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Abstract 

Title: Quantum-confined Inorganic-organic Lead Halide Perovskite 

Name: Xinyu Bai 

Inorganic-organic hybrid perovskites have been regarded as one of the most distinctive 

next-generation luminescence materials due to their advanced properties. This thesis 

describes our study of confining inorganic-organic hybrid perovskites with nanoporous 

gallium nitride (GaN) matrix and with polyaromatic hydrocarbon compounds.  

We demonstrate a solution-processed method for infiltrating methylammonium lead 

bromide perovskite (MAPbBr3) into the nanoporous GaN matrix. The GaN matrix 

prevents perovskite from light-induced degradation for five hours in the ambient 

atmosphere. Besides, the porous GaN also protect perovskite from degradation after 

one year of exposure to the ambient atmosphere. We then investigate the confinement 

effect of the nanoporous GaN on MAPbBr3 perovskite via transient photoluminescence 

and transient absorption characterisation. The spatial confinement leads to enhanced 

charge carrier interaction, revealed as a blue shift in photoluminescence and a higher 

radiative recombination rate for MAPbBr3 perovskite inside nanopores. The enhanced 

charge carrier interaction also results in a larger electron-hole binding energy. As a 

result, the dominant radiative recombination process in MAPbBr3 nanocrystals at room 

temperature is the exciton recombination. Considering the solution-processed synthesis 

method, the remarkable stability in the ambient environment and the promising light-

emitting performance, we propose that the perovskite/GaN matrix could offer a route 
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to producing composites of interest for use in optoelectronic devices for various 

applications. 

Additional, we demonstrate a solution-processed method to synthesis two-dimensional 

(2D) perovskite thin films with 2,6-dimethylammoniumnaphthalene (DMAN) and 

bis(propargyl ammonium iodide) anthracene (BPAIA), respectively. We successfully 

synthesized DMAN lead iodide perovskite and BPAIA lead iodide perovskite. However, 

the characterisation demonstrates that the synthesized BPAIA perovskite is not pure. 

Molecular modelling suggests a large repulsion between BPAIA molecules exists in the 

organic spacer layer of the 2D perovskite, resulting in the photoluminescence 

broadening. The DMAN lead iodide perovskite shows a structural character of the 

Dion-Jacobson perovskite and has an excitonic character, making it a candidate for 

lighting applications 
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Chapter 1 Introduction 

Global climate changes have been observed since the early 20th century. The climate 

changes are primarily driven by human activities, especially fossil fuel burning, which 

increases the greenhouse gas level in the Earth’s atmosphere. The heat-trapping 

greenhouse gas raises the average surface temperature of Earth, resulting in global 

warming.1 2020 was the hottest year on record globally, which has risen more than 2 

degrees Fahrenheit since 1880s.2 Attributed to climate change and ocean acidification, 

in the last 50 years, the world has lost 68% of the monitored population of mammals, 

birds, amphibians, reptiles and fish.3 Meanwhile, the global energy crisis remains a 

significant problem for humans. By 2030 there is still about one billion people without 

access to electricity.4 Therefore, in addition to looking for new ways to generate 

electricity renewably, reducing electricity usage can also contribute to sustainable 

development. 

As more than 33% of the global electricity consumption is used for lighting, there is an 

excellent opportunity to save more energy using more efficient and low-cost lighting. 

Light systems used before are very inefficient. The efficiency of the tungsten filament 

bulb is about 5%, and the efficiency of the fluorescent lamp is about 25%.5 

As an alternative to traditional lighting, light-emitting diodes (LEDs) provide 

significant energy savings. It was predicted that the widespread usage of LEDs in 10 
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years could save more than $1 trillion on energy costs and meet the energy demands 

equal to a billion barrels of oil in 10 years.6 Therefore, the emission of carbon dioxide 

can be substantially reduced. Since the discovery of electroluminescence by Henry 

Joseph Round in 19077, LEDs based on various semiconductor materials have been 

developed, including group-IV, II-VI and organic emitters. In 2014, the first 

methylammonium lead iodide perovskite LED with an external quantum efficiency of 

0.76% had been reported.8 Following this success, perovskite LEDs have developed 

rapidly in the past seven years, and external quantum efficiency of 23.4% has been 

reported in 2021.9 Their wide colour range, high colour purity, excellent brightness and 

low power usage have made them promising candidates for the next generation of 

lighting materials. 

The inorganic-organic lead halide perovskite has become a leading contender for 

optoelectronic devices, such as photovoltaics8, LEDs9, transistors10, lasers11 and water 

splitting cells12. However, organic-inorganic hybrid perovskites still face challenges, 

such as poor stability in the ambient atmosphere and low charge carriers binding energy. 

This thesis aims to offer a potential solution to these problems via confining perovskite 

with matrix and functional organic materials. 

Chapter 2 describes the theoretical concepts and background knowledge related to 

physics discussed in the following chapters. 

In Chapter 3, we introduce the experimental techniques we used to acquire results. 

Chapter 4 describes a solution-processed method to infiltrate methylammonium lead 
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iodide (MAPbBr3) into the nanoporous GaN matrix. We also demonstrate the protective 

effect of the GaN matrix on MAPbBr3 perovskite. 

Chapter 5 investigates the confinement effect of the nanoporous GaN on MAPbBr3 

perovskite following the study in Chapter 4. We show an enhanced interaction of the 

charge carriers in MAPbBr3 inside the nanoporous GaN matrix, revealing different 

recombination dynamics from the bulk MAPbBr3 perovskite. 

In Chapter 6, we demonstrate a solution-processed method to synthesize two 

dimensional (2D) perovskite with bis(propargyl ammonium iodide) anthracene (BPAIA) 

and 2,6-dimethylammoniumnaphthalene (DMAN). We show that the repulsion 

between the BPAIA is so large that a stable 2D perovskite structure is challenging to 

achieve. However, the DMAN lead iodide perovskite has the potential to be a candidate 

light emitting material. 

Chapter 7 summarises critical results from Chapter 4, Chapter 5 and Chapter 6. We also 

include a brief discussion about the potential future research. 
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Chapter 2 Background 

This chapter introduces the background theory underlying the research in this thesis. 

We start with a description of the fundamental photophysics of semiconductors. We 

first describe the origin of bandgap in semiconductors and then move on to the linear 

interaction between light and inorganic semiconductors. We then look into the charge 

carrier recombination mechanism in inorganic semiconductors, especially the 

confinement effect on these processes. Finally, we introduce the fundamental physics 

of organic-inorganic hybrid perovskite and gallium nitride, which are materials we 

investigate in the following chapters. 
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2.1 Semiconductor Photophysics 

This thesis focuses on the photophysics of semiconductors. This section introduces the 

bandgap theory of semiconductors and the linear optical interaction between visible 

light and semiconductors. 

2.1.1 Origin of the Bandgap 

To understand the interaction between light and matter, we must understand the 

electronic band structure of the solid first. The origin of the bandgap can be explained 

by considering the atomic orbitals in the crystal lattice. When atoms are brought 

together to form a solid, the wavefunctions of atoms overlap, leading to the splitting of 

the electrons’ eigenenergy. When a huge number of atoms pack together in crystals, 

each atomic orbital splits into a significant amount of energy levels, which are so close 

together that they can be effectively considered as a continuum band of allowed energy 

levels.13 The highest occupied band is named the valence band (VB), while the lowest 

unoccupied band is called the conduction band (CB).14 Valence bands are completely 

filled at T=0 K, while conduction bands are completely empty. The energy gap between 

the CB and VB is called the bandgap (Eg), and the value of the bandgap determines 

whether a material is a conductor, semiconductor or insulator.15 

Conductors have one or more partially filled CB at T=0 K. Semiconductors have one 

or more completely filled VB separated from a completely empty CB with an energy 
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gap Eg (0 eV< Eg ≤4 eV). As for the insulator, the energy gap is larger than 4 eV. 

Bandgaps of semiconductors applied in optoelectronic devices are generally in 

ultraviolet, visible and infrared regions in the electromagnetic spectrum.15 

 

Figure 2-1 Diagrams of the origin of the bandgap. (a) A diagram reveals how continuum 

bands in crystals form from the discrete allowed energy levels in an isolated atom. (b) 

A diagram of band structures of conductors, semiconductors and insulators . 

As for lead halide perovskite, the valence band maximum arises from the 6s orbital of 

the lead atom and the 5p orbital of the iodine atom. The conduction band minimum is 

from the 6p orbitals of the lead atom.16 

The band theory can also be explained with quantum mechanics by solving the many-

body Schrodinger equation for the periodic crystal structure: 

(
−ℏ2

2𝑚
∇2 + 𝑉(𝑟))𝜓 = 𝐸𝜓, (2. 1) 

where m is the electron mass, 𝑉(𝑟) is the spatially dependent electronic potential, 𝜓 
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is the electron wavefunction, and 𝐸  is the energy of the electron. However, it is 

impossible to solve the many-body equation directly, as there are about 1023 interacting 

outer electrons per cubic centimetre.17 Therefore, we use the Born-Oppenheimer 

approximation (or adiabatic approximation) to simplify the equation. The Born-

Oppenheimer approximation suggests that as the ions in the lattice are much heavier 

than the electrons, the electronic motion (~1015 s-1) is much faster than the ionic 

vibration (~1013 s-1). In this case, we regard ions as stationary relative to electrons, and 

the Hamiltonian is rewritten into: 

𝐻 = 𝐻𝑖𝑜𝑛𝑠(𝑅𝑗) + 𝐻𝑒(𝑟𝑖, 𝑅𝑗0) + 𝐻𝑒−𝑖𝑜𝑛(𝑟𝑖, 𝛿 𝑅𝑗0), (2. 2) 

where the 𝐻𝑖𝑜𝑛𝑠(𝑅𝑗) is the Hamiltonian for the ionic motion (ionic potential and the 

time-averaged adiabatic electronic potentials), 𝐻𝑒(𝑟𝑖, 𝑅𝑗0) is the Hamiltonian for the 

electron with the ions in the stationary position, and the 𝐻𝑒−𝑖𝑜𝑛(𝑟𝑖, 𝛿 𝑅𝑗0) gives the 

changes in electronic energy due to the displacement 𝛿 𝑅𝑗0  of the ions from their 

equilibrium positions, 𝑅𝑗 is the position of the 𝑗th ion core,  𝑟𝑖 is the position of the 

𝑖th valence electron. 𝐻𝑖𝑜𝑛𝑠(𝑅𝑗) and 𝐻𝑒−𝑖𝑜𝑛(𝑟𝑖, 𝛿 𝑅𝑗0) give us information about the 

vibrational and electron-phonon reaction in crystals, and the information about bandgap 

mainly comes from 𝐻𝑒(𝑟𝑖, 𝑅𝑗0).17 

The electronic Hamiltonian can further be simplified with the mean-field 

approximation assuming that every electron in the crystal lattice is experiencing the 

same average periodic potentials (𝑉(𝑟)).18 The equation can then be rewritten as  
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𝐻1𝑒𝜓𝑘(𝑟) = (
𝑝2

2𝑚
+ 𝑉(𝑟))𝜓𝑘(𝑟) = 𝐸𝑘𝜓𝑘(𝑟), (2. 3) 

where 𝐻1𝑒  is the one-electron Hamiltonian, 𝐸𝑘  is the corresponding energy 

eigenvalues, and  𝜓𝑘(𝑟)  is the wavefunction. According to Bloch’s Theorem, the 

equation can be expressed in the form of 

𝜓𝑘(𝑟) = 𝑢𝑘(𝑟) exp(𝑖�⃑� ∙ 𝑟 ) , (2. 4) 

where 𝑢𝑘(𝑟) is the periodic function with the periodicity of the crystal lattice, and 

exp(𝑖�⃑� ∙ 𝑟 ) is a plane wave with wavevector �⃑� . In the case of a crystal lattice, the 

𝑉(𝑟)  of the electron is also periodic, as the atomic cores are regularly spaced at a 

distance of a. Therefore, the plane waves at the Brillouin zone boundaries ±
𝜋

𝑎
 undergo 

Bragg reflection. As a consequence, standing waves with higher charge density either 

at the atomic cores, 

|𝜓(−)|2 ∝ sin2 (
𝜋𝑥

𝑎
) (2. 5) 

or in between the atomic cores 

|𝜓(+)|2 ∝ cos2 (
𝜋𝑥

𝑎
) (2. 6) 

forms in one-dimension 𝑥. According to this result, wavevectors can have different 

energy depending on the high charge density position; thus, bandgap forms. 18  

When the minimum of the conduction band and the maximum of the valence band of a 
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semiconductor are at the same wavevector, this semiconductor has a direct bandgap. If 

the conduction band's minimum and the valence band's maximum are at different 

wavevectors, this semiconductor has an indirect bandgap. When the photoexcitation 

process happens, the indirect bandgap semiconductor needs to absorb or emit an 

additional phonon to conserve momentum. 19 

   

Figure 2-2 The representation of direct bandgap and indirect bandgap in k-space. 

In this section, we present the band theory in the semiconductor. Based on these theories, 

we will move on to the next section to discuss the interaction between light and 

semiconductors. 

2.1.2 Interaction of Light with Semiconductor 

When light shines onto a semiconductor, it could be reflected by the semiconductor, 

interact with the semiconductor, or transmitted through the semiconductor. There are 

several types of interaction of light with semiconductors, including absorption, 

scattering and refraction, etc. 19 In this section, we focus on the absorption process. 
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Various models describe the absorption process, such as the classical dipole oscillator 

model and Fermi’s golden rule.  

The classical oscillator model assumes that in the semiconductor, every negatively 

charged electron and positively charged nuclei pair behaves as a classical electric dipole, 

of which the electric dipole moment is proportional to their separation. When the 

incident light exerts an alternating electric field on the electron-nuclei pair, it leads to 

the dipole oscillation. As the mass of the nuclei is significantly larger than the electron, 

only the electron will interact with the electric field of light. When the frequency of the 

incident light matches with the electron's natural resonance frequency, the electron 

behaves like the classical Lorentz oscillator and the light with a particular frequency is 

absorbed by the semiconductor.19  

Fermi’s golden rule, initially brought up by Dirac, describes the quantum mechanics of 

the light absorption process.20 It reveals the transition rate from the initial state to the 

final state (|𝜓𝑖⟩ → |𝜓𝑓⟩) with a perturbing interaction Hamiltonian 𝐻′ 

Γ𝑖→𝑓 =
2𝜋

ℏ
|〈𝜓𝑓|𝐻

′|𝜓𝑖〉|
2
𝜌𝐸𝑓 , (2. 7) 

where 𝜌𝐸𝑓 is the final state density, and 〈𝜓𝑓|𝐻
′|𝜓𝑖〉 is the matrix element (𝑀𝑖→𝑓) of 

the perturbation Hamiltonian (𝐻′ ). The perturbation Hamiltonian (𝐻′ ) describes the 

dipole interaction between electron and incident light, and it can be related to the 

classical model19 
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𝐻′ = −𝑃𝑒 ∙ 휀𝑝ℎ𝑜𝑡𝑜𝑛, (2. 8) 

where 𝑃𝑒 is the electron dipole moment operator, and 휀𝑝ℎ𝑜𝑡𝑜𝑛 is the electric field of 

the incident light. According to this equation, the matrix element, which indicates the 

strength of the electronic transition, only depends on the electric dipole moment of the 

semiconductor (𝑃𝑒) and the electric field strength of the incident light (휀𝑝ℎ𝑜𝑡𝑜𝑛). Fermi’s 

golden rule depends on the first-order time-dependent perturbation theory.20 When the 

interaction Hamiltonian oscillates at an angular frequency of 𝜔 in an adiabatic system, 

the transition rate in the two-state model is proportional to: 21 

Γ𝑖→𝑓 ∝ |𝑀𝑖→𝑓|
2
[𝛿(𝐸𝑓 − 𝐸𝑖 + ℏ𝜔) + 𝛿(𝐸𝑓 − 𝐸𝑖 − ℏ𝜔)] (2. 9) 

As a consequence, in an adiabatic system, only the transition of which the energy is the 

same as that of a photon ℏ𝜔 is allowed to happen. In other words, when the energy 

difference of the final state and initial state is ℏ𝜔, the semiconductor is absorbing light; 

while the difference is −ℏ𝜔, stimulated emission happens. The rapid oscillating term 

is neglected in this approximation.21  

Optical density (OD) or absorbance is utilised to describe the quantity of light absorbed 

by the semiconductor. It is defined as the logarithm of the ratio between transmitted 

photon number through the semiconductor (𝑛𝑡𝑟𝑎𝑛𝑠) and the incident photon number 

incident onto the semiconductor (𝑛𝑖𝑛𝑐𝑖𝑑),  
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𝑂𝐷 = − log10 (
𝑛𝑡𝑟𝑎𝑛𝑠

𝑛𝑖𝑛𝑐𝑖𝑑
) (2. 10) 

The absorption coefficient (𝛼) describes the amount of light absorbed per thickness of 

the semiconductor. It can be calculated from the optical density of the material by 

dividing the OD by the thickness of the semiconductor, 

𝛼 =
1

𝑑
𝑂𝐷 = −

1

𝑑
𝑙𝑜𝑔10 (

𝑛𝑡𝑟𝑎𝑛𝑠

𝑛𝑖𝑛𝑐𝑖𝑑
) , (2. 11) 

in which 𝑑 is the thickness of the semiconductor. 

2.1.3 Thermalisation and Recombination Process 

After photoexcitation at appropriate energy under room temperature, the generated 

carriers will relax in the semiconductor through four overlapped temporal regimes: 

⚫ The decoherent regime (~10 fs) 

⚫ The thermalisation regime (~0-500 fs) 

⚫ The cooling regime (~0.5-50 ps) 

⚫ The isothermal regime (> 1 ps) 

The decoherent regime 

A coherent population of free charge carriers is generated immediately after 

photoexcitation. At this regime, the system is coherent, as there is a well-defined 
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relationship between the phase of the exciting electromagnetic field and the 

photoexcited free carrier distribution. The distribution of coherent carriers is 

determined by the electromagnetic field of the incident light. This non-thermal 

distribution is rapidly destroyed within a few tens of femtoseconds due to the scattering 

of free carriers. 22  

The thermalisation regime 

The excitation generated charge carriers' thermalisation is via the carrier-carrier 

scattering, including electron-electron, electron-hole, and hole-hole scattering.23 It is 

mediated by the Coulomb interaction. It happens in the first ~500 fs after excitation. 

The relaxation process is extremely fast. Taking CH3NH3PbI3 as an example, the 

thermalisation process lasts below 10 fs to 85 fs, depending on the carrier density and 

the excess energy above the bandgap.23 The thermalisation results in a spectral broad 

thermalised Fermi-Dirac distribution, 

𝑛𝑖 =
1

𝑒
𝜖𝑖−𝜇
𝑘𝐵𝑇 + 1

(2. 12) 

where 𝑛𝑖 is the average number of electrons/holes in state 𝑖, 𝜖𝑖 is the energy level of 

state 𝑖, 𝜇 is the Fermi level, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the temperature 

of electrons/ holes.24 Then, electrons and holes will reach a “quasi-equilibrium” state 

separately. In this state, electrons will be thermally equilibrated with other electrons, 

and holes with other holes, while the temperature of the carriers (𝑇𝐶) is higher than the 
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lattice (𝑇𝐿). These carriers are referred to as hot carriers.24 

Cooling Regime 

In the cooling regime, the hot carriers scatter with phonons that are quantum of lattice 

vibration25, lowering their temperature and reaching equilibrium with the lattice. In 

ionic crystals like perovskites, the most critical scattering process is the polar 

interaction, which is the interaction between electrons and long-wavelength 

longitudinally polarised optical (LO) phonons.26 

The carrier cooling process includes two steps in lead halide perovskite.27,28 In the first 

step in the first ~2 ps, hot carriers cool down rapidly by interacting with longitudinal 

optical phonons29,30, with the cooling rates varying from 230 fs to 770 fs depending on 

the carrier density ranging from 6×1017 cm-3 to 6×1018 cm-3. 27 At higher carrier density, 

the cooling rate decreases as the carriers reabsorb the longitudinal optical phonons and 

undergo reheating. This phenomenon is known as the hot phonon bottleneck effect and 

is commonly observed in inorganic semiconductors.27,31,32 After the first ~2 ps, carriers 

slowly cool down with interacting with delayed longitudinal optical photons or lower 

energy acoustic and optical phonons.27 
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Figure 2-3 The representation of the thermalisation regime and cooling regime. 

The isothermal regime  

In the isothermal regime, photoinduced carriers have the same temperature as the lattice. 

Charge carriers relax back to the ground state via recombination processes.28 In general, 

there are four principal types of intrinsic recombination, including both radiative and 

non-radiative processes.33,34 

Geminate recombination 

Geminate recombination happens if the photoexcited carriers contain bound excitons 

and electron-holes pairs. It is a radiative recombination process. In this case, the 

recombination rate Γ only depends on the density of excitons, 

Γ𝐺 = 𝛼𝑛, (2. 13) 
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in which 𝛼 is a constant and 𝑛 is the density of excitons. 

 

Figure 2-4 A diagram of the photophysical processes in semiconductors after 

photoexcitation. 

Auger recombination 

Auger recombination is a process involving threes carriers. The energy generated from 

the recombination of an electron and a hole excites another carrier to its excited state 
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rather than emitting a photon. Then the excited carrier thermalises back to the bottom 

of the conduction band. Therefore, the Auger recombination rate is linearly proportional 

to the density of each of the charge carriers. Auger recombination usually happens at a 

high carrier density. It results in radiative efficiency loss; therefore, it is an unwanted 

recombination process. 

