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ABSTRACT 

 

 

 Supervising Professor:  Anton Malko, Chair 

 

 

 

 

Lead-halide perovskites have long been demonstrated as materials with exceptional structural and 

optoelectronic properties. As an important crystalline material, lead-halide perovskites have 

potential applications in lasers, light-emitting diodes (LEDs), photovoltaic solar cells, photon 

detectors and biosensors, etc. By tailoring the morphological dimensionality, low-dimensional 

possessed distinct properties from their bulk (3D) counterparts. Due to the strong quantum 

confinement and octahedral site isolation, these low dimensional metal halide hybrids at the 

molecular level exhibit remarkable and unique properties that are significantly different from those 

of ABX3 perovskites. Considering the rapid development of low dimensional metal halide 

perovskites, we will discuss the synthesis, characterization, application, computational studies and 

compare various metal halide perovskites ranging from 3D through 0D. Finally, we show that a 

modified atomic layer deposition technique may be successfully used to protect 0D perovskite 

against external environment. 
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CHAPTER 1  

INTRODUCTION: CARRIER RECOMBINATION IN PEROVSKITES  

The rapid growing research interest of halide perovskites in varies of optoelectronic applications 

is often ascribe to their remarkable electricity conversion efficiency. The primary advantages of 

these perovskites for photovoltaics are their large photon absorption coefficient, long-range charge 

carrier diffusion lengths, low trap density, high charge carrier mobility, fast and efficient photo-

generated exciton dissociation, and slow electron-hole bimolecular recombination. Different 

optoelectronic applications need to improve or suppress one or more of these properties. For 

photovoltaic application, people prefer long photoexcited carrier lifetime, which also indicates a 

long diffusion length, to increase the possibility to capture free electrons for light harvesting. That 

is because, photoexcited carriers must be able to move from their point of generation to where they 

can be collected. Longer diffusion lengths or slow carrier recombination rates generally result in 

better performance. On the other hand, the slow free electron-hole bimolecular radiative 

recombination in these perovskites is a fundamental bottleneck to improving their 

electroluminescence (EL) efficiencies. Scientists always want to have faster radiative 

recombination rate for light-emitting diode (LED) application, as electro excited carriers must 

recombine rapidly even at their point of generation before dissipating nonproductively, like defect-

states trapping and phonon emission. Optoelectronic property of perovskite is highly tunable. 

Probing and analyzing recombination processes in perovskite is critical to utilize their unique 

optoelectronic and fabricate outstanding devices. In this dissertation, we will use photoluminescent 

(PL) spectroscopy to probe and analysis varies kinds of perovskite, in organic inorganic or hybrid, 

different halide combination, varies dimension in macroscopic and molecular level. Understanding 
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and isolate complicated recombination processes of these materials and provides guidelines for 

designing optoelectronic applications with favorable properties tailored toward specific 

applications. 

1.1.Different kinds of carriers recombination in perovskites 

The recombination is traditional semiconductor can be summarized through the following 

simplified rate equation: 

 −
dn

dt
= 𝑘1𝑛 + 𝑘1𝑛2 + 𝑘1𝑛3 (1.1) 

Where n is the electron charge cattier density, k1 is the first-order Shockley−Read−Hall (SRH) 

trapping (nonradiative) rate constant, k2 is the second-order band-to-band (radiative) 

recombination rate constant, and k3 is the third-order Auger (nonradiative) recombination rate 

constant. The photoexcited carrier density dictates which of the terms dominate recombination. In 

perovskite material carriers decay processes are much more complicated and their decay time 

(lifetime) is therefore a combination of nonradiative and radiative recombination processes and in 

general does not follow monomolecular decay kinetics. In our work, different PL spectroscopy is 

utilized to isolate and distinguish different kinds of decay mechanics. We will discuss these detect 

technology in later part. 

Trap-assistant recombination (k1, nonradiative)  

Early studied in semiconductors, trap-assistant recombination process described as, electron 

jumping to a new localized energy state, which is created within bands by defect in the crystal 

lattice, during transition between band gap. This process is shown in Fig 1.1 This between state is 

often called Sub-bandgap states. Trap-assistant recombination is non-radiative. It is because that 
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energy electron possess is dissipated into the form of lattice vibration which also is known as 

phonon emission when it jumps to sub-bandgap. Since traps can absorb carriers with different 

energy, trap-assistant recombination is the most common process in indirect bandgap materials 

like silicon. However, perovskite as a direct bandgap material have high density of defect traps, 

trap-assisted recombination is also dominate carrier recombination process. 1 2 For photovoltaic 

applications, phonon emission is not favorable due to the high ratio of band gap energy to phonon 

energy.  

We note that in addition to the phonon emission model, others have proposed that carrier lifetimes 

may be extended by multiple trapping and hopping processes 3. It is likely that carriers trapped in 

sub-bandgap are rapidly jump from these trap states to ground band to emit photons. In addition, 

reports show that surface passivation leads to enhancements in PL efficiency. These results suggest 

that the trap states are more likely point or extended defects at the surface and within the bulk of 

the perovskite. 

Fig 1.1. Trap assistant recombination 
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Technologies that probing trap-assistant recombination directly are deep level transient 

spectroscopy (DLTS), space-charge limited current (SCLC) analysis, and thermal admittance 

spectroscopy 4. Due to variation in the perovskite fabrication procedure as well as ion migration 

effect complicating the analyses, accurate descriptions of how sub-bandgap recombination is 

affected PL efficiency still needs to be developed.  

Bimolecular (free Electron-Hole) recombination (k2, radiative) 

Bimolecular recombination is process of electrons jumping directly down from the conduction 

band to the valence band in a radiative manner without any sub-bandgap as shown in Fig 1.2. This 

process is also known as band-to-band recombination. During bimolecular recombination, energy 

either from photon or electron excited is absorbed by perovskite and released in the form of 

photons. Generally, these photons contain the same or less energy than those initially absorbed. 

Also, these emitted photon carries relatively little momentum, radiative recombination is 

significant only in direct bandgap materials. This radiative recombination effect is how LEDs 

Fig 1.2. Bimolecular recombination 
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create light. On the other hand, the inverse bimolecular recombination process, known as 

absorbing photons and emitting electrons, is the working principle of photovoltaic devices 

harvesting solar energy. Here lies the art of tuning bimolecular recombination rate for different 

optoelectronic applications. For LED, we hope the excited carrier will jump immediately back to 

valence band radiatively, as no energy will waste into phonon emission or other non-radiative 

emission. But for solar cell, we hope to slow down this recombination process. Because there will 

be very little chance for us to capture and direct excited electron outside active material layer if 

the recombination rate is high.  

As a high absorption material perovskite both emission and absorption processes are 

simultaneously occurring and are, therefore, both impacted by the presence of any or all the 

recombination mechanisms, like polarons, Rashba effect and photon recycling. So, the measured 

k2 parameter cannot solely attribute to bimolecular recombination. Now it is time to consider 

different recombination mechanisms that may influence the parameter k2 in equation (1.1). 

Exciton recombination (radiative) 

Fig 1.3. Crystal structures of (A) cubic 3D perovskite CsPbBr3 (B) 2D hybrid perovskite 

(C4H9NH3)2PbBr4. 
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Exciton is a bound state which is formed from an electron and an electron hole pairs via 

electrostatic Coulomb force. Since the force that unite electron and hole pair is weak, its carrier 

density is lower than free electron or free holes under room temperature. Low temperature or lower 

dimension of perovskite will improve the stability against environment, this will also change the 

recombination process it molecular level. For example, for 2D perovskite, metal halide monolayer 

(active layer) is separate by long chain organic group. This structure will serve as a quantum well, 

excitons are quantum confined within this potential well as shown in Fig 1.3. In 3D perovskite 

condition, where excitons are weakly confined and rapidly and efficiently dissociate into free 

electrons and holes, the process is shown in Fig 1.3 (a). This process will decrease the 

recombination rate (long lifetime). Excitons in 2D structure will self-trap in the active layer and 

form a localized bound state, which makes the recombination process is quick. In other words, 

recombination rate is high (short lifetime) in 2D perovskite, which is prefer by LED applications. 

Again, variation of fabrication process, material combination and layers between insulate layer 

induce different quantum confinement and self-trap effect. Impact of excitons formation on 

modulating parameter k2 with detail and statistic study are needed in future work.  

 

Photon recycling (radiative) 

 The effect of photon recycling (or self-excitation) was first studied in semiconductors, 1957. 

Generally, photons emitted in some wide-gap materials like GaAs can be reabsorbed by the 

material itself, after that another electron-hole pair will be created nearby and generate new 

photons, as shown in Fig 1.4. Multiple radiative reemission-reabsorption events can take place 

until photons lost through nonradiative decay or leak out of the material. Low non-radiative 
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recombination rates, high photoluminescence (PL) and good photon confinement are necessary 

conditions to achieve photon recycling. Through multiple recombination-reemission events, 

energy transport distance, which are no longer limited to a single charge diffusion length, can 

increase to much larger length scales. Thus, photon recycling, within the photoactive layer, will 

substantially enhance the photovoltaic conversion efficiency of solar cells and photodetectors.  

With similar property, perovskite-based solar cells that utilize photon recycling has been the 

subject of recent controversy. Perovskite thin films (with a thickness of ~100 nm) on glass 

substrates were used to investigate photon recycling. By comparing spatial experimental decay of 

photon intensity with Beer-Lambert Decay they shown that recycling produces a doubling of the 

internal photon density under 1-sun illumination. Also, the average distance a charge carrier can 

travel in the film via reabsorption-reemission (120 um) is much longer than charge-carrier 

diffusion length (30 um). Still there are numbers of different perovskite material yet to probe and 

Fig 1.4. Photon recycling 
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confirm the photon recycling processes, the effect on LED application is unclear yet. Future works 

are needed. 

 

1.2.Perovskite in Different dimension 

Lead halide perovskites have rapidly progressed as promising materials for low-cost and high-

performance optoelectronics applications in the past five years1−11. Physical properties of such 

materials are tunable due to versatility of their chemical and crystallographic structures. By 

designing the spatial arrangement of the octahedral metal halide units of perovskites, we can 

classify them into three-dimensional (3D), two-dimensional (2D), one-dimensional (1D), and 

zero-dimensional (0D) materials. Perovskite with different dimensional arrangement have its 

distinct photo physics properties. These materials have variety applications in optoelectronic 

devices, including solar cells, light-emitting diodes (LEDs), photodetectors, lasers, etc.  

3D perovskite 

ABX3 denotes as the chemical formula of 3D halide perovskites, in which A stands for small 

cations (CH3NH3
+ (MA), Cs+), B stands for bivalent metal cations (e.g., Pb2+, Sn2+), and X stands 

for halide anions (i.e., Cl−, Br− or I−). Due to interactions between octahedral metal halide, 3D 

perovskite has potential to form large electronic bandwidths. Octahedral metal halide units of 3D 

lead halide perovskites are corner-sharing and extend in all three dimensions, as shown in Fig 1.5. 

Crystal structures of (A) cubic 3D perovskite CsPbBr3 (B) 2D hybrid perovskite (C4H9NH3)2PbBr4. 

(a). Only few cations fit into the void spaces between them. Owing to its low exciton binding 

energy and long-range carrier transport nature, 3D halide perovskites have emerged as one of the 

most promising materials for next generation solar cells.  
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As first perovskite solar cell, three-dimensional (3D) MAPbI3 was the critical perovskite 

compounds5. High absorption coefficient that exceeding 104 cm−1 was observed onset the band 

edge from same 3D perovskites6. With help of UV photoelectron spectroscopy, typical bandage of 

3D MAPbI3 is evaluated as 1.50-1.55 eV. Remarkably low trap-state densities are observed in 3D 

MAPbI3 single crystals, which is on the order of 109-1010 cm−3. Only ultrahigh-quality crystalline 

silicon, grown at high temperatures, offers comparable or better deep trap densities (108-1015 cm–

3) 7. Charge carrier diffusion lengths of 3D MAPbI3 on the order of 3-10 μm have been reported 8. 

That is shorter when comparing with a single crystalline silicon solar cell, which is with 100-300 

µm diffusion length 9. However, due to volatile nature of organic group, MA cations in perovskites 

are less stability and it will cause 3D MAPbI3 degrade after exposure to moisture and heat.  

Using different organic or inorganic cations other than MA can tune the bandgap of 3D lead halide 

perovskites. That is because a different choice of A site cation will modify the lattice constant: the 

size of formamidinium (HC(NH2)2, FA) is larger than MA, which is larger than Cs in turn. One 

will have 3D perovskite in an increase of bandgap going from FA to Cs through MA. The A-site 

cation also influences the extent of metal-halide orbital overlap, which has a direct impact on 3D 

perovskite valence and conduction band positions 10. 

