence of TiO2, the initial temperature of the hot carrier 

also reduces with the progress of time following a similar pattern to the pristine MAPbI3. 

A markedly different behavior is seen when Spiro-OMeTAD is used as the extraction layer: 

we find that the initial temperature falls very rapidly and goes to 300 K within a 1 ps 

timescale. In order to compare the hot carrier extraction across the three cases, we have 

plotted the normalized kinetics of all systems at 709 nm in Figure 5.7a. In the presence of 

Spiro-OMeTAD, the bleach recovers within less than 1 ps time scale, while for the 

perovskite alone and the perovskite with TiO2 the recovery within several picoseconds ps. 

This observation confirms that the excess energy of the hot hole efficiently was captured 

by the Spiro-OMeTAD before it thermalized to the crystal lattice of the MAPbI3. To see 

the effect of the pump photon energy on the hot carrier dynamics, the extraction of hot 

holes using different pump photon excitation is demonstrated (Figure S5.5). Upon 475-nm 

excitation, we do also see the hot carrier distribution as observed upon 370-nm excitation. 

In the presence of Spiro-OMeTAD, we found that the broadening of the high-energy tails 

was reduced, which indicates the extraction of the hot carrier by the Spiro-OMeTAD 

molecules. However, the efficiency of the hot hole extraction is not as high as was observed 

at 370-nm excitation. Also, to confirm the extraction of the holes, we performed further TA 

measurements in the NIR region (see Figure S5.6), which suggests slow relaxation of 

photoexcited carriers due to the capture of holes by Spiro-OMeTAD. However, it is 
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difficult to conclude the nature of the hole from this measurement. Therefore, we conducted 

additional investigations by using theoretical modelling.  

 

Figure 5.7 a) Normalized fs-TA kinetics at 709 nm of the pristine MAPbI3 film, 

TiO2/MAPbI3, and MAPbI3/Spiro-OMeTAD in response to a 370-nm excitation with a 

fixed pump fluence of 3 µJ/cm2. b) Schematic of energy alignment and competition of 

thermalization and hot charge injection processes between interfaces of TiO2/MAPbI3 and 

MAPbI3/Spiro-OMeTAD; projected density of states and three-dimensional electronic 

charge distributions (an isovalue of 5×10−4 e/Å3) of VBM-3.1 eV, VBM, CBM and 

VBM+3.1 eV for c) MAI-terminated and d) PbI2-terminated MAPbI3 (001) slab calculated 

at HSE+SOC level of theory (the VBM is set at zero energy). 
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In order to shed light on the nature of hot carrier extractions, we performed DFT 

calculations on both MAI- and PbI2-terminated MAPbI3 (001) slab models (see Figure 5.7). 

For the extraction of hot carriers from the MAPbI3 film, we used the flat energy band 

alignment scheme (Figure 5.7b) although the interfacial band alignment will not be 

completely flat.
182

 Since, at high-energy excitation – as in the current study – the 

photogenerated hot carrier may overcome the barrier potential and can inject the electron 

into the conduction band of the TiO2 without facing any barrier. As shown in Figures 5.7c 

and d, for the PbI2-terminated slab, holes are preferentially delocalized on the top surface 

of MAPbI3 and electrons are delocalized along the whole MAPbI3 slab, which could 

overlap with the localized electronic clouds in the organic branches of Spiro-OMeTAD or 

delocalized charges in TiO2.
183-184 In this case, the increased electrostatic potential at the 

interface of MAPbI3 and Spiro-OMeTAD can attract more holes than electrons. While in 

the case of MAI-terminated surface, the electrons reside well below the perovskite surface. 

Thus, the PbI2-terminated slab yields stronger electronic cloud overlap between the 

perovskite and charge transporting material, which results in the formation of a hybrid 

interface state upon hole/electron transfer. Noteworthy for both MAI- and PbI2-terminated 

surfaces, the deep-energy level (VBM-3.1 eV) shows electronic delocalization 

characteristic, providing a strong overlap with a localized charge of the highest occupied 

molecular orbital (HOMO) level from the Spiro-OMeTAD molecule. For this reason, one 

can rationalize how holes could be easily extracted from the deep energy levels of MAPbI3 

and transferred to the Spiro-OMeTAD. In sharp contrast, the electronic distribution for the 

high energy level (VBM+3.1 eV) is localized below the MAPbI3 surface, leading to the 

weak overlap with the charge of the conduction band the TiO2. This finding suggests that 
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MAPbI3 can be used as efficient intermediates for extracting the hot holes after high energy 

excitation, but not for efficiently extracting hot electrons. 