Shockley Read Hall (SRH) Recombination 

The crystal defects in semiconductors, such as dislocations, impurities and disorders 

introduce trap or defect states. In Shockley Read Hall recombination free charge 

carriers are “captured” by the defects14, as defects are more localised than free charge 

carriers. Electrons and holes will lose their energy separately through the non-radiative 

process. The Shockley Read Hall recombination rate can be expressed as, 

Γ𝑆𝑅𝐻 =
𝑛𝑝 − 𝑛𝑖

2

𝜏𝑛(𝑝 + 𝑝𝑡) + 𝜏𝑝(𝑛 + 𝑛𝑡)
, (2. 14) 

in which 𝑛𝑖  is the intrinsic carrier density,  𝜏𝑛  and 𝜏𝑝  is the capture lifetime of 

electrons and holes by defects, and  𝑛𝑡 and 𝑝𝑡 are the density of electrons and holes 

when their quasi-Fermi levels reach the trap energy level separately. 

General recombination rate equation 

The charge carrier recombination process in semiconductors is the sum of various 

competing recombination mechanisms, including both radiative and non-radiative 
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recombination processes, depending on the photoexcited charge carrier density 𝑛(𝑡). 

The general recombination rate can be expressed as33,35, 

Γ𝑠𝑢𝑚 = 𝑘1 ∙ 𝑛(𝑡) + 𝑘2 ∙ 𝑛(𝑡)2 + 𝑘3 ∙ 𝑛(𝑡)3, (2. 15) 

in which 𝑘1, 𝑘2 and 𝑘3 are the recombination rates of the first, second and third-

order recombination rate constant. The first order recombination is the dominant 

recombination process in inorganic semiconductors with high trap densities35 or heavily 

doped. If the major photoexcited particles are bound excitons, the dominant 

recombination process is the first order recombination36. In addition, when charge 

carriers are dielectrically or spatially localized, the dominant recombination process is 

also geminate recombination.37–39 The second order recombination is the dominant 

process when the dominant charge carriers are free electrons and holes in inorganic 

semiconductors. The third order recombination is dominant when the carrier density in 

inorganic semiconductors is high or when the semiconductor is heavily doped.36,40 

In bulk lead halide perovskite, the dominant recombination mechanism at low 

photoexcitation densities below ~1016 cm-3 is the first order recombination. At medium 

photoexcitation around 1016-1018 cm-3, the dominant recombination mechanism is the 

second-order recombination, and at high photoexcitation densities above 1018 cm-3 is 

normally the third order recombination40.   

The photoexcited carrier dynamic can be investigated using the measurement of 
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transient absorption (TA) and transient photoluminescence (TPL). Both are time-

resolved spectroscopic techniques. The detailed measurement process will be described 

in Chapter 3. 

Photons are emitted through the radiative recombination process. The efficiency of 

radiative recombination is essential for the performance of optoelectronic devices. It 

can be quantified by the photoluminescence quantum efficiency (PLQE)41, 

𝑃𝐿𝑄𝐸 =
k𝑟𝑎𝑑

k𝑟𝑎𝑑 + k𝑛𝑜𝑛−𝑟𝑎𝑑
, (2. 16) 

where k𝑟𝑎𝑑  is the radiative recombination rate and k𝑛𝑜𝑛−𝑟𝑎𝑑  is the non-radiative 

recombination rate. It can be measured with the integrating sphere method described in 

Chapter 3. 

2.1.4 Charge Carriers 

In the ground state of the system, the semiconductor's valence band is completely full, 

while the conduction band is completely empty. When energy is put into a two-bands 

system, a negatively charged electron in the valence band will be promoted to the upper 

conduction band, leaving a positively charged hole in the lower band. These two types 

of particles are equal but with opposite charges. The free electron can move freely into 

other states in the conduction band with minimal energy change, and so is the hole in 

the valence band. The electron and hole can be regarded as quasiparticles. These 

quasiparticles only exist in crystals. They can annihilate via the recombination process 
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when the electron falls back to the valence band and recombine with the hole.42 This is 

the recombination process we have discussed in Section 2.1.3.  

As the electron and hole have opposite charges, they will be attracted to each other via 

Coulombic force. This bounded state of an electron-hole pair is called an exciton. 

Excitons commonly exist in insulators and semiconductors. It is an electrically neutral 

quasiparticle. 

Depending on the bonding strength, excitons can be classified into Frenkel exciton and 

Wannier-Mott exciton. Frenkel excitons are tightly bounded electron-hole pairs, and 

they usually localise within one or two unit cells. They are typically found in ionic 

crystals. Very weakly coupled electron-hole pairs are known as Wannier-Mott excitons. 

They can spread over several unit cells due to the large dielectric constant of the media.  

Exciton bound states lie below the energy gap of the semiconductor. The exciton 

binding energy is subtracted from the energy needed to create a free electron and hole.42 

The dimensionality of the semiconductor will influence the binding energy, the Rydberg 

series and the oscillator strength of excitons. Although the motion of the electron-hole 

pair is restricted to a two-dimensional plane, the interaction is still in three-dimensional 

space.43 Therefore, the wave vectors of exciton in the three-dimensional and two-

dimensional systems are 𝑘3𝑑 and 𝑘2𝑑 

𝑘3𝑑 = √𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2 (2. 17) 
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𝑘2𝑑 = √𝑘𝑥
2 + 𝑘𝑦

2 , (2. 18) 

the oscillator strength 𝑓(𝑛𝐵) increases with the reducing of dimensionality 

𝑓(𝑛𝐵)3𝑑 ∝ 𝑛𝐵
−3 (2. 19) 

𝑓(𝑛𝐵)2𝑑 ∝ (𝑛𝐵 −
1

2
)
−3

, (2. 20) 

and the Bohr radius 𝑎𝐵 decreases  

𝑎𝐵(3𝑑) ∝ 𝑎0𝑛𝐵 (2. 21) 

𝑎𝐵(2𝑑) ∝ 𝑎0 (𝑛𝐵 −
1

2
) , (2. 22) 

in which 𝑛𝐵 is the principle quantum number, and the quantum number reduced by 
1

2
 

when goes from three- to two-dimensional system. Additionally, the quantisation 

energy needs to be considered when the dimension of the system reduces 

𝐸𝑒𝑥 = 𝐸𝑄 +
−𝑅𝑦𝑒𝑥

𝑁2
+

ℏ2𝑘2

2(𝑚𝑒 + 𝑚ℎ)
(2. 23) 

In Type-I heterojunction quantum well (or multi-quantum well), quasi-two-dimensional 

excitons exist. The quantisation in the z-direction leads to the enhanced oscillator 

strength, as the overlap of the electron-hole pair is larger and the Bohr radius is smaller 

in the quantum well. In this case, although the motion in the z-direction is confined, the 

width of the quantum well is not zero (𝑙𝑧 ≠ 0). With the increase of the finite quantum 

well thickness from zero, the binding energy increases first, followed by a decrease 
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after a certain thickness depending on various materials.15  

It is challenging to observe the excitonic effect at room temperature in many direct 

bandgap semiconductors due to the rapid collisions of excitons with optical photons. 

Although the exciton effect determines the shape and strength of the interband 

absorption, the peak of the bound states is challenging to resolve from the absorption.44 

2.1.5 Quantum Wells 

A heterojunction is an interface between two semiconductors with unequal bandgaps. 

Depending on the alignment of bandgaps, semiconductor heterojunctions can be 

divided into three types, type I (straddling gap), type II (staggered gap) and type III 

(broken gap). If the electrons and holes have their lowest energies in the same material, 

the heterojunction is type I. If electrons and holes have their lowest energies in different 

materials, the heterojunction is type II.45  

 

Figure 2-5 The illustration of three types of heterojunctions. 

A quantum well is a type of heterojunction of semiconductors that join together at the 
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atomic level. It is constructed of one thin layer of material surrounded by two layers of 

barrier materials. Both electrons and holes are confined in the well about 100 Å width. 

The energy states in the quantum well are quantised. The allowed states correspond to 

standing waves in the direction perpendicular to the layers.15 

The barriers are infinitely high in the infinite well, and wavefunction must be zero at 

the quantum well walls. The eigenenergy and eigenfunction to the nth solution to the 

Schrodinger’s equation are46 

𝐸𝑛 = −
ℏ2

2𝑚
(
𝑛𝜋

𝑙𝑧
)
2

 𝑛 = 1, 2, 3… (2. 24) 

𝜙𝑛 = 𝐴 sin (
𝑛𝜋𝑧

𝑙𝑧
) , (2. 25) 

where 𝑚 is the effective mass of the particles, 𝑙𝑧 is the width of the well. We know 

from these equations that the wavefunction are sine waves. The energy levels are 

quadratically spaced. The spacing is larger when the well is narrower and the effective 

mass is smaller.  

Actual quantum wells have finite height barriers. Therefore, the wave can tunnel into 

the barriers. The wavefunctions of the bound states are sine waves inside the quantum 

well, but they are exponentially decaying in the barriers. The energy levels are also 

lower than those calculated from the infinite well model.46 

When several quantum wells are brought together, if the barrier thickness is too thick 
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for the wavefunction to penetrate though, this structure is known as a multi-quantum 

well (MQW). If the wavefunction can overlap with that of the adjacent quantum well, 

it is called a superlattice. If there is a significant amount of wavefunction penetrating 

between wells, “mini bands” are similar to the energy band arising from atoms in 

crystalline materials form. 15 

As we described in Section 2.1.2, an electron in the valence band of a bulk 

semiconductor can be promoted to the conduction band with the same momentum by 

absorbing a photon. Although the energy of the transition will be different, all the 

transitions from the valence band to the conduction band will have the same strength 

for vertical transition. Consequently, the absorption edge of the bulk semiconductor 

rises as a square root of energy. 46 

For quantum wells, in addition to the momentum selection rule, the transition only 

occurs between states with the same quantum number in the valence band and 

conduction band. This is because the absorption strength is proportional to the overlap 

integral of the wavefunctions, and in quantum wells, only a finite overlap between 

identical standing waves occurs. Electrons and holes confined in only one dimension 

can still move freely parallel to the layers in quantum wells. As a result, instead of 

discrete energy states, “subbands” of energy states form. In one particular “subband”, 

charge carriers can have any amount of kinetic energy due to their free in-plane motion, 

i.e. they can have any energy larger than the confined energy band. Therefore, the 
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density of states are actually steps that start at certain confinement energy levels, and 

the absorption edge is a series of steps, one step for each quantum number, in the 

quantum well. 19 

 

Figure 2-6 Density of states in one band of a semiconductor with different dimension. 

Dielectric confinement 

When two semiconductors with different dielectric constants are brought together, 

charges will accumulate at the boundary of the two materials. It will change the 

dielectric screening of charged particles in this system, as the created electric field will 

penetrate the barrier material with a smaller dielectric constant. Therefore, the system's 

effective dielectric constant will reduce, and the Coulomb interaction between electrons 

and holes will be stronger, leading to larger exciton binding energy.45  

Quantum confinement 
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When the size of the semiconductor is of the same magnitude as the electron 

wavefunction’s de Broglie wavelength, the electronic and optical properties of 

materials are different from those of the bulk material. When the confinement 

dimension is small enough, usually smaller than the exciton Bohr radius of the material, 

energy states become discrete, and the bandgap becomes size-dependent. With the 

decrease of the particle size, the wavelength of the emission light is blue-shifted. 

Additionally, the exciton binding energy will increase, leading to the enhancement of 

radiative recombination.47 This phenomenon is known as quantum confinement. 

Quantum confinement can be observed in semiconductor nanoparticles. For example, 

a quantum dot is confined in three dimensions, a quantum wire is confined in two 

dimensions, and a quantum well is confined in one dimension.45 

Quantum dots are zero-dimensional nanocrystals, and the energy level of the electrons 

and holes depends on the angular momentum quantum number 𝑙  and principal 

quantum number 𝑛 

𝐸𝑙,𝑛
𝑒,ℎ =

ℏ2Φ𝑙,𝑛
2

2𝑚𝑒,ℎ𝛼2
, (2. 26) 

in which 𝑚𝑒,ℎ is the effective mass of e and h, 𝛼 is the radius of the nanocrystals, 

Φ𝑙,𝑛 is the nth root of the spherical Bessel function of the order l, i.e. 𝑗𝑙(Φ𝑙,𝑛) = 0.48,49 

The quantitative blueshift of the photoluminescence depending on nanocrystal size can 

be expressed with the Brus equation 
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𝐸∗ = 𝐸𝑔 +
ℏ2𝜋2

2𝜇𝑅2
−

1.8𝑒2

4𝜋휀0휀𝑟𝑅
, (2. 27) 

where 𝐸∗ is the energy of the emitting photons, 𝑅 is the radius of the nanoparticles 

and 𝐸𝑔 is the bandgap of the semiconductor.50 

Excitons in quantum well 

Due to the quantum well's confinement effect, excitons in the quantum well are smaller 

than in bulk semiconductors. Consequently, the electrons and holes are much closer and 

have larger binding energy than in three-dimensional cases. Therefore, the absorption 

strength of excitons is stronger and can easily be resolved from interband absorption 

even at room temperature in some cases. 15 

2.2 Inorganic Organic Lead Halide Perovskite 

2.2.1 History of Perovskite 

The perovskite crystal structure is a lattice structure class with the same crystal structure 

of calcium titanate CaTiO3 lattice. Calcium titanate was first discovered by Gustav Rose 

in 1839 and was named after the Russian mineralogist, who was the first characterising 

its mineral structure, Count Lev Aleksevich von Perovskite.51,52 Organic-inorganic 

halide perovskites were first synthesized and characterised in the 1970s. Weber’s group 

synthesized the first methylammonium lead halide perovskites.53 In 2009, Miyasaka's 

group fabricated methylammonium lead bromide perovskite solar cells with 2.2% 
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power conversion efficiency.54 Since then, organic-inorganic perovskites have received 

extraordinary attention due to their noble properties. They have been applied in various 

optoelectronic devices55,56, including solar cells54,57, light-emitting diodes58,59, 

lasers11,60–62, transistors63 and photodetectors64,65 etc. In 2021, perovskite solar cells 

efficiency has reached 25.2%66, and the efficiency of perovskite/silicon tandem solar 

cells has reached 29.5%67. Perovskite LEDs have been developed rapidly in the past 

seven years, and external quantum efficiency of 23.4% has been reported in 2021.9 

This thesis focuses on three-dimensional and two-dimensional organic-inorganic lead 

halide perovskite 

2.2.2 Structure of Organic-inorganic Metal Halide 

Perovskite 

The general formula of perovskite is ABX3, where A atom normally is an organic cation, 

B is a metal cation, and X is an anion. In ideal three-dimensional perovskite, B cations 

and C anions form a network of corner-sharing BX6 octahedra, with A cations filling 

into the 12-fold coordinated holed of the BX6 network and balancing the charge.  

The crystal structure of three-dimensional perovskite was first studied by Victor 

Goldschmidt in 1926.68 He proposed that a three-dimensional perovskite structure can 

only be formed from the combination of atoms with particular sizes. The ionic radii 

must satisfy the following condition: 
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𝑡𝑓 =
(𝑟𝐴 + 𝑟𝑋)

√2(𝑟𝐵 + 𝑟𝑋)
, (2. 28) 

where 𝑟𝐴 , 𝑟𝐵  and 𝑟𝑋  are ionic radii of A cation, B cation and X anion, 𝑡𝑓  is the 

Goldschmidt tolerance factor. Normally the tolerance factor should be between 0.75 

and 1 to form a stable three-dimensional perovskite structure.69 Although there is a size 

limitation, a number of various atomic and molecular combinations can meet this 

condition to form perovskite. Therefore, perovskite could be metallic70, 

semiconducting71 and insulating72 depending on its components and could exhibit a 

wide range of interesting properties. Typically perovskites have three types of structure: 

cubic structure (Pm3m), tetragonal structure (I4/mcm) and orthorhombic structure 

(Pnam), depending on temperature and the size of components.63 

2.2.3 Properties of Perovskites 

Organic-inorganic lead halide perovskites have exhibited excellent optoelectronic 

properties. Compared to silicon light absorbers, perovskites have direct bandgap and 

large absorption coefficients.73 Therefore, photovoltaic devices based on a very thin 

perovskite layer can be achieved. The diffusion length of charge carriers in perovskite 

reaches a micrometre scale in single crystals and thin films.74,75 The binding energy of 

excitons in perovskite is small, leading to the generation of free charge carriers at room 

temperature.76,77 The recombination lifetime of carriers is long.60 Thus, the bimolecular 

recombination rate is small. Also, the emission colour of perovskites can be easily tuned 
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by changing the compositions or changing the crystal size.58,78 In addition, lead halide 

perovskites shows remarkable properties, such as ferroelasticity79, piezoelectricity80,81 

and giant photostriction82, making it possible to apply them in a wide range of fields. 

The band structure near the bandgap of perovskite is dominated by the atomic orbitals 

of lead and halide. The HOMO/LUMO level of organic moiety contributes minor to the 

bandgap. Primarily it provides electrostatic charge compensation. The conduction band 

is dominated by the lead 6p non-bonding orbitals, and the valence band is dominated 

by the antibonding halide 5p and lead 6s orbitals.83 

2.2.4 Two-dimensional Perovskites 

Low dimensional organic-inorganic hybrid perovskite derivatives are bulk quantum 

materials. Charge carriers in low dimensional perovskite are localised within ordered 

metal halide sheets, rods, or clusters separated by cationic lattices. Based on how the 

metal halide octahedra network connects, perovskites can be classified into various 

dimensionalities. The BX6 octahedra framework of three-dimensional perovskites 

connects along all the four-fold octahedral axes in a corner-shared way. Two-

dimensional (2D) perovskites can be regarded as layered structures slicing off along 

specific crystallographic phases from three-dimensional perovskites. A superposition 

of three-dimensional (3D) perovskite and two-dimensional (2D) perovskite is quasi-

two-dimensional perovskite ((ABX3)n-1A’2BX4). The octahedra BX6 network of one-

dimensional perovskites (A3BX5) only connects along one axis. It can be derived from 
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two-dimensional perovskites by slicing perpendicular to the inorganic sheet. 

Moreover, nonconnected octahedra-based clusters can be generated by further slicing 

off one-dimensional perovskites. The clusters are known as zero-dimensional 

perovskites (A4BX6). As mentioned above, the tunability of the dimensionality and the 

flexibility of the structure can introduce a broader family of perovskites with various 

physical properties to explore in the development of new optoelectronic materials.84  

 

Figure 2-7 Schematic representations showing the connectivity of BX6 octahedra in 

low-dimensional perovskites and their formation by slicing 3D perovskite along 

crystallographic planes. (A) 3D perovskite unit cell. (B) 3D perovskites projected in 

the (010) plane (C) 3D perovskite is sliced along (100) planes to form quasi-2D 

perovskite; (D) 3D perovskite is sliced along the (100) plane to form 2D perovskite, 

presenting octahedra connection along two axes. (E) 2D perovskite is sliced along the 

(010) plane to form 1D perovskite, featuring octahedra networking along one axis. (F) 

1D perovskite is sliced along the (001) plane to form 0D perovskite, demonstrating 
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isolated octahedra.84 

Although Goldschmidt’s tolerance factor limits the organic and inorganic composition 

in three-dimensional perovskites, there is no such restriction for low dimensional 

perovskites.85 For example, there is no length restriction for the A cation in two-

dimensional perovskites. However, the width of cations must fit into an area defined by 

the terminal halides from four adjacent corner-sharing octahedra. If the organic cation 

is too wide, it will lead to steric hindrance with the adjacent organic molecule. Whereas 

if the cation is too small, the inorganic molecules will tilt.47 

The 2D perovskite layered structures form a natural multi-quantum-well system. The 

inorganic lead halide layers can be considered as quantum wells and the organic layers 

as quantum walls. This system will enhance the dielectric confinement of charge 

carriers and push up the binding energy to several hundred meV.86 Due to the strong 

confinement of charge carriers, 2D perovskites are promising light-emitting materials. 

Additionally, the 2D perovskite quantum well thickness can be easily tuned by varying 

the n value, thereby changing their optoelectronic properties.87 Unlike layered transition 

metal dichalcogenides, 2D perovskites are built up with more flexible and deformable 

backbones, which is suitable for soft devices.88 Two-dimensional perovskites also 

display more excellent moisture resistance than three-dimensional perovskites and can 

be prepared under humid conditions.89 For instance, (BA)2(MA)n-1PbnI3n+1 (n=1,2,3,4…) 

2D perovskite films synthesized via spin coating remains unchanged after being 
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exposed to a 40% humidity environment for two months, while the MAPbI3 three-

dimensional perovskite films prepared in a similar way decomposes only after a short 

term.90 

Based on the structure of organic spacer cations, 2D perovskite can be classified into 

two phases, the Ruddlesden-Popper (RP) phase87,91,92 and the Dion-Jacobson (DJ) 

phase93. The general formulas for the RP phase and DJ phase are A’2An-1BnX3n+1 and 

A’An-1BnX3n+1 respectively (A’: organic spacer cation, A: small organic cation, B: metal 

cation, X: halide anion), where the interlayer spacer cation A’ for the RP phase is 

monovalent ammonium cations and the interlayer spacer cation A’ for the DJ phase is 

bivalent ammonium cations.94–97 

Typically, the RP phase perovskite has a larger interlayer distance between the adjacent 

lead halide layers as bilayers of spacer cations are demanded. Therefore, the layer 

separation varies from 1.5 times the cation’s length to more than double its length, 

depending on their packing.98 The gap between two organic spacer layers makes the 

layers in the RP phase perovskite relatively isolated. Thereby an excitonic emission 

directly from the spatial electronic confinement of the individual layer can be detected. 