By combining triple cations, one can make mixed halide 3D perovskites. Due to the relativity 

stability of Cs and FA, mixed halide 3D perovskites employed to improve phase/thermal stability 

and performance in devices11. Consequently, bandgap of mixed halide perovskites continuous 

tunable (approximately 1.7-1.9 eV). Unfortunately, due to photoinduced ion segregation, mixed 

3D perovskite still suffer bandgap instability even when mixed halides are used 12. Thus, 

postprocessing like surface and grain boundaries passivation are needed to mitigate both 
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nonradiative losses and photoinduced ion migration. For example, using long organic alkyl 

ammonium capping layers is a typical strategy to suppress halide ion migration to reduce 

perovskite grains at the nanometer size scale12-13.  

The exceptional performance of perovskite base devices, like solar cells and LEDs are correlated 

with their relatively long excited state lifetimes and high photoluminescence (PL) efficiencies. 

Studies have shown that longer PL lifetimes is highly relate with grain boundaries. Ginger and co-

workers observed that PL intensity were dimmer, and lifetime differ exhibited faster nonradiative 

decay among the grains in the perovskite films. Chemical passivation with pyridine is needed to 

improve the photo physics properties among grain boundaries and led to brighter materials. 14 

For 3D perovskites (including MAPbI3, FAPbI3, MAPbI3-xClx, FAPbI3-xClx and so on), most of 

the photo-generated excitons will quickly dissociate and wander around to be free electrons and 

holes15 16. These free electron-hole bimolecular recombination time is nearly four orders of 

magnitude larger than that expected from localized electron-hole pair. The later electron-hole pair 

is also described by Langevin theory, which assumes the free electron and hole will recombine 

once they meet each other within their capture radius. The long recombination time of free 

electron-hole bimolecular provides a relatively higher chance for the photoexcited electrons and 

holes to be easily extracted out from 3D perovskite. This is one of the main advantages that makes 

perovskite’s superior light collecting performance. However, for electroluminescent (EL) 

application like light emitting diodes (LED), this long recombination time or low rate is a 

fundamental limitation to improve EL efficiencies. However, this limitation of 3D perovskites for 

EL can be effectively overcome by using these self-assembled 2D or quasi-2D perovskite.  

2D-perovskite 
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An-1A’2BnX3n+1 is general chemical formula for 2D and quasi-2D organometal halide perovskite 

perovskites. A, B and X denotes small cations, bivalent metal cations and halides as previous 

description. A’ represents long organic chains between different layers (usually large ligands with 

long alkyl chains), and n stands for the number of metal halide monolayer sheets in between the 

insulating A’ organic layer, n=∞ corresponds to the conventional 3D perovskite.  

QuotationsThese low-dimensional materials are natural quantum-well structures. The band gap of 

the A’ organic layer (barrier) is much larger than that of the lead halide inorganic (well) layer (by 

at least 3 eV), and the dielectric constant of the barrier layer (around 2.1 eV) is much smaller than 

that (around 6.1 eV) of the well layer. When n = 1 for the condition of mono layer 2D perovskites, 

as shown in Fig 1.5, the photo-generate excitons are tightly confined in the direction perpendicular 

to layer of perovskite, by these two effects, as in deep quantum well. Therefore, excitons have little 

chance to dissociate to be free electrons and holes between inorganic layers and they possess large 

exciton binding energies and undergo significant nonradiative recombination. 17 18 In other words, 

Fig 1.5. Crystal structures of (A) cubic 3D perovskite CsPbBr3 (B) 2D hybrid perovskite 

(C4H9NH3)2PbBr4. 
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under LED work condition, it improves bimolecular recombination rate after carriers are injected 

into thin wells. Tuning of n, which stands for number of metal halide monolayer sheet, will weak 

quantum confinement effect, this will increase the bandgap of electron-hole compounds, as in 

shallow quantum wells. Thus, one can making films with a collection of different bandgaps that 

enhance EL efficiency at room temperature. 

For photovoltaics applications, quasi-2D perovskite has been demonstrated to stabilized solar cell 

performance against light, humidity and heat stress with not much solar cell efficiency decreasing. 

They found that intercalation of A’ organic layer (phenylethylammonium) between perovskite 

layers introduces quantitatively appreciable van der Waals interactions. These layers drive an 

increased formation energy and therefore improve material stability 19. 

 

0D-Perovskite 

Similarly, if metal halide octahedral anions are completely surrounded and isolated by the organic 

cations, one can distinguish this type material as 0D perovskite, shown as in Fig 1.6. 0D perovskite. 

These different dimensional perovskites are usually in large or other type bulk formation. They are 

periodically crystal lattice, which contains metal halide octahedra units, together with the organic 

structure. The general A4BX6 is used as their chemical formula, where A represents monovalent 

organic cations and BX6 represents metal halide octahedra. Owing to their tunable emission 

wavelength, high photoluminescence quantum yield, and narrow emission line-width, many 

experimental and theoretical efforts have made to probe 0D perovskites optical properties.  
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Recent advances in the various solvent-based synthesis methods led to the surge interest of 0D 

perovskites. In 2015, 0D Cs4PbBr6 powder was synthesized through inverse temperature 

crystallization (ITC).20 Compare with previously 0D perovskites synthesis methods, ITC led to 

more pure phases, as little traces of 3D phase or precursors were mixed. Undoubtedly, mainly due 

to little 3D perovskite mixture, 0D perovskites have observed novel optical properties and got 

much more attentions recently. The solid powder form of Cs4PbBr6 has a green emission with a 

photoluminescence (PL) peak at ∼520 nm and photoluminescence quantum yield (PLQY) of 45%, 

2 orders of magnitude higher than its 3D counterpart. In Single crystals formation this 0D 

perovskite also is observed with similar behavior. Overall, Cs4PbBr6 materials have been reported 

to have large exciton binding energies between 150-350 meV along with nanosecond lifetimes. 

The similar high PLQY and comparable lifetimes photo property are only observed in colloidal 

suspension formation of unity 3D perovskite nanocrystals 21. In addition to the purification steps 

as prepared 0D perovskite will dissolve in polar solvents. However, solvents will inevitably make 

surfaces unstable which will cause 0D perovskite PL emission quenching significantly. 0D 

Fig 1.6. 0D perovskite 
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perovskites also have the advantage of reproducibility as their emission is insensitive to the growth 

temperature or method for materials of the same form (i.e., powder or single crystal), coupled with 

their high temperature and long stability upon storage at ambient conditions for over a year. 

Last, it is necessary to mention the difference between molecular level low dimensional (0D to 2D) 

perovskite with 1D perovskite wire or morphological 1D perovskite. Normally, 1D perovskite wire 

is several micrometers in diameters and hundreds of micrometers length. But the formation metal 

halide octahedra of 1D perovskite wire is still 3D and connected via corner-sharing. The strong 

interactions between the metal halide units in these perovskite wires lead to electronic band 

formation, but they are limited in length in two dimensions, endowing them with quantum 

confinement effects. In contrast, metal halide layers(2D), chains(1D), molecules (0D), which form 

low dimensional perovskites in molecular level, are isolated from each other by organic cations. 

The different connectivity between the metal halide building blocks results in a distinct electronic 

band structure. Considered as bulk assemblies of quantum wires, macroscopic crystals of 

molecular 1D perovskites exhibit the same properties as an individual nanowire, regardless of the 

crystal size. This unique feature of such bulk assemblies of quantum confined materials is 

beneficial for reducing production cost without affecting the optical properties as crystals can grow 

without additional size control.  
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CHAPTER 2  

3D PEROVSKITE PHOTON RECYCLING  

Solution-processed organic−inorganic hybrid perovskite based semiconductors have rapidly 

progressed as versatile and promising materials for low-cost and high performance optoelectronics 

applications in the past five years22-32 due to their remarkable light absorption33, long carrier 

diffusion length33, 34 controllable dimensionalities35-42, and tunable band gaps43. Recently, all-

inorganic CsPbX3 (X = Br−, I− or Cl−) perovskites have attracted particular attention for light-

emitting diodes (LEDs)44, 45 and lasers46-48 due to enhanced light emission and photo- and thermal 

stability49, 50. The wavelength tunability of photoluminescence (PL) emission can be further 

manipulated via the choice of the desired halide precursor or anion exchange reactions. Facile, 

solution processable methods allow these materials to be fabricated in a variety of configurations 

such as nanowires51-53, nanocrystals54, 55, and microrods56. Wavelength-scale sizes of these 

microstructures make them suitable for potential integration with on-chip, miniaturized devices 

such as coherent light sources, LEDs, and photodetectors. 

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)57-59 and rare earth doped fibers60, 61, leading to large modifications of the 
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emission line shape 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 photodetectors62, 63, although its importance for high-efficiency perovskite-based 

solar cells has been the subject of recent controversy64-66, doped fibers60, 61, leading to large 

modifications of the emission line shape 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 photodetectors62, 63, although its importance for high-

efficiency perovskite-based solar cells has been the subject of recent controversy64-66. 

In this work, we performed a detailed time- and spectrally resolved investigation of waveguide-

assisted photon self-absorption-re-emission in single-crystal CsPbBr3 microwires synthesized via 

a one-step, solution-processing method. We took advantage of two-photon excitation to avoid 

surface related PL quenching and moisture-induced artifacts67, 68. 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 redistribution of the PL signal, initially centered 

at 525 nm, toward 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 one-

dimensional waveguides. The model establishes a quantitative framework that accommodates well 

the observed PL kinetics and unambiguously points to the importance of photon recycling effects. 
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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. 

2.1.Sample Preparation and Structural Characterization of CsPbBr3 Microwires.  

We synthesized CsPbBr3 microwires using a customized cast-capping crystallization69 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 

Fig 2.1. Synthesis and characterization of CsPbBr3 microwires. (a) Schematic drawing of cast-

capping method for growing the CsPbBr3 microwires. (b) Normalized absorption 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 a single microwire 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. 
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100 °C for 3-5 days to let the crystals grow to the desired sizes. 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, which demonstrate nearly 

ideal crystal structure, stoichiometric composition, and shape uniformity, making microwires 

ideally suited for light trapping and waveguiding.  

Bulk optical absorption and PL emission measurements show the onset of the optical band gap 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 Fig 2.1. The structural analysis confirms the 

crystalline nature of the microwires. Fig 2.1. (c) shows the top-view SEM image of as-synthesized 

microwires. The microwires present several different lengths, from a few to hundreds of micro- 

meters, according to the synthesis protocol, with a uniform width and thickness of 5-7 μm. The 

Fig 2.2. (a) Linear absorption spectrum 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 a 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 distances. 
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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 SAED patterns confirm the crystalline nature of 

the wires and the orthorhombic symmetry (Fig 2.1. (e)). 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. All these results collectively confirmed that 

high-quality single-crystalline CsPbBr3 microwires with preferential orientation were obtained 

through our customized cast-capping technique. 

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

efficiency within individual microwires70. When absorption length (l = 1/α) 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 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 noncontinuous 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 Fig 2.2 (a). 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 a higher-NA objective 

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

(as seen in SEM imaging) has been consistently found in the ∼5 um range, thus allowing us to 
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estimate the absorption coefficient. The use of a low-NA objective largely avoids the problem of 

WL coupling into the waveguiding modes and thus escaping detection (NA = 0.5 corresponds to 

30° coupling half angle, while the index of refraction n ∼ 2.3 of the CsPbBr3 material corresponds 

to a TIR critical angle of θcr ∼ 27°). Fig 2.2 (a) indicates that optical density (OD) of individual 

microwires ranges from 0.1 to 0.15 OD at the main exciton peak and approximately between 0.05 

and 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 the extinction coefficient, α, is in the range of ∼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. 

Fig 2.2 (b) presents PL spectra for several values of the spatial separation s between the excitation 

and collection volumes along the individual micro-wire. The same excitation-collection 

arrangement (right side of the inset in Fig 2.2 (a)) has been used, whereas excitation light is from 

an 800 nm laser source positioned in the middle of the microwire and the 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 material as previously described71. However, at longer separation 

distances, we observe the appearance and relative growth of a well-defined peak at the lower 

energy, which 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 Fig 2.2 
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(b)), the re-emission peak is taking over the primary PL emission. 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 toward multistep photon recycling in CsPbBr3 perovskites. 