 

5. 4 Summary 
 

We systematically explored the ultrafast relaxation and hot charge-carrier extraction at the 

interface of MAPbI3 perovskite film. The time-resolved data demonstrate that the quasi-

equilibrium distribution of the hot carriers no longer exists in the presence of Spiro-

OMeTAD, in contrast to the case of MAPbI3 alone and MAPbI3 with a TiO2 layer. This 

novel observation is supported by DFT calculations, which predict the existence of deep 

energy levels of electronic delocalized characters that overlap with a localized charge 

valence band from the Spiro-OMeTAD molecule on the surface of MAPbI3. These findings 

elucidate the role of the deep-energy levels of MAPbI3 in enabling the hot hole extraction 

and transfer to the HTL; conversely, the absence of analogous energy states between the 

ETL and MAPbI3 is the main impediment for hot electron utilization. The striking 

difference in the behavior of hot carriers in the presence of the ETL versus the HTL reveals 

that the hot carrier extraction is closely related to the nature (electronic delocalization 

characteristics) of charge transport layers as well as the correspondingly aligned perovskite 

energy levels. This new finding illuminates a promising approach to design and fabricate 

perovskite solar cells that could utilize hot carrier.  

 

5. 5 Experimental Section  
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Chemicals: Lead iodide (99.999%, ultradry) were purchased from AlfaAesar. DMF 

(anhydrous, 99.8%), DMSO (anhydrous, ≥ 99%) and GBL (≥ 99%) were purchased from 

Sigma Aldrich. Methylammonium iodide (MAI) was purchased from Dyesol Limited 

(Australia). All salts and solvents were used as received without any further purification. 

Materials and Methods: The glass substrates were cleaned by sonication in detergent, 

deionized water, acetone and isopropanol, sequentially for 10 min in each liquid, and then 

treated in UV-Ozone for 10 min. To prepare compact TiO2 (c-TiO2) solution, 369 µl Ti-

isopropoxide was added to 2.53 ml of anhydrous ethanol and 35 µl of 2 M HCl was added 

to 2.53 ml of anhydrous isopropanol. The HCl solution was poured into Ti-isopropoxide 

solution drop wisely under vigorous stirring. The c-TiO2 layer (~ 50 nm) was deposited by 

spin coating with 3000 rpm with ramp of 3000 rpm s−1 for 30 sec on the pre-cleaned glass 

substrates. The c-TiO2 coated substrate was sintered at 450 oC for 1h. The polycrystalline 

films of MAPbI3 perovskite (thickness was around 100 nm and determined by 

profilometer measurements) were prepared by the modified solvent engineering method.185 

Namely, an equimolar ratio (1:1) of MAI and PbI2 was dissolved in a mixture of DMF-

DMSO (9:1 by volume) to give 0.5 M precursor solution. After filtering through 0.45 µm 

pore-size filter, the solution was spin coated on the glass or c-TiO2 coated substrates at 

6000 rpm with ramp of 6000-rpm s−1 for 15 s under inert atmosphere. A 300 µl of toluene 

was dropped at the 6th second of spin coating. The films were annealed at 100 °C for 10 

min. The hole transport layer (HTL), Spiro-OMeTAD was deposited on the perovskite film 

via spin coating at 4000 rpm for 45 s with a ramp of 4000 rpm s−1. The  Spiro-OMeTAD 

solution was initially prepared by dissolving 72.5 mg Spiro-OMeTAD, 28.5 μL 4-tert-
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butylpyridine and 17.5 μL lithium (trifluoromathensulfonyl)imide solution (520 mg ml−1 

in acetonitrile) in 1 mL chlorobenzene. 