An offset per unit cell will form in the RP phase perovskite.91 

Conversely with the RP phase perovskite, the DJ phase perovskite layers stack with 

either perfect alignment or a minor misalignment depending on the spacer size.93 

Therefore, the organic cations need to fit in the inorganic framework snugly. The close 
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layer packing generates a weak interaction between perovskite layers, resulting in a 

redshift of the excitonic peak. 

2.2.5 Perovskite nanocrystals 

In addition to bulk lead halide perovskites, perovskite nanocrystals can be easily 

synthesized via various approaches. They also reveal promising optical and electronic 

properties. Different from bulk perovskites, the optical properties of nanosized 

perovskite crystals can be tuned due to the quantum confinement effect.99–101 

Meanwhile, bulk perovskites suffer from low photoluminescence efficiency due to 

inherent defects at surfaces, interfaces and grain boundaries102,103, while the 

photoluminescence of perovskite nanocrystals is promising104,105. Besides, comparing 

with conventional colloidal semiconductor quantum dots, perovskite nanocrystals 

exhibit high PLQE even without surface passivation.99 Therefore, perovskite 

nanocrystals are widely applied in lasers, LEDs and photodetectors. 

This section introduces synthesis methods and optical properties of methylammonium 

lead halide perovskite nanocrystals. We will focus on the in situ synthesis approaches 

and the quantum confinement effect on perovskites as they relate closely to the research 

on infiltrating methylammonium lead bromide (MAPbBr3) perovskite into the gallium 

nitride (GaN) matrix.  

Over the past decades, researchers have developed various reliable and facile perovskite 
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nanocrystals synthesis approaches. These methods could generally be classified into 

four subcategories: 1) heat up approaches, including hot injection106,107 which is the 

most frequently utilised method; 2) the reprecipitation approaches, including the 

ligand-assisted re-precipitation (LARP), which is a low-cost and widely applied 

synthesis method99,100,105; 3) in situ synthesis method, via which perovskite 

nanocrystals could be synthesized on various substrates108–111; 4) bulk to nano 

approaches, via which the crystal size is reduced by mechanical milling or 

exfoliation112,113.  

Hot injection is one of the most frequently used methods in perovskite nanocrystal 

synthesis. High-quality perovskite nanocrystals with high PLQE have been generated 

via this method. In the synthesis of methylammonium lead halide perovskite 

nanocrystals, the hot injection method involves injecting methylamine in 

tetrahydrofuran (THF) with oleic acid (OA) into a vigorously stirring solution of lead 

halide in oleylamine (OAm) and OA mixture at high temperature in the inert 

atmosphere, followed with immediate quenching the reaction by reducing the 

temperature.114 Over the last decades, different precursors and ligands have been 

explored to achieve better shape control and stability.115 However, this tedious reaction 

requires high temperature and an inert environment. Consequently, the cost of mass 

production would be high.  

LARP is another widely used approach to synthesize high-quality methylammonium 
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lead halide perovskite nanocrystals. Via the LARP approach, precursors of the 

perovskite and ligands are mixed in a good solution such as dimethylformamide (DMF) 

or dimethyl sulfoxide (DMSO). Then the mixture is dropped into a poor solvent 

(toluene or hexane), forming ligand-capped colloidal perovskite nanoparticles.105 The 

nanoparticles size can be tuned by changing the reaction temperature. The shape control 

of the LARP approach is not as promising as the hot injection method. 

Although the hot injection and LARP methods are a great success, especially in shape-

controlled synthesis of high-quality methylammonium lead halide perovskite,  

synthesized nanocrystals suffer from drawbacks such as fragile surface chemistry and 

poor stability. Consequently, it is challenging to maintain their superior properties when 

developing thin films with nanocrystals or embedding nanocrystals into a solid matrix. 

In situ synthesis method (synthesis on a substrate) offers a potential solution to 

overcome these problems. In situ synthesis is not a suitable approach to prepare 

conventional II-VI semiconductor quantum dots because high reaction temperature is 

demanded to overcome the high formation enthalpy of II-VI semiconductors. Under 

these circumstances, high PLQE is difficult to achieve.116 However, as an ionic 

semiconductor, the formation enthalpy of perovskites is low, while the defect tolerance 

of perovskite is high.117 Via the in situ growth method, perovskite nanocrystals can be 

directly prepared not only in a hard matrix, such as aluminium oxides109,118, MoF119,120, 

glasses110,111 and molecular sieves121, but also in a soft polymeric matrix122. Therefore, 
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in situ growth approaches of perovskite nanoparticles can be applied in developing 

high-quality methylammonium lead halide perovskite nanocrystals for light emitting 

and colour conversion applications. In addition, the poor stability of perovskite 

nanocrystals is a significant drawback in advancing them to an actual application, while 

a matrix can improve the stability of perovskite nanoparticles122. 

In 2012 Kojima group reported the first in situ fabrication of MAPbBr3 nanocrystals on 

the mesoporous Al2O3 substrate.109 Diluted MAPbBr3 solution was spin-coated on 

mesoporous Al2O3 substrate, and 5 nm MAPbBr3 nanocrystals were synthesized inside 

pores. The quantum confinement effect leads to an enhanced PL.109 This research opens 

up the exploration of perovskite nanocrystal based composites. Since then, Malgras’ 

group prepared MAPbBrxI3-x (0≤ x ≤1) perovskite nanoparticles in mesoporous silica 

powder simply via infusing silica powders with perovskite precursor solutions.123 Pore 

sizes of silica powder vary from 3.3 nm and 7.1 nm. Pores were only partially filled 

with perovskite nanocrystals slightly smaller than the pore size. In this investigation, 

the quantum confinement effect depending on the size of the in situ fabricated 

perovskites was observed.123 The band gaps of nanoparticles increase with the shrinking 

of crystal size, and the PL peaks of nanocrystals are blue shifting with decreasing of 

crystal size. The perovskite PLQE was smaller than 6%, revealing that non-radiative 

decay rates increased with decreasing nanocrystal size. Following Malgras’s research, 

Dirin et al. improved the PLQE of CsPbBr3 perovskite nanocrystals in mesoporous 
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silica to more than 50% via nanocrystal surface passivation.124 Synthesized 

perovskite/silica powder was stable to illumination with UV- and laser light. In 

Demchyshyn’s research in 2017, they reported the synthesis of MAPbBr3 and CsPbBr3 

perovskite in an aluminium oxide matrix.118 Pores were also partially filled with 

spherical-like perovskite nanocrystals in rod-like pores. Quantum confinement effect 

was observed as blue shifted PL peaks comparing to bulk perovskites. 

As described above, in situ growth approach provides an alternative way to the 

conventional colloid nanocrystal synthesis method, solving the poor conductivity of 

ligand assistant synthesized perovskite nanocrystals. The perovskite nanocrystal size 

could be tuned by controlling the matrix pore size. The Quantum confinement effect 

was observed in former research. The PLQE of perovskite remains relatively low, and 

the poor stability of perovskites is still a problem waiting to be solved. Besides, the 

conductivity of matrixes in the former investigation is not promising, making 

synthesized composites difficult to be advanced in the application. Therefore in this 

research, we used gallium nitride that has outstanding conductivity as a matrix125. We 

aim to prepare a perovskite/GaN composite that can advance in situ grown perovskite 

nanoparticles to actual application in optoelectronic devices. 

Similar to bulk perovskites, the optical band gap and PL of perovskite nanocrystals can 

easily be tuned across the visible light spectrum by varying their cation and anion 

compositions.105,113,126 Beyond that, the optical properties of methylammonium lead 
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halide perovskite change when moving from bulk crystals to nanocrystals due to the 

crystal size reduction.99,118,123 

It has been demonstrated that colloid perovskite nanocrystals PLQE improves 

significantly with respect to their bulk counterparts when the crystal size is reduced to 

nanoscale.105,126–128 The origin of the PLQE improvement is still under 

investigating129,130. One possible explanation for this phenomenon is that the larger 

surface to volume ratio and efficient ligand passivation of colloid nanocrystals remove 

surface traps, leading to less non-radiative recombination. Thus higher PLQE is 

achieved. 129 

Another significant consequence of crystal size reduction is the quantum confinement 

effect on the optical bandgap of perovskites. The quantum confinement effect on 

semiconductors has been discussed in Section 2.1.5. Due to the quantum confinement 

effect, the optical bandgap of perovskite nanocrystals can be tuned by changing the 

crystal size and shape. A smaller crystal size leads to a larger optical bandgap,  

corresponding to a blue shift in optical absorption or emission spectra compared to their 

bulk counterparts118. As a result of quantum confinement and dielectric confinement 

effects, the PLQE of perovskite nanocrystals approaches near-unity at relatively low 

excitation density. At higher excitation density, the Auger recombination occurs, 

including biexcitons, trions and trap-assisted nonradiative recombination, resulting in a 

less efficient radiative recombination process.131,132 
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In perovskite nanocrystals, both excitons and free charge carriers contribute to the 

radiative recombination process after photoexcitation.133 The population of excitons 

and free charge carriers is determined by the exciton binding energy and the initial 

exciton concentration.133 The multiexponential PL decay dynamics of most perovskite 

nanocrystals suggests the existence of sub-band-gap energy levels. These energy levels 

arise from various defects that act as trapping centres. Carriers on shallow defect levels 

can relax to the ground state via the radiative recombination process, while carriers on 

deep defect levels can only relax non-radiatively. Surface trapping arising from the high 

surface to volume ratio also facilitate nonradiative recombination process, leading to 

low PL efficiency.134 Therefore, surface defect passivation is significant in realizing the 

optoelectronic applications of perovskite nanocrystals. 

2.2.6 Moisture Stability of Metal Halide Perovskites 

Halide perovskites are remarkable candidates for light-emitting devices. However, their 

stability remains a challenge. Perovskites decompose rapidly under moisture exposure. 

In the ambient environment, water can penetrate through the perovskite lattice, forming 

hydrated perovskite phases. In hydrated perovskite phases, the organic species are 

mobilized and evolve, while the lead halides are more localized than organic species. 

Water molecules form strong hydrogen bonding with organic methylammonium cations 

and build up water-cation-water chains. As methylammonium can donate a proton to 

water, the bonding between the methylammonium and lead halide will be weakened. 
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Then the methylammonium cation can readily diffuse and separate from the lead halide 

backbone, leading to the decomposition of perovskites.135,136 

Various approaches have been investigated to prevent the moisture induced degradation 

process. Making a 2D perovskite offers an approach to achieve stable perovskite 

structures in the moisture atmosphere.91,98,137,138 Large organic cation layers can protect 

perovskite units from exposure to the ambient environment. Mohite et al.89 

demonstrated promising stability of 2D RP phase perovskite devices in 2016. They 

revealed that unencapsulated devices maintained 60% of their initial performance after 

1000 hours of AM 1.5G irradiation in air. The encapsulated devices did not show any 

sign of degradation after 1000 h of illumination or 1000 h of exposure to 65% room 

humidity at room temperature. After that, more 2D perovskites have been studied and 

has shown outstanding stability than their 3D counterparts.139–141  

Another efficient approach is to encapsulate halide perovskite in other materials. 

Encapsulation materials can prevent water in the air from contacting perovskites.135 

Many investigations have been carried out on encapsulating perovskite with 

nanoporous structures, such as titania142, alumina118, silica124 and silicon118. Via these 

approaches, perovskites remain stable on timescales ranging from 1 day to 1.5 months. 

These matrixes serve as encapsulation materials and essentially prevent the ingress of 

water. Therefore, the stability of perovskites inside is enhanced.  
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2.2.7 Photobrightening and Photodarkening in Lead 

Halide Perovskites  

Researchers are looking for efficient approaches to reduce the non-radiative 

recombination process and improve charge transport to improve perovskite’s 

performance. One promising route is the light soaking treatment in the ambient 

environment, known as the photobrightening process.143 The photobrightening effect 

depends on various factors, making it a complicated phenomenon to understand. The 

mechanism of the photobrightening process is not fully understood yet. One common 

element of mechanisms is that charge carriers originating from photoexcitation or 

strong oxidation can instigate photochemical reactions with oxygen and water, as well 

as with other ionic species (including halides, vacancies).144–147 During photochemical 

reactions, defect states are passivated, while the nature of the defect passivation process 

is still under debate. 

In 2014, Stanks et al.148 reported the increase in PL intensity from a MAPbI3 thin film 

under extended illumination in ambient atmosphere and the concomitant improvement 

of MAPbI3 solar cell performance under illumination in ambient atmosphere. This 

result suggests that the light soaking process can influence the relative fraction of non-

radiative and radiative recombination paths. However, instead of a photobrightening 

process, photodarkening processes have been observed on similar materials under 

similar conditions. Gottesman et al.149 demonstrated that an encapsulated MAPbI3 thin 
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film undergoes a reversible PL decreasing over time under white light illumination, 

while the PL will recover in the dark. Although these phenomena appear to contradict 

each other, Anaya et al.150 suggested a competition between the photobrightening and 

photodarkening process during illumination. That is because that the photobrightening 

process requires oxygen and other molecules such as water. However, oxygen, water 

and even light will degrade perovskites at the same time. Therefore, the 

photobrightening and photodarkening processes strongly depends on experimental 

conditions. 

The light brightening effect also depends on the perovskite morphology and 

composition. deQuilettes et al.151 used scanning electron microscopy (SEM) 

micrographs and confocal PL microscopy images to demonstrate that perovskite thin 

films with better initial quality exhibit less photoinduced changes. Similarly, Tian et 

al.152 found that the PL of smaller perovskite grains enhances faster than large grains. 

Therefore, the photobrightening process is more efficient in low-quality perovskites.  

Photobrightening effect has also been observed in alumina matrix confined perovskite 

nanocrystals. Demchyshyn et al.118 observed the PL intensity of MAPbBr3 nanocrystals 

in nanoporous alumina increases by roughly 40% to its initial intensity under ambient 

condition and then stay stable without PL shape change. They attribute the increase in 

PL to the photobrightening effect. With illumination and oxygen, defect states are 

passivated, and the non-radiative recombination process is therefore reduced 
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2.3 Gallium Nitride 

2.3.1 Properties of Gallium Nitride (GaN) 

The III-nitride family semiconductors (gallium nitride (GaN), indium nitride (InN) and 

aluminium nitride (AlN)) are semiconductors with direct bandgap various from UV to 

visible spectrum region. The bandgap of group III-nitrides is tuneable, ranging from 

0.7 eV to 3.3 eV.153 GaN is highly resistant to chemicals, and it is stable at high 

temperatures, making GaN devices possible to operate in a harsh environment.154 At 

room temperature, the electron mobility of GaN is more than 1000 cm2/(V·s), which is 

2-5 times the mobility of silicon. The breakdown strength of GaN can reach ~5 × 106 

V/ cm, which is ten times that of silicon.155 These novel properties of GaN making it a 

promising candidate for light-emitting diodes and lasers, especially for blue light 

devices156. Due to the advantages of GaN, it is also possible to make micro GaN devices 

with high-frequency operation and low switch loss. In 1995, Nakamura’s group 

developed the first blue LED based on a single InGaN quantum well.157 GaN can be 

doped with silicon or oxygen to synthesise n-type GaN and magnesium to synthesise 

p-type GaN. 

At room temperature, GaN has a wurtzite crystal structure, a stable hexagonal structure, 

or a zincblende structure, a metastable cubic structure.158 GaN can possibly exist in rock 

salt crystal structures at high temperatures and high pressure. 159 In this thesis, all the 

GaN samples have the wurtzite crystal structure.  
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2.3.2 Forming Nanoporous GaN 

Porous GaN can be prepared via electrochemical etching (ECE) and photo-

electrochemical etching (PECE) methods.160 ECE is an approach of etching a sample 

by applying a positive voltage with respect to a stable counter electrode in an electrolyte. 

PECE approach is similar to the ECE but with illumination support. These etching 

methods allow the formation of various pore morphologies for the surface and 

subsurface pores. In this thesis, all the porous GaN samples are prepared via ECE. 

Therefore, we will focus on introducing the ECE process in this section. 

The basic setup for ECE etching includes an n-doped GaN sample to be porosified 

connecting to the anode, an inert counter electrode (usually platinum) connecting to the 

cathode, an electrolyte and an applied potential between the anode and the cathode. The 

electrode, electrolyte, applied potential can be adjusted to achieve the desired pore 

morphology. To form nanoporous GaN, the n-doped GaN is usually used as the anode 

due to its high conductivity and the challenge of effective p-doping. The n-doping 

density of the GaN layer can range from 1018 cm-3 to 1021 cm-3. The doping density 

needs to be above a minimum value, as the corrosion reaction is electric field driven. 

Therefore, the sample needs to be conductive. The applied potential can be adjusted 

from 2 V to 40 V161. The electrolyte can be chosen from strong acid to strong base. 

161,162 

The oxidation of GaN is an electrochemical reaction driven by free holes163 
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2GaN(𝑠) + 6ℎ+ = 2GaN(aq)
3+ + N2 (2. 29) 

The GaN(aq)
3+  will then dissolve in the electrolyte. The ECE is a conductivity selective 

etching process, meaning only the doped GaN can be etched off while the undoped GaN 

will not be affected. Therefore, various porous GaN structures can be achieved via the 

ECE method, such as surface porosified GaN and nanoporous distributed Bragg 

reflector GaN.160 The porous structure of GaN creates an opportunity to infiltrate 

perovskites inside to produce a composite material with promising optical properties. 

2.3.3 Yellow band emission of GaN 

GaN has a direct bandgap of ~3.4 eV. 164 The reported conduction band offset (CBO) 

and the valence band offset (VBO) of GaN to bulk MAPbBr3 are 1.39 ± 0.12 eV and 

0.13 ± 0.08 eV, respectively. Therefore, a type I heterojunction forms between GaN and 

MAPbBr3 perovskite.165 At room temperature, the PL spectrum of GaN shows a band-

edge emission at 365 nm and a broad yellow band emission at 575 nm166. The bandedge 

emission usually is entirely dominated by excitons at room temperature. The yellow 

band emission is a broad Gaussian-shaped emission and is a universal feature of GaN 

grown with various methods.167 The yellow band emission is associated with deep-level 

transitions. The existence of the yellow band demonstrates the presents of defects, 

which have a negative effect on the carrier lifetime and the intensity of band-edge 

recombination. These defects arise from point defects such as Ga or N vacancies.166  

The vibronic structure of the yellow band reveals strong electron-phonon coupling. 
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However, the actual origin of the yellow band emission is being debated. Several 

theoretical studies proposed that transitions arise from shallow donors to deep acceptors 

or from deep donors to shallow acceptors.168 As the pressure dependence of the yellow 

band is the same as the GaN bandgap, the yellow band is associated with the transition 

from a shallow donor state to a deep acceptor state.169 However, the recombination 

process that originates the yellow band emission is not clear. 
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Chapter 3 Experimental Methods 

This chapter describes experimental methods we utilised to obtain results in Chapter 4, 

5 and 6. It consists of three sections. The first section introduces sample preparation 

methods. The second section describes the structural and morphology characterisation 

techniques, including scanning electric microscopy and X-ray diffraction. The third 

section contains spectroscopy techniques we explored in this thesis, including steady-

state absorption spectroscopy, steady-state luminescence spectroscopy, 

photoluminescence quantum efficiency measurement, hyperspectra microscopy, 

transient absorption spectroscopy, and microscope TCSPC. 
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3.1 Sample Preparation 

3.1.1 Chemicals  

Lead bromide (PbBr2, 99.9999%), methylammonium bromide (MABr, 98%), lead 

iodide (PbI2, 99.9999%), methylammonium iodide (MAI, ≥99%, anhydrous), (3-

Aminopropyl)triethoxysilane (APTES, 99%), isopropyl alcohol (IPA, 99.9%), 

dimethylformamide (DMF, ≥ 99.9%), Dimethyl sulfoxide (DMSO, ≥ 99.9%), 

ethanol (anhydrous) and sulfuric acid (H2SO4, 95.0%-98.0%) were purchased from the 

Sigma Aldrich. These chemicals were utilized without further purification. Hydrogen 

peroxide (H2O2, 50w% solution in water) was purchased from Thermo Fisher Scientific. 

It was utilized without further purification. Bis(propargyl ammonium iodide) 

anthracene (BPAIA) was synthesized by John Anthony’s group at the University of 

Kentucky. Dimethylammoniumnaphthalene (DMAN) was synthesized by Dr Forian 

Auras from the Optoelectronics Group at the University of Cambridge. Gallium nitride 

(GaN) was prepared by Dr Peter Griffin from the Cambridge Centre for Gallium Nitride. 

These materials were utilized without further purification. 

3.1.2 Infiltration of MAPbBr3 Perovskite into Porous 

GaN 

There were two methods we utilised to infiltrate perovskite into a porous GaN matrix.  

Method 1: Infiltration of MAPbBr3 into nanoporous GaN 

Porous gallium nitride (GaN) samples are prepared by collaborators from the 

Cambridge Centre for Gallium Nitride at the University of Cambridge.  

After ultrasonic cleaned in acetone and IPA for 15 minutes separately, the GaN sample 
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was subjected to oxygen plasma at 50 W for 15 mins to render the surface hydrophilic. 