2.2.Results and discussion 

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 often related 

to the presence of macroscopic surface defects that strongly influence the amount of the collected 

PL light. At the same time, PL lifetime measurements are affected by only the intrinsic factors 

such as pumping of the perovskite by the two-photon excitation pulse at short separation distances 

and pumping via PL absorption-reemission events at longer separations. Using an 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 the Supporting Information). Fig 2.3 (a) shows that, as the separation is increased, we 

observe an appearance of 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. Fig 2.3 (b) 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. 



 

22 

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 a later time, giving rise to the delayed PL emission72. 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. 

The results indicate that the hole mobilities are in the range of μ = 0.0-0.02 cm2/(V s), which is in 

a good agreement with the value reported by Huo et al73. Considering PL lifetime of the carriers 

to be around 400 ns (Fig 2.3), the estimated room-temperature diffusion length, LD ∼ 0.1 μm. 

Hence, the observed evolution of PL decay dynamics at separation distances of tens of micrometers 

cannot be a result of charge carrier diffusion. The fitted PL rise time values indicate the nearly 

linear dependence of the rise time constants with the separation distance along the microwire as 

will be appropriate for a step-by-step, radiative energy-transfer process. Taken together, spectral 

Fig 2.3. (a) Normalized PL dynamics of the CsPbBr3 perovskite microwires as a 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 a linear scale. Fitted curves are shown. 
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and dynamics data point to photon recycling, assisted by waveguiding in CsPbBr3 perovskite 

microwires. 

For such a scenario to occur, microwire samples must have sufficiently high PL emission quantum 

yield that would allow for a number of sequential reabsorption-reemission 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 toward 

detection. Standard measurements with an 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-dependent74. Measurements using an 

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

recombination regime results in lower PLQY values. In contrast, 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 Shurcliff and Jones75 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 facing the glass 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 reabsorption 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 sufficiently high re-excitation fluence. 
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In order to rationalize the observed experimental behavior of separation-dependent PL kinetics as 

observed in Fig 2.3, we analyze here an effective one-dimensional model, appropriately modified 

from the one found in the kinetic theory of semiconductors76: 

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 larger than the lateral dimension of the wire. The initial 

excitation region is therefore practically uniformly distributed across the microwire. 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 (2.1) 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), Equation (2.1) 

incorporates bimolecular (electron-hole, np = n2) radiative recombination (coefficient B) 

responsible for PL emission75, 77. The last term in Equation (2.1) 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. Because bimolecular recombination can also involve a nonradiative channel, 

 
∂n(x, t)

∂t
= D

∂2n(x, t)

∂x2
−

𝑛(𝑥, 𝑡)

𝜏𝑡𝑟
− 𝐵𝑛2(𝑥, 𝑡) + 𝑞𝐵 ∫ 𝑑𝑥′𝐾(|𝑥 − 𝑥′|)𝑛2(𝑥′, 𝑡) (2.1) 
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the dimensionless parameter 0 < q < 1 in Equation (2.1) defines its radiative quantum yield: at q = 

1, all electron−hole recombination events result in photon emission. 

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. Because of 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. Fig 2.4 shows the total PL emission, integrated along the 

microwire as a function of the applied 800 nm laser power. The observed PL signal dependence 

clearly follows ∼P4 behavior, 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 

density). 

Fig 2.4. 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. 
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The simulations resulting from the numerical solutions to the model of Equation (2.1) are 

exemplified in Fig 2.5 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∞

1 𝑑𝑢

2𝑢
 

and would satisfy the conservation condition, ∫ 𝐾(𝑥)𝑑𝑥
∞

−∞
= 1.78 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 Fig 2.5, 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 is 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 Fig 2.5 were simulated starting from the 

initial excitation profile extracted from the experimental data for Fig 2.4. In our simulations, we 

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

Fig 2.5. Model PL decay curves for several separation distances calculated with Eq (2.1) 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. 
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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 

Fig 2.5 show simulation results for q = 0.25). Only for high radiative efficiency, simulation results 

in Fig 2.5 (only q = 1 data shown by solid lines) compare favorably with experimental data in Fig 

2.3, 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 Perovskite (MAP) perovskites have 

indicated that the efficiencies of bimolecular recombination span a wide range of values, from <10% 

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

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 

bimolecular recombination efficiency in CsPbBr3 crystalline microwires is close to unity in 

elementary electron-hole recombination events is in line with those models. 

2.3.Conclusion 

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 
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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-reemission steps. 

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 toward the lower energy while PL kinetics develop delayed 

emission rises, with rise time components scaling with the separation distance. We applied the 

one-dimensional model of spatiotemporal evolution of the charge carrier density that accounts for 

monomolecular and bimolecular recombination and waveguide-assisted photon self-absorption-

reemission. 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 underscore its significance for rational design of 

cesium halide perovskite materials for light-emitting and photon conversion applications. 
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CHAPTER 3  

PHOTON RECYCLING IN 2D PEROVSKITE 

As discussed in the previous chapter majority of the explored optoelectronic devices utilize 

perovskites with the three-dimensional (3D) electronic structure, for example, inorganic CsPbX3 

(X = Cl−, Br−, or I−) and organic-inorganic nanocrystalline MAPbX3 compounds. From the 

photophysics perspective, such bulk materials feature nearly free delocalized charge carriers and 

the light emission resulting from the slow bimolecular electron−hole recombination. As 

photovoltaic and LED devices may focus on alternative emission properties, it should be noted 

that faster radiative recombination with density-independent PLQY can be achieved in systems, 

where the emission takes place from tighter-bound electron−hole pairs, or excitons. Along these 

lines, perovskite nanocrystals (PNCs) of various compositions and quantum confinement have 

been employed, with reported LED efficiencies of 13%79, 80 and higher. While possessing high 

PLQY under optical excitation, PNC-based LEDs, however, suffer from low charge mobilities 

stemming from insulating ligands that are necessary for their synthesis, thus affecting the electrical 

excitation routes. 

Layered hybrid quasi-two-dimensional (2D) perovskites offer a viable approach to efficient light 

emissive configurations. Compared to the 3D counterparts, they have much larger exciton binding 

energies (≳0.1 eV) caused by the quantum and dielectric confinement in similarity to 2D atomic 

layers and semiconductor multi quantum wells (MQWs). They have superior moisture and 

chemical stability, while manipulation of interlayer cation moieties allows for various degrees of 

electronic transport between the layers81. For instance, the Ruddlesden−Popper phase (RPP) 

perovskites have a general composition R2An−1BnX3n+1, (A, central cation; B, metal; X, halide), 
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where a group of n layers of connected inorganic [BX6]4− octahedral sheets are separated from 

each other by larger organic cations R, essentially representing a MQW structure. Already the first 

of these structures demonstrated emission efficacy on par with or better than their 3D 

counterparts82-84. 

Characterization and performance of photovoltaic, laser and LED materials are affected by 

specifics of light emission, propagation and absorption in the comprising waveguiding structures. 

Repetitive reabsorption and re-emission of light (photon recycling) is an important process for 

photon management strategies in high-performance optoelectronic devices. The role of light 

management is particularly well-known for ultra-high-efficiency photovoltaics, where it was, in 

fact, illustrated by advancing GaAs solar performance to record 28.3% efficiency62. In recent years, 

photon reabsorption in perovskites has also garnered substantial attention64, 66, 85, 86. By providing 

a mechanism of long-range spatial propagation of (photo-) excitations, reabsorption can influence 

the measurements of other propagation modalities, such as charge carrier and exciton diffusion, as 

well as the measurements of dynamics (lifetime) and PL emission line shapes. While photon 

Fig 3.1. (a) Microphotograph of a piece of bulk (uncleaved) perovskite material. (b) An 

example of a microwire sample cleaved from the bulk material. Inset: another cleaved 

microwire under laser illumination and green PL propagating along the wire. 
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recycling in 3D perovskite structures was extensively addressed, its exploration in 2D counterparts 

has been quite limited87. 

In this chapter, we explore and decipher the photoexcitation propagation dynamics in microwires 

made out of highly emissive compound (en)4Pb2Br9·3Br (thereafter termed as MAen20) with the 

ethylene diammonium (en) as a spacer, which can be compared to n = 1 RPP layered perovskites. 

Using time and spectrally resolved PL dynamics measurements with a two-objectives setup same 

as previous chapter, we directly track the spatiotemporal evolution of emissive photo excitations 

within the microwires to the lateral distances that exceed 100 μm. We observe the appearance of 

PL emission rise times and corresponding elongation of the PL decay as a function of separation 

distances between excitation and emission locations that are clear signatures of the photon 

recycling. We further demonstrate that a kinetic model based on the photon-mediated mechanism 

of the lateral exciton propagation indeed successfully describes all the salient features of the 

experimental data and reveals a high intrinsic radiative efficiency of the exciton recombination in 

this layered perovskite material. 

3.1. Sample preparation and optical characterization 

Bulk crystals of MAen20 forming micro flake structures shown in Fig 3.1. were prepared using a 

modified acid cooling approach. As described in the our research paper Supporting Information 

(SI)88, the synthesis was slightly modified from the original work of Lemmerer and Billing89. The 

complete synthesis procedure and characterizations, including powder X-ray diffraction (PXRD), 

to confirm the purity of the perovskite phase, and 1H NMR and 13C NMR to confirm the presence 

of only one organic cation, that is (en2+), was reported elsewhere90. Samples with microwire 
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morphology were physically cleaved from the bulk structures. As illustrated in Fig 3.1. , such 

microwires can reach hundreds of microns in length and have a typical transverse size in the range 

of 10-30 μm. The crystal structure of the compound is shown in Fig 3.2, along with 

absorption/emission spectra of individual microwires. While the motif of the compound exhibits a 

ribbon-like structure89, the ribbons arrange themselves in strict 2D layers separated by spacers. It 

is important to note that microwire samples are not monocrystals. Even though intrinsically the 

MAen20 compound possesses an anisotropic structure shown in Fig 3.2 (a), this anisotropy is 

expected to be present only at relatively short (likely submicron) spatial scales. On longer range 

spatial scales, this anisotropy is lost due to structural defects and random orientations of the 

crystalline domains arising both during the growth and physical cleaving. The absence of long-

range crystalline uniformity can be already seen in the bulk material shown in Fig 3.1.  (a), which 

is further amplified by cleaving “across” domains with different orientations. In addition, Fig 3.1.  

(b) showing green PL that propagates inside the microwire (and, thus, illustrating the waveguiding) 

underlines numerous small domains and structural defects. From the light absorption/propagation 

Fig 3.2. (a) Crystal structure of the MAen20 compound. (b) Optical microphotograph of the 

microflakes under ambient illumination. (c) Linear absorption and PL spectra of an individual 

MAen20 microwire. 
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point of view, we therefore expect that the microwires can be adequately considered “amorphous” 

(isotropic) on the spatial scales of relevance to this work.  

To study photon recycling effects, we employed the double objective excitation/collection scheme 

as described in previous chapter. In brief, the excitation laser light at 800 nm (two-photon 

absorption to minimize the surface absorption) is focused via a low magnification objective on the 

top surface of the microwire while another, a high numerical aperture objective, is scanned along 

the bottom surface. The PL signal is recorded as a function of the lateral separation s between the 

objectives. The use of a microwire morphology (where one dimension of the sample is much larger 

than the others) amplifies the emission waveguiding assistance to accurately measure the signals 

from remote locations up to and exceeding 100 μm. Schematics of the double objective 

Fig 3.3. (a) Schematics of the two-objectives setup with variable distance s between PL excitation 

and collection spots. Power dependence of PL with 1-photon excitation (b) and with 2-photon 

excitation (c), fitted with linear and parabolic curves, respectively. 
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configuration are shown in Fig 3.3 (a). We note that the linear absorption coefficient of an 

individual microwire in Fig 3.2 (c) was also measured in the two-objective geometry. 