Steady-State Characterizations: The steady-state absorption were recorded using Edinburg 

F900 Spectrometer with an integrating sphere. Then Kubelka-Munk relation was used to 

convert the reflectance data to absorption spectra. The steady-state PL and the time-

resolved PL were recorded using a FluoroMax-4 spectrofluorometer. Time-resolved PL 

measurement: The instrument works on the principle of time correlated single photon 

counting (TCSPC); a 450 nm laser pulses was used as the excitation light sources.  

Transient absorption spectroscopy measurements: The pump–probe experiments were 

performed with femtosecond (fs) transient absorption spectroscopy with broadband 

capabilities and 120 fs resolution. Detailed information of the experimental setup can be 

found elsewhere.186-187 Briefly, an Ultrafast Systems Helios femtosecond transient 

absorption spectrometer equipped with UV-visible and near-infrared detectors was used to 

measure the perovskites samples in this study. All the samples were measured at room 

temperature and ambient conditions. The excitation pump pulses of 370 was generated 

after passing through a fraction of 800 nm beam into the spectrally tunable (240−2600 nm) 

optical parametric amplifier (Light conversion) using a few μJ pulse energy of the 

fundamental output of a Ti:sapphire fs regenerative amplifier operating at 800 nm with 35 

fs pulses and a repetition rate of 1 kHz. The probe pulses (UV visible and NIR wavelength 

continuum, white light) were generated by passing another fraction of the 800 nm pulses 

through the 2-mm thick sapphire crystal. Before white light generation, the 800 nm 

amplified pulses were passed through a motorized delay stage. Depending on the 

movement of delay stage, the transient species were detected at different time scales 
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following excitation. The white light was split into two beams (named as signal and 

reference) and focused on two fiber optics for the improvement of the signal to noise ratio. 

The excitation pump pulses were spatially overlapped with the probe pulses on the samples 

after passing through a synchronized mechanical chopper (500 Hz), which blocked an 

alternative pump pulses. The fluence of the pump power was adjusted by using neutral 

density (ND) filters. All the fs-TA experiments were performed under identical ambient 

conditions at room temperature.  

Computational Methods: Density functional theory (DFT) calculations were performed 

with a generalized gradient approximation (GGA)/Perdew-Burke-Ernzerhof (PBE) level 

using the projector-augmented wave (PAW) method, as implemented in the VASP code.188-

189 For the tetragonal-phase bulk MAPbI3, the electronic plane-wave cutoff energy was set 

to 500 eV and the van der Waals functional (vdW-DF) was used during the crystal structural 

optimizations. Monkhorst−Pack-type K-meshes of 6 × 6 × 6 for the bulk MAPbI3 and 6 × 

6 × 1 for slabs exposing the (001) surface with both MAI- and PbI2- terminations were 

used. All the symmetric slabs were separated by the top vacuum layer (∼15 Å) to prevent 

spurious inter-slab interactions. All the geometries were optimized until all forces on all 

atoms were smaller than 0.01 eV/Å. The Heyd-Scuseria-Ernzerhof hybrid functional 

(HSE06) including spin-orbit coupling (SOC) was used to calculate the density of states 

and corresponding charge densities. All of the three-dimensional representations of crystal 

structures and charge densities were obtained using VESTA.  
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Chapter 6. Conclusion and Future Works 
 

This dissertation presents the details study of engineering the exceptional materials’ 

properties of halide perovskites – depending on their crystallinity, composition, and 

dimensionality – so as to understand the fundamental photophysical processes leading to 

their extraordinary behavior and to translate this understanding into with optoelectronic 

applications. Below is the summary of the accomplishments, remaining challenges, and 

future view of each chapter  

In Chapter 2, we demonstrated the synthesis and characterization of CsPb2Br5 bulk single 

crystals as the purest state of the compound – free of any possible ambiguities emanating 

from structural defects and dimensional properties to resolve the dispute arisen from the 

perceived optical properties and to push the field towards controlling the crucial properties 

at play in the material. At the time this project was initiated, research on low dimensional 

perovskites was focused mainly on the high-performance efficiency of optoelectronic 

application of these perovskite materials. To the best of our knowledge, the bulk single 

crystals of CsPb2Br5 have never been reported so far, since difficulties in the crystallization 

process from melt precursors (CsBr and PbBr2), has only afforded CsPbBr3 and Cs4PbBr6 

as pure, stable crystals. Our crystals exhibit a PL inactive behavior and an indirect bandgap 

of ~ 3 eV as interpreted by DFT calculations. We believe that our results represent a turning 

point in the classification of the optical properties of this ternary halogen-plumbate 

material, providing the community with the essential basis for tailoring its properties.  