Then substrate was transferred into a nitrogen-filled glovebox, and all the deposition 

processes were carried out inside. Firstly, we dropped 30 μl lead bromide (PbBr2) 

(DMF)/(DMSO) solution (1.0 M) on a GaN sample and left it undisturbed for at least 

one minute to soak into the porous surface. Then the sample was spun at 2000 rpm for 

20 s to evaporate the solvent and a PbBr2 thin film formed. After that, the substrate was 

soaked in 0.1 M methylammonium bromide (MABr) isopropanol (IPA) solution 

undisturbed for 10-20 mins in a closed petri dish. This process is for the MABr to 

incorporate into PbBr2 thin film. We then use pure IPA washing off the excess MABr, 

following by 15-20 mins annealing at 80°C on the hotplate to crystallise perovskite.  

Method 2: Infiltration of MAPbBr3 into APTES treated nanoporous GaN 

Nanoporous GaN substrate was ultrasonically cleaned in distilled water, acetone and 

isopropanol for 15 mins respectively. Then the substrate was dried at 500°C for three 

hours in the oven to minimise moisture inside nanopores. After cooling down to room 

temperature, the substrate was subjected to 15 mins oxygen plasma treatment at 50 W. 

We then soaked the GaN in the Piranha solution (H2SO4 (98%): H2O2(30%) =3:1) for 

an hour, decorating the GaN surface with -OH groups. After washing off the excess 

Piranha solution with ethanol, the substrate was soaked in the APTES ethanol solution 

(v/v% = 1:10) overnight at 60°C. 
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Figure 3-1 Illustration of the APTES treatment and MAPbBr3 infiltration process. 

Before the infiltration of perovskite, the treated substrate was cleaned with ethanol to 

get rid of the excess APTES at the substrate surface. The infiltration process was carried 

out in a nitrogen-filled glovebox to eliminate the influence of oxygen and water in the 

ambient atmosphere. A ~1 cm2 treated substrate was soaked in 2 ml PbBr2 DMF/DMSO 

(1 M) solution overnight. We used the DMF/DMSO solvent to wash off the excess 

PbBr2 at the surface with a syringe and soaked the nanoporous GaN again into 2 ml 

MABr isopropanol (0.2 M) overnight. After another round of washing with IPA, the 

sample was annealed at 100°C for half an hour to crystallise MAPbBr3 perovskite inside.  

3.1.3 Preparation of MAPbBr3 Thin Film 

Quartz substrates were ultrasonically cleaned in acetone and IPA for 15 mins 

respectively. After being dried with a nitrogen gun, the substrate was subjected to 15 

mins oxygen plasma treatment. MABr and PbBr2 were mixed in a ratio of 1:1 in DMF 
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solution (0.2 M). 40 uL solution was spin-coated on a quartz substrate at 3000 rpm for 

60 seconds. Then samples were annealed at 100°C for 10 minutes. All precursors 

preparation and infiltration processes were carried out in the nitrogen-filled glovebox. 

3.1.4 Preparation of Bis(propargyl ammonium iodide) 

anthracene (BPAIA) Lead Iodide 2D Perovskite 

30 μL PbI2 DMF solution (1 M) was spin-coated onto a quartz substrate at 2000 rpm 

for 30 seconds. Then the PbI2 thin film was annealed at 100°C for 15 minutes. After 

that, 30 μL BPAIA DMF solution (0.4 M) was dropped onto the PbI2 thin film. After 30 

minutes of undisturbed soaking at room temperature, the sample was annealed at 100°C 

for 15 minutes. All the solution preparation and sample synthesis processes were carried 

out in the nitrogen-filled glovebox. Via the two-step deposition method, we synthesized 

2D perovskite crystals thin film with BPAIA.  

3.1.5 Preparation of 2,6-

dimethylammoniumnaphthalene (DMAN) Lead 

Iodide 2D Perovskite 

The DMAN was mixed with PbI2 at a 1:1 molar ratio in the DMF solvent (0.2 M). 30 

μL mixed solution was spin-coated on a quartz substrate at 5000 rpm for 60 s. Then the 

thin film was annealed at 100°C for 10 minutes. All the solution preparation and sample 

synthesis processes were carried out in the nitrogen-filled glovebox. Via the one-step 
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deposition method, we successfully synthesized 2D (DMAN)PbI4 perovskite 

3.1.6 Sample Encapsulation 

Samples for transient characterisation were encapsulated in the nitrogen-filled 

glovebox to reduce perovskite degradation when exposed to air and moisture. A thin 

glass coverslip was placed on top of the sample, and sample edges were sealed with 

epoxy.  

3.2 Structural and Morphology Characterisation 

3.2.1 X-ray diffraction (XRD) 

X-ray diffraction is a technique to estimate the crystal structure and chemical 

composition of a material.  

X-ray diffraction was measured with a Bruker X-ray D8 Advanced diffractometer with 

Cu Kα1,2 radiation (λ=1.541 Å). The incident beam slit width was 0.6 mm. Data was 

collected in an angular range 2θ of 5° to 55° with the angular resolution of 0.046°.  

X-ray is electromagnetic radiation with a wavelength between 0.1 Å and 100 Å, which 

is similar to the interatomic distances in a crystal. In XRD measurement, 

monochromatic X-ray incidents onto the sample and interacts with atoms in the sample. 

The X-ray will be scattered by the material. The scattering by nuclei is negligible, as 

nuclei are so heavy that they hardly respond to the rapidly oscillating electromagnetic 

field. The electromagnetic field can interact with the electrons around the nuclei. When 
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electrons oscillate with the incident beam, they will re-emit the X-ray with the same 

wavelength and frequency as the incident beam. This process is called Thomson 

scattering. The intensity of the scattered radiation for free electrons 𝐼2𝜃 depends on the 

power per unit solid angle scattered through a scattering angle 2𝜃170 

𝐼2𝜃 =
1

2
(

𝑒2

4𝜋𝜖0𝑐2𝑚
)

2

(1 + 𝑐𝑜𝑠22𝜃)𝐼0, (3.1) 

in which 𝑒 is the electron charge, 𝜖0 is the permittivity of the free space, 𝑐 is the 

light speed, 𝑚 is the electron mass, 2𝜃 is the scattering angle, and 𝐼0 is the intensity 

of the incident radiation. The scattered radiation intensity of a single atom is negligible. 

However, the interfering X-ray scattering from multiple neighbouring atom layers is 

intense enough to be detected. The constructive interference of X-ray beam from 

neighbouring atom layers follows Bragg’s law170, 

2𝑑𝑠𝑖𝑛𝜃 = 𝜆, (3.2) 

in which 𝑑 is the distance between adjacent atom layers, 𝜃 is half of the scattering 

angle, and 𝜆 is the wavelength of the incident X-ray beam. Due to the constructive 

interference of beams, the intensity of scattering X-ray is a function of 𝑑. Therefore, 

the structural information of the material can be extracted from the scattering angle 2𝜃 

and X-ray wavelength 𝜆. 
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Figure 3-2 Bragg’s law for constructive interference of two parallel X-rays after 

diffracting from the adjacent crystal planes. 

3.2.2 Scanning electron microscope (SEM)  

SEM was performed with a Zeiss LEO 1550 FE-SEM apparatus with a field-emission 

source operating at 2 kV acceleration voltage in the In-Lens mode. The sample was 

mounted onto an SEM stage with carbon tape to reduce the charge effect. Low beam 

voltage was utilised to minimise sample degradation caused by the electron beam. 

SEM is a technique to capture the surface topography of materials at a resolution of 

around 10 nm. During the measurement, a fine electron beam is focused onto the 

material's surface and scans across the sample in a pattern of parallel lines. The 

electrons with energy various from hundreds eV to tens keV interact with the sample. 

They are scattered elastically or inelastically by the sample. The scattered electrons are 

detected, and the information about the sample’s surface topography could be 
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extracted.171,172 

3.3 Spectroscopy 

3.3.1 Steady-state absorption 

Steady-state absorbance of samples was taken with a Shimadzu UV-3600 Plus 

spectrophotometer, which consists of three detectors: a photomultiplier tube (PMT) for 

ultraviolet and visible regions, an InGaAs detector and a cooled PbS detector for the 

near-infrared region. The whole wavelength range covers from 185 nm to 3300 nm with 

a maximum resolution of 0.1 nm. 

The spectrometer detects the light intensity before and after passing through the sample 

and calculates the transmittance T. The transmittance T equals the ratio of light intensity 

after transmitting through the sample It and light intensity of the light beam intensity 

I0.
173 

𝑇 =
𝐼𝑡
𝐼0

(3.3) 

The Absorbance 𝐴𝑏𝑠 , which is also known as the optical density (OD), can be 

calculated from the transmittance173 

𝐴𝑏𝑠 = 𝑙𝑜𝑔10

1

𝑇
(3.4) 

3.3.2 Steady-state photoluminescence (PL) 

The steady-state photoluminescence (PL) of samples was measured with the Edinburgh 

Instruments FLS980 spectrofluorimeter. The spectrometer contains one R928P PMT 
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detector, measuring wavelength ranging from 200 nm to 870 nm with a dark count rate 

smaller than 50 cps at -20°C. The PL spectra were measured from 300 nm to 800 nm 

depending on the samples’ emission wavelength. Samples were excited at various 

wavelengths by a 450 W xenon arc lamp depending on the absorbance of samples. The 

xenon arc light was focused onto a monochromator using an off-axis ellipsoidal mirror. 

3.3.3 Photoluminescence quantum efficiency (PLQE) 

Photoluminescence quantum efficiency (PLQE) measurements were taken with the 

John de Mello method41. All samples were excited with a 405 nm continuous-wave 

(CW) laser at various power, and the emission was collected with an Andoe iDus 

DU490A Si detector 

In 1997 John de Mello41 published a paper about an improved experimental method to 

determine the external PLQE of materials. In that paper, he proposed to calculate the 

external PLQE based on three separate measurements. In the first measurement 

(Measurement A), laser incidents into an empty sphere, and only the laser signal (𝐿𝐴) 

is detected. In the second measurement (Measurement B), laser enters the sphere with 

the sample inside but not directly onto the sample. In this case, only a fraction (μ) of 

laser is absorbed by the sample and the leftover laser signal（𝐿𝐵）is detected. 

𝐿𝐵 = 𝐿𝐴(1 − 𝜇) (3.5) 

In the third experiment (Measurement C), the laser shines directly onto the sample 

inside the sphere. A fraction of the laser will be absorbed by the sample, noted as A, 
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while the rest (1-A) is either scatter to the interior sphere surface or reabsorbed by the 

sample (μ). The laser signal detected in Measurement C (𝐿𝐶) is  

𝐿𝐶 = 𝐿𝐴(1 − 𝐴)(1 − 𝜇), (3.6) 

in which 

𝐴 = (1 −
𝐿𝐶

𝐿𝐵
) (3.7) 

The total detected photons in Measurement B are given by 𝐿𝐵 + 𝑃𝐵. In Measurement 

C, the total detected photons contain both photons from the scattered laser light (1 −

𝐴) ∙ (𝐿𝐵 + 𝑃𝐵), and the photons from the sample photoluminescence after excited by 

the laser 𝜂𝐿𝐴𝐴, 

𝐿𝐶 + 𝑃𝐶 = (1 − 𝐴) ∙ (𝐿𝐵 + 𝑃𝐵) + 𝜂𝐿𝐴𝐴 (3.8) 

Therefore, PLQE 𝜂 can be written as  

𝜂 =
𝑃𝐶 − (1 − 𝐴)𝑃𝐵

𝐿𝐴𝐴
(3.9) 

 

Figure 3-3 Illustration of three experiments of the PLQE measurement: (A) the empty 

measurement; (B) laser beam indirectly incident onto the sample; (C) laser beam 

directly incident onto the sample. Figures are adapted from reference (41). 
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3.3.4 Hyperspectra microscopy 

Hyperspectra images were measured using an IMA-VIS system (Photon etc.). Samples 

were measured using a 100× Nikon air objective and a 405 nm continuous wave laser 

or a 509 nm continuous wave laser with an excitation intensity of 100 mW/cm-2. The 

spectra measurements are performed by scanning the angle of the grating relative to the 

emitted light from the sample to form images at each wavelength which are stacked to 

form a data cube. The spectra resolution is guided by the bandwidth of the holographic 

grating in the setup and is ∼0.2 nm. For spectra measurement, we used 1 second 

integration time per wavelength and a step size of 2 nm across the wavelength window. 

3.3.5 Time-resolved Photoluminescence Spectroscopy 

Transient photoluminescence spectroscopy measures the wavelength and number of 

photons at a certain time after excitation. In this thesis, we used two transient 

photoluminescence measurement techniques, time-correlated single photon counting 

(TCSPC) and an intensified charge-coupled device (ICCD), depending on the excitation 

laser power. 

Time-correlated Single Photon Counting (TCSPC) 

Samples were excited with a PicoQuant LDH407 laser diode at 407 nm with a repetition 

rate of 2 MHz at a fluence of 7.37×10-2 μJcm-2 per pulse. The emission signal was 

selected with a monochromator to get the desired wavelength and detected by a 

Hamamastu R3809U-50 photomultiplier detector. Colour filters were utilised to remove 
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the scattered photons from the excitation laser. A neutral density filter was used to 

ensure that no more than one photon was detected in every photoexcitation cycle. 

TCSPC precisely measures the timed registration of single photons repetitively. 

Therefore, photoluminescence lifetime can be extracted from the result. This technique 

is based on the assumption that the probability distribution of emitted single photons 

after photoexcitation equals the intensity of all the photons emitted at various times 

after excitation. It uses the excitation pulse as a reference for the timing. When an 

optical pulse is generated, an electrical pulse correlating in time is triggered. When the 

sample starts emitting photons, the electrical pulse triggers a capacitor to start charging. 

Photoexcited photons pass through a small aperture which only allows a maximum of 

one photon to pass through for every photoexcitation cycle. When a photon reaches the 

detector, the capacitor stops charging. The charge is then recorded. The charge is 

proportional to the time it takes for photons to reach the detector. After repeating the 

photoexcitation cycle multiple times, a histogram of counts at different time bins is built 

up and photoluminescence lifetime is recorded. However, TCSPC only detects photons 

at a specific wavelength each time.  

Intensified charge-coupled device (ICCD) 

Samples were excited by a femtosecond laser generated from second harmonic 

generation (SHG) of a fundamental Ti: sapphire Spectra-Physics Solstice laser source 

(Wavelength 800 nm, pulse with 80 fs) with a β–barium borate crystal, at a repetition 

rate of 1 kHz. The excitation laser wavelength is 400 nm. The photoluminescence of 
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samples was detected by an electrically-gated intensified charge-coupled device (ICCD) 

camera (Andor iStar DH740 CCI-010) and a calibrated grating spectrometer (Andor 

SR303i). The gate used in this research is 4 ns. A 425 nm longpass filter was used to 

remove the scattered laser signal. 

For another excitation wavelength (350 nm), TOPAS optical parametric amplifiers 

(OPA) was utilised as the primary pump source. TOPAS OPA generates near-IR 

(1100 nm-1200 nm) laser pulses, which will then be frequency-doubled, quadrupled or 

summed with the 800 nm fundamental laser pulses to produce narrowband laser pulses 

at a wavelength from 290 nm to 2000 nm.  

An intensified CCD camera is used in ICCD measurement to detect the energy and 

number of photons emitted by samples at a particular time after photoexcitation. 

Compared with CCD cameras, the ICCD camera can reduce the read noise by 

exploiting gain while achieving a fast gate time with an image intensified tube. The 

image intensifier tube consists of a photocathode, microchannel plate (MCP) and a 

phosphor screen in a vacuum chamber. The photocathode, which is used to capture 

incident photons, is coated on the inside of the output window. When an incident photon 

hits the photocathode, a photoelectron is generated. It is then accelerated in an electric 

field towards the MCP. The MCP contains a 1 mm thick disk carved with a 6-10 µm 

honeycomb glass channel, while each channel is coated with a resistive coating. A high 

voltage is applied to accelerate photoelectrons with high energy to one of the glass 

channels in the disc, releasing secondary electrons from channel walls. These electrons 
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will further be accelerated, generating an electron cloud departing from the MCP. 

Therefore, the original signal is amplified, and 200 gains are easily achieved. The 

degree of amplification is determined by the gain voltage applied across the MCP. The 

sensitivity of the ICCD is governed by the image intensifier tube. Consequently, the 

noise level is also determined by the image intensifier. The thermally generated charge 

in the photocathode will also be amplified, resulting in a dark current.  

 

Figure 3-4 Configuration and working principle of an image intensifier tube in the 

ICCD. Colourful spots represent photoelectrons with different energy.-Figure kindly 

supplied by Dr Jiale Feng. 

The optical shuttering property is the main advance of ICCD comparing to CCD. By 

operating at a very fast optical switch, the image intensifier can capture optical signals 

on a nanosecond scale. The intensifier can be gate-on or gate-off via applying negative 

voltage or positive charge. The minimum gate time is defined by the minimum time it 
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takes to switch the intensifier from off to on then to off again. The minimum gate time 

of the ICCD in this study is 4 ns. 

3.3.6 Transient Absorption (TA) 

Transient absorption (TA) spectroscopy is a technique to study the transmission 

difference of a material before and after photoexcitation as a function of time. Ultrafast 

TA can measure the transmission difference within a femtosecond timescale. At 𝑡 = 0, 

a monochromatic short laser pulse arrives and excites the sample. This laser pulse is 

known as the pump beam. At 𝑡 = 𝜏 , a broadband laser pulse arrives at the same 

position as the pump. This laser pulse is known as the probe beam. A reference probe 

beam also incidents on to a different region on the sample, and it is used to correct the 

shot-to-shot probe differences. The transmission of the probe will be measured with 

photoexcitation ( 𝑇𝑝𝑢𝑚𝑝 𝑜𝑛 ) and without photoexcitation ( 𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓 ). The 

photoexcitation process is controlled by a beam chopper. The change in probe intensity 

is normally expressed as the differential transmission 

△ 𝑇

𝑇
=

𝑇𝑝𝑢𝑚𝑝 𝑜𝑛 − 𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓

𝑇𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
, (3.10) 

in which 𝑇 is the intensity of the probe beam. 

The main characters of a TA spectrum include: 

The ground state bleach (GSB): When the pump beam excites species from the ground 

state to the excited state, the decrease in the population of species on the ground state 

leads to a reduction in probed absorption. Therefore, it shows as a positive signal in the 
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TA spectrum. 

The stimulated emission (SE): The pump disturbs the electric field of an excited state, 

leading to a radiative emission of a photon that is difficult to be distinguished from the 

probe. Therefore, it shows as a positive signal in the TA spectrum. 

The photoinduced absorption (PIA): The already photoexcited states lead to new 

absorption transitions, revealed as a decrease in 𝑇𝑝𝑢𝑚𝑝 𝑜𝑛. It shows as a negative signal 

in the TA spectrum. 

In addition to these three main characters, other photophysical processes can also be 

detected by the TA, such as many-body effects, electroabsorption and thermal effect etc. 

TA measurement was carried out with laser beams generated from a Ti: sapphire 

amplifier system (Spectra Physics Solstice Ace). This output system generates ~100 fs 

pulses at a repetition rate of 500 Hz centred at 800 nm, and the output power is ~3.5 W. 

The fundamental beam was split into two beam paths, the pump path and the probe path. 

The 340 nm pump beam was generated in a homebuilt non-collinear optical parametric 

amplifier (NOPA). The 800 nm fundamental beam was sent into the NOPA to generate 

a 700 nm laser first, and the 700 nm beam was frequency-doubled to 350 nm in a beta 

barium borate (BBO) crystal (INGCRYS Laser Systems, thickness = 0.2 mm, θ = 29.2°). 

The 400 nm pump beam was generated via doubling the frequency of the 800 nm 

fundamental laser beam through a beta barium borate (BBO) crystal (Eksma Optics, 

thickness=1 mm). In the probe beam path, the fundamental 800 nm beam passed 

through a mechanical delay stage (Thorlabs DDS300-E/M) and then focused onto a 
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calcium fluoride crystal (Eksma Optics, thickness=5 mm) to generate the ultraviolet-

visible broadband probe beam (330 nm-700 nm). After passing through the sample, the 

probe beam was collected with a monochrome line scan camera (JAI SW-4000M-

PMCL, spectrograph: Andor Shamrock SR-163). 

3.3.7 Microscope TCSPC 

The local transient PL was measured with a confocal microscope setup (PicoQuant, 

MicroTime 200). 405 nm and 510 nm pulsed laser diodes (PDL 828, PicoQuant, pulse 

width of around 100 ps) were used as the excitation source. The emission signal was 

separated from the excitation beam with a dichroic. After passing through a 50 μm 

pinhole, the emission signal was collected with a Hybrid PMT detector connected to a 

Picoquant acquisition card for TCSPC (time resolution of 100 ps). An additional 520 

nm longpass filter or 500 nm shortpass filter was utilised depending on the 

measurement. The repetition rate of the excitation source was 1MHz. 

TRPL was measured using a confocal microscope setup (PicoQuant, MicroTime 200). 