3.2. Result and discussion  

In previous chapter, we studied light propagation and recycling in 3D CsPbBr3 microwires62. The 

primary excitations in such configuration were delocalized electrons and holes leading to observed 

PL emission lifetimes to be on the order of hundreds of ns. On the other hand, PL emission in the 

compound under study is expected to take place from tighter-bound excitonic states that are 

localized within nanometer-thick layers, potentially affecting photon recycling dynamics and 

appearance, with lifetimes on the order of nanoseconds. To confirm the nature of the emission 

sources in MAen20 perovskite waveguides (that is, excitons vs bimolecular electron−hole 

recombination), we performed measurements of PL intensity as a function of the excitation laser 

fluence P. In these experiments we used both one-photon excitation (excitation wavelength λ1 = 

400 nm) and two-photon excitation (λ2 = 800 nm). With one-photon excitation, the concentration 

of the photogenerated excitons is nexc ∝ P; with two-photon excitation, however, it would scale 

as nexc ∝ P2. The resulting PL due to radiative recombination of excitons should therefore scale 

as ∝P or ∝P2, respectively. (We do not discuss here high fluences P, at which saturation or 

nonlinear decay processes become relevant.) This is indeed the behavior we observed as can be 

seen in Fig 3.3.  (b), (c), in agreement with the excitonic origin of the emission in 2D MAen20. In 

contrast, for nearly free electron-hole excitations, it would be concentration n of photoexcited 

electrons and p = n of holes that would behave as n ∝ P (one-photon excitation) or n ∝ P2 (two-
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photon excitation). The PL intensity resulting from their bimolecular recombination should then 

follow n ·p ∝  P2 or n ·p ∝  P4, respectively. These dependences were in fact found in our 

measurements on 3D CsPbBr3 microwires62 discussed in previous chapter. We note that, from the 

photophysical perspective, what matters here is the excitonic nature of the emission rather than 

detailed microscopic structure of excitons; our observations in this chapter are thus expected to be 

applicable to other layered (more generally, lower-dimensional) perovskites. 

Fig 3.4 presents PL spectra and dynamics taken at various separation distances s between 

excitation (λ2 = 800 nm) and collection spots along an individual MAen20 microwire. We used 

two-photon excitation scheme to minimize the surface reabsorption and surface trapping effects 

and provide uniform excitation profile through the microwire depth90. The original PL emission is 

centered at ∼520 nm (corresponding to s = 0 μm) and continuously shifts toward longer 

wavelengths as the separation is increased, reaching ∼525 nm for s ∼ 100 μm. In discussing the 

observed spectral shift of PL at large distances, one needs to distinguish it from the well-known 

effect of the shift of the spectral content of the propagating light due to the spectral dependence of 

the medium absorption coefficient. In the geometry of our samples and measurements, this effect 

would be of relevance only for relatively very short (likely up to several microns) distances 

Fig 3.4. (a) PL spectra. (b) PL decay traces at different excitation/collection separation distances. 

(c) Fitted PL dynamics at early times, from the early times of the dynamics presented in (b). Data 

taken at P = 3.5 mJ/cm2 fluence of 800 nm excitation pump. 
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between the excitation and observation spots. The exciton emitters at large distances, however, are 

all positioned spatially equivalently with respect to the observation objective that would thus be 

measuring the spectral content of their emission. If the PL line width was broadened only 

homogeneously, the PL spectrum would then be the same for different emitters. Under the 

disorder-induced inhomogeneous contribution to the broadening, subsequent acts of reabsorption 

and re-emission, on the other hand, result in the gradual shift to lower energy exciton emitters (so-

called spectral diffusion toward lower energy emitters in various inhomogeneous systems). How 

much of such spectral shift would occur evidently depends on the number of re-emission events 

and the amount of disorder. As we observe relatively small shifts in the current sample, it may be 

related to the small number of self-absorption/re-emission events taking place within the studied 

separations s. Indeed, in our prior work on photon recycling in a different perovskite material with 

a larger absorption coefficient, similar PL emission shifts were found more substantial in 

magnitude85. Much more decisive and quantitative determination of the recycling phenomena is 

given by the signatures in PL dynamics. Fig 3.4 (b) shows the representative behavior of raw PL 

traces for various separation distances. As outlined, the directly excited PL (s = 0) has a short 

emission lifetime τ ∼ 4-5 ns, reflecting increased radiative recombination rates of tightly bound 

excitons. As we increase the separation distance, PL decay times progressively increase, reaching 

∼10 ns at longer separations. To accurately analyze and represent PL dynamics, we fitted the 

experimental decay traces with 2-3 exponential functions, fully accounting for the observed rise 

and fall kinetics in a noise-free format. Fig 3.4 (c) depicts early time PL traces using fitted 

functions, normalized at the end (zero time) of the excitation laser pulse. We clearly observe an 

evolution of the rise times, unequivocally indicating an influx of excitations into the distant regions 
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of the sample. As discussed in more detail below, we ascribe this influx to the reabsorption of light 

emitted from the laser-excited spot and waveguided to the remote regions.  

We now proceed with a quantitative analysis of the PL data corresponding to Fig 3.4 (b)(c). After 

the initial excitation, we model the time evolution of PL collected at different distances s from the 

excitation spot as a function of the delay time t. For our thin microwires, with the transverse size 

∼ 10 μm, two- photon excitation takes place nearly uniformly across the microwire. A convenient 

practical framework then is to discuss the spatiotemporal variations nex (x, t) of exciton density as 

a function of just spatial coordinate x along the microwire. Different mechanisms can contribute 

to the spatial transport of excitons, distinguished in our discussion as either short-range or long-

range. The short-range mechanisms would provide for the exciton diffusion and include transport 

via the diffusion of electron- and hole-constituents or via the near electric fields of the oscillating 

exciton transition dipole (similar to dipole-dipole energy transfer in molecular systems). The 

exciton diffusion length l ∼ Dτ is determined by both the effective diffusion coefficient D and 

lifetime τ and is expected to be well below 1 μm. As an example, in our previous work on 3D 

perovskite CsPbBr3 microwires, the diffusion length for charge carriers was estimated to be no 

more than a fraction of a micron for lifetimes much longer than the PL lifetime τ observed in the 

current case of MAen20 microwires. In another example, a recent publication has shown exciton 

diffusion length not to exceed several hundreds on nanometers in similar 2D perovskite layers91. 

Such diffusion lengths are clearly irrelevant for the energy transfer from the excitation spot to PL 

sources at distances of tens to 100 μm away over our time scale τ of several nanoseconds. Therefore, 

the observed decay kinetics at such long-range distances and fast transfer is mediated by actual 

photons (that is, by the long-range radiative electromagnetic fields of the oscillating exciton 
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transition dipole), which are initially emitted at the excitation spot and then reabsorbed far away 

in the microwire leading to PL from that remote location. We thus expect that the salient effects 

of the reabsorption on the spatiotemporal evolution of the exciton population nex(x, t) may be 

rationalized within the following “minimal-model” kinetic framework:  

Aimed to emphasize the dominant role of the photon mediation, equation (3.1) explicitly and 

intentionally neglects the diffusion term. The first term in its r.h.s. describes the exciton decay with 

rate constant γ that would lead to the ordinary monoexponential behavior nex(x, t) ∝ exp (− γt) if 

not for the exciton generation represented by the second term. This latter term describes the exciton  

generation at spatial location x due to the absorption of photons emitted by excitons recombining 

at other spatial locations x ′  and contributing according to spatial kernel K(x−x ′ ). A single 

dimensionless parameter 0 ≤ η ≤ 1 defines the efficiency of photon emission upon exciton decay, 

η = 1 would correspond to purely radiative recombination. Kinetic equation (3.1) allows one to 

derive the time-dependent density profile evolution starting from the initial profile nex (x,0). In  

 addition to reabsorption, the emitted photons can also escape the microwire, thus, determining, as 

per spatial kernel L(x − x′), the photoluminescence detected at spatial location x:  

Equations (3.1) and (3.2) assume sufficiently long microwires and translationally invariant kernels, 

which are then normalized as 

 
𝜕𝑛𝑒𝑥(𝑥, 𝑡)

𝜕𝑡
= −𝛾𝑛𝑒𝑥(𝑥, 𝑡) +  𝜂𝛾 ∫ 𝐾(𝑥 − 𝑥′) 𝑛𝑒𝑥(𝑥′, 𝑡)𝑑𝑥′ (3.1) 

 𝑃𝐿(𝑥, 𝑡) ∝  ∫ 𝐿(𝑥 − 𝑥′) 𝑛𝑒𝑥(𝑥′, 𝑡)𝑑𝑥 (3.2) 
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Fig 3.5. (a) schematically shows representative trajectories of emitted photons that would be 

contributing to kernels K and L, these trajectories are distinguished by angle θ with respect to the 

microwire axis. Depending on this angle, some of the trajectories exhibit total internal reflection 

from the microwire walls and thus contribute only to kernel K, while the others to both K and L, 

in correspondence with reflection coefficient R(θ). We describe the derivation of these kernels as 

suitable for our purposes here. Consistent with the picture of random orientations of crystalline 

parts of the microwire discussed above, the model assumes overall isotropic optical behavior. If 

 ∫ [𝐾(𝑥) + 𝐿(𝑥)]𝑑𝑥
∞

−∞

= 1  (3.3) 

Fig 3.5. Schematically, representative trajectories of photons propagating in the microwire (bottom 

panels) from the emitter shown as a red dot and absorbed at distance 𝑥 along the axis from the 

emitter at the point shown as a black dot. The upper panels show the same trajectories “unfolded”, 

with vertical dashed lines indicating the correspondences between “folded” and “unfolded” 

pictures. The photon is emitted at angle 𝜃 with respect to the microwire axis. Column(a) represents 

the picture with the full reflection from the microwire walls, column (b) with the given reflection 

coefficient 𝑅(𝜃). 
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all photons were reflected from the walls, that is, if R(θ) were equal to 1 for all angles, the resulting 

kernel would be 

a familiar benchmark expression from the theory of reabsorption employed for applications in a 

traditional geometry with the planar air-medium interface92, it satisfies∫ 𝐾𝛼0(𝑥)
∞

−∞
𝑑𝑥 = 1 . Using 

the picture of “unfolded” photon trajectories, Fig 3.5. , the derivation in provides for a simple 

analytic adaptation of equation (3.4) to consider the escape of emitted photons upon multiple 

reflection/refraction events for the microwire of transverse size d resulting in 

 𝐾𝛼0(𝑥) =
𝛼

2
∫ 𝑑𝜃

𝜋 2⁄

0

sin 𝜃

cos 𝜃
𝑒−𝛼|𝑥| cos 𝜃⁄   (3.4) 

 𝐾𝛼(𝑥) =
𝛼

2
∫ 𝑑𝜃

𝜋 2⁄

0

sin 𝜃

cos 𝜃
𝑒−𝛼|𝑥| cos 𝜃⁄ 𝑓 (

|𝑥| tan 𝜃

𝑑
)  (3.5) 

Fig 3.6. (a) Schematically, examples of photon trajectories originating from emission (red dot) in 

the cross-section at location x and either leaving the microwire (yellow dot) at location x′ or 

absorbed (black dots) at location x″. (b) Illustration of the spatial behavior of various kernels as 

described in the text. 
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And corresponding 

Equations (3.4)-(3.6) are written for a single linear absorption coefficient α in the wire medium 

and feature function 𝑓(𝑧) and its derivative𝑓′(𝑧) = 𝑑𝑓 𝑑𝑧⁄  that is defined as follows. For 0 ≤ z 

≤ 1, 𝑓(𝑧) = 1 − [1 − 𝑅(𝜃)]𝑧, and for larger arguments 𝑧: 𝑓(𝑧 + 1) = 𝑅(𝜃)𝑓(𝑧). As shown in 

the SI, the value of z in integrals (3.5) and (3.6) relates to the number of the reflection/refraction 

events. Fig 3.6 (b) exemplifies the functional behavior of kernels (Equation (3.5) and (3.6) for the 

example of the wire size d = 0.2/α and reflection coefficient R(θ) corresponding to the interface 

between air and the wire medium with refraction index nwire = 2.3, averaged over emitted light 

polarizations. These kernels are compared to benchmark (eq (3.4) )as well as to the exponential 

attenuation with the same linear absorption α. Further elaboration on the spatial behavior of the 

 𝐿𝛼(𝑥) = −
𝛼

2𝑑
∫ 𝑑𝜃

𝜋 2⁄

0

sin2 𝜃

cos 𝜃
𝑒−𝛼|𝑥| cos 𝜃⁄ 𝑓′ (

|𝑥| tan 𝜃

𝑑
) (3.6) 

Fig 3.7. (a) Experimentally measured PL counts at zero delay times (red diamonds) and their model 

approximation. (b) PL(s, t) decay traces as functions of the dimensionless parameter γt; they have 

been computed per eqs (3.1) and (3.2) for a set of distances s with parameter η = 0.53. (c) 

Experimental PL counts as functions of delay time for the same set of separation distances s. All 

panels have the same abscissa axis units explicitly shown for panel. 
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kernels is achieved by accounting for the (normalized) spectral distribution g(λ) of the emission 

wavelength λ and the subsequent spread of the wavelength-dependent absorption coefficient α(λ):  

 

These wavelength-averaged kernels Equation (3.7) have been evaluated based on the actually 

measured linear absorption spectrum that is shown in Fig 3.7 (c) and further used for modeling the 

PL decay traces for the specific microwire sample used in the experiment. Fig 3.7 displays the 

initial exciton density nexc (s,0) profile that would correspond to the observed initial 

photoluminescence spatial distribution PL(s,0) as a function of distance s from the center of the 

 𝐾(𝑥) = ∫ 𝐾𝛼(𝜆)(𝑥) 𝑔(𝜆)𝑑𝜆,     𝐿(𝑥) = ∫ 𝐿𝛼(𝜆)(𝑥) 𝑔(𝜆)𝑑𝜆 (3.7) 

Fig 3.8. Illustration of the effect of parameter 𝜂 on the model PL decay patterns. Panels (a) and (c) 

display model PL (𝑠,𝑡) decay traces as functions of dimensionless parameter 𝛾𝑡, they have been 

computed from the same initial conditions as in the main text for a set of separation distances 𝑠. 