In Chapter 3, we presented a promising light converter for VLC by conventional red 

phosphors with passivate, highly luminescent solution-processed CsPbBr3 perovskite NCs 
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possessing a short PL lifetime. The designed CsPbBr3 NCs phosphor-based white light 

converter exhibits an unprecedented modulation bandwidth of 491 MHz which is 40 times 

greater than that of conventional phosphors, and the capability to transmit a high data rate 

of up to 2 Gbit/s. The solution-processed perovskite NCs-enhanced white light source 

combines ultrafast response characteristics with a high color rendering index of 89 and a 

low correlated color temperature of 3236 K, thereby enabling dual VLC and solid-state 

lighting functionalities. To the best of our knowledge, we showed for the first time VLC 

applications of solution-processed perovskite NCs. This work breaks the bandwidth 

limitation barrier of phosphor-converted white light VLC systems and showcases a novel 

utilization of CsPbBr3 perovskite NCs as efficient and effective alternative phosphor 

materials for simultaneous VLC and solid state lighting applications. 

The fast response and desirable color characteristics of CsPbBr3 NCs as a phosphor 

material pave the way for a new generation of dual-function systems for VLC and SSL 

with high brightness and a high Gbit/s data transfer rates. For the future work, we envision 

that similar to all existing phosphors technologies, further development of the perovskite 

material as a light converter would involve proper encapsulation and packaging process to 

ensure longevity and reliability throughout the life-span of a lighting device, although Br-

based all-inorganic perovskite is known to be stable,. Furthermore, this work can be 

extended by using perovskites and emerging laser systems such as superluminescent diodes 

which are more practical than laser diodes. Moreover, perovskites NCs can be utilized in 

the ultra-violate region as a color converter for both communication and lighting purposes. 

Ongoing work is the demonstration of perovskite as a UV light converter.        
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In Chapter 4, we presented the simple growth method of CsPbBr3 microwires, attracting a 

great deal of interest for potential integration with on-chip, miniaturized devices such as 

coherent light sources, LEDs and photodetectors. We conclusively demonstrate, for the 

first time, efficient photon recycling in CsPbBr3 materials. Our detailed spectroscopic and 

photoluminescence (PL) time-resolved studies show consecutive, step-by-step photon self-

absorption and PL re-emission, assisted by waveguiding within the microwire structure. 

We observe a very clear spectral redistribution of the emission resulting in the appearance 

of a completely new PL emission peak at 545 nm (as opposed to original emission centered 

at 525 nm).  

For the future work, it would be interesting to grow Cs- and mix cation iodine and bromide 

based wires to study the photon recycling phenomena since they have an ideal bandgap for 

PV applications. Furthermore, the present work has only reported the results for CsPbBr3 

materials, an extended in-depth work on for example by doping the microwires would be 

interesting. Last but not least, photon recycling phenome is still new in low dimensional 

perovskite systems yet, which requires substantial research efforts in the future.   

In Chapter 5, we investigated the hot charge-carriers in MAPbI3 perovskite in the absence 

and presence of TiO2 and Spiro-OMeTAD, the prevalent electron and hole transport layers, 

respectively, in perovskite solar cells by using state-of-the-art laser spectroscopy with 

broadband capability along with DFT modeling. Moreover, we presented that hot holes are 

efficiently extracted at the device interface between the perovskite absorber layer and 

Spiro-OMeTAD hole transporting layer, which is the first demonstration of its kind and a 

major leap in utilizing hot carriers in perovskite solar cells. As a practical blueprint for 

solar cell researchers, we reveal the underlying mechanism for the efficient extraction of 
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hot holes: the strong electronic overlap between the deep energy levels of MAPbI3 – whose 

electronic nature is delocalized – and the localized charge of the valence band of Spiro-