The sample was excited with a 405 nm pulsed diode (PDL 828, PicoQuant, pulse width 

~ 100 ps). Signals were focused onto a Hybrid PMT detector connected to a Picoquant 

acquisition card for TCSPC (time resolution of 200 ps). 
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Chapter 4 Infiltration of Perovskite 

into Nanoporous Gallium Nitride 

Metal halide perovskite is one of the most promising materials for the next generation 

optoelectronic application due to its solution processability and excellent 

semiconductor properties. However, their poor chemical and structural stability in the 

ambient environment have hindered their application. In this chapter, we demonstrate 

a solution-processed method to infiltrate methylammonium lead bromide perovskite 

(MAPbBr3) into a nanoporous gallium nitride (GaN) matrix. The MAPbBr3/GaN 

composite solid preserved green light photoluminescence. We observed that the GaN 

matrix prevents perovskite from light-induced degradation for five hours in the ambient 

environment, and perovskite was stable after one-year storage in the ambient 

atmosphere. Our infiltration method has the potential to be generalised to related 

perovskite materials, offering a route to producing composites of interest for use in 

optoelectronic devices for light-emitting applications. 
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4.1 Background and Motivation 

Metal halide perovskites have been regarded as one of the most distinctive next-

generation luminescence materials due to their advanced properties, such as colour 

tunability, high quantum efficiency, narrow emission, and affordable solution 

processability. These superior qualities make it possible to create low price perovskite 

light sources with a wide colour range, low power supply and high colour purity. In the 

former investigation, various impermeable matrices with better stabilities, such as 

nanoporous silicon118, silica124, alumina174 and titania142, were utilised to protect 

perovskites from degradation, as well as introducing quantum confinement to 

perovskites. These mesoporous matrices offer a promising alternative approach to 

colloidal nucleation and growth method in controlling semiconductor crystal size at the 

nanoscale. However, the poor electronic conductivity of some mesoporous matrices (for 

example, silica) precludes their application in electronic devices.124,175 Charge transport 

through the composite solid is determined by the conductivity of the matrix. Therefore, 

a mesoporous matrix with promising charge transport property should be utilised to 

achieve high efficiency light-emitting devices. 

Gallium nitride (GaN) is an encouraging inorganic semiconductor applied in light 

emitting devices in recent years. GaN has a direct bandgap in the UV region, and it has 

promising chemical and thermal stability, as well as novel electron and thermal 

conductivity. GaN is outstanding in light emission in the UV and blue region. However, 
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it is less effective for longer wavelength emission. Recently the porosification of 

epitaxial GaN by selective electrochemical etching of highly doped GaN layers has 

been demonstrated by Rachel Oliver’s group160. This technique introduces an 

opportunity to infiltrate perovskites into the nanoporous GaN to form a composite light 

emitting material. Via combining perovskite and GaN, the potential for excellent colour 

tuning and high modulation bandwidths would be fulfilled, enable applications in solid-

state lighting and visible light communication.  

In this chapter we present a low-temperature solution processing measurement to 

infiltrate MAPbBr3 into the nanoporous GaN. We chose MAPbBr3 as a model 

perovskite because of its bright emission in the visible region and its high absorption 

coefficient in the near UV region (105 cm-1). We optimize the infiltration method with 

GaN surface treatment and study the infiltration degree with elemental mapping and 

absorption measurement. We demonstrate GaN’s protective effect on MAPbBr3 

perovskite with steady-state photoluminescence. 
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4.2 Results and Discussion 

4.2.1 Morphology of the Nanoporous GaN Matrix 

Nanoporous GaN templates are prepared via electrochemical etching a GaN epitaxial 

layers grown on sapphire substrate in 0.25 M aqueous oxalic acid electrolyte, as shown 

in Figure 4-1. Applying a constant potential difference between the GaN sample and a 

platinum counter electrode, the silicon-doped GaN layers are selectively etched while 

the undoped GaN remains due to their difference in conductivity. When various etching 

voltages are applied, different pore sizes and shapes can be achieved.  

 

Figure 4-1 Illustration of the electrochemical etching process of a GaN epitaxial 

sample. 
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We observed the difference in surface porosity of GaN samples etched at various 

voltages with scanning electron microscopy (SEM) (Figure 4-2). When the doped GaN 

is etched at 6 V relative to the Pt counter electrode, a pitted surface with many shallow 

round pores with diameters ranging from 11 nm to 14 nm forms. Several elongated 

pores merging from two round pores (long dimension 17-26 nm) will also form. When 

the etching voltage increases to 8 V, denser pore coverage with a larger diameter (14-

17 nm) forms. Asymmetric pores of various sizes (long dimension 40-80 nm) and 

shapes merging from more pores also forms. When reaching 10 V etching voltage, an 

open and connected pore morphology is created. Only a few round pores (diameter 16-

20 nm) are produced, while the majority is an irregular-shaped porous network with 

deeper voids and channels with various length scales ranging from 100 nm to 200 nm 

tunnelling through the sample. As etching below 6 V hardly produces noticeable 

porosification, and above 12 V leads to compromised integrity of the porous layer, we 

used 6 V etched GaN (6 V GaN), 8 V etched GaN (8 V GaN) and 10 V etched GaN (10 

V GaN) as templates in this investigation. The porous layer thickness of samples used 

in this thesis is about 500 nm, and the porosity is about 30% for 8 V etched GaN.  
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Figure 4-2 Scanning electron microscopy (SEM) image of porous GaN etching at 6 V 

[(a)and (d)], 8 V [(b) and (e)] and 10 V [(c) and (f)]. Scale bars: [(a)-(c)] 100 nm; [(d)-

(f)] 200 nm. [(a)-(c)] Topview of porous GaN taking at 45° tilt angle, dark spots refer 

to pores patching on a bright background. With the increase of the etching voltage, 

pores (blue outline) grow larger and merge with other pores (orange outline), giving 

longer and asymmetric pores. [(d)-(f)] Cross-section image of the cleaved edges of the 

etched GaN layer on top of an unetched NID GaN layer. Etching at 6 V (d), the pores 

extend vertically into isolated channels (green outline); while etching at higher voltage 

(f), lateral etching takes place forming a porous network with large open pockets 

(green outline). The honeycomb appearance of 8 V etched GaN is due to a slope angle 

cleavage, making it difficult to observe the vertical channel. SEM was taken by Peter 

Griffin. 
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Figure 4-3 Illustration of the cross-section of nanoporous GaN samples utilised in this 

research. GaN samples consist of a nanoporous GaN layer, a bulk GaN layer and a 

sapphire layer.  

The porosification of epitaxial GaN opens up the possibility to infiltrate solution-

processed material, such as perovskites, inside the pores. This composite may offer a 

solution to make up GaN’s poor emission in the green and red region, achieving more 

efficient solid-state light-emitting . In this research, the nanoporous GaN samples were 

prepared by Peter Griffin in the Department of Materials at the University of Cambridge. 

4.2.2 Optical Properties of the Nanoporous GaN 

Matrix 

The optical properties of GaN are independent of the etching voltage. Therefore we 

used 8 V etched GaN (8 V GaN) for all the measurements in this section. We took the 

steady-state UV-visible absorption spectroscopy and photoluminescence spectroscopy 

of the pristine nanoporous GaN, shown in Figure 4-4.  
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Figure 4-4 Normalised steady-state absorbance and photoluminescence of the pristine 

8 V etched nanoporous GaN sample. Blue line: normalised absorbance taken with UV-

Visible absorption spectrometer. The waved character from 500 nm to 700 nm results 

from light interference in the sapphire layer. Green line: normalised 

photoluminescence of the pristine nanoporous GaN exciting at 300 nm from the GaN 

side with a Xe lamp. Two emission peaks are revealed. One is the blue band emission 

at 369 nm, originating from the band-to-band recombination; the other is the yellow 

band emission at 572 nm, the origin of which is controversial. 

As shown in Figure 4-4, the 8 V GaN shows a sharp absorption edge at 369 nm 

(3.36 eV). When the sample is excited at 300 nm (4.13 eV), a blue band emission at 
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369 nm (3.36 eV) and a yellow band emission at 572 nm (2.17 eV) are detected. The 

blue band emission has a minimal Stokes shift to the absorption edge, and it originates 

from band-to-band charge carriers transfer167. The very broad yellow band emission 

centering at 572 nm (2.17 eV) has a broad full width at half maximum (FWHM) of 

103 nm. The Stokes shift of the yellow band emission to the absorption edge is very 

large, about 203 nm (1.19 eV), suggesting the formation of a wide range of states below 

the conduction band of GaN.  

When excited at lower photon energy than GaN’s band edge, the nanoporous GaN no 

longer gives the broad yellow band emission. Figure 4-5 is the excitation scan of the 

yellow band photoluminescences detected at three wavelengths, 500 nm, 570 nm and 

650 nm. According to the excitation scan, when the nanoporous GaN is excited at a 

wavelength longer than 375 nm, the yellow band photoluminescence disappears. As the 

excitation scan at various detector wavelengths is similar, we suppose the yellow band 

emission originates from the same recombination mechanism. There are various models 

to explain the recombination mechanism of the yellow band emission in former 

research. The below bandgap emission has been observed in undoped and doped GaNs, 

regardless of the growth method.176,177 Former study states that a complex defect level 

forms due to gallium vacancies, and the broad yellow band arises from the transition 

from a shallow donor to a deep acceptor located at about 1 eV above the valence band 

(VB).176,178,179 However, there is no conclusion for the origin of the yellow band 
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emission yet.180 

 

Figure 4-5 Normalised excitation scan of the pristine 8 V etched nanoporous GaN 

detecting at 500 nm (blue line), 570 nm (dark green line) and 650 nm (light green line). 

The GaN sample was excited with a Xe lamp from the GaN side from 300 nm to 

500 nm. The photoluminescence was taken with a fluorimeter. The excitation scan at 

various detector wavelengths is similar, suggesting the broad band emission originates 

from the same recombination mechanism. 

We then took the transient absorption (TA) of the pristine 8 V GaN to investigate the 

carrier dynamics. The nanoporous GaN was excited at 350 nm (3.54 eV) with 

femtosecond pulses laser (pump repetition rate = 500 Hz, pulse width ~ 100 fs) and was 
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probed with a white-light supercontinuum probe beam with a wavelength ranging from 

350 nm to 600 nm. TA spectra of the 8 V GaN are shown in Figure 4-6. Immediately 

after the photoexcitation (0 ps), a positive signal, i.e. ground state bleach (GSB) signal, 

is observed at 375 nm (3.30 eV), consistent with the absorption bandedge of GaN. We 

attribute this to the depopulation of the ground state of GaN. The sharp GSB peak cut-

off at 373 nm (3.32 eV) is due to the poor transmission of the probe beam through the 

GaN sample, as the absorption of GaN is intense in the high-photon-energy region 

above 373 nm.  
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Figure 4-6 Transient absorption spectra of an 8 V etched nanoporous GaN at before 

time zero and after excitation. The sample was pumped with pulses of 3.54 eV energy 

(350 nm) with a pulse length of 200 fs at the ambient atmosphere. The sample was 

probed with a white-light supercontinuum beam from 350 nm to 500 nm. The fluence 

is about 2 μJcm-2 per pulse. TA spectra reveal a positive GSB signal at 375 nm 

(3.30 eV), consistent with the absorption band edge of GaN. The TA measurement was 

carried out jointly with Linjie Dai. 

In addition, TA spectra (Figure 4-7) present a negative photo-induced absorption (PIA) 

signal at photon energy below the GSB ranging from 450 nm (2.75 eV) to 575 nm 
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(2.16 eV). The wavelength range of the PIA signal overlaps the yellow band emission 

of GaN. Previous studies attributed the yellow band emission to the shallow defect 

states caused by gallium vacancies 176,178,179. Based on this statement, we would expect 

to observe a GSB below the bandgap from the TA spectrum since defect states are also 

expected to be populated after photoexcitation, indicating a GSB signal. However, 

instead of a positive GSB, a negative PIA signal is observed. This could indicate the 

formation of new electronic states in the sub-bandgap region due to photoexcitation, 

i.e., self-trapping excitons(STE).  
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Figure 4-7 Transient absorption spectra of an 8 V etched nanoporous GaN at before 

time zero and after excitation. The sample was pumped with pulses of 3.54 eV energy 

(350 nm) with a pulse length of 200 fs at the ambient atmosphere. The sample was 

probed with a white-light supercontinuum beam from 450 nm to 575 nm. The fluence 

is about 2 μJcm-2 per pulse. TA spectra reveal a broad negative PIA signal, overlapping 

with the yellow band emission of GaN. The TA measurement was carried out jointly 

with Linjie Dai. 

We compare the rise time and decay time at three probe wavelengths in Figure 4-8. The 



Infiltration of Perovskite into Nanoporous Gallium Nitride 

86 

 

intensity of the PIA keeps accumulating to about 500 fs after excitation, corresponding 

to the charge transfer from the band edge to the self-trapping state. The almost identical 

kinetics suggest the new self-trapping states formed simultaneously, and recombination 

dynamics are the same. According to the steady-state absorbance (Figure 4-4), the 

optical absorption below the bandgap region is negligible. As the STE spectrum 

overlaps with the yellow band emission of GaN when excited above its bandgap, we 

propose that based on the TA study, a self-trapping emission happens at an early time 

after photoexcitation, which could also contribute to GaN’s yellow band emission in 

addition to the reported defect level emission in literature.166-169 Future work should be 

carried out with more transient characterisation to identify the recombination process.  
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Figure 4-8 Transient absorption kinetics probed at various wavelengths of an 8 V 

etched nanoporous GaN before time zero and after excitation. The sample was pumped 

with pulses of 3.54 eV energy (350 nm) with a pulse length of 200 fs at the ambient 

atmosphere. The sample was probed with a white-light supercontinuum beam from 

450 nm to 575 nm. The fluence is about 2 μJcm-2 per pulse.  

4.2.3 Infiltration of MAPbBr3 into Nanoporous GaN 

As we discussed in Section 4.2.1, the porous GaN can be used as a matrix to contain 

other light-emitting materials. We chose methylammonium lead bromide perovskite 
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(MAPbBr3) as a suitable model perovskite in this work, as it emits strongly in the visible 

spectrum and high absorption coefficient in the UV to blue region. It can make up 

GaN’s weak emission in the green light region. We found that via the two-step 

deposition method described in Section 3.1.2 Method 1 in Chapter 3, MAPbBr3 can be 

infiltrated into the porous GaN. 

In this study, we started from the commonly used one-step deposition method to 

infiltrate perovskite into nanopores. Normally perovskite will crystallise from a 

solution mixed from two precursors onto a substrate or in a template directly. However, 

evenly filled pores and discontinuous film cannot be produced via the one-step 

deposition method. That’s because the formation enthalpy of perovskite is low.181 

Consequently, perovskite nanocrystals form in the colloidal perovskite precursor 

solution, blocking pores near the surface and hindering the further infiltration of 

perovskite into the pores. Therefore, we moved on to the two-step deposition method. 

The sample preparation in this section was carried out jointly with Kevin T. P. Lim.  

4.2.4 Elemental Study of the MAPbBr3/GaN system 

We investigated the system's structure by preparing a cross-sectional TEM lamella for 

tandem scanning transmission electron microscopy via a focussed ion beam (FIB) 

microscope and energy dispersive X-ray spectroscopy (STEM-EDX) studies. The 

HAADF STEM image was taken by Boning Ding from the Department of Materials. 
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Figure 4-9 Cross-section STEM-EDX characterisation of MAPbBr3/GaN sample. (a) 

the HAADF-STEM image of the cross-section. The EDX elemental mapping((b), (c), 

(d)) was taken from the orange circle region in the HAADF-STEM image in (a). EDX 

elemental maps of the orange boxed area (20×110 pixels), showing the number of 

counts at the chosen peak for each element: (b) gallium (Ga-K), (c) lead (Pb-L), and 

(d) bromine (Br-K). Plots of the spatial correlation between the signal intensity 

measured for the elements in [(b)–(d)]: (e) Pb vs Ga, and (f) Br vs Pb. Overlapping 

data points appear as darker areas in the plot. Lines are a guidance to the eye (solid 

lines: Pb baseline; dashed lines: positive and negative correlation trends). The 

HAADF STEM image was taken by Boning Ding from the Department of Materials. 
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Figure 4-9 (a) shows the high-angle annular dark-field (HAADF) STEM image of the 

MAPbBr3/GaN sample cross-section. We can distinguish four layers from left to right: 

a bulky GaN layer, a porous GaN layer, a perovskite capping layer, and a platinum 

protective coating. The dark part in the porous GaN layer refers to pores in the STEM 

image, while the bright region refers to GaN. We measured the EDX elemental mapping 

of the region circulated in the orange box, and they are shown in Figure 4-9 (b-d) for 

gallium (Ga), lead (Pb), and bromide (Br) respectively. Comparing with the HAADF-

STEM image visually, the positions with weak Ga signal in elemental mapping matches 

with the dark parts in the STEM, which indicates where the pores are. In these positions, 

the signals of Pb and Br are relatively strong. This suggests a certain degree of 

infiltration into the nanoporous GaN. The degree of infiltration will be discussed in 

Section 4.2.6. 

To support this argument, we analysed the spatial correlations between the elemental 

maps of Ga, Pb and Br in Figure 4-9 (e) and Figure 4-9 (f). Figure 4-9 (e) reveals the 

negative correlation between Pb and Ga signals, which is consistent with Pb being in 

the pores of etched GaN. The dashed line suggests the upper boundary of the maximum 

volume that can be filled by Pb imposed by the porosity of GaN. The solid line suggests 

the baseline of the Pb signal. The baseline is nonzero because of the overlap of the Pb 

peak with a strong Ga peak throughout the measurement area in the EDX mapping. 

Within the maximum filling boundary, the vertical spread of points at low Ga Count 
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suggests a range of Pd concentration at any porosity. Also, these points seldom reach 

the maximum volume boundary. These phenomena suggest an incomplete and random 

degree of pore filling. We attribute the incomplete filling of pores to the shrinking of 

lead bromide precursors when forming MAPbBr3. 

Figure 4-9 (f) shows the positive correlation between Pb and Br, which is consistent 

with these elements occur together as compounds PbBr2 and MAPbBr3. The dashed line 

indicates the lower bound on the ratio of Br and Pb, which is expected when MABr 

incorporates into PbBr2. However, it is difficult to identify whether the limiting 

stoichiometry that defines the dashed line results from PbBr2, MAPbBr3 or other phases. 

Most of the dots are located above the dashed line. The slope of Br against Pb has a 

range of values due to various stoichiometries of MAPbxBr2+x, as the incorporating 

degree of MABr into PbBr2 is different. At the lowest Pb counts, the points spread 

vertically, resulting from the unreacted MABr in the pores. As we do not have suitable 

standards and correlation factors to convert the measured EDX count ratios to the 

relative atomic concentration by the Cliff-Lorimer analysis, it is difficult to determine 

whether any substantial fraction of MAPbBr3 is present only based on elemental 

analysis. 
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Figure 4-10 Normalised photoluminescence spectra of MAPbBr3/8 V GaN. The 

sample was prepared via the method described in Chapter 3 Section 3.1.2 Method 1. 

Excitation was performed with a Xe lamp under the ambient condition. The sample 

was excited at 400 nm from the GaN side. 

From the elemental analysis, we verified that we have successfully infiltrated PbBr2 

into the porous GaN via a solution-processed method. The filling of the pores is 

incomplete and uneven, and the nature of the materials in the pores is still not clear. We 

then used photoluminescence (PL) spectroscopy (Figure 4-10) to study the nature of 

the material inside nanopores. The PL spectrum of the composite material reveals a 

characteristic green light emission, confirming both MABr and PbBr2 were infiltrated 
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into the porous GaN, and MAPbBr3 were synthesized. 

4.2.5 Infiltration of MAPbBr3 into the Nanoporous 

GaN with APTES Treatment 

The HAADF STEM image of the MAPbBr3/GaN sample cross-section suggests the 

existence of a non-negligible thick perovskite capping layer on top of the GaN (Figure 

4-9 (a)). It exhibits characters of the bulk perovskite during the optical characterisation, 

consequently making it difficult to investigate the property of perovskite inside 

nanopores. Therefore, we optimised the infiltration process to eliminate the excess 

perovskite layer at the GaN surface. 

We used (3-Aminopropyl) triethoxysilane (APTES) to treat the nanoporous GaN to 

modify the perovskite infiltration process. APTES is an aminosilane compound widely 

applied in functionalising the surface of titanium dioxide, silica, GaN, AlN and 

Mof.119,182–185 The APTES self-assembled monolayer (SAM) can polarise the GaN 

surface, improving the wetting of the substrates. The amino group on APTES can bond 

with divalent cations186, such as Pb2+, and can prevent the lead cation from being 

washed away during the surface cleaning step. It is also known as a promising ligand 

to passivate the surface defects of MAPbBr3 nanocrystals and protect them from 

degradation.183,187 Considering these reported functions of APTES, we used it to 

polarise the GaN surface, optimise the infiltration process and passivate the defect 

levels at MAPbBr3 nanoparticles’ surface. Former research suggested that the APTES 
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growth mode depends strongly on the property of GaN.184 To make sure we achieve a 

perfect surface functionalisation with a monolayer of APTES, we hydroxylate the GaN 

surface with Piranha solution first before the APTES treatment.185 The detail of the 

infiltration process can be found in Section 3.1.2 Method 2 in Chapter 3. 
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Figure 4-11 Top-view scanning electron microscope images of MAPbBr3/GaN sample 

prepared without (Top) and with (Bottom) APTES treatment. Top: Dark hexagon is 

the surface of nanoporous GaN, while the bright cluster is the MAPbBr3 capping layer, 

Scale bar: 5 μm. Bottom: Dark hexagon is the surface of nanoporous GaN, while the 

bright crystal is the MAPbBr3 leftover at the GaN surface, Scale bar: 2 μm. 