Panel (b) shows experimental PL counts as functions of delay time for the same set of separation 

distances. Computations for panel (a) employed parameter 𝜂 = 0.3, evidently too small for a good 

match with the experimental data. Computations for panel (c) employed parameter 𝜂 = 0.8, 

evidently too big for a good match with experiments. In comparison, the results obtained with 

parameter 𝜂 = 0.53, as shown in the main text, provided a much better agreement with 

experimentally observed behavior. 
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laser excitation spot. Fig 3.7 (b) shows the results for time-dependent PL traces PL(s, t) for a series 

of separation distances between s = 0 and 105 μm simulated according to eqs (3.1) and (3.2) with 

the emission efficiency parameter η = 0.53. These model results are evidently in a very good match 

with experimental decay traces for the same series of separation distances shown in Fig 3.7 (c). 

This match is not supposed to be interpreted as accurate determination of parameter η. In fact, 

close values of η would also provide satisfying visual comparisons. Instead, we stress that simu- 

lations with markedly smaller or larger values of the efficiency parameter η show clear deviations 

from the experimentally observed behavior, see Fig 3.8. Comparing the actual time axis range in 

Fig 3.7 (c) with the range of the dimensionless parameter γt in Fig 3.7 (b), we can extract the 

effective exciton lifetime as 1/γ ≅ 4 ns. Reassuringly, this value of lifetime and PLQY ∼ 50% 

derived from the comparison of the experimental and modeling data turn out to be consistent with 

the room-temperature PL data analysis in MAen20 compound presented in CHAPTER 2. In this 

regard, we note that measurements of the photon recycling can thus be used for an independent 

assessment of the intrinsic efficiency (η) of radiative recombination, particularly when other types 

of measurements on macroscopic samples are difficult or confounded.  

3.3. Conclusion 

In conclusion, we used direct spatiotemporal spectroscopic probes to unambiguously identify the 

reabsorption of emitted photons in the layered perovskite compound MAen20 as an efficient 

mechanism of long-range spatial propagation of excitons. With high intrinsic efficiencies of 

radiative exciton recombination in 2D metal-halide perovskites, our demonstration points out the 

possibility to judiciously design the device structures by exploiting light management strategies. 
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It is known that the layered perovskite structures are more robust with respect to moisture 

degradation and photobleaching. Moreover, a large variety of organic cations available for layer 

separation/isolation allows for precise control of the charge funneling and transfer, defect 

engineering and stability optimization93. Combining these beneficial features with photon 

management should enable further enhancement of the performance of optoelectronic devices on 

their basis, particularly for solid-state light emitting applications. 
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CHAPTER 4  

EXCITONS AND GEMINATE CHARGE PAIRS IN 2D PEROVSKITE  

As discussed in CHAPTER 3, two-dimensional (2D) layered perovskites exhibit greater long-term 

stability, tunability, and increased exciton binding energies (𝐸𝑏
𝑒𝑥𝑐 ≳ 0.1 𝑒𝑉) compared to the three-

dimensional counterparts owing to the quantum and dielectric confinement similar to that of 2D 

atomic layers and semiconductor quantum wells81, 94, 95. In the ubiquitous case of Ruddlesden-

Popper perovskites (RPPs) with a general composition R2An−1BnX3n+1, a group of n layers of 

connected inorganic octahedra (A, central cation; B, metal; and X, halide) is separated from other 

groups by larger organic cations R. It should be noted that the bandgap Eg of these systems is 

stoichiometrically affected by the R/A ratio94.  

Optimizing the performance of hybrid perovskite devices calls for a detailed understanding of their 

photophysical properties depending on nuances of exciton and charge carrier generation and 

recombination and photoluminescence (PL) as well as nonradiative losses. While sample-

dependent monomolecular nonradiative recombination may be prevalent at low excitation 

densities96, 97, exciton-exciton annihilation can limit PL efficiency at higher excitation fluences98. 

The excitation dynamics in mixed-phase RPPs was also reported to be strongly affected by charge 

or/and energy transfer processes99-101. As the confinement is known to enhance the role of 

interactions in lower-dimensional systems, in addition to the increased excitonic (electron-hole 

Coulomb attraction) effects, one may expect the increased effects of the electron interaction with 

the surroundings (other degrees of freedom such as the underlying lattice distortions). Polaronic 

effects have been invoked for both excitons (self-trapped excitons102, 103) and charge carriers 

(electron and hole polarons) in the photophysics of hybrid perovskites104-107. Because of these 
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complexities, interpretations of the experimentally measured PL kinetics provide complicated and, 

at times, conflicting pictures.  

Here we explore the photoexcitation dynamics in a highly emissive quasi-2D perovskite 

(en)4Pb2Br9·3Br (hereafter termed as MAen20) with the ethylene diammonium (en) as the spacer 

synthesized with the modified protocol. We employed time-resolved PL and femtosecond transient 

absorption (TA) spectroscopy over a wide temperature range (T ∼ 77-350 K). While the initial 

amplitude, f(t = 0), of the time-resolved PL kinetics exhibits a monotonous decrease with the 

increase of temperature, the PL decay also becomes progressively slower in the T ∼ 77-280 K 

range so that both PL spectra and integrated PL kinetics ∫ 𝑓(𝑡) dt remarkably remain nearly T-

independent in this range. The time-dependent character of the PL decay curves, f(t), changes from 

nearly monoexponential behavior (τ ∼ 2.2-2.5 ns) at the lowest temperatures to the appearance of 

other clearly resolvable, slower components at elevated temperatures. Only at T above ∼280 K 

does the PL intensity exhibit a precipitous drop accompanied by acceleration of the PL decay.  

Pump-probe measurements also reveal substantial differences in the TA spectra at low and high 

temperatures with the disappearance of the exciton-exciton annihilation effect at cryogenic 

temperatures. We employed numerical solutions of the combined Onsager-Braun-type108-110 

kinetic-diffusion equations to model the time evolution of the photoexcitation ensemble. The 

observed behavior is consistent with the picture of T-dependent dynamic interplay between tightly 

bound emissive excitons and larger-size, loosely bound, non-emissive geminate charge pairs that 

act as “reservoir” states, providing a feedback mechanism into the emitting excitons and giving 

rise to the longer decay components. Overall, our observations provide a unified picture of the 
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excitation dynamics in 2D perovskites where the thermal dissociation of excitons and bound pairs 

leads to the precipitous decrease of the PL at high temperatures. 

4.1. Sample preparation 

The schematics of single crystal synthesis is shown in Fig 4.1 (a). The single crystals of the 

MAen20 perovskite sample were prepared via a modified acid cooling protocol in the form of 

narrow microflakes (average length ∼100-150 μm, width and thickness 15-20 μm) that allowed 

visualization of the individual entities and minimized light’s reabsorption85. Fig 4.1(b)(c) shows 

the arrangement of [Pb-Br] octahedrons which form an alternate ladder-like structure as discussed 

in the earlier report89. To confirm the phase purity of our crystals, we performed powder X-ray 

Fig 4.1. (a) Schematic of single crystal synthesis by the acid cooling method and the photographs 

of microflakes obtained under ambient light and 405 nm blue light irradiation. (b, c) Structure of 

the 2D MAen20 perovskite. (d) PXRD pattern for the 2D crystals with the simulated XRD pattern 

obtained from the single crystal XRD analysis. (e) PL fluence dependence at 400 nm excitation. 

Solid line, fit to the saturation curve; dotted line, linear regime. 
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diffraction (PXRD) of the bulk crystals and compared it with the simulated PXRD pattern, Fig 4.1 

(d). The PXRD pattern matches well with the simulated pattern and confirms the phase purity of 

the final crystals. We also measured nuclear magnetic resonance (1H NMR and 13C NMR) spectra 

in the liquid state by dissolving the as formed crystals in the d6 DMSO solution. The NMR results 

are provided in Fig 4.2. Although we used enBr2 and MABr salts in our synthetic procedure, the 

1H NMR result clearly shows the presence of only one organic cation (i.e., en2+). We did the 

quantification of methylene [(-CH2-CH2-) δ = 3.02 ppm] and ammonium [(-NH3) δ = 7.77 ppm] 

protons by integration, and the ratio of 2:3 matches well with the enBr2 salt composition, i.e., Br-

NH3-CH2-CH2-NH3-Br. More details of the synthesis procedure and description of time-resolved 

detection techniques are presented in our research paper Supporting Information90. The measured 

PL quantum yield (PLQY) in the bulk form was ∼30%; however, our previous experience with 

[Pb-Br]-based micro- wires has shown considerably larger PLQY in an individual wire85. Fig 4.1 

(e) shows room temperature PL emission as a function of the excitation laser fluence, F, and 

indicates the geminate character of the exciton recombination (nongeminate recombination would 

scale quadratically with F at low fluences). We found the linear excitation regime up to F ∼ 100 

μJ/cm2 level, followed by saturation behavior due to the appearance of the nonradiative 

Fig 4.2. Results of 1H NMR and 13C NMR data for MAen20 in d6 DMSO. 
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recombination processes. Observed excitonic behavior and saturation parameters correspond well 

with recently published work concerning PL properties the methylammonium-based RPP layers98 

and in line with expectations for this type of material as was recently discussed in the context of 

the dielectric properties of the organic cations.81 

To assess the dynamics of recombination in RPPs, we turned our attention to the PL kinetics, 

measured across a range of excitation fluences and temperatures. Within the linear range of 

excitation fluences the observed PL dynamics did not change appreciably, while at much higher 

excitation 2 fluencies (F > 300 μJ/cm), we indeed observed acceleration of the early part of the PL 

dynamics, as shown in Fig 4.3, indicating an onset of higher-order nonradiative recombination 

processes such as exciton−exciton annihilation. Fig 4.4 (a) illustrates representative PL dynamics 

in the linear regime taken at F = 70 μJ/cm2 fluence in the temperature range 80−335 K. 

Fig 4.3 PL decay dynamics as a function of excitation laser fluence. Acceleration of PL dynamics 

at higher laser fluence indicating signature of non-radiative exciton-exciton annihilation process. 

Fig 4.4. (a) PL dynamics at F = 70 μJ/cm2 taken in the temperature range 77−335 K recorded at 

the maxima of PL spectra. Inset: Same traces plotted on the logarithmic scale. Dotted black lines, 

biexponential fits. (b) Peak values of PL spectra (red circles), integrated values of PL spectra 

(green squares), and integrated PL dynamics (blue triangles) as a function of the temperature. All 

values normalized to the maximum. Inset: Representative PL spectra used to extract PL values. 
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Recombination dynamics shows nearly perfect monoexponential decays from T = 77 K to about T 

∼ 150 K with a time constant τ1 ∼ 2.2-2.5 ns. This value corresponds well to characteristic lifetimes 

reported in a number of publications concerning layered perovskites that include chemically and 

epitaxially grown 2D RPPs111, 112 as well as exfoliated ones113. Hence, we ascribe this lifetime to 

the exciton recombination. Upon the increase of T, however, the PL decay curves start to exhibit 

continuous evolution and now are better described by two-time constants. In addition to τ1, the 

second time constant, τ2 ∼ 5-7 ns (inset in Fig 4.4(a), long component) is observed, and closer to 

the room temperature (RT), the decays become decidedly multiexponential. The parameters of a 

numerically accurate multiexponential representation of the normalized PL dynamics, 

𝑓(𝑡) 𝑓(0)⁄ = ∑ 𝐴𝑖exp (−𝑡 𝜏𝑖⁄𝑖 ), at different temperatures are tabulated in our research paper 

supplement information Table S190. As the inset in Fig 4.4 (a) also illustrates, the initial PL decay 

rate ∑ (𝐴𝑖 𝜏𝑖⁄ )𝑖  gradually decreases with growing T up to about 280-290 K and starts increasing 

afterward. The initial PL amplitude f(0), on the other hand, consistently decreases over the whole 

range of temperatures. In contrast, the time-integrated PL kinetics, ∫ 𝑓(𝑡) = 𝑓(0) ∑ 𝐴𝑖𝜏𝑖𝑖 , stays 

nearly T-independent up to about 280 K. Fig 4.4 (b) shows that the temperature variation of the 

evaluated integrated PL kinetics is in good correspondence with the temperature variation of the 

independently observed peak intensities in the PL spectra. The fact that the latter along with the 

spectrally integrated PL exhibit nearly constant values across the 77-290 K temperature range 

implies that overall PLQY remains practically unchanged in this range. 