OMeTAD. Consequently, the hot holes could henceforth be easily extracted from the deep-

energy levels of MAPbI3 by the hole transporting layer, offering a practical blueprint for 

optimizing interlayers of perovskite solar cells in order to enable hot carrier utilization, 

which is expected to improve the open circuit voltage of the device and raise the efficiency 

threshold set by the Shockley-Queisser limit. The findings and methodology described in 

this work, provide a new powerful approach for designing the interface of perovskite solar 

cells to efficiently extract the hot charge carriers; enhancing the performance of 

photovoltaics beyond traditional optimizations for thermalized carriers. 

For the future work of this project, it can extended the thermalization and hot carrier 

capturing study by investigating the mix cation perovskite thin film since it already 

demonstrates more than 21% PCE. Also, different HTL and ETL materials can be studied 

to find the ideal transport layers for capturing the hot carrier. Further study on low 

dimensional perovskite for the hot carrier can also be a fruitful topic to explore. 
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Chapter 7. Appendices 
 

Appendix-A: Review of Fundamental Optoelectronic Properties of 

Semiconductors 

 

Optoelectronics process in semiconductors is known to be predominantly dependent on the 

detailed band structures of the materials. Semiconductors can be classified accordingly 

their band structure (i) direct band gap semiconductors and (ii) indirect band gap 

semiconductors (see Figure A1 ). The position of the conduction band minimum and the 

valance band maximum in the Brilliouin zone is the striking distinction of direct and 

indirect bandgap materials. In direct band gap semiconductors, both occur with no a change 

in momentum (at the same k value, k = 0). Also, the transitions between two bands 

(conduction and valance) may happen without change in crystal momentum in direct 

bandgap materials. Due to this direct nature, direct bandgap semiconductors are also the 

desirable ones for the light emitting based optoelectronics applications such as light 

emitting diodes (LEDs), semiconductor lasers, and other optical devices. In an indirect 

band gap semiconductors, the conduction band minimum and the valance band maximum 

do not occur at the same k value (k ≠ 0). In order to conserve the crystal momentum, a 

transition in an indirect band gap materials need to include an interaction of crystals. Here, 

phonons (crystals vibrations) play an important role in the indirect band semiconductors.   
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Figure A1 Demonstration of direct and indirect bandgap semiconductors   

  

In semiconductors, carrier generation and recombination process are crucial for process of 

many optoelectronic devices. Also, a clear understating of both process are critical to 

enlighten the fundamental photophysical mechanism and device performances. Carrier 

generation is the process where electrons and holes pairs are created by exciting with the 

energy above the bandgap of the semiconductor from the valance band to the conduction 

band. Carrier recombination is the inverse process when the excited electron recombines 

the hole in the valance band and are annihilated. Recombination can be classified into two 

groups as a radiative and non-radiative. Radiative recombination happens when an electron 

in conduction band recombines with a hole in the valence band and emits a photon (it is a 

reverse process of absorption).190 For non-radiative recombination electron and hole 

recombine without producing any photons. Typically there are two types of non-radiative 

recombinations; Auger recombination (transfer to other electrons and holes) and trap-

assisted (Shockley-Read-Hall) recombination (energy transfer to phonons, i.e. into the 

heat).  
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In general charge carrier recombination rate equation rate can be written as 

−
𝑑𝑛

𝑑𝑡
= 𝑘1𝑛 + 𝑘2𝑛2 + 𝑘3𝑛3 

Where 𝑛 is the charge density, 𝑘1is a rate constant demonstrating monomolecular paths 

including trap-assisted recombination,  𝑘2 is the biomolecular band-to-band recombination 

rate constant, and 𝑘3 is the third-order Auger recombination constant.46, 92, 191  

 

Figure A2 Carrier generation and recombination processes in semiconductors  
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Appendix-B: Supporting Information 
 

Separation 

Distance (s), µm 

Fitted PL 

Rise Time (ns) 

Fitted PL 

Long Decay Time (ns) 

0 N/A 460 

10 83 460 

15 179 460 

20 226 475 

25 290 453 

30 320 458 

35 362 471 

40 352 455 

45 390 555 

 

Table S4.1 Fitted PL rise and long decay times from the PL kinetics shown in Figure 4.5a. 