Figure 4-11 compares the top-view SEM of MAPbBr3/GaN samples prepared with (top) 

and without (bottom) APTES treatment. In the left side SEM, the dark hexagon part 
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refers to the GaN surface, and the bright part refers to the perovskite capping layer on 

top of the GaN. It is evident that a large amount of perovskite is accumulated at the 

GaN surface. The measured sample also has an orange colour, which is the 

characteristic colour of MAPbBr3. However, with the APTES functionalisation, the 

surface of the MAPbBr3/GaN sample is much cleaner. Different from samples prepared 

without treatment, the APTES treated sample looks pale yellow after perovskite 

infiltration. Only a small quantity of perovskite crystals, seen as bright spheres at the 

GaN surface, are left at the GaN surface in the top-view SEM. Samples without the 

thick capping layer are ideal for the following optical property characterisation of 

perovskite inside nanopores in the next chapter. 

4.2.6 Estimation of the Infiltration Degree of 

MAPbBr3 in the 8 V etched Nanoporous GaN 

We estimated the effective thickness of the perovskite infiltrate into the 8 V etched 

nanoporous GaN from the absorption of the sample,  

𝑡 =
2.303𝐴

𝑎
, (4.1) 

where 𝑡 is the thickness of the material, 𝐴 is the absorption and 𝑎 is the absorption 

coefficient of MAPbBr3. In Figure 4-12, we plot the UV-Vis absorption spectra of a 

pristine 8 V GaN and a MAPbBr3/8 V GaN sample. GaN samples were treated with 

APTES to eliminate the perovskite capping layer. According to the literature, the 

absorption peak at 460 nm originates from a very high defects density of GaN. 188 It is 
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inconsistent from sample to sample, revealed as the intensity difference of 460 nm 

absorption peak in two spectra. Beyond that, the absorption of MAPbBr3/GaN at 

500 nm originates from the perovskite. Comparing with perovskite thin film, the 

absorption of perovskite in pores is broad, resulting from a crystal size distribution, 

which will be discussed that in the next chapter. The absorption coefficient of MAPbBr3 

at 500 nm is 38000 cm-1. 12 Therefore, the estimated effective thickness of MAPbBr3 

inside pores is 46 nm.  

We run the same estimation on five MAPbBr3/8 V GaN samples, and the estimated 

thickness ranging from 40 nm to 54 nm (Table 4-1), showing the infiltration process is 

repeatable. The GaN sample we used in this study is 8 V etched GaN, and the porosity 

is 30% in a 500 nm porous layer. Based on the estimated thickness, we know that the 

pore filling degree is about 30% for 8 V etched GaN. This result is physically reasonable 

and is likely to reflect incomplete pore filling due to shrinkage of the precursor film 

upon transformation into perovskite. 
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Figure 4-12 UV-Visible absorption spectra of a pristine nanoporous GaN sample 

(Black) and a MAPbBr3/8 V GaN sample (Green) under ambient conditions. 

Nanoporous GaN substrates were treated with APTES before perovskite infiltration. 

The waved character from 500 nm to 600 nm results from light interference in the 

GaN layer. The additional absorption peak at around 500 nm in the spectrum of the 

MAPbBr3/GaN sample originates from MAPbBr3 inside nanopores. 
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Sample number Absorption at 500 nm (a.u.) EffectiveThickness (nm) 

1 0.066 40 

2 0.070 42 

3 0.074 45 

4 0.090 54 

5 0.076 46 

Table 4-1 Estimated effective thickness of MAPbBr3 inside 8 V GaN for four samples 

prepared with the same method. Nanoporous GaN substrates were treated with APTES 

before perovskite infiltration. 

4.2.7 Protective Effect of the Nanoporous GaN on 

MAPbBr3 

The nanoporous GaN matrix enhances the stability of perovskite in nanopores and 

effectively prevent the degradation of MAPbBr3 in the ambient environment. In this 

work, we studied GaN’s protective effect on perovskite under two conditions, under the 

light-induced condition and under the ambient condition.  

For the light-induced perovskite stability test, we monitored the photoluminescence 

intensity changes of MAPbBr3 in GaN nanopores and bulk MAPbBr3 thin film under 
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excitation with 405 nm CW laser (9.5 mW cm-2) for 20000 seconds. We prepared four 

types of samples, MAPbBr3/8 V GaN, epoxy- and glass- encapsulated MAPbBr3/8 V 

GaN, MAPbBr3 spin-coated thin film on quartz and epoxy- and glass- encapsulated 

MAPbBr3 spin-coated thin film on quartz. MAPbBr3/8 V GaN was prepared with the 

APTES treated GaN. As shown in Figure 4-13, after exciting with the 405 nm CW laser 

for 20000 seconds, the PL intensity of the MAPbBr3/GaN in the ambient environment 

increased to more than five times its initial PL intensity, while PL of the bulk MAPbBr3 

thin films, both encapsulated and non-encapsulated, decreased rather rapidly to less 

than 50% of their initial intensity. The PL intensity of the encapsulated MAPbBr3/GaN 

barely changed with time under an air-free environment in 20000 seconds. This 

demonstrates that perovskite nanocrystals remain stable under blue light illumination 

in the absence of water and oxygen. Signs of degradation have not been observed in 

this time range. In literature, the light-induced degradation of perovskite results from 

two interrelated processes, ion migration189 and annealing of the sample.123 In 

perovskite thin film, ions, especially halide, are able to migrate relatively far apart from 

their original location. When perovskite is spatially confined in a rigid matrix as the 

nanoporous GaN, the ion migration is limited. Consequently, light-induced degradation 

is prevented.123 This result demonstrates that the light-induced degradation of the 

MAPbBr3 is limited by the nanoporous GaN matrix, therefore, improving the stability 

of perovskite in nanopores. 

We also know from this comparison that MAPbBr3 in the nanoporous GaN matrix is 
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more stable in both ambient environment and air/water-free environment than bulk 

MAPbBr3 thin film under 405 nm laser beams for about 5 hours. We observed a 

photobrightening treatment process with the MAPbBr3/8 V GaN sample. We attribute 

the increase in PL intensity to the passivation of the trapping state of light-curing with 

oxygen, hence reducing the non-radiative recombination process.190,191  
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Figure 4-13 Normalized time evolution of the PL intensity during illumination at 

405 nm CW laser (9.5 mW cm-2) for 2×104 seconds under ambient condition for 

MAPbBr3/GaN (dark blue squares), epoxy and glass encapsulated MAPbBr3/GaN 

(dark green squares), spin-coated MAPbBr3 thin film on quartz (green squares), and 

epoxy and glass encapsulated MAPbBr3 thin film on quartz (yellow-green squares). 

The initial PL intensities of four samples are normalised to one. The PL intensity of 

MAPbBr3/GaN (dark blue squares) increases five times its initial intensity. The PL 

intensity of encapsulated MAPbBr3/GaN (dark green squares) barely changes during 

the plotted time scale. The PL intensity of spin-coated MAPbBr3 thin films 

(encapsulated and non-encapsulated) decrease to less than half of their initial PL 

intensity. 
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We also measured the photoluminescence quantum efficiency (PLQE) to quantitively 

study the protective effect on the selected GaN samples in the ambient environment on 

a longer time scale. In this study, we prepared three types of samples, MAPbBr3/8 V 

GaN, MAPbBr3 spin-coated thin film on quartz and MAPbBr3 thin film on bulk GaN. 

The MAPbBr3/8 V GaN was prepared via the method without APTES treatment. The 

PLQE of the unsealed perovskite on nanoporous GaN dropped from 1.65% to 0.93% 

after ten days in the ambient atmosphere. After 50 weeks, the PLQE of unsealed 

MAPbBr3/GaN dropped to 0.60%, about 36% of its initial PLQE, and the emission can 

be observed by bare eyes. 

In contrast, the PLQE of unsealed glass and bulky GaN dropped to less than 0.10%. 

Compared with literature175, this year-long survival of unsealed MAPbBr3 perovskite 

in the ambient environment is one of the longest recorded durations reported, which 

suggested the protective effect of porous GaN on perovskite. The PLQE measurement 

was carried out by Kevin T. P. Lim. 

Our observations demonstrate that the porous GaN can protect MAPbBr3 inside pores 

from light-induced degradation for about 5 hours, as well as from environmental 

degradation up to 1 year in the ambient atmosphere. This result suggests that the GaN 

matrix improves the stability of MAPbBr3 in the ambient atmosphere, and such 

composite is promising in developing ambient environment stable light-emitting 

devices in the future. 
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4.3 Conclusion and Future Work 

This chapter demonstrates a solution-processed method to prepare perovskite /GaN 

composite via a two-step deposition method at low temperatures. With further GaN 

surface treatment, we successfully prepared perovskite/GaN composite without a 

capping layer and achieved a 30% pore-filling degree for 8 V etched GaN. As our 

preparation approach only involves a simple solution-processed method, it is possible 

to infiltrate other types of perovskites, such as low dimensional perovskite and 

inorganic perovskite, into the GaN matrix. Therefore, the perovskite/GaN has the 

potential to become a colour tunable light emitting material in the future. We also find 

that the nanoporous GaN matrix can prevent light-induced degradation of MAPbBr3 

under continuous luminescence under 405 nm laser for more than five hours, and 

perovskite inside pores was stable after one year of exposure in the ambient 

environment. The solution-process approach and long-term stability make the 

perovskite/GaN composite a promising candidate for light-emitting devices in the 

future. 

Another interesting study in this investigation is the recombination mechanism behind 

the yellow band emission of pristine GaN. We demonstrated that a self-trapping exciton 

recombination process may contribute to the yellow band emission for the first time. 

We suggest an argument different from the literature before. In future, more research 

should be carried out to study the origin of GaN’s yellow band emission in order to 
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investigate whether the yellow emission arises from defect states or self-trap states. 

However, the confinement effect of nanoporous GaN on perovskite has not been 

investigated before. Therefore, we use transient photoluminescence and transient 

absorption in the following chapter to study the recombination process in GaN confined 

perovskite. 
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Chapter 5 Confinement Effect of the 

Nanoporous GaN on 

Methylammonium Lead Bromide 

Perovskite 

We have successfully synthesized a MAPbBr3/GaN composite in the last chapter. The 

composite has shown the potential to be applied in light emitting devices due to the 

simple solution-processed method. However, the photophysics properties of the new 

composite are still unknown. Therefore, this chapter demonstrates the charge carrier 

recombination process in MAPbBr3 nanocrystals inside the nanoporous GaN with 

transient photoluminescence and transient absorption measurements. In this 

investigation, we observed enhanced radiative recombination rate and blue-shift 

photoluminescence from the MAPbBr3 nanocrystals comparing to its bulk counterpart. 

Additional, we show that the dominant recombination process in MAPbBr3 

nanocrystals is exciton recombination rather than the bimolecular recombination 

process in bulk perovskite. These results reveal that the quantum confinement effect of 

nanoporous GaN matrix on MAPbBr3 increase the binding energy of electrons and holes 

in perovskite. This enhanced carrier interaction suggests that the perovskite/nanoporous 

GaN composite could achieve efficient light emitting in the future. We also report that 

the significant non-radiative process limits the light emitting performance of the 
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composite. Therefore, perovskite nanocrystal passivation routes should be explored in 

future research. 
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5.1.1 Background and Motivation 

Organic-inorganic lead halide perovskites are novel semiconductors for next-

generation displays and optoelectronic devices. Nevertheless, perovskites are hindered 

by their poor stability in the ambient atmosphere as they rapidly degrade when exposed 

to air and moisture, making it quite laborious to apply in devices. Additionally, the 

dominant charge carriers for three-dimensional perovskites, such as methylammonium 

lead bromide perovskite (MAPbBr3), are free electrons and holes at room temperature.40 

The low binding energy between carriers leads to a low radiative recombination rate. 

Therefore, the non-radiative recombination process competes effectively with the 

radiative processes, especially at low carrier density, resulting in poor quantum 

efficiency. The application of perovskites in light-emitting devices has motivated the 

exploration of synthetic methods to improve their luminescence performance. One 

approach is reducing the perovskite crystal size and dimensionality to achieve quantum 

confinement. Colloidal chemistry techniques, such as emulsion synthesis192, 

nanocrystalline capping193, reprecipitation method194 and two-step processes with PbI2 

nanocrystals as templates195, have been investigated to achieve nanocrystals featuring 

quantum size effects. 

In situ growth of perovskite nanocrystals in the mesoporous matrix offers an alternative 

ligand-free approach to achieving quantum confinement of perovskites. The quantum 

confinement effect on perovskites has been observed in matrices such as mesoporous 
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silica123, mesoporous titania196, anodised alumina118 and mesoporous ZrO2
197. These 

nanoporous templates force the formation of perovskite nanoparticles in pores and 

confine the localisation of charge carriers. When the particle size approaches the 

exciton Bohr radius of the perovskite, strong spatial confinement leads to a blue shift 

in photoluminescence. The overlap of electron and hole wavefunctions enhance the 

probability of radiative recombination, thus increasing the quantum efficiency. When 

perovskites are surrounded by materials with a lower dielectric constant, electrons and 

holes in perovskite will experience a stronger attraction due to the dielectric 

confinement effect, revealed as a fine-tuning of the dynamic photoemission properties. 

Perovskites encapsulated in these matrices can remain stable on time scales ranging 

from one day to more than one month175. However, these reported matrixes suffer from 

poor conductivity in device application, while GaN has known for its outstanding 

performance in conductivity.  

We have demonstrated an approach to infiltrate MAPbBr3 perovskite into the 

electrochemical etching gallium nitride matrix in Chapter 4. Since the GaN/MAPbBr3 

is reported to be a type-I heterojunction, we anticipate that MAPbBr3 perovskite will 

be both quantum and dielectric confined in the nanoporous GaN matrix.198 However, 

the charge carrier recombination process of perovskite inside pores is still unclear. This 

chapter will discuss the confinement effect of nanoporous GaN on the charge carrier 

dynamics of MAPbBr3 inside pores.  
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5.2 Results and Discussion 

5.2.1 MAPbBr3/GaN Sample Preparation 

MAPbBr3/GaN samples used in this study were prepared via the method reported in 

Chapter 3. We used the APTES treated GaN as the matrix to ensure that no perovskite 

capping layer interferes with the optical characterisation. We used 6 V etched GaN, 8 V 

etched GaN, and 10 V etched GaN as substrates for the pore-size-dependent 

photoluminescence study. We used 8 V GaN as substrates for all the other transient 

photoluminescence and transient absorption studies. A MAPbBr3 spin-coated thin film 

on quartz was used as a reference. We prepared the MAPbBr3 thin film with the method 

described in Chapter 3. 

In the following optophysical study on the MAPbBr3/GaN composite, we used light 

sources wither energy below GaN’s band edge excite samples. Therefore, we could 

eliminate the influence of the yellow band emission from GaN. When MAPbBr3/GaN 

is excited above the band edge of GaN, both GaN and perovskite will be excited. The 

broad yellow band emission from GaN overlaps with the sharp photoluminescence of 

perovskite at 525 nm (2.36 eV), as shown in Figure 5-1. It would be difficult to 

distinguish the perovskite signal from that of GaN during the measurement. Therefore, 

we only excite perovskite below the band edge of GaN when studying the carrier 

recombination process in perovskite. 
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Figure 5-1 Normalised photoluminescence spectra of MAPbBr3/8 V GaN and pristine 

GaN. The sample was prepared via the method described in Section 3.1.2 Method 2 

in Chapter 3. Excitation was performed with a Xe lamp under the ambient condition. 

The sample was excited at 350 nm from the GaN side. Spectra are normalized to the 

low energy edge of GaN’s yellow band emission. 

5.2.2 Templating Effect of Nanoporous GaN on 

MAPbBr3 Perovskite 

To investigate the templating effect of the nanoporous GaN on MAPbBr3, we prepared 

three types of porous GaN samples with various pore sizes via controlling 
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electrochemical etching voltage. GaN substrates were etched at 6 V, 8 V and 10 V. As 

we described in Section 4.2.1 when increasing the etching voltage from 6 V to 10 V, the 

minimum diameter of an individual pore at the surface increases from 11 nm to 16 nm. 

Meanwhile, the increase in etching voltage cause pores to merge into trenches and 

channels with long and irregular shapes, resulting in even larger pores. We deposited 

MAPbBr3 perovskite onto three types of APTES treated GaN substrates and used a 

MAPbBr3 spin-coated thin film on quartz as a reference. 

We plot the steady-state photoluminescence (PL) spectra of MAPbBr3/6 V GaN, 

MAPbBr3/8 V GaN, MAPbBr3/10 V GaN and MAPbBr3 thin film in Figure 5-2. The 

PL of MAPbBr3/GaN samples shows a ~20 nm (87 meV) blue shift compared with that 

of the MAPbBr3 bulk thin film (544 nm), suggesting increasing confinement due to the 

perovskite being forced into nanopores. The nanopore size of the porous GaN ranges 

from 11 nm to 20 nm. Therefore, the growth of perovskite from precursor solutions is 

constrained in these nanoreactors, leading to a smaller perovskite crystal size than bulk 

perovskite. The reduction of perovskite crystal sizes leads to quantum confinement. 

When the crystal size of the MAPbBr3 approaches its exciton Bohr radius 4.7 nm199, 

the wavefunction and the energetic states of excitons will be influenced, shown as the 

blueshift we observed in photoluminescence. 
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Figure 5-2 Normalised photoluminescence spectra of MAPbBr3/6 V GaN (dark blue 

line), MAPbBr3/8 V GaN (dark green line), MAPbBr3/10 V GaN (light green line) and 

MAPbBr3 spin-coated thin film on quartz (black line). Nanoporous GaN substrates 

were treated with APTES before perovskite infiltration. Excitation was performed 

with a Xe lamp under the ambient condition. Samples were excited at 400 nm from 

the GaN side. PL spectra of MAPbBr3 grown in porous GaNs are blue shifted by about 

20 nm (87 meV) compared to the MAPbBr3 thin film (544 nm). In addition, no 

significant pore size-dependent blue shift of PL spectra for MAPbBr3/GaN is observed. 

The peak positions of MAPbBr3 in nanoporous GaNs are 525 nm, 522 nm, and 524 nm 

for 6 V, 8 V, and 10 V etched GaN respectively. No significant pore-size-dependent blue 
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shift is observed. This result suggests that although the nanopores forced MAPbBr3 to 

form smaller crystals, the perovskite nanocrystal size is not strongly dependent on the 

pore size in the investigated pore size range. This result contradicts our former pore-

size dependent study on MAPbBr3/GaN with a perovskite capping layer.200 In our 

former investigation, a systematic blue shift of the PL peak from 541 nm to 525 nm was 

observed from MAPbBr3/bulk GaN to MAPbBr3/6 V porous GaN. The former 

measured PL spectra (Figure 5-3) of perovskite in the same type of GaN sample is red-

shifted compared to the capping layer free sample. This red shifted PL results from the 

contribution from the bulk perovskite capping layer. We also note that the 

photoluminescence wavelength is sensitive to variations in preparation conditions for 

samples with a capping layer. We propose that the difference in PL results from the 

uncontrollable capping layer thickness during the surface washing process. Therefore, 

the pore-size-dependent blue shift in PL we observed before may be caused by a 

variable fraction of bulk perovskite layer contributing to the emission. It is not the 

intrinsic property of the MAPbBr3 inside nanopores. 
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Figure 5-3 Normalised photoluminescence spectra of MAPbBr3/6 V GaN (dark blue 

dashed line), MAPbBr3/8 V GaN (blue dot line), MAPbBr3/10 V GaN (cyan dashed 

line) and MAPbBr3 thin film on quartz (light blue solid line). Nanoporous GaN 

substrates were not treated with APTES. Samples were excited at 380 nm with a Xe 

lamp from the sample side. The PL measurement was carried out by Kevin T. P. Lim. 

The FWHMs of MAPbBr3 in the APTES treated nanoporous GaNs range from 35 nm 

to 40 nm, while the FWHM of MAPbBr3 spin-coated thin film is only 29 nm. This 

broadening in PL could indicate a distribution of nanoparticle size inside pores. The PL 

spectra in Figure 5-2 was taken with the fluorometer, showing the photoluminescence 

character at the square centimetre scale. Therefore, we took a closer look at the sample 

with the hyperspectra optical microscope at a square micrometre scale in Section 5.2.3 
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to extract more information about nanocrystals distribution inside pores. 

5.2.3 MAPbBr3 Nanocrystals Size Distribution in 

Nanoporous GaN 

Figure 5-4 (a) shows the top view of the MAPbBr3/8 V GaN sample surface taken with 

an optical microscope. The hexagonal shape in Figure 5-4 (a) is the character of the 8 V 

etched GaN surface, and the bright dots at the surface of GaN is the perovskite leftover 

after the surface washing process. Figure 5-4 (b) shows the photoluminescence image 

of the sample at the same area in Figure 5-4 (a). The sample was excited with a 405 nm 

CW laser to ensure only the perovskite was excited. The bright dots in Figure 5-4 (b) 

indicate the light emission species, while no emission was detected at the dark part. 
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Figure 5-4 Hyperspectra photoluminescence image of encapsulated MAPbBr3/GaN 

sample: correlated reflection (a) and PL mode image (b). Images were taken using a 

hyperspectra PL microscope. The nanoporous GaN substrate was treated with APTES 

before perovskite infiltration. The sample was encapsulated with epoxy and glass in 

the nitrogen-filled glovebox. The sample was excited with a 405 nm continuous wave 

laser with an excitation intensity of 100 mW/cm-2 in the PL mode measurement. 

Hyperspectra images were measured using an IMA-VIS system (Photon etc.). The 

measurement was carried out jointly with Kangyu Ji. 