A multiexponential character of the PL decay in the linear fluence regime has been frequently 

ascribed to the existence of different population of excitons (emissive species)114, 115. We, however, 

observe that the initial amplitudes f(0) of PL decays, that is, the number of the initially available 
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emissive species, consistently decrease with the growing temperature. The dynamics that we 

measured suggests the coexistence of emissive and nonemissive species that can convert into each 

other. Note that the observed higher-T decrease in the PL intensity is in fact common in perovskite 

materials. When interpreted as due to the excitons’ thermal dissociation into free electrons and 

holes, this decrease would frequently be used for assessing the exciton binding95, 97. One should 

also recognize that spatially separated geminate charge pairs (e.g., in the form of electron- and 

hole-polarons as a consequence of the strong interaction with the environment) can be present at 

lower temperatures as well, where they are still well bound by the mutual Coulomb attraction. 

Such bound (more loosely and larger radius) charge pairs could play a role of nonemissive 

excitation species while the tightly bound and smaller-radius electron−hole pair in the excitonic 

state would represent an emissive species. The dynamic balance (interconversion) between the 

loosely bound charge pairs and excitons is T-dependent: the lower the temperature, the larger the 

relative proportion of the excitons resulting in a faster decay of the whole family of excitations 

Fig 4.5. (a) Model schematics of the interconversion between excitons (emissive species) and 

geminate pairs (nonemissive species). (b) Example of the temporal evolution of the number of the 

emissive species for different temperatures simulated with a set of model parameters; see the text. 
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while maintaining the overall PLQY. Only at sufficiently high temperatures will a substantial 

number of pairs be efficiently dissociating out of the Coulomb capture region, leading to the overall 

decrease of the excitonic emission. 

4.2. Result and discussion  

The framework of the geminate charge pairs that can undergo both recombination and spatial 

separation is well-known in the photophysics of organic and amorphous solids and was studied in 

different modifications since the original work of Onsager (see reviews in these refs108-110 for 

numerous original references). Here we explore an application of an Onsager−Braun-type model 

by numerically solving combined kinetic−diffusion equations for the time evolution of the exciton 

and charge-pairs ensemble. As shown schematically in Fig 4.5 (a), the excitons are characterized 

by time-dependent number n(t) while the geminate charge pairs by the 2D pair distribution 

function ρ(r, t) defined for pair separation distances r ≥ a so that the number of pairs 𝑛𝑝(𝑡) =

∫ 2𝜋𝜌(𝑟, 𝑡)𝑑𝑟
∞

𝑎
. The time-dependent PL intensity a is proportional to n(t), whose variation in time 

exhibits decay with rate γ (may include both radiative and nonradiative recombination) but is 

modified by the current I(t) due to the exchange with the pairs manifold. Here the coefficient α 

quantifies the conversion of excitons into pairs while coefficient κ describes the reverse conversion 

of pairs into excitons at the “boundary”, r = a. At the same time, this current I(t) represents the 

 

𝑑𝑛

𝑑𝑡
= −𝛾𝑛 − 𝐼(𝑡), 

𝐼(𝑡) = 2𝜋𝑎𝑗(𝑎, 𝑡) = 𝛼𝑛(𝑡) − 𝜅𝜌(𝑎, 𝑡)     

(4.1) 
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boundary condition for the 2D radial current density j(r, t) in the spatiotemporal evolution of the 

pair distribution function: 

where the 2D continuity equation is supplemented by the phenomenological pair decay with rate 

γ1 due to, say, trapping and other nonradiative channels. The current density in equation (4.2) is 

composed of the diffusion and drift components (D is the diffusion coefficient and Einstein’s 

relationship utilized for the mobility), where force𝐹 = − 𝜕𝑉 𝜕𝑟⁄  F = −∂V/∂r is determined by the 

effective interaction potential energy V(r) between charges in the geminate pair. Traditionally, V(r) 

is just the Coulomb attraction, leading to 𝐹 𝑘𝐵𝑇 = −𝑟𝐶 𝑟2⁄⁄  with the Coulomb capture radius 𝑟𝐶 =

𝑞2 4𝜋𝜀0𝜀𝑘𝐵𝑇⁄ . It should be clear, however, that the effective interaction could be modified due to, 

e.g., polaronic effects. A reduction of rC with growing temperature T would manifest in the 

increasing propensity for thermal dissociation of the pairs. A similar strong effect of the rising T 

on the increasing relative number of geminate pairs np with respect to the number of excitons n 

would follow from the T-dependent model coefficient ratio α κ⁄ ∝ exp (−
U

kBT
)  , where U is an 

effective activation energy for the process of interconversion between excitons and geminate pairs. 

The diffusion coefficient D can also depend on T, consistently with the operating scattering 

processes. 

 
𝜕𝜌

𝜕𝑡
= −

1

𝑟

𝜕

𝜕𝑟
(𝑟𝑗) − 𝛾1𝜌, 𝑗 = −𝐷 (

𝜕𝜌

𝜕𝑟
−

𝐹

𝑘𝐵𝑇
𝜌) (4.2) 
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Given the initial conditions n(0) and ρ(r, 0), the framework of coupled Equation (4.1) and (4.2) 

allows one to find the time dependence of n(t) that can be compared to the experimentally observed 

time-resolved PL kinetics f(t). These initial conditions (distributions) are determined by the 

relaxation processes following the original higher-energy laser photoexcitation of the system, 

which are frequently subsumed under the label of “thermalization”. We do not know a priori what 

this initial distribution should be in 2D perovskites. Evidently, some of the limiting pictures would 

be inconsistent with our observations. For instance, in a purely ballistic picture, the initial condition 

Fig 4.6. (a) Time evolution of the TA spectra of (MAen20) 2D perovskites at RT and high fluence. 

Inset: excitation fluence dependence of the PA region at 600 nm. (b) RT bleach dynamics at 520 

nm at different fluences, with dynamics normalized to match at long times. Inset: Slope of the 

early time curves vs initial amplitude. (c) Time evolution of the TA spectra at 77 K in the linear 

fluence regime. (d) Bleach dynamics at different fluences at 77 K. 
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could be all geminate pairs at some thermalization distances r. Then the signal f(t) from excitons 

would feature PL kinetics rise times, which we do not observe at all in the experiment. In the 

opposite limit of complete “internal conversion”, the initial condition could be all excitons. Then 

the PL would be starting from the same f(0) values at different temperatures, also not recorded in 

the PL measurements. Instead, our observations suggest that the relaxation results in “balanced” 

T-dependent initial distributions with the relative number of emissive species (proportional to f(0)) 

decreasing with the rising T. For our illustrative purposes here, we chose therefore to try initial 

distributions generated by running (“relaxing”) our model at different temperatures from the purely 

excitonic states for some time. The resulting patterns of n and ρ(r) were then renormalized to the 

common initial condition 𝑛(0) + 𝑛𝑝(0) = 1, from which the model runs were resumed. Fig 4.5 

(b) exemplifies results for n(t) that were obtained this way with a set of model parameters (in 

particular, the overall exciton thermal ionization energy in this example corresponds to 1350 K 

and 𝛾1 = 0.05𝛾). When compared to PL data in Fig 4.4 (a), the model kinetics clearly reproduces 

many important experimental observations slowing down of the initial decay with growing T for 

lower temperatures followed by an acceleration of that decay at higher temperatures. At the same 

time, the progression of slower decay components at elevated temperatures comes out as a natural 

consequence of the dynamic interplay between excitons and the bound pairs manifold. The 

Supporting Information shows the temperature dependence of the PL intensity resulting from the 

time integration of the model kinetics in Fig 4.5 (b). We expect that even better quantitative 

correspondence with the experimental data is possible with future model developments. Besides 

improvements in specifications of initial conditions, qualitative model refinements need to be 
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further explored, including disorder effects that may lead to distributions (rather than some specific 

values) of the model parameters as well as more elaborate treatments of the pair decay processes.  

As the PL data only reflects the evolution of the emissive states at >100 ps time resolution, we also 

performed a femtosecond TA study that probes faster responses in a wide spectral range, including 

from nonemissive species116.34 Our femtosecond TA experiment allows us to study absorption in 

the individual micro flakes, thus directly comparing the results to PL data. Fig 4.6 compares the 

time-dependent evolution of the TA spectra and fluence-dependent bleach dynamics at low 

temperature (77 K) and at room temperature (RT). While the TA spectra are characterized by the 

pronounced bleach signals at 520-530 nm (associated with the excitons responsible for the PL 

signal) at both temperatures, they also exhibit a number of pronounced differences. In particular, 

the RT spectra, Fig 4.6 (a), exhibit a long-lived (>3.5 ns, longer than our delay range) photoinduced 

absorption (PA) component, extending from 550 nm to beyond 700 nm (our detection limit). Its 

presence and lifetime correlate well with the existence of longer PL components in the RT PL 

dynamics. We note that some previous publications related such long-lived broad PA to the 

production of free electrons and holes, characterized by Drude-like conductivity117. Our PA signals 

exhibit linear fluence dependence shown in the inset in Fig 4.6 (a).  Fig 4.6 (b) shows the RT 

bleach dynamics normalized at the long times for different excitation levels. At the excitation 

densities above the linear regime (F > 100 μJ/cm2), we observe emergence of the fast, sub-100 ps 

components, indicative of the nonlinear annihilation processes. If one were to employ the generic 

kinetic equation 𝑑𝑛𝑒ℎ 𝑑𝑡⁄ = −𝑘1𝑛𝑒ℎ − 𝑘2𝑛𝑒ℎ
2  for the photoexcitation neh dynamics, the nonlinear 

(bimolecular type) annihilation would be described by the second term with kinetic coefficient k2. 

Owing to the very different recombination time scales (radiative recombination on the nanosecond 
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Fig 4.6 (b) shows the slope of the population dynamics at early times (i.e.,∝  −
d(ΔT)

dt
at t =  0) as 

a function of the initial photoexcitation density 𝑛𝑒ℎ(0) ∝  ΔT(0). It nicely follows the quadratic 

behavior at higher densities, proportional to the nonlinear k2 term118. In contrast, Fig 4.6 (c) shows 

TA spectra at 77 K that do not possess a broadband PA manifold, and no discernible fluence 

dependence is observed in the TA spectra and bleach dynamics at this low T. Bleach dynamics, 

shown in Fig 4.6 (d), illustrate instead a common behavior characterized by a two-exponential 

decay with τfast ∼ 50-80 ps and τslow > 1 ns (limited by the delay range). The slower component 

clearly corresponds to lifetime τ1 observed in the PL emission. The fast component indicates a 

nonradiative channel with a monomolecular type recombination (as would be described by kinetic 

k1 coefficient above), most likely related to surface/ligand-induced trapping as is long known for 

colloidal nanocrystals119 and was recently shown in 2D RPP compounds as well120. This fast 

component is more pronounced at 77 K, probably due to the increased trapping rates inherent to 

more strongly localized excitons vs the delocalized geminate pairs that constitute the majority of 

excitations at the room temperature. Being on a sub-100 ps time scale, these are not resolvable in 

PL dynamics, however, and its time-integrated contribution is small, less than 30% of the total 

decay and in- line with high PLQY of our samples.  