Fit quality becomes considerably worse for separation distances s > 35 µm due to the 

progressively low signal intensity.  
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Figure S4.1 (a) Schematic device architecture for SCLC measurements. (b-e) SCLC 

characteristics for 4 individual CsPbBr3 microwires. Blue and green lines are fitting for 

ohmic (n=1) and SCLC (n=2) regimes respectively. 
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Figure S4.2 (a) Schematic device architecture for FET measurements. (b) FET 

characteristics of individual CsPbBr3 microwires at ~ 245 K.  

We measured carrier mobility of CsPbBr3 microwires by SCLC and FET. SCLC mobility 

was ~1×10-2 cm2V-1s-1 at room temperature. FET mobility at 245 K (no response was 

detected at room temperature due to ion migration in halide perovskites and surface traps) 

was ~3×10-4 cm2V-1s-1, lower than SCLC mobility, indicating about high density of surface 

defects on microwires; FET performance is highly dependent on the interface between the 

dielectric layer (SiO2 in this work) and the active layer (micro wire), since carriers move 

along the micro wire surface. 

We note that these values are in agreement with those in CsPbBr3 thin plates (~3×10-1 

cm2V-1s-1, ref.119). On the other hand, carrier mobilities in microwires are substantially 

lower than those in bulk single crystals (ref.21). This can be rationalized by high 

surface/volume ratio of microwires, which is rich by defects as indicated by our FET 

measurements. The surface/volume ratio of bulk crystal with 1×1×1 cm3 dimensions is 6 

cm-1, while that of microwire with 100×5×5 µm3 dimensions is 8,000 cm-1. This three 
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orders of magnitude difference may contribute to the observed dramatic decreased mobility 

of surface-unpassivated microwires 

 

 

Figure S4.3 Examples of 3 sets of power dependent PL lifetimes at different spatial 

separations. To compute integrated PL emission for each excitation power shown in 

Figure4.6, we used an approximation formula, 

PL(total)=PL(0)+2(PL(10)+PL(20)+PL(30)+PL(40)), where PL(s) is the maximum PL 
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signal at each of the separation distances (s=0,10,20,30,40 µm) in the above data sets. This 

method accounts for the spread of the excitation laser beam profile along the microwire, in 

the manner seen in the inset to Figure 4.3b. Early fast components in the graphs represent 

trapping dynamics in this microwire, largely absent in the dynamics discussed in Figure 

4.3. 
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Supplementary Note 5.1 Femtosecond pump probe spectroscopy details 

In this study, we varied the pump fluence from 1.2 µJ/cm2 to 8 µJ/cm2. Considering the 

excited beam spot size (diameter) ~0.04 cm, we calculated the fluence of the pump pulse. 

One example below, 

Measured power = 3.9 µW 

Per pulse Energy (E) = 3.9 nJ (pulse repetition rate =1 KHz) 

Beam sport size = ~0.04 cm (Diameter) 

Beam sport radius (r) = 0.02 cm 

Area of the beam spot (A)  = 𝜋𝑟2 

= 1.26 x 10-3 cm2 

Fluence = 
𝐸

𝐴
 = 

3.9

1.26 𝑋 10−3 nJ/ cm2 

= 3.09 µJ/cm2 

 

 

Supplementary Note 5.2 Carrier density calculation 

Pump fluence (j) = 1 µJ/cm2 

E= nh(C/), = 370 nm, Number of photons (n) 

n = 1.8 x 1012 photon/cm2 

Carrier density (n0) = j x 

Where, j= pump fluence 

 = absorption coefficient at excitation wavelength  

The measured pump fluence varies 1.2-8 µJ/cm2 (which equivalent to 1.44 x 1013 

photon/cm2, considering 8 µJ/cm2) 
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Now, carrier density (n0) = 1.44 x 1013 x 1 x 105 cm-3  