We picked three areas (pink area, blue area and red area) from the PL image in 

Figure 5-4 (b), where no capping perovskite is observed in Figure 5-4 (a), and compared 

their PL spectra in Figure 5-5. Local PL spectra are not uniform. Their PL peaks range 

from 523 nm to 511 nm from different areas. Since we observed roundness characters 

from the Pb elemental mapping in Figure 4-9 in Chapter 4, we assume that perovskite 

forms spherical crystals inside nanopores. Based on this hypothesis, we use the Brus 

(a) (b) 
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Equation to estimate MAPbBr3 crystal size from the local PL of perovskite, 

𝐸∗ = 𝐸𝑔 +
ℏ2𝜋2

2𝜇𝑅2
+

1.8𝑒2

4𝜋휀0휀𝑟𝑅
, (5.1) 

where 𝐸∗ is the PL peak wavelength, 𝐸𝑔 is the perovskite bandgap, 𝑅 is the radius 

of the crystal. We calculated the crystal size of MAPbBr3 to be 8 nm when PL peak is 

at 511 nm (blue line), 9 nm when PL peak is 518 nm (red line) and 9.5 nm when PL 

peak is 523 nm (pink line). At the blue region in Figure 5-4 (b), the PL peak is very 

broad (FHMW=43.9 nm), suggesting the existence of perovskite nanocrystals with a 

size distribution ranging from 8 nm to 9.5 nm. The calculated MAPbBr3 nanocrystal 

size is smaller than the pore size of nanoporous GaNs observed from the SEM in 

Section 4.2.1. As we discussed before, the incomplete pore filling is due to shrinkage 

of the precursor film upon transformation into perovskite. Instead of forming a large 

particle with a similar size to the pore that contains it, MAPbBr3 perovskite prefers to 

form several smaller nanoparticles inside GaN templates. This also explains why the 

PL spectra are not pore-size-dependent in Section 5.2.1. However, the perovskite 

crystallisation mechanism in the nanoporous GaN is not clear, which should be 

investigated in further research.  
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Figure 5-5 Normalised photoluminescence spectra of encapsulated MAPbBr3/GaN at 

three areas in Figure 5-3 PL mode image. Nanoporous GaN substrates were treated 

with APTES before perovskite infiltration. The sample was encapsulated with epoxy 

and glass in the nitrogen-filled glovebox. The sample was excited with a 405 nm 

continuous wave laser with an excitation intensity of 100 mW/cm-2. The measurement 

was carried out jointly with Kangyu Ji. 

We compare the transient PL of a MAPbBr3/8 V GaN sample at the short emission 

wavelength (450 nm to 500 nm) and at the long emission wavelength (520 nm to 

600 nm) to study the influence of perovskite size distribution on the carrier 

recombination dynamic. As shown in Figure 5-6, the excited state lifetime decreases 



Confinement Effect of the Nanoporous GaN on Methylammonium Lead Bromide Perovskite 

121 

 

faster at the short wavelength. Due to the crystal size distribution, smaller perovskite 

crystals contribute to the shorter wavelength PL. Hence, the PL decay accelerates as the 

crystal size reduces. We calculate the effective lifetime as the time required for PL 

intensity reduces to 1/𝑒 of its initial intensity201, plotted in Figure 5-7. The calculated 

effective lifetime is ~2.45 ns at 450 nm to 500 nm and ~5.10 ns at 520 nm to 600 nm.  

We suggest three hypothesises to explain the accelerated PL decay at the shorter 

wavelength, (1) the energy transfer from smaller crystals to larger crystals due to size 

distribution, (2) the reduction of crystal size leads to enhanced spatial confinement, 

resulting in larger binding energy between carriers and (3) the reduction of crystal size 

introduces more surface defect states, revealed as a higher number of non-radiative 

recombination paths.  



Confinement Effect of the Nanoporous GaN on Methylammonium Lead Bromide Perovskite 

122 

 

 

Figure 5-6 Normalised photoluminescence decay of encapsulated MAPbBr3/GaN 

sample integrating from 450 nm to 500 nm (green line) and from 520 nm to 600 nm 

(yellow line). Nanoporous GaN substrates were treated with APTES before perovskite 

infiltration. The sample was encapsulated with epoxy and glass in the nitrogen-filled 

glovebox. The sample was excited with a pulsed laser (1 MHz) at 405 nm (3.06 eV) 

at a fluence of 2.97 μJcm-2 per pulse. The detecting wavelength was selected with a 

500 nm shortpass filter and a 520 nm longpass filter, respectively. The measurement 

was carried out jointly with Kangyu Ji. 
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Figure 5-7 1/𝑒 method to calculate the effective lifetime of PL decays in Figure 5-5. 

Photoluminescence decay normalized to 𝑒 of encapsulated MAPbBr3/GaN sample 

integrating from 450 nm to 500 nm (green line) and from 520 nm to 600 nm (yellow 

line). 

We performed transient absorption (TA) measurement on a MAPbBr3/ 8 V GaN sample 

to verify the mechanism behind the wavelength-dependent PL decay. Energy transfer 

from high energy states to low energy states between perovskite nanocrystals is 

observed from the TA measurement. The sample was pumped at 400 nm at 45 μJ cm-2. 

TA spectra in the first 350 ps after the photoexcitation are shown in Figure 5-8. The 
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dominant features of TA spectra are two ground state bleach (GSB) peaks at 510 nm 

and 520 nm. As shown in Figure 5-8 (a), the bleach at 510 nm recovers much faster 

than the bleach at 520 nm in the first 350 ns. We normalised the TA spectra to the 

maximum absorption of the GSB (Figure 5-8 (b)), and the relative intensity of 520 nm 

GSB to 510 nm GSB increases with time. As the time scale is too short for photon 

recycle to happen, the evolution of TA spectra in the first 350 ps suggests that charge 

carriers reach the low energy excitation state at 520 nm from the high energy excitation 

state at 510 nm. Time traces at probe wavelengths (510 nm and 520 nm) are shown in 

Figure 5-8 (c). After photoexcitation, the 510 nm GSB rises almost simultaneously and 

quickly decays. The 520 nm GSB rising is slower than that at 510 nm and declines after 

5 ps. The slow rising kinetic at the 520 nm band reveals the carrier populating process 

to this phase due to the carrier transfer from a higher energy state. This phenomenon 

suggests energy transfer process take place due to the perovskite nanocrystal size 

distribution.  

According to the TA measurement, the energy transfer process completes in the first 

350 ps after photoexcitation. Therefore, this process is beyond the resolution of the 

transient PL measurement in Figure 5-6. In addition, no notable slower PL counts rise 

time is shown in Figure 5-7 after photoexcitation. Based on this study, although energy 

transfer happens due to perovskite crystal size distribution, it cannot be observed from 

the transient PL study in Figure 5-6. Therefore, the fast PL decay we observed is not 
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caused by charge transfer due to crystal size distribution. 

According to former studies on perovskite nanocrystals confined in nanoporous 

structures,123,196 the smaller the perovskite crystal, the larger the surface lattice 

distortion. The surface lattice distortion leads to a higher density of surface defects, 

which could give rise to more non-radiative decay paths. Therefore, a faster PL decay 

could be observed at the shorter PL wavelength. Although the PLQE (7%) of the 

MAPbBr3/8 V GaN sample implies the dominant recombination process is the non-

radiative process in this study, we could not discard the influence of the spatial 

confinement increasing the overlap between the electron and hole wavefunctions, and 

thus increasing the radiative recombination probability.202 Therefore, the fast PL decay 

could result from the increasing non-radiative. However, we cannot rule out the 

contribution from the radiative recombination process at the current stage. In the future, 

a wavelength-dependent PLQE measurement should be carried out to distinguish the 

contribution from the radiative recombination process and the non-radiative 

recombination process. 
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Figure 5-8 (a) Transient absorption spectra MAPbBr3/GaN sample in the first 350 ps 

after excitation. Nanoporous GaN substrates were treated with APTES before 

perovskite infiltration. The sample was pumped with a pulsed laser (1 kHz) at 400 nm 

(3.1 eV) at a fluence of 45.4 μJcm-2 per pulse under the ambient condition. The initial 

carrier density is 7.51×1017 cm-3. (b) Normalised transient absorption spectra of Fig (a). 

(c) Transient absorption kinetics taken at 510 nm GSB and 520 nm GSB. The GSB at 

510 nm states rises simultaneously with the pump, while the rising of the 520 nm GSB 

is slower than that at 510 nm. The TA measurement was carried out jointly with Linjie 

Dai. 
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5.2.4 Charge carriers recombination in MAPbBr3 in 

8 V etched GaN  

We then investigate the confinement effect of GaN on the charge carrier recombination 

process. The PLQE we achieved with the treatment reaches 7%. Although quantum 

efficiency is higher than that of MAPbBr3 thin film (3%), the quantum efficiency is 

much lower than the reported PLQE of MAPbBr3 nanoparticles (83%).203 Some former 

research attributes the low quantum yield of non-passivated nanoparticles to the 

localised surface traps.204 To investigate the charge carriers recombination dynamics 

for the infiltrated perovskite, we compare the transient PL kinetic of MAPbBr3/8 V GaN 

with that of a bulk perovskite thin film at their emission peak in Figure 5-9. 
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Figure 5-9 Normalised photoluminescence decay of a MAPbBr3/8 V GaN (blue line) 

and a MAPbBr3 spin-coated thin film on quartz (green). Yellow lines indicate the 

triexponential function fitted results. The nanoporous GaN substrate was treated with 

APTES before perovskite infiltration. MAPbBr3/GaN sample was excited with a 

pulsed laser (2 MHz) at 407 nm (3.04 eV) at a fluence of 7.37×10-2 μJcm-2 per pulse 

under ambient condition. MAPbBr3 thin film sample was excited with a pulsed laser 

(0.5 MHz) at 375 nm (3.30 eV) at a fluence of 1.35×10-2 μJcm-2 per pulse under 

ambient condition. 

The PL decay is not monoexponential. In order to extract radiative and non-radiative 

recombination rates from the transient PL, we fit PL kinetics with the triexponetial 



Confinement Effect of the Nanoporous GaN on Methylammonium Lead Bromide Perovskite 

129 

 

function, 

𝐼𝑃𝐿(𝑡) = 𝐴1𝑒
−

𝑡
𝜏1 + 𝐴2𝑒

−
𝑡
𝜏2 + 𝐴3𝑒

−
𝑡
𝜏3 (5.2) 

The fitting result is listed in Table 5-1: 

 A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) 

MAPbBr3/GaN 0.428 2.02 0.447 7.28 0.124 31.66 

MAPbBr3 thin film 0.598 1.69 0.267 17.16 0.122 100.39 

Table 5-1 Triexponential fitting parameters from the transient photoluminescence 

measured with TCSPC in Figure 5-9 

We can calculate the average lifetime (𝜏𝑃𝐿) from the tiexponential results according to  

𝜏𝑃𝐿 =
𝐴1𝜏1

2 + 𝐴2𝜏2
2 + 𝐴3𝜏3

2

𝐴1𝜏1 + 𝐴2𝜏2 + 𝐴2𝜏2

(5.3) 

We have already known the PLQE of MAPbBr3/GaN and MAPbBr3 thin film is 7% and 

3% respectively. By combining the average PL lifetime and the PLQE, we calculated 

the radiative recombination rate and non-radiative recombination rate based on 

equations 

𝑘𝑃𝐿 = 𝑘𝑛𝑜𝑛−𝑟𝑎𝑑 + 𝑘𝑟𝑎𝑑 (5.4) 

𝑃𝐿𝑄𝐸 =
𝑘𝑟𝑎𝑑

𝑘𝑛𝑜𝑛−𝑟𝑎𝑑 + 𝑘𝑟𝑎𝑑

(5.5) 

𝑘 =
1

𝜏
, (5.6) 
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where 𝑘𝑃𝐿  is the average recombination rate, 𝑘𝑛𝑜𝑛−𝑟𝑎𝑑  is the non-radiative 

recombination rate and 𝑘𝑟𝑎𝑑 is the radiative recombination rate. The recombination 

rate equals the reciprocal of a lifetime. The calculated results are listed in Table 5-2. 

 τPL (ns) kPL (s-1) τrad (ns) krad (s-1) τnon-rad (ns) knon-rad (s-1) 

MAPbBr3/ GaN 18.62 5.37×107 266.02 3.76×106 20.02 4.99×107 

MAPbBr3 thin film 73.45 1.36×107 2448.44 4.08×105 75.73 1.32×107 

Table 5-2 Calculated recombination constants from the recombination rates measured 

with TCSPC in Figure 5-9. 

We know from the calculation that both radiative and non-radiative recombination rates 

increase when MAPbBr3 is confined in the nanoporous GaN comparing to bulk 

perovskite thin film. Considering the low PLQE of perovskite in GaN, the shorter non-

radiative lifetime we observe in Figure 5-9 could result from increasing surface trap 

states when the crystal size decreases. Therefore, we suggest that the surface of 

MAPbBr3 nanoparticles are not effectively passivated, and the dominant non-radiative 

recombination process leads to low quantum efficiency. In the future, the perovskite 

surface defect passivation method should be explored to improve quantum efficiency.  

In addition to the higher non-radiative recombination rate, perovskite nanocrystals 

inside the GaN matrix also show an increasing radiative recombination rate comparing 
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to the bulk perovskite. It could be caused by enhanced charge carrier recombination in 

perovskite in nanopores. To verify this hypothesis, we investigate the recombination 

mechanism of MAPbBr3 in nanoporous 8 V etched GaN. We measured PL spectra of 

MAPbBr3/GaN sample under elevated excitation fluence at 400 nm to determine the 

dominant radiative recombination process in MAPbBr3 inside porous GaN. The 

integrated PL intensity as a function of the excitation fluence was plotted in a double-

logarithmic scale in Figure 5-10. We calculated the initial carrier density from the 

absorption of the sample and the laser fluence 

𝑛0 =
𝑎 ∙ 𝑃

𝐸𝑝ℎ ∙ 𝑓
∙

1

𝜋 (
𝑑
2)

2

∙ 𝑡

, (5.7)
 

where 𝑎  is the absorption of the sample,  𝑃  is the power of the laser, 𝐸𝑝ℎ  is the 

photon energy of the laser, 𝑓  is the frequency of the laser, 𝑑  is the laser beam 

diameter, and 𝑡 is the sample thickness. We used the calculated effective perovskite 

thickness (46 nm) from Chapter 4 in this case. 

Generally, the integrated PL intensity (I) increases linearly with the pump fluence (P) 

under 20 μJcm-2 per pulse (𝐼~𝑃1 ). Schmidt et al. suggested that the integrated PL 

intensity 𝐼 is proportional to 𝑃𝐾, where 𝑃 is the excitation fluence. The exponent 𝐾 

is related to the dominant radiative recombination mechanism. When 𝐾 is close to 1, 

it suggests a monomolecular recombination process is the dominant radiative 

recombination. When 𝐾 is around 2, it suggests a bimolecular recombination process 

is the dominant radiative recombination.205 In this experiment, 𝐾 = 1  suggests the 
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radiative recombination involves single electron-hole pairs.  

At higher excitation fluence than 20 μJcm-2 per pulse, the integrated PL intensity 

increases sub-linearly as a function of the excitation fluence (𝐼~𝑃0.47). In Section 5.2.2, 

we calculated the MAPbBr3 nanocrystal diameter to be between 8 nm and 9.5 nm. 

Therefore, we use the average diameter, 9 nm, to calculate the average nanocrystal 

volume, 1.8×10
–18 cm3. According to the calculated average nanocrystal volume, the 

charge carrier density should be around 6×1017
 cm-3 for multiple photon absorption to 

happen on a single nanocrystal. The charge carrier density is calculated by dividing the 

initial carrier density by the nanocrystal volume. In the fluence dependent PL 

measurement, the sublinear increase starts at a carrier density of 3.98×1017 cm-3 per 

pulse, which is consistent with the calculated carrier density for multiple photon 

absorption to happen. Therefore, we attribute this sublinear increase to the absorption 

of multiple photons on a single perovskite nanocrystal at a high excitation density. 

When multiexciton is generated on a single nanocrystal, Auger recombination, which 

is a non-radiative recombination process, will take place, shown as a reduction in PLQE 

and a roll-off in luminescence in fluence-dependent PL measurement. Since no redshift 

in PL spectra is observed in this measurement, we rule out the impact of perovskite 

nanocrystals aggregation under intense laser illumination on the roll-off in PL and 

attribute the sublinear increase in the fluence dependent PL measurement to 

multiexciton recombination process. 
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Figure 5-10 Logarithm plot of the integrated PL intensity (integrated from 450 nm 

(2.76 eV) to 600 nm (2.06 eV)) versus excitation fluence of encapsulated 

MAPbBr3/GaN sample. The initial charge carrier density was calculated from the 

absorption of the sample and the laser fluence. Nanoporous GaN substrates were 

treated with APTES before perovskite infiltration. The sample was encapsulated with 

epoxy and glass in the nitrogen-filled glovebox. The sample was excited with a pulsed 

laser (1 kHz) at 400 nm (3.1 eV) at fluences from 0.6 μJcm-2 per pulse to 500 μJcm-2 

per pulse at room temperature. PL signal was collected with a CCD detector. The 

fitting of the data is indicated by the yellow line and green line. The integrated PL 

intensity increases linearly to the excitation fluence before 30 μJcm-2 and increases 

sublinearly to the excitation fluence at higher fluence. 
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It has been reported that the dominant radiative recombination process in bulk 

MAPbBr3 at room temperature is the free charge carrier recombination due to the low 

exciton binding energy of MAPbBr3.
40 However, the dominant radiative recombination 

process in this research is exciton recombination. We attribute this different behaviour 

to bulk perovskite to the localisation of charge carriers in MAPbBr3 nanocrystals inside 

nanoporous scaffolds. The size reduction spatially confines excitons in nanocrystals. 

The quantum confinement and dielectric confinement of GaN will enhance the 

interaction between free electrons and holes. Therefore, the binding energy of carriers 

is more significant, making the exciton recombination the dominant process, shown as 

the increase in radiative recombination rate in Table 5-2. In this case, the GaN matrix 

can enhance charge carrier interaction in perovskite nanocrystals via spatial 

confinement and increase the carrier binding energy. 
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5.3 Conclusion and Future Work 

In this chapter, we resolved the confinement effect of the nanoporous GaN matrix on 

MAPbBr3 perovskite. Nanopores GaN confines the growth of perovskite crystals inside. 

The spatial confinement enhances the Coulomb interaction between charge carriers, 

leading to a blue shift in photoluminescence comparing to the bulky MAPbBr3. The 

enhanced charge carrier interaction also results in the exciton dominant radiative 

recombination process in MAPbBr3 nanocrystals at room temperature. These results 

suggest that the nanoporous GaN matrix increases the binding energy of carriers in 

perovskite nanocrystals, allowing a more efficient radiative recombination process to 

happen. We hope that the promising optoelectronic properties of the confined 

perovskite could combine with the remarkable conductivity of GaN to make them 

valuable materials for light emitting applications in the future. 

We except that further perovskite surface passivation could improve the light emitting 

performance in the future. Currently, the low photoluminescence quantum efficiency 

resulting from defect states of nanocrystals still hinders advancing the composite to 

applications in light-emitting devices. Therefore, efficient surface passivation methods 

should be explored to improve photoluminescence efficiency in the future. 

Additionally, the energy transfer process between perovskite and GaN should be 

investigated in the future. GaN has energy states in between the conduction band and 

valence band. However, whether these states will quench the luminescence of 
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perovskite has not been investigated yet. This research is essential in achieving efficient 

luminescence from perovskite in the future.  
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Chapter 6 Synthesis of Two-

dimensional Perovskite with 

Polyaromatic Hydrocarbon 

Compounds 

Two dimensional (2D) organic-inorganic hybrid perovskites have revealed their 

potential in light-emitting diode due to the large exciton binding energy, natural multi-

quantum well structure and outstanding stability in the ambient environment. The less 

size restriction on spacer organic cations opens up an opportunity to introduce large 

polyaromatic hydrocarbon compounds into the perovskite structure. In this chapter, we 

demonstrate a solution-processed method to synthesis 2D perovskite with bis(propargyl 

ammonium iodide) anthracene (BPAIA) and 2,6-dimethylammoniumnaphthalene 

(DMAN) separately. However, due to the steric effect, phase pure BPAIA perovskite 

was not achieved. Although the structural and optical characterization of the BPAIA 

perovskites suggests the formation of 2D perovskite, unreacted precursors were also 

observed in this study. Besides, we successfully synthesized 2D Dion-Jacobson DMAN 

perovskite, presenting a new type of 2D perovskite for light emitting applications. 
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6.1.1 Background and Motivation 

Hybrid lead halide perovskites have shown their remarkable potential in optoelectronic 

applications in the past decades. A general formula of three-dimensional (3D) hybrid 

perovskite is ABX3, in which A is the monovalent central organic cation, such as 

methylammonium (MA+), formamidinium (FA+) and Cs+; B is the bivalent metal ion, 

such as Pb2+ and Sn2+; X is halide anion, such as Cl-, Br- and I-.206 

3D perovskites have been enormously investigated and applied in optical-electronic 

devices, such as photovoltaic devices207, light-emitting diodes8, and lasers11. Despite 

their outstanding performance, 3D perovskites suffer from poor stability in the ambient 

atmosphere. Meanwhile, two-dimensional (2D) perovskites formed by reducing the 

crystal dimension of 3D perovskite chemically show superior stability in the ambient 

atmosphere and become particularly attractive for the next generation semiconductor91. 

A general formula of 2D hybrid perovskite is (A’)m(A)n-1BnX3n+1, in which A’ is organic 

monovalent or bivalent cations intercalated between the anions of 2D perovskite sheets. 