The observed differences in the TA responses at 77 K and at RT would be consistent with our 

picture of the T-dependent composition of the photoexcitation population developing already at 

earlier relaxation times: while being predominantly consistent of excitons at 77 K, it would feature 

a substantial number of charge pairs at RT. Indeed, then the long-lived broad PA absorption 

associated with individual charges would be observed at RT but not at 77 K. At the same time, the 

difference in the fluence dependence would be related to the difference in the physical sizes of 
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excitons and charge pairs. Based on the linear absorption data from individual micro-flakes in our 

samples and assuming a close-packed arrangement of the octahedral layers, a rough estimate of 

the initial photoexcitation density at F = 300 μJ/cm2 fluence yields neh(0) ∼ 1011 cm−2 in a single 

layer. This density corresponds to the average in-plane distance between the excitations 𝑙 =

1

√𝜋𝑛𝑒ℎ(0)
 ∼ 20 nm, which would be much larger than the typical exciton Bohr radius in many 2D 

perovskites121. However, being the larger-size entities, the charge pairs may experience substantial 

spatial overlap and start to non- radiatively annihilate each other at much lower fluences as 

compared to smaller-size emissive excitons. Additionally, exciton diffusion is likely to be slower 

at 77 K, further preventing exciton-exciton annihilation. 

The Onsager framework of the geminate charge pair dynamics assumes a sufficiently strong 

interaction of electrons with the environment. An extensive literature on hybrid perovskites in fact 

discusses the importance of the effects of the static and dynamic disorder as well as the existence 

of polarons106, 107. It is known that self-localization of electrons into polaronic states can generally 

be driven by both short- and long-range interactions with the underlying lattice, and the long-range 

polarization is omnipresent in perovskites due to the polar nature of their structure122. It is therefore 

possible that charges in the geminate pair could be in the form of electron and hole polarons. The 

analysis of our experimental data, however, does not rely on the specific microscopic of charge 

carriers. While our experiments also do not address directly the nature of the emissive excitonic 

states, a clear pattern is exhibited of the PL emission spectra in terms of both the spectral 

composition and the lifetimes. It has been discussed that excitons in 2D RPPs can undergo self-

trapping (STEs) via exciton−phonon coupling driven lattice distortions123. The primary 

experimental identification of STEs is related to the appearance of broadband “white light” 
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emission below the optical gap124, with PL signatures that are further enhanced at low temperatures. 

Additionally, formation and emission decay of STEs follow the lattice relaxation dynamics, 

typically on a picosecond time scale. In our observations, however, the presence of a long-lived 

TA signal is not accompanied by distinct low-energy PL bands at any temperatures, and decay 

dynamics are measured on a nanosecond scale, excluding STE contribution. 

4.3. Conclusion 

In summary, we performed a detailed study of the photoexcitation dynamics in a highly emissive 

2D perovskite compound (en)4Pb2Br9·3Br (MAen20) over a range of temperatures and excitation 

powers. We found that, while the PL kinetics themselves are substantially temperature- dependent, 

the PLQY remains remarkably nearly T-independent over a broad range of temperatures. Only at 

sufficiently high temperatures (T > 280-290 K) does the PLQY experience an appreciable decrease. 

We argued that our observations can be accommodated within a simple and physically satisfying 

picture of the coexisting emissive excitons (“small-size” tightly bound states) and nonemissive 

geminate charge pairs (“large-size” loosely bound states) appearing already at early relaxation 

times. Their T-dependent inter- conversion and dynamics explain the salient features of PL and 

TA kinetics as well as the onset of prevalent thermal dissociation at higher temperatures and could 

have important implications for the device development. Nonemissive geminate pairs could be 

dissociated by electric fields at donor−acceptor interfaces or by trace impurities or through edge 

states125, improving the efficiency of the photovoltaic devices. Population of the emissive excitons 

and their binding strength, on the other hand, may be controlled via the choice of dielectric 

parameters, layer width, and external conditions (temperature, substrate) to maximize the 
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efficiency in light- emission devices. Hence, the results will be relevant to the rational design of 

high-efficiency optoelectronic devices based on the solution-processable 2D layered perovskite 

materials.  
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CHAPTER 5  

ENHANCED PHOTOLUMINESCENCE AND LONG-TERM STABILITY OF 

0D PEROVSKITE VIA GAS-PHASE ALUMINUM OXIDE ENCAPSULATION 

Surface of nanocrystals is essential to optimize their properties and performance in device 

applications,126, 127 in particular for materials like lead halide perovskites whose “easy to make, 

easy to break” nature is well known.128-131 Because of the successful use of nanocrystalline 

MAPbX as the light harvester in solar cells, there has been enormous development of perovskite 

NCs of diverse compositions for employment in high-performance optoelectronic devices.33, 132-

141 All-inorganic cesium lead halide perovskite nanocrystals (PNCs) attract a lot of interest owing 

to demonstrations of the high photoluminescence quantum yield (PLQY), narrow emission 

linewidth, wide color gamut, intrinsic defect tolerance, and better chemical stability compared to 

their organic-inorganic counterparts.45, 54, 142-146 Their practical utilization nevertheless remains 

challenging as the structural integrity and the properties of the solution-processed nanocrystals 

exhibit degradation in solid films, as well as under the influence of environmental factors 

(humidity/heat/light).146-150 This instability is generally attributed to their soft ionic nature and 

labile surface.148 With isolation of [PbX6] octahedra in crystal lattices, the development of lower 

dimensional perovskites, especially zero-dimensional (0D) Cs4PbBr6, has shown potential for 

improvement in stability and retaining high QY in the solid state compared to three-dimensional 

(3D) CsPbX3 nanocrystals.21, 38, 151-154 The microscopic origin of the green emission in Cs4PbBr6 

is, however, still debated, and the material is not completely immune to environmental effects.21, 

154-159 
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In order to enhance the stability, a great deal of research has been focused on passivating the 

surface of cesium lead halide PNCs by in situ or post synthetic surface ligand modification such 

as long-chain/zwitterionic/Lewis-base ligands,160-166 inorganic passivation,167-169 encapsulation 

into polymer/mesoporous matrix,170, 171 and shelling/formation of heterostructures.172-176 On the 

other hand, overcoating the perovskite surface by atomic layer deposition (ALD) of AlOx has been 

one of the widely studied processes in hybrid perovskite solar cells because of controllable 

conformal growth of oxide layer achievable by ALD.177-180 However, the deposition process often 

resulted in partial degradation of the perovskite structure, leading to formation of PbI2.180 Recently, 

this technique has been extended to CsPbX3 PNCs as well, both in thin film181 and in solution by 

c-ALD.180 Although the AlOx layer can provide a significant improvement in terms of the long-

term stability, the standard gas-phase ALD method usually diminishes the PLQY of perovskites, 

which is attributed to AlOx growth conditions (e.g., temperature) or interaction of the Al precursor 

(trimethylaluminum, TMA) with the perovskite surface182. With no precise molecular mechanism 

of PL quenching in perovskite materials by the ALD process identified, the potential of its 

modification and practical usefulness have yet been uncertain. Moreover, nearly all the previous 

studies have attended to 3D cesium lead halide PNCs, whereas surface passivation and 

encapsulation of their 0D counterparts remain mostly unexplored.  

Here, we report a successful application of our recently developed pulsed gas-phase AlO 

deposition technique183 to encapsulate 0D Cs4PbBr6 PNC thin films. Contrary to all the previous 

reports of alumina encapsulation of PNCs, or perovskites in general, our method not only retains 

PNCs’ structural integrity and PL properties, but it actually enhances PL intensity and lifetimes of 

PNC films with low initial PLQY along with providing the long-term environmental protection. 
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The method does not deteriorate PL properties of thin films made out of 3D CsPbBr3 PNCs either. 

As previously observed for the chalcogenide quantum dot systems183, simultaneous and controlled 

exposure of both the metal and oxygen precursors at room temperature using our technique leads 

to the formation of AlOx in the gas phase that would then be followed by the deposition on the 

PNC surface, thereby minimizing its interaction with TMA (Fig 5.1 (a)). In order to understand 

the atomistic detail of the effect of AlOx encapsulation on the PNCs, we employ X-ray 

photoelectron spectroscopy (XPS) to observe the elemental composition changes on the surface of 

the PNCs occurring upon the deposition. In particular, XPS reveals that a substantial reduction of 

the excess Cs content present initially near PNCs’ surface takes place, which we surmise could be 

caused by the controlled exposure to water during AlOx deposition. The accompanying ab initio 

calculations further illustrate that excessive surface Cs leads to decomposition of [PbBr6]4− 

octahedra in its vicinity, which, however, does not happen in the presence of added hydroxyl 

groups. The structural stabilization is consistent with the improved PL lifetimes that we observe. 

As the inorganic AlOx matrix conformally encapsulates and partially infills the PNC film (Fig 5.1 

(b)), it also suppresses oxidative and photo degradation, serving to enhance longer term stability. 

Our modified gas-phase AlOx deposition technique thus defines the roadmap to encapsulate and 

integrate colloidal PNCs into solid-state structures without degrading, while even improving their 

photophysical properties for light-emitting/harvesting applications. 
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5.1. Sample preparation  

The Cs4PbBr6 0D PNCs were synthesized following the literature-reported modified reverse 

microemulsion method38. Typically, a dimethylformamide solution of lead bromide (PbBr2), 

hydrogen bromide (HBr), oleic acid (OA), and oleyl amine was injected into n-hexane solution of 

cesium oleate and OA under vigorous stirring to form Cs4PbBr6 nanocrystals of ∼10 nm in size. 

Following the approach in research38, we varied the amount of HBr used in the synthesis resulting 

in variations of PLQY of the green-emissive PNCs. AlOx deposition was performed in a home-

built reactor using TMA and D2O as the Al and O precursors, respectively. A purging time of 20 

min was given between each (TMA and D2O) cycle to ensure complete removal of all unreacted 

precursors. Details of the deposition procedure are provided in the reported supporting 

information.184 Typically, for the spectroscopic measurements, a thin layer of PNCs was spin-

Fig 5.1. (a) Schematic of alumina encapsulation of PNCs by simultaneous exposure to TMA and 

D2O. (b) Transmission electron microscopy (TEM) cross-sectional image of the alumina 

encapsulated 0D PNC film. Here, AlOx layer thickness was ∼20 nm for better visualization. 
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coated on the Si/OH-terminated SiO2 surface, followed by the pulsed gas phase deposition of ∼5−7 

nm thick AlOx at room temperature. 

Fig 5.2 compares PL spectra and PL dynamics of the 0D Cs4PbBr6 PNC film without and with 

alumina overlayers. Panels (a, b) of this figure exemplify PNCs with initially high PLQY (PNC 

#1; QY ∼ 60% in solution) and panels (c, d) of PNCs with initially low PLQY (PNC #2; QY ∼ 

10% in solution). The bare PNCs #1 exhibit mostly bi-exponential PL kinetics with shorter (τ1 ∼ 

4 ns, normalized amplitude A1 ∼ 0.5) and longer (τ2 ∼ 13 ns, A2 ∼ 0.5) components. These numbers 

correspond well to the average PL lifetimes measured for a large variety of 3D and 0D cesium lead 

bromide nanocrystals38, 54, 145, 156, 185. The alumina encapsulation leads to an overall elongation of 

the lifetime of PNCs #1 because of even longer, third kinetic component (τ1 ∼ 2 ns; A1 ∼ 0.44, τ2 

∼ 8.3 ns, A2 ∼ 0.38, τ3 ∼ 44 ns, A3 ∼ 0.18). Panel (a) illustrates that the average PL intensity of 

Fig 5.2. PL intensity and lifetime of the high QY (a,b) and low QY (c,d) 0D Cs4PbBr6 PNC thin 

film, respectively, before and after alumina encapsulation, respectively, before and after alumina 

encapsulation. 
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PNCs #1 remains nearly the same upon the alumina deposition. In contrast, the encapsulation 

results in very significant improvement of PL intensity for PNCs #2: panel (c) illustrates a nearly 

4-fold enhancement indicating a large increase in PLQY. It is accompanied by substantial 

elongation of the lifetime seen in panel (d) and featuring again the appearance of a large amplitude, 

longer component (from τ1∼2ns; A1∼0.46, τ2∼8 ns, A2∼0.43, τ3∼28 ns, A3∼0.02 for bare PNCs 

#2 to τ1∼2 ns; A1∼0.30, τ2∼8ns, A2∼0.32, τ3∼46 ns, A3∼0.28 after the alumina deposition). The 

enhanced PL intensity and lifetimes are retained largely even after a couple of months storage 

Fig 5.3. PL intensity and lifetime of the alumina encapsulated 0D PNCs thin film (a-b), and after 

two months of storage under ambient conditions (c-d). 
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under ambient conditions (Fig 5.3), making this a first-of-the-kind observation where the alumina 

encapsulation dramatically improves the PL properties of PNCs.  