   = 1.44 x 1018 cm-3 (Carrier density correspond to the pump fluence 

8 µJ/cm2) 

(Considering the absorption coefficient of MAPbI3 film
164  3 eV ~ 1 x 105 cm-1)  

 

Supplementary Note 5.3 Calculation of hot carrier diffusion length 

Hot carrier diffusion length, 𝐿ℎ𝑜𝑡 = √𝐷ℎ𝑜𝑡 × 𝜏ℎ𝑜𝑡  

Where, 𝐷ℎ𝑜𝑡 𝑎𝑛𝑑 𝜏ℎ𝑜𝑡 are diffusion coefficient and lifetime of the hot carrier, 

respectively.  

𝐷ℎ𝑜𝑡 can be written as  

𝐷ℎ𝑜𝑡 =
𝜇 × 𝑘𝐵 × 𝑇𝑐

𝑒
 

Where, 

μ = mobility of the hot carrier (500 cm2 V-1 s-1)167  

kB = Boltzmann constant (1.38 x 10-23 J K-1) 

Tc = hot carrier temperature (750 K) 

and e = electronic charge (1.602 x 10-19 J V-1) 

Therefore, 𝐷ℎ𝑜𝑡 = 32.3 cm2 s-1 

Considering the cooling temperature of the hot carrier 540 fs, 

𝐿ℎ𝑜𝑡 = √32.3 × 540 × 10−15 cm 

= 4.2 x 10-6 cm 

= 42 nm 
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Effect of excitation direction: Both sides TA results are almost similar for TiO2/MAPbI3 

films; however, hot carrier extraction is more efficient when we excited from extraction 

layer side of the MAPbI3/Spiro due to the less diffusion of laser pulse excitation. 

 

 

 

 

Figure S5.1 Steady state normalized absorption and photoluminescence spectra of 

MAPbI3. 
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Figure S5.2 Normalized fs-TA spectra of MAPbI3 film in response to a 720-nm excitation 

with a fixed pump fluence of 3 µJ/cm2. 
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Figure S5.3 Normalized fs-TA spectra of MAPbI3-TiO2 (a), (b) and MAPbI3-Spiro (c), 

(d) in response to a 370-nm excitation (with a fixed pump fluence of 3 µJ/cm2) for the 

extraction layer side and perovskite side, respectively (arrow shows the direction of the 

excitation). 
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Figure S5.4 Single exponential fitting curves (black solid lines) of the high-energy tails 

in the normalized fs-TA spectra of a) MAPbI3 film, b) MAPbI3/TiO2, and c) 

MAPbI3/Spiro in response of 370-nm optical pulses having a fixed pump fluence of 3 

µJ/cm2. 
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Figure S5.5 Normalized fs-TA spectra of the a) MAPbI3 film, b) MAPbI3/Spiro-

OMeTAD, in response to a 475-nm excitation with a fixed pump fluence of ~ 3 µJ/cm2. c) 

Hot carrier cooling as a function of delay time, extracted from a) and b). d) Normalized TA 

kinetics taken at 705 nm.  
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Figure S5.6 fs-TA spectra at different time delay in NIR region of MAPbI3 a) and MAPbI3-

Spiro-OMeTAD b) in response to 370-nm optical excitation having a fixed pump fluence 

of 3 µJ/cm2. c) Normalized fs-TA kinetic of MAPbI3 (blue) and MAPbI3-Spiro-OMeTAD 

(red) at 1200 nm.  
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Table S5.1 PL decay fitting parameters of MAPbI3, MAPbI3 with ETL and HTL following 

excitation at 650 nm laser pulse. The percentage at the parenthesis represents amplitude of 

the corresponding exponential functions.  

 

 

 

 

 

 

 

 

 

 

 

Systems Average (ns) t
2
(ns) t

2
(ns) 

MAPbI3 2.76 ± 0.12 1.1 (88 %) 14. 9 (12 %) 

TiO2/MAPbI3 0.68 ± 0.04 0.55 (97.5 %) 5.9 (2.5 %) 

MAPbI3/Spiro-OMeTAD 0.76 ± 0.04 0.6 (97 %) 6 (3 %) 
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