In 2D perovskite, the A’ organic cation works as an insulating barrier that confines 

carriers in two dimensions. Depending on the organic spacer group, 2D perovskite can 

be classified into three phases, the Ruddlesden-Popper (RP) phase91 and Dion-Jacobson 

(DJ) phase93. The RP phase perovskite is a dominant phase of 2D perovskite. In the RP 

phase 2D perovskite, two layers of A’ cations, commonly monovalent ammonium 

cations (RNH3
+), pack between the inorganic layers with an offset per unit cell. In the 
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DJ phase 2D perovskite, a single layer of A’ cations, commonly bivalent ammonium 

cations, packs between the inorganic layers. The 2D DJ phase perovskite layers stack 

with either perfect alignment or a minor misalignment depending on the spacer cation, 

making it more stable against humidity than the RP phase perovskite 93. Besides, in the 

DJ phase perovskite, inorganic layers are directly connected with bifunctional species. 

Consequently, the out-of-plane charge transport ability is enhanced compared with the 

RP phase perovskite208, as the out-of-plane charge transport in RP phase perovskite is 

hindered by the gap between two organic layers. Therefore, the DJ phase perovskite has 

the potential to achieve more stable devices with better efficiency in the ambient 

atmosphere. However, the influence of the gap between organic layers on the 

confinement effect on perovskite is still not clear. Therefore, we synthesis a new DJ 

phase perovskite base on naphthalene, hoping to investigate the confinement effect 

difference between a DJ phase and an RP phase perovskite based on naphthalene in the 

future. 

2D perovskites have far fewer size restrictions on A’ cation. However, the A’ cation must 

be able to fit into the interlayer space. A’ cation’s suitability is determined by its 

stereochemical configuration, space-filling ability, hydrogen-bond capacity, and degree 

of substitution206. In this case, the coupling of divalent cations into the inorganic 

perovskite sheet is less preferred than two layers of monovalent cations. In former 

research, DJ phase perovskite based on 1,4-phenylenedimethanammonium137, 5,5‴-

bis(aminoethyl)-2,2′:5′,2″:5″,2‴-quaterthiophene209, N,N-dimethyl-p-
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phenylenediammonium210 and 2,5-thiophenedimethylammonium138 have been 

successfully synthesized. However, most compounds function as a spacer group to form 

the two-dimensional perovskite structure. Functional organic compounds, such as 

anthracene, have not been applied in 2D perovskite synthesis before. Therefore, we 

would like to prepare a 2D perovskite based on anthracene to study whether the 

functional compound only acts as a spacer group or it would have its own photophysical 

property in the perovskite structure. In this chapter, we synthesis DJ phase 2D 

perovskite from naphthalene and anthracene to explore the aromatic hydrocarbon 

cations for 2D DJ phase perovskite synthesis. 
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6.2 Results and Discussion 

6.2.1 Properties of Bis(propargyl ammonium iodide) 

anthracene (BPAIA) 

We used the bis(propargyl ammonium iodide) anthracene (BPAIA) as the A’ spacer 

cation to synthesize 2D DJ phase perovskite. The BPAIA was synthesized by John 

Anthony’s group at the University of Kentucky. Figure 6-1 shows its chemical structure. 

The ammonium iodide groups are connected to the anthracene with a carbon-carbon 

triple bond on position 9, 10 of the anthracene. 

 

Figure 6-1 Chemical structure of bis(propargyl ammonium iodide) anthracene 

(BPAIA) 

BPAIA is a functional organic compound. We measured its steady-state absorption and 
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photoluminescence (PL) spectra of a spin-coated BPAIA thin film (Figure 6-2). The 

absorption of BPAIA reveals three peaks at 396 nm (3.13 eV), 419 nm (2.95 eV) and 

448 nm (2.76 eV). When the BPAIA was excited at 380 nm with a Xe lamp, we observed 

three PL peaks at 448 nm (2.77 eV), 472 nm (2.63 eV) and 501 nm (2.48 eV) 

correspondingly. According to the literature, the absorption and PL peaks originates 

from spin allowed singlet-singlet transition in anthracene. They are assigned to vibronic 

transitions, 0-0 transition, 0-1 transition and 0-2 transition among the vibronic bands.211 

 

Figure 6-2 Normalised steady-state absorption (blue line) and photoluminescence 

spectra (Green line) of the BPAIA spin-coated thin film in the ambient environment. 

For the PL measurement, the sample was excited at 380 nm with a Xe lamp in the 

ambient atmosphere. 
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6.2.2 Structural Study of the Synthesized Mixture 

BPAIA perovskite thin film was prepared with the method described in Section 3.1.4 in 

Chapter 3. However, impurities composing of unreacted precursors were also observed. 

We took the X-Ray diffraction of the synthesized mixture at room temperature to study 

its structural properties (Figure 6-3). The XRD for our sample exhibits pronounced 

peaks at the diffraction angle 2θ at 8.26°, 16.54° and 24.86°, which can be indexed as 

the (0 0 2), (0 0 4) and (0 0 8) lattice reflections of the n=1 BPAIA lead iodide perovskite 

according to literature212. From the low angle reflection peak at 2θ=8.26°, we calculated 

the inorganic-organic layer thickness to be d=10.68 Å. Therefore, we confirm that an 

n=1 BPAIA lead iodide perovskite with a unit cell dimension of 10.68 Å is synthesized. 

However, the low intensity of the XRD peaks indicates poor crystallinity of the 

perovskite. In addition to diffraction peaks of the synthesized perovskite, we also 

observe strong diffraction peaks of PbI2 at 2θ=12.72°, 38.72° and 42.01°, which 

demonstrates the existence of excess PbI2 on the synthesized thin film. 
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Figure 6-3 X-Ray diffraction of the synthesized BPAIA perovskite with precursors on 

quartz at room temperature. 

6.2.3 Optical Properties of the Synthesized Mixture 

We then investigated the optical properties of the synthesized thin film. Figure 6-4 

shows the normalised UV-Visible absorption and photoluminescence spectra of the thin 

film. The sample has a sharp absorption edge at 529 nm, suggesting the formation of 

the excitonic state. The two absorption peaks at 418 nm and 448 nm match the 

absorption of the pristine BPAIA thin film plotting in Figure 6-2. The PL spectrum was 

measured from the front side of the sample, indicated by the inset in Figure 6-4. The 

emission of the sample is very broad, ranging from 423 nm to 800 nm. Three PL peaks 
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are observed at 444 nm, 469 nm and 527 nm. Comparing with the absorption and PL 

spectra of the pristine BPAIA thin film in Figure 6-2, we attribute the absorption peak 

at 418 nm and 448 nm, as well as PL peaks at 444 nm and 469 nm, to the excess 

anthracene on the prepared thin film.  

 

Figure 6-4 Normalised steady-state absorption and photoluminescence spectra of the 

synthesized BPAIA perovskite and precursors on quartz. Blue line: normalised 

absorption spectrum measured with UV-Visible absorption spectrometer in the 

ambient atmosphere; Green line: normalised photoluminescence measured with a 

fluorometer, the sample was excited at 380 nm with Xe lamp in the ambient 

atmosphere. The excitation and PL signal collection were from the front side of the 

sample. Inset: Illustration of front side excitation for PL measurement. 
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We attribute the broadband emission centred at 527 nm to the synthesized BPAIA lead 

iodide perovskite, as we observed in the structural study. The FWHM of the broadband 

emission is 89 nm. In recent years several 2D perovskites with broadband emission 

have been reported, such as (N1-methylethane-1,2-diammonium)PbBr4
213, (2,2′-

(ethylenedioxy)bis(ethylammonium))PbBr4
214, (2-(dimethylamino)ethylamine)PbBr4, 

(3-(dimethylamino)-1-propylamine)PbBr4 and (4-dimethylaminobutylamine) PbBr4
215. 

According to the literature, the broad PL emission is due to the large octahedral 

distortion of the inorganic framework. With a larger distortion, a broader PL emission 

will be observed215. The distortion of the inorganic layer also leads to self-trapping 

excitonic states (Figure 6-5), resulting in white light emission214. According to the 

force-field modelling shown in Section 6.2.7, the anthracene is larger than the 

perovskite lattice diagonal. Therefore, to fit in the anthracene, the lead iodide 

framework needs to distort from its original position. We propose that the broadband 

PL to the distortion of the lead iodide framework. The recombination dynamic behind 

the self-trapping emission needs to be investigated in the future. 
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Figure 6-5 A schematic of the self-trapping excitonic states (STE: self-trapping 

exciton, FC: Free carrier state, FE: free exciton state, GS: ground state, Eb: binding 

energy, Est: self-trapping energy, Eg: bandgap energy). 

We also measured the PL from the backside of the sample (Figure 6-6), indicated by 

the inset in Figure 6-6. We normalized PL spectacle to the broad PL peak at 527 nm. 

Two spectra overlap with each other at the red edge, while no anthracene PL character 

peaks at 444 nm and 469 nm are detected from the backside.  
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Figure 6-6 Normalised photoluminescence spectra of the synthesized mixture 

measured from the front side (blue line) and backside (green line). Normalised 

photoluminescence was measured with a fluorometer in the ambient atmosphere. The 

sample was excited at 380 nm with a Xe lamp. Inset: Illustration of front side 

excitation and backside excitation for the PL measurement. 

6.2.4 Morphology of the Synthesized Mixture 

We take the top-view scanning electron microscope (SEM) of the synthesized mixture 

to investigate its morphology. The morphology of the sample surface is very uneven. 

We distinguish three characters from the SEM image: a widespread dendritic solid with 

a length of hundreds of micrometres on the top layer, plate shape crystals with a 
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thickness of ~200 nm and needle shape crystals with a length of ~1 μm. Different 

morphologies suggest the prepared sample is not phase pure and is a mixture of three 

components. Comparing with the top-view SEM of BPAIA thin film and PbI2 thin film 

in Figure 6-7, we infer that the widespread dendritic solid could be the excess BPAIA, 

which matches the BPAIA PL observed from the front side of the sample. The needle 

shape crystals are the extra PbI2 thin film at the bottom, which is demonstrated by the 

XRD. Therefore, the plate shape crystal should be the synthesized BPAIA 2D 

perovskite crystals. In addition to the formation of new phases, SEM is in accordance 

with what we observed in the XRD and PL, that both unreacted BPAIA and PbI2 are 

mixed together with the perovskite.  

(a) 
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(b) 

(c) 
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Figure 6-7 Top-View scanning electronic microscope (SEM) image of :(a) and (b): the 

synthesized mixture, (a): scale bar 10μm (b): scale bar 1μm; (c) spin-coated PbI2 thin 

film, scale bar: 1μm; (d) spin-coated BPAIA thin film, scale bar: 10μm 

6.2.5 Local photoluminescence of the Synthesized 

Mixture 

As shown in Figure 6-8, we excited the sample at 509 nm from the front side to ensure 

only the BPAIA perovskite was excited and measured the PL mapping of an area of 

625 μm2. The yellow colour indicates regions where the sample emits, while the blue 

part shows the dark area. The local PL colour map suggests that the distribution of 

synthesized perovskite is random, and full coverage cannot be achieved. The uneven 

luminescence of the sample also relates to the incomplete reaction of BPAIA and PbI2, 

and the formation of perovskite is random in different areas. Combined with the 

(d) 
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morphology study and structural study, we surmise that perovskite formation with 

BPAIA is not preferred.  

 

Figure 6-8 Hyperspectra photoluminescence image of the encapsulated synthesized 

mixture. Images were taken using a hyperspectra PL microscope. The sample was 

encapsulated with epoxy and glass in the nitrogen-filled glovebox. The sample was 

excited with a 509 nm continuous wave laser with an excitation intensity of 

100 mW/cm-2. Hyperspectra images were measured using an IMA-VIS system 

(Photon etc.). The measurement was carried out jointly with Dr Krzysztof Galkowski. 
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6.2.6 Force-field Modelling of the BPAIA 2D 

Perovskite 

To investigate the reason for the unpreferred reaction, we run a force-field modelling 

of the BPAIA based layered perovskite structure. In Figure 6-9, the red-grey ball-and-

stick model is the inorganic lead iodide framework, and the blue-grey ball-and-stick 

model is the BPAIA packed in between the framework. According to the modelling, the 

building block of anthracene is larger than the perovskite lattice diagonal. Thus 

neighbouring anthracenes would need to overlap into a zipper-like structure with less 

than 3 Å distance. Therefore, the repulsion between organic cations is too large that the 

crystal structure is very unstable, making the formation of perovskite unpreferred. 
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Figure 6-9 Force-field modelling of a (BPAIA)PbI4 2D perovskite. The red-grey ball-

and-stick model indicates the inorganic lead iodide framework, and the blue-grey ball-

and-stick model suggests the BPAIA packed in between the framework. The simulated 

distance between two BPAIA molecules is 2.676 Å. The simulation was carried out by 

Dr Florian Auras. 

The simulation demonstrates that the synthesis of BPAIA 2D perovskite is not preferred 

due to the significant repulsion between BPAIA molecules in the organic spacer layer. 

Since the substitution for BPAIA is at position 9,10, when coupling into the lead iodide 

framework, the width of the anthracene is essential. According to the modelling, the 
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rigid anthracene structure is too wide for the lead iodide inorganic framework, making 

the perovskite structure very unstable. Therefore, we anticipate that to synthesis 2D 

perovskite with anthracene, the substitution needs to be on position 2,6 on anthracene 

to avoid the significant repulsion between anthracenes.  

6.2.7 Synthesis of 2D DJ Phase Perovskite with 2,6-

dimethylammoniumnaphthalene (DMAN) 

We also synthesized 2D perovskite with 2,6-dimethylammoniumnaphthalene (DMAN) 

(Figure 6-10) with the method described in Section 3.1.5 Chapter 3. Via the one-step 

deposition method, we successfully synthesized 2D DJ phase (DMAN)PbI4 perovskite 

 

Figure 6-10 Chemical structure of the 2,6-dimethylammoniumnaphthalene (DMAN) 

6.2.8 Structural Study of the 2D (DMAN)PbI4 

Perovskite 

The crystal structure of the 2D DMAN perovskite was investigated with X-ray 

diffraction (XRD) (Figure 6-11). The reflections of the measured sample were indexed 

as an analogy to the 1,4-phenylenedimethanammonium lead iodide 2D DJ phase 

perovskite, whose XRD has been reported by Li et al. 137. The XRD reveals low angle 

reflection below 10°, suggesting the formation of a low dimensional structure. The low 
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angle reflection at ~ 6.07° may be associated with the (002) lattice reflection of the 2D 

perovskite, and the unit cell dimension is d=14.5 Å. We also notice a dominant lattice 

reflection at 14.59°, which is constant with the reported DJ phase perovskite XRD137. 

To further confirm the crystal structure of the prepared thin film, we will need to carry 

out XRD measurement on the single crystal synthesized from DMAN and lead iodide 

in the future. However, the current XRD result only demonstrates that a low 

dimensional crystal with a similar crystal structure to the reported 2D DJ phase 

phenylenedimethanammonium (PDMA) lead iodide can be synthesized via a solution-

processed method.  

 

Figure 6-11 X-Ray diffraction of the (DMAN)PbI4 DJ phase perovskite on quartz at 

room temperature. 
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6.2.9 Optical Properties of the (DMAN)PbI4 

Perovskite  

We know from the XRD measurement that a thin film with a low dimensional structure 

has been prepared. We use the steady-state UV-Visible absorption and 

photoluminescence (PL) spectra to study the nature of the material (Figure 6-12). The 

absorption reveals an excitonic peak at 508 nm (2.44 eV), which is a typical feature for 

n=1 quantum well perovskite. The PL spectra for the (DMAN)PbI4 perovskite displays 

a peak at 520 nm (2.38 eV), which is the same as the reported (1,4-

phenylenedimethanammonium)PbI4 DJ perovskite. Therefore, combining with the 

XRD, we suggest that we have synthesized (DMAN)PbI4 DJ phase perovskite. The 

excitonic character of (DMAN)PbI4 perovskite suggests its potential to be applied in 

the light-emitting diode. 
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Figure 6-12 Normalised steady-state absorption and photoluminescence spectra of the 

(DMAN)PbI4 perovskite. Blue line: normalised absorption spectrum measured with 

UV-Visible absorption spectrometer in the ambient atmosphere; Green line: 

normalised photoluminescence measured with a fluorometer. The sample was excited 

at 400 nm with a Xe lamp in the ambient atmosphere.  
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6.3 Conclusion and Future Work 

In this chapter, we describe the synthesis of two-dimensional bis(propargyl ammonium 

iodide) anthracene (BPAIA) lead iodide perovskite and two-dimensional (2,6-

dimethylammoniumnaphthalene) DMAN lead iodide perovskite via a solution-

processed method. The synthesized BPAIA lead iodide thin film is not phase pure. 

Excess precursors are observed from the structural and optical characterization. The 

force-filed modelling of the perovskite demonstrates that a significant repulsion exists 

between adjacent anthracene molecules, leading to an unstable crystal structure. The 

inorganic framework distortion caused by the steric effect of anthracenes leads to a 

broadband emission of the BPAIA lead iodide perovskite. Therefore, BPAIA is not a 

proper compound to study the influence of functional organic compounds on low 

dimensional perovskite. In order to solve this problem, we will need to replace BPAIA 

with functional compounds that can fit into the inorganic framework, such as pyrene or 

2,6-substituted anthracene, in the future.  

In addition to the BPAIA lead iodide perovskite, we also synthesise DMAN lead iodide 

perovskite via the one-step deposition method. The DMAN lead iodide perovskite 

reveals a structural character of the reported Dion-Jacobson perovskite137 and exhibits 

excitonic character in the steady-state absorption and PL. However, the crystal structure 

of the compound is not clear, which will be studied in further research. In addition, we 

will also compare the out-of-plane charge transport ability of the (DMAN)PbI4 
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perovskite with other naphthalene, such as 2-(2-naphthyl)ethanammonium lead iodide 

RP phase perovskites and study the influence of organic layer gap on the 

communication in between 2D perovskites quantum wells. 
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Chapter 7 Conclusions and Future 

Work 

This thesis investigates the confinement of inorganic-organic hybrid perovskite with 

inorganic nanoporous gallium nitride matrix and with polyaromatic hydrocarbon 

compounds.  

In Chapter 4, we demonstrate a solution-processed method to infiltrate 

methylammonium lead bromide perovskite into the nanoporous GaN matrix. We show 

that by treating the nanoporous GaN matrix with APTES, MAPbBr3/GaN composite 

without perovskite capping layer can be achieved. We observe that the nanoporous GaN 

matrix can prevent light-induced degradation of MAPbBr3 under continuous 

luminescence under 405 nm laser for more than five hours, and perovskite inside pores 

was stable after one-year exposure to the ambient environment. This result suggests that 

perovskite can be infiltrated into nanoporous GaN with a simple solution-processed 

method, and the GaN matrix can effectively prevent perovskite from degradation in the 

ambient environment. We expect this technique could be applied in building stable light 

emitting devices in the future. 

Following the study in Chapter 4, we discuss the confinement effect of the nanoporous 

GaN on methylammonium lead bromide perovskite in Chapter 5. We show that the 

spatial confinement enhances the Coulomb interaction between charge carriers, lead to 
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a blue shift in photoluminescence comparing to the bulky MAPbBr3. As a result of the 

confinement, excitons become the dominant radiative recombination carriers in 

MAPbBr3 nanocrystals at room temperature. The transient photoluminescence 

measurement demonstrates that the nanoporous GaN improves the radiative 

recombination rate of perovskites, while it also introduces defect states to perovskite 

nanocrystals. Therefore, the perovskite nanocrystal passivation approach needs to be 

explored in the future to achieve efficient light emission.  

A general conclusion for Chapter 4 and Chapter 5 is that the MAPbBr3/GaN composite 

is well-suited to applications in light-emitting diodes. In the composite, nanoporous 

GaN enhances the stability of perovskite and introduces a confinement effect to 

perovskite. Meanwhile, perovskites make up for the less efficient emission of GaN in 

the green region. The infiltration process is simple and could be applied to other 

perovskites in the future. Therefore, it is possible to achieve a full spectrum emission 

with perovskite/GaN composition. In the future, it would be interesting to optimise the 

perovskite quality in pores and design perovskite/GaN composite lighting devices. 

In Chapter 6, we demonstrate a solution-processed method to synthesis two-

dimensional BPAIA lead iodide perovskite and two-dimensional DMAN lead iodide 

perovskite. We show that the steric effect between BPAIA molecules makes the 

structure of the synthesized perovskite unstable via the force-field modelling of the 

compound. The inorganic framework distortion caused by the steric effect of 
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anthracenes leads to a broadband emission of the BPAIA lead iodide perovskite. 

Therefore, in order to continue the research about the effect of functional organic 

materials on perovskite, we will change BPAIA to smaller functional compounds that 

can fit into the lead halide framework. 

We also reveal that the DMAN lead iodide perovskite can be synthesized via the one-

step deposition method, introducing a new perovskite to light emitting materials. In the 

future, it is also interesting to study the difference of charge transport ability for the 

naphthalene based RP phase and DJ phase perovskites to investigate the communication 

between 2D perovskite quantum wells. 

To sum up, we investigate two approaches to achieve confinement of perovskite in this 

thesis, in situ perovskite nanocrystal growth in a nanoporous matrix and 2D perovskite 

synthesis. We show that perovskite/nanoporous GaN composite has the potential to be 

applied in stable light-emitting solid in the future due to the simple preparation method 

and respectable stability in the ambient atmosphere. We also synthesized a new two-

dimensional perovskite in this study, broadening the 2D perovskite family. We hope our 

research could contribute to the fabrication of efficient perovskite light emitting diode 

in the future. 
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