We have reported the emergence of similar long PL kinetics components in PL blinking statistics 

of individual (single-particle) 0D PNCs after alumina encapsulation in our previous work186. These 

changes were attributed to the existence of induced “reservoir” states that act as a storage for the 

Fig 5.4. Calibrated XPS spectra of the high [PNC #1, (a−f)]- and low-PLQY [PNC #2, (g−l)] 0D 

Cs4PbBr6 PNC films before (solid circles) and after (open circles) alumina encapsulation. Dotted 

lines for Br spectra are deconvolution with two Gaussians. The intensities have been rescaled to 

account for different RSF factors for each element. The elemental ratios of the respective elements 

are provided in Table 1.   
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charges back-feeding into PNC’s emissive state, giving rise to the “delayed” PL component. 

However, the single-particle data mostly addressed individual PNCs with already high-emission 

QY as they are the brightest and thus do not give the complete decisive picture of the PL changes 

for an ensemble of PNCs as used for most of the device-oriented applications. Herein, the data for 

PNC films clearly show that PL improvements upon alumina encapsulation are even much more 

pronounced for the samples with low-initial PLQYs. Moreover, because the interface and 

subsurface regions of PNCs are expected to be especially affected by the alumina deposition on 

the surface, we performed XPS measurements of our samples to investigate the changes in 

elemental composition that may be related to the PL enhancement. To be able to identify the 

changes on the surface of the PNCs, we limited the alumina layer thickness to ∼2 nm for the 

samples prepared for XPS measurements. 

Fig 5.4 shows high-resolution XPS elemental spectra for each of PNC’s atoms (Cs, Pb, and Br) 

calibrated using relative sensitivity factors (RSFs) of the XPS instrument for each element. We 

chose to provide Cs 3d spectra for quantitative purposes instead of Cs 4d because of the strong 

overlap of Al 2p peak with the latter. Additionally, because of large difference in RSF factors and 

corresponding large difference in counts, spectra, as shown in Fig 5.4, have been calibrated by 

RSF.  



 

69 

5.2. Result and Discussion 

Comparing peak elemental values, it is apparent that the amount of surface Cs is reduced upon 

alumina deposition and more so for the lower PLQY (PNC #2) sample. At the same time, the 

change in the amount of surface Br is less pronounced. We further calculated the exact surface 

atomic ratios of the elements from the integrated XPS signal area, as presented in Table 1, where 

the derived relative Cs/Pb/Br amounts are normalized to the amount of Pb. Again, tabulated data 

Fig 5.5. Optimized crystal structures of small Cs4PbBr6 cluster cutoff from the bulk without (right, 

top) and with (right, bottom) surface OH- group modifications. 
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show large drop of the amount of surface Cs after alumina encapsulation. Moreover, the resulting 

amounts of Cs and Br are much closer to the stoichiometric composition (Cs:Pb:Br-4:1:6) after 

encapsulation. A similar trend is observed when analyzing Cs 4d lines, although accuracy is greatly 

affected by the presence of the overlapping Al 2p signature.  

Because the XPS data trend clearly points toward the relation of Cs content with the PL properties 

upon AlOx deposition, it is interesting to look into possible effects of the excessive amount of Cs 

on the structure of 0D perovskites. It is known that the Cs-Pb-Br system can exhibit different 

phases, and the phase competition results in a narrow stability field for Cs4PbBr6 in chemical 

potential space159 that would be affected by the elemental composition of local environment. Here, 

we perform a density functional theory (DFT) illustrative simulation of the effect of Cs-rich 

environment, which is modeled as follows. Having a fully optimized bulk Cs4PbBr6 structure as a 

reference, we cut a small cluster that would have extra Cs atoms on its surface, as shown in Fig 

5.5. The DFT optimization of this cluster is then performed. The result of such direct optimization, 

as shown in Fig 5.5Fig 5.5. Optimized crystal structures of small Cs4PbBr6 cluster cutoff from the 

bulk without (right, top) and with (right, bottom) surface OH- group modifications., clearly reveals 

decomposition of perovskite structure octahedra in the vicinity of extra Cs atoms. This illustrated 

instability may likely be associated with the competing CsBr secondary phase as depicted in the 

chemical potential calculations 159. Given our prior knowledge of the effects of water on the PL 

properties of the PNCs,186 we now proceed with the model simulation modified by adding OH 

groups to the Cs-rich cluster. As shown in Fig 5.5, the structural DFT optimization in the presence 

of added OH groups do not result in the decomposition of octahedra, suggesting that hydroxyl 
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groups effectively passivate extra Cs atoms. This may also be interpreted in the context of a 

competing CsOH phase. Given that the structural decomposition is ordinarily accompanied by 

nonradiative dissipative processes, the passivation of large local elemental imbalances could lead 

to the improvements of PLQY. Note that the electronic band edges of Cs4PbBr6 is not affected by 

OH-group attachment but determined by the isolated [PbBr6]4− octahedra (i.e., valence band 

maximum by the Pb 6s orbital and conduction band minimum by Pb 6p and Br 4p orbitals).  

Fig 5.6. (a,b) Comparison of PL intensities and lifetimes of bare 0D Cs4PbBr6 PNC films (red 

traces), upon controlled water exposure (D2O only, blue traces) and with full alumina (green traces) 

encapsulation. (c,d) Comparison of PL for the 3D CsPbBr3 PNC thin film before (yellow) and 

after (green) alumina encapsulation. 
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Although model passivation was achieved by simply adding OH groups, it is understandable that 

such reactions may naturally occur during our alumina deposition process, which involves 

controlled exposure to water. To verify this conjecture on the role of water, we also performed the 

experiments, where PNC films in the ALD chamber were subjected only to D2O pulses (without 

the TMA precursor). Fig 5.6 (a)(b) shows that, indeed, the PL lifetime and intensity get enhanced 

after this treatment, with even further improvements taking place when the PNC film is fully 

encapsulated with alumina. Our observations would be consistent with the literature report 

suggesting various degrees of initial PL improvement upon exposure to outside moisture, although 

the PL properties degraded afterward.187 We note that full alumina coverage may also provide OH 

groups that are present in nonstoichiometric alumina itself, in addition to controlled water pulses 

during the deposition, thus contributing to longer term stability. It is important to mention here 

that the corresponding X-ray diffraction spectra of 0D PNC film before and after D2O exposure, 

or upon alumina encapsulation, indicate no substantial change in the crystalline structure, as we 

have already reported.159 

The nonstoichiometric elemental content derived from the XPS measurements and its modification 

upon the alumina encapsulation may be indicative of a spatially nonuniform composition across 

0D PNCs and the associated atomic/ionic migration. For example, Cs vacancies in bulk Cs4PbBr6 

have been calculated159 to be dominant acceptor point defects with high concentration, which could 

then be accompanied by Cs excess in the subsurface PNC region. The nonuniformity may be 

already pre-existent in 0D bare PNCs but could also be induced or increased during irradiation in 

the XPS and PL measurements (similar to well-documented light-induced ionic migration in 

perovskites).188-191 A large amount of migrated Cs+ cations can be detected by the XPS 



 

73 

measurements, explaining the higher Cs/Pb ratio observed without encapsulation. Irrespectively, 

our results suggest that the controlled exposure to water and alumina encapsulation process affect 

the elemental spatial distribution. In addition to the data tabulated, as shown in   

Table 5.1, presents Br/Cs ratios from a collection of different 0D PNC films, and it also clearly 

shows a systematic increase of these ratios taking place upon ALD. In the context of the dynamic 

redistribution and, for example, the formation of Cs vacancy defects, the presence of water in the 

local environment could change the energetics of the defect formation as well as the passivation 

and decrease of the migration propensity of Cs species (as suggested by our model DFT 

simulations).  

Table 5.1. Atomic Ratios for Cs4PbBr6 PNCs calculated from the XPS Spectra, as shown in Fig 

5.4, by taking into account spectral areas of the elements (background subtracted) 

 

In comparison with the 0D structure, the spatially extended 3D coordination of lead-bromide 

framework of CsPbBr3 PNCs is expected to be less amenable to significant elemental 

redistributions and incorporations by other species like water. Indeed, the direct DFT optimization 

of surface Cs-rich CsPbBr3 clusters shows no decomposition of neighboring octahedra that we 

PNCs Cs/Pb/Br/ ratios 

PNC 1 (high QY) 5.3:1:3.7 

PNC 1 (after encapsulation) 4:1:5.2 

PNC 2 (low QY) 9.1:1:5.5 

PNC 2 (after encapsulation) 5.7:1:8.5 
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observe in simulations on 0D clusters. Likewise, the XPS spectra of 3D CsPbBr3 PNC films do 

not reveal significant changes in elemental compositions upon alumina encapsulation. These 

measurements of 3D CsPbBr3 samples also confirm the assumption that a thin (2-3 nm) alumina 

layer does not pose a significant barrier to the emitted photoelectrons and further justifies our 

choice of Cs 3d peaks for quantity analysis. Finally, no significant PL changes upon exposure to 

D2O pulses have been observed in 3D CsPbBr3 PNCs and only slight overall enhancement is found 

upon full alumina encapsulation as shown in Fig 5.6 (c)(d). 

Our PL data provide ample evidence that our modified gas-phase pulsed vapor deposition 

technique of alumina encapsulation does not deteriorate PL properties of different Cs-based PNCs 

while still providing a physical barrier to the outside elements that leads to a longer term 

environmental stability, as shown in Fig 5.3. This can be associated with the “gentler” nature of 

our deposition method preventing the reactive TMA precursor from reaching the surface of PNCs 

and degrading their PLQY that was typically reported upon ordinary ALD conditions182. In fact, 

we generally observe more elongated PL kinetics after the alumina encapsulation and particularly 

significant improvements of PL in 0D Cs4PbBr6 PNCs with initially lower PLQY values. XPS 

measurements and model DFT simulations suggest that our deposition method may play an 

important role of passivating and decreasing local elemental imbalances in 0D PNCs toward more 

stoichiometric compositions. This likely happens via utilization of hydroxyl groups that become 

available during the controlled exposure to water in the process of alumina encapsulation. This 

study thus unravels the pivotal role of the PNC surface composition, both experimentally and 

theoretically, in the process of its interaction with metal oxide precursors to control the PL 

properties and stability of PNCs and their films. The demonstration of this nondestructive alumina 
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deposition technique to successfully encapsulate inorganic cesium lead halide PNCs while 

retaining and improving their PL properties unlocks new opportunities for integrating PNCs into 

macroscopically extended structures for solid-state optoelectronic and photonic devices. 
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CHAPTER 6  

CONCLUSION 

In this dissertation, we used direct spatiotemporal spectroscopic probes to unambiguously identify 

the photon recycling effect both in the 3D and 2D layered perovskite as an efficient mechanism of 

long-range spatial propagation of photon-generated carriers. Significant effect of Electron-hole 

recombination in 3D perovskite and excitons recombination in 2D perovskite on photon recycling 

have been experimentally proved. 

To deeply understand the carrier recombination, we performed a detailed study of the 

photoexcitation dynamics in the same 2D perovskite by checking its temperatures and excitation 

powers dependent time related PL spectra. We found that PL kinetics themselves are substantially 

temperature-dependent, but the PLQY remains remarkably nearly T-independent when T < 280K. 

The dynamic inter-conversion of exciton and geminate charge pairs theory is used to explain such 

phenomenon.  

A modified gas-phase pulsed vapor deposition technique of alumina encapsulation is used to 

preserve 0D perovskite PL property for long-term. This research thus unravels the pivotal role of 

the PNC surface composition, both experimentally and theoretically, in the process of its 

interaction with metal oxide precursors to control the PL properties and stability of PNCs and their 

films. The demonstration of this nondestructive alumina deposition technique to successfully 

encapsulate inorganic cesium lead halide PNCs while retaining and improving their PL properties 

By tracing and study the fundamental carrier recombination we may controlled via the choice of 

dielectric parameters, layer width, and external conditions (temperature, substrate) to maximize 

the efficiency in light-emission or light-harvesting devices. Together with the modified ALD 
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technic, designing a high-efficiency optoelectronic devices based on varies component the 

solution-processable perovskite material is highly promising. 

In future studies, with the requirement of photon confinement, 0D perovskite photon recycling 

study needed the development of fine crystallization technic. Photon recycling as an efficiency 

way to tune the carrier diffusion length and recombination rate, further study in LED and solar cell 

devices are needed. By carefully designing the active layer length or thickness, one may expect to 

achieve higher efficiency perovskite devices the way we want. Also, using organic group as the 

spacer, the long-term operational stability of lower dimension perovskite at temperatures of 80 °C 

is needed to be evaluated. As the 3D organic MA based perovskite solar cell has been reported 

CH3NH2 release issue at such working temperature. 